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ABSTRACT 

MAY BAYDOUN: ω-3 Fatty Acids, Hypertension and Risk of cognitive decline among  older 
adults: The Atherosclerosis Risk in Communities (ARIC) Study 

 

(Under the direction of Jay S. Kaufman) 
 
 

       Cognitive impairment is a major health concern affecting loss of independence in basic daily 

activities in older age and thus special attention should be devoted to its prevention. Recent 

research indicates that ω-3 fatty acids, prominent in foods of marine origin, may also be important 

in preventing cognitive decline. So far, epidemiological evidence, although inconclusive, leans 

towards a protective effect of increased ω-3 fatty acid intake in the diet. Experimental animal 

studies suggest a plausible pathway by which hypertension and low dietary ω-3 fatty acid intake 

may interact in increasing the risk of cognitive decline.  

    The present study assessed the independent effect of low ω-3 fatty acid status on cognitive 

decline as well as the interaction of this risk factor with elevated blood pressure, as well as other 

factors associated with increased oxidative stress. The results of this study may have great public 

health and biomedical implications, particularly for prevention efforts among middle-aged adults. 

To this end, we conducted a secondary data analysis of the Atherosclerosis Risk in Communities 

(ARIC) study. This study initially recruited a probability sample of 15,792 men and women aged 

between 45 and 64 years from four distinct US communities, namely Jackson county (Mississippi), 

Forsyth county (NC), suburbs of Minneapolis (MN) and Washington county (MD).  
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    Follow-up visits were conducted after baseline period (1987-89, or visit 1) on three occasions, 

separated by a three-year interval. Our analyses focused on men and women aged 50 years or more 

at visit 1. We assessed cognitive decline using three screening tools measured at visits 2 and 4. 

Exposure is assessed at visit 1 both in the diet (using a food frequency questionnaire) and in 

plasma (phospholipids and cholesteryl ester fractions). However, plasma fatty acids were measured 

only for the white population of MN at visit 1. Using empirical equations derived from animal 

feeding studies and several biomarkers, true fatty acid intake was predicted as well as measurement 

error which was corrected for in multivariate logistic models, using regression calibration and 

SIMEX methods.  
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C h a p t e r  1  

INTRODUCTION 

    The proportion of the elderly segment of the US population (65 and over) based on recent UN 

estimates was 12.3% in 2000 and is projected to increase rapidly in the coming few decades to 

reach 20% in 2050 (1). Population aging in a country like the US carries great social, economic and 

public health implications. Some of these implications include larger expenditures on pensions and 

health care, need for social security reforms and shrinking of the workforce and hence shortage of 

active persons that are able to support dependent older adults. In addition, with the growing 

number of elderly persons, health care has to expand so as to encompass the increasing demands 

for geriatrics services that are more costly to provide. The health implications should not be 

looked at from the sole perspective of cause of death structure. In developed countries like the 

United States, the problem of population aging lead to recognizing the importance of functional 

status in later life.  Consequently, rather than focusing on extending life expectancy or reducing the 

risk of common chronic diseases, the national health objectives for the year 2000 targeted 

increasing healthy years lived and reducing limitations in activities of daily living or disability 

among the older segment of the population (2) . Disability may be defined as difficulty doing 

activities in any domain of life (from hygiene to hobbies, errands to sleep) due to a health or 

physical problem.  The concept of disability is often operationalized in terms of limitations in 

Activities of Daily Living (ADL), mobility and Instrumental Activities of Daily Living (IADL).  
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    Risk factors for incidence of disability or functional status decline can be grouped under health-

related and behavioral, demographic and socio-economic factors (3). A review of 78 longitudinal 

studies showed that among the health-related and behavioral risk factors for functional status 

decline, those that had the strongest evidence included: cognitive impairment, elevated or low 

body mass index, disease burden or co-morbidity, reduced level of physical activity, smoking, poor 

self-rated health and visual impairment (4). According to a study by Moritz and colleagues (5), 

persistent incident ADL limitations occurred more frequently in persons who scored four or more 

errors on the Short Portable Mental Status Questionnaire   (SPMSQ) for cognitive impairment as 

compared to those who scored zero. The observed odds ratios ranged between 2.72 for males and 

2.60 for females after adjusting for age, race, history of chronic health conditions and incident 

health conditions.    Another prospective cohort study was conducted on around 5,700 men and 

women whose mean age was 77 years and were followed up between 1993 and 1995. The main 

purpose of that study was to determine the relative contributions of cognitive impairment and 

depressive symptoms on decline in activities of daily living (ADL) function over a period of 2 years 

among older adults. Using a modified version of the Mini-Mental State Exam (MMSE) to measure 

cognitive impairment and the Center of Epidemiologic Studies-Depression scale (CES-D) to 

measure depression and a limitation in at least one of the six ADLs as the outcome, results 

indicated that cognitive impairment and depression are independent risk factors of functional 

status decline among those who were free of ADL limitations at baseline, but that only cognitive 

impairment affected the outcome significantly among those who were ADL dependent at onset of 

follow-up.  These findings suggested that cognitive impairment although interrelated with 

depression in old age, can affect functional dependence in an independent way and hence resulting 

in a higher caregiver burden and elevated health care costs (6).  
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Similar findings were reported by others (7, 8).  Therefore there is reason to believe that cognitive 

impairment is a major health concern that affects dependence in basic daily activities in older age 

and thus special attention should be devoted to preventing its occurrence.  



 

C h a p t e r  2  

REVIEW OF THE LITERATURE 

 

A. Conceptual Framework 

A.1. Fatty Acids and Brain Function 

    Linoleic(LA ~ 18:2n-6)1 and α-linolenic (LNA ~ 18:3n-3) are two types of fatty acids that are 

essential for all members of the animal kingdom. These fatty acids and their respective derivatives 

are also commonly referred to as ω-6 and ω-3 (or n-6 and n-3). Their essentiality lies in the fact 

that they cannot be synthesized de novo within the human or animal organism. The main reasons 

are that the lack of ∆12 desaturase enzyme in mammals prevents conversion of oleic acid (OA ~ 

18:1n-9) into linoleic acid and the absence of the ∆15 desaturase precludes interconversion of ω -3 

and ω -6 fatty acids in man (9). In addition, they are essential because they are responsible for 

several biochemical and biophysical functions, which include structural integrity and fluidity of 

membranes, enzyme activities, lipid-protein interactions and as precursors for eicosanoids such as 

prostaglandins, leukotrienes and thromboxanes (10). In the past, ω -3 fatty acids were only 

classified as essential because of their ability to alleviate deficiency symptoms which include 

dermatitis, growth retardation and reproductive failure.  

                                                 
1 The terms within parentheses refer to the acronym of the fatty acid followed by its chemical structure separated by ~. The chemical structure is as 

follows: “Total number of carbon atoms” : “# of double bonds” – “carbon number with first double bond starting from the methyl end”.  
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    However, ω -3 fatty acids do have other important neurological functions, which explain their 

high concentrations in neural and retinal tissues (11-13).  Some of the longer chain fatty acids that 

are synthesized from α-linolenic acid include Eicosapentanoic acid (EPA ~ 20:5 ω -3), which 

through further elongation, desaturation and β-oxidation produces Docosahexaenoic acid (DHA 

~ 22:6 ω -3). On the other hand, products of linoleic acid which are also termed long-chain ω-6 

fatty acids include gamma-linoleic (GLA ~ 18:3 ω -6), dihomogammalinolenic acid (DGLA ~ 20:3 

ω -6) and Arachidonic acid (AA ~ 20:4 ω -6). In both metabolic processes, the first step involves 

the activity of a ∆6 desaturase enzyme, followed by an elongase, a ∆5 desaturase, another elongase 

and finally a ∆4 desaturase.  The recommendations for dietary intake of Essential Fatty Acids 

(EFAs) have been set at 3-6% of total fat. Among these, linolenic acid should comprise around 1-

2% for optimal production of EPA and DHA which have crucial roles for neuronal and visual 

tissue growth (14). While LNA can be found in most green leafy vegetables and some fruits  as 

well as in some plant oils and nuts (e.g. rapeseed oil, butternut oil, flaxseed oil and English walnut), 

all other types of ω-3 fatty acids are found almost exclusively in fatty fish (e.g. salmon, tuna and 

mackerel) and fish oils (10). In contrast, AA is prominent in eggs and meat, while LA is found in 

most commonly used cooking oils (e.g. sunflower, safflower, corn oils).  

    Of all organs in the human body (excluding adipose tissue), the nervous system has the highest 

lipid content. The dry weight of an adult brain is 50% to 60% lipid, and 35% of the lipid content is 

accounted for by polyunsaturated fatty acids (PUFAs) (15). Tinoco and colleagues (16) reported 

that the phospholipids fraction of the brain contained very little Linoleic Acid (LA). In addition, 

Arachidonic Acid (AA) was found to be an important component of brain phospholopids 

although the most prominent polyunsaturated fatty acid (PUFA) was Docosahexaennoic acid 

(DHA) (17, 18).  
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    A review of scientific articles and biochemistry textbooks (19) suggested that the fatty acid 

composition of neuronal cell membrane phospholipids reflects their intake in the diet. Fish oils, 

which contain high levels of C20 and C22 polyunsaturated fatty acids (PUFAs), exert the most 

profound influence on brain PUFA concentrations. Animals that were fed diets deficient in ω-3 

fatty acids displayed considerably less DHA in the cerebral cortex as compared to those fed a 

balanced diet, and this deficit is usually compensated by an increase in brain DPA in its ω-6 fatty 

acid form (DPA ~ 22:5 ω -6), the elongated and unsaturated metabolite of AA (10). In contrast, 

astrocytes from the cortex of hamsters that were cultured with a DHA-rich medium had an 

improved physiological status, grew better, and retained their phenotype as compared to those 

cultured with AA. These astrocytes, in addition to uptaking DHA from the medium to alter the ω -

6/ ω -3 PUFA ratio, had an increased level of EPA through active retro-conversion of DHA to 

EPA (20).  

    The importance of ω -3 PUFAs was reported by Yamamato and colleagues (21) who found that 

rats fed LNA had a longer mean survival time and increased learning ability in senescence. It seems 

unlikely that these effects were due to LNA itself, as very little concentrations are retained in brain 

membranes, and to date, no biological functions have been reported for this fatty acid, except as 

that of a precursor to longer chain ω -3 PUFAs.  Several behavioral aspects of brain function have 

also been shown to be affected by dietary FAs. For example, rats fed a safflower oil diet, which has 

a ω -6: ω -3 FA ratio greater than 75, through two generations exhibited significantly lower 

phospholipids levels of DHA (around 90% less than a control group fed soybean oil diet which 

has a ratio of ω -6: ω -3 of 7).  
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Presumably, the high levels of LA in safflower oil down-regulated ω -3 essential Fatty Acid (EFA) 

de-saturation, resulting in the loss of membrane ω -3 PUFAs. Reflexes and motor abilities 

developed normally in both dietary groups, but deficient rats did exhibit fewer exploratory 

behaviors. They also performed more poorly in maze-learning tasks (22). Yehuda and Carasso (23) 

found that treatment of rats with preparations having a ratio of LNA:LA ranging between  1:3.5 

and 1:5 were effective in improving the rate of learning, retention of old learning, pain thresholds 

and prevention of the d-amphetamine-induced hypothermic response to reduced ambient 

temperature.  Similar findings were reported by other more recent studies (24-26).  It has also been 

observed that rats fed on a diet low in ω -3 fats perform poorly in brightness discrimination (27) 

and shock avoidance tasks (28).  

    A wealth of studies has highlighted the important biological roles played by lipids. The degree of 

a fatty acid’s de-saturation determines its 3-dimensional structure and thus its biophysical 

properties. DHA plays an essential role in brain membranes, the most notable of which are 

maintenance of “membrane fluidity” which may modulate a number of lipid-protein interactions, 

including certain enzyme activities. The ratio between ω-3 and ω-6 polyunsaturated fatty acids 

(PUFAs), in particular, influences various aspects of serotoninergic and catecholaminergic 

neurotransmission, as shown by studies in animal models. The exact mechanism by which lipids 

affect enzymes or transporters is still unclear. However, it has been shown that by increasing the 

density of neurotransmitter receptors for acetylcholine and dopamine, dietary ω -3 PUFA can 

improve learning and memory processes (29).  
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Within brain membranes, PUFAs have been shown to influence a biological pathway by increasing 

the activity of two enzymes namely Adenylate Cyclase (AC) and Protein Kinase A (PKA) which 

drive the c-AMP messenger system used by serotonin (5-HT1), noradrenaline and adrenaline (α2 

and β-adrenergic), as well as dopamine (D1 and D2) receptors (30-32). In addition, PUFAs can 

affect 5-HT2 and α1 adrenergic transmission by exerting their effect on phospholipase C (PLC) and 

protein kinase C (PKC) (33, 34).  

    Two other enzymes, phospholipases D and A2 (PLD and PLA2) can play an important role in 

neurotransmission. PLA2 has been shown to be activated by several receptors of neurotransmitters 

including dopamine (D2), serotonin (5-HT2), glutamate and muscarinic acetylcholine receptors 

(19). Moreover, PLA2 can release AA, DGLA, and EPA from the sn-2 position of membrane 

phospholipids, but with markedly differing consequences. In fact, DGLA, AA and EPA can be 

transformed into prostaglandins (PGl) of the 1-, 2-, and 3-class, respectively. While the PGl2 is 

highly pro-inflammatory, PGl3 is anti-inflammatory and PGl1 was shown to have intermediate 

properties. It has been hypothesized that a highly reactive PLA2 is found in various psychiatric 

disorders (35). This high reactivity, when coupled with an elevated concentration of ω-6 fatty acids 

in brain membranes would lead to aggravated inflammatory conditions and development of 

neuronal dysfunction manifesting itself in psychiatric disorders. This condition can potentially be 

countered by the presence of sufficient ω-3 fatty acids in brain phospholipids. However, more data 

is needed to make definite conclusions about a potential for treatment. PUFAs can also modulate 

ion channels (mainly calcium and sodium channels).  
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Their influence on enzymes responsible for the release of neurotransmitters from synaptic vesicles 

namely Ca2+-CM-PKs have been noted (19). In addition, Kearns and Haag (36) have noted that 

DHA and EPA can inhibit the enzyme Ca-ATPase in neuronal membranes of rat cerebral cortex, 

which is responsible for maintaining a thousand-fold concentration gradient between intra-cellular 

and extracellular calcium levels. They also found that the synaptosomal Na+K+ ATPase was 

inhibited by a high concentration of both ω-3 fatty acids. These results suggested a mechanism 

explaining the dampening effect of ω-3 fatty acids on neuronal activity. Although these sets of 

evidence of an effect of essential fatty acids on brain biochemistry and cognitive functions seem 

fragmentary, Yehuda and colleagues (37) proposed a unifying model which involved the 

hypothalamic-pituitary-adrenal axis.  

    According to this model, essential fatty acids are involved in neurotransmitters in the brain and 

hypothalamus, in releasing CRH and ACTH, and in the production of cortisol from cholesterol by 

P450. The enzyme P450 is involved in dopamine (the first molecule in the axis) and cortisol 

production (which is the end product of the axis) and thereby accounts for the ability of cortisol in 

the blood to affect brain function. However, for this axis to actually produce the end product 

“cortisol”, cholesterol must be bioavailable in the brain a state that is highly dependent on 

membrane fluidity and hence on the ratio of ω-3 to ω-6 fatty acids. 

    The aging process can carry with it several biological changes. In spite of conflicting results, it 

was generally found that ∆6 desaturase activities in the brain and in the liver which are crucial for 

the synthesis of long chain PUFAs from LA and LNA decline with aging. Interestingly, increased 

dietary intake of essential fatty acids can influence age-related changes in desaturase activity (38-

40).  
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Consequently, even though high consumption of LA and LNA would have a reduced impact on 

the synthesis of longer-chained PUFAs, the direct intake of C20 and 22 PUFAs would avoid this 

limiting factor. While changes in PUFA synthesis with aging are important to consider, due 

attention should also be paid to the role of oxidative stress (OS), which refers to the 

cytopathologic consequences of a mismatch between the production of reactive oxygen species 

(ROS) and the cell’s ability to defend itself against them. Many studies found evidence of an 

increase in ROS with age and their deleterious effects on lipids, especially PUFAs. The increase in 

lipid peroxidation in turn affects the oxidation of structurally important proteins disrupting 

transmembrane ion movements and cellular metabolic processes (41, 42), the most notable one of 

which is brain synaptic function. Although deprivation from ω-3 fatty acids leads to decline in 

DHA in the brain of animals, with aging, these animals will no longer be able  forfeit their brain 

stores and instead DHA level will drop from other organs.  

    These findings suggest the necessity to preserve brain DHA levels, though at the expense of 

other organs (43). Unfortunately, DHA, with its high degree of unsaturation, may be a vulnerable 

target to the damaging effects of lipid peroxidation (10).  

A.2. Hypertension, Fatty Acids and Brain Function 

    Hypertension is known to produce end-organ damage. Consequently, it is reasonable to 

postulate that neuropsychological deficits resulting from brain damage may occur as a 

consequence of high blood pressure levels. Psychomotor speed, visual constructive ability, 

learning, memory, and executive ability seem to be particularly vulnerable to increases in blood 

pressure (44-46). Possible pathways linking high blood pressure to poor cognitive functioning 

included metabolic imbalance, clinically silent stroke, atherogenesis, altered distribution of cerebral 

blood flow, as well as demyelination or microinfarction in the cerebral white matter (47).  
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The question remains: Is there a biological interaction between hypertension and intake of ω-3 

fatty acids? Animal model studies demonstrated that hypertensive rats tend to have lower brain 

mono-unsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) than normotensive 

rats (29). Since hypertension is a vascular type of pathology, altered fatty acid transport through the 

blood-brain barrier (BBB) may be one factor for the hypertension-related difference. While 

endothelial cells of the BBB were shown to selectively transport PUFAs and their precursors, 

astrocytes actively participate in their elongation to produce ω-3 and ω-6 fatty acids in the brain 

(48, 49). Although no prior studies have specifically looked at the effect of hypertension on fatty 

acid transport across the BBB, analogy can be made with other biochemical substances such as 

tryptophan and glutamic acid (50). In addition, perivascular astrocytic metabolism was also found 

to be compromised in hypertensive rats (51).  

    In short, either pressure-induced endothelial dysfunction at the BBB or exhausted astrocytic 

metabolism could lead to reduced MUFA and PUFA contents in the brains of hypertensive rats. 

An alternative explanation which was adopted by other researchers was that oxidative stress which 

accompanies high blood pressure will lead to increased peroxidation of unsaturated fatty acids and 

a reduction in their concentration in the brain. Consequently, there is a biologically plausible 

mechanism of interaction between elevated blood pressure and intake of ω-3 fatty acids, both of 

which affect fatty acid content and composition in the brain and therefore determine cognitive 

functioning.  
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    In sum, the biological mechanism by which long-chain ω-3 fatty acids may affect brain 

functions has been studied extensively using animal models as well as tissue cultures. Although 

many of these studies did not explicitly investigate our outcome of interest (i.e. cognitive 

functioning), they did point to the important role played by ω-3 fatty acids in determining the 

biophysical characteristics of brain membranes which are crucial for many enzymatic actions. In 

addition, the biochemical composition of phospholipids is also influenced by this class of fatty 

acids and in turn affects the extent of inflammatory reactions in the brain that may explain many 

psychiatric disorders including cognitive impairment. Furthermore, oxidative stress which increases 

with aging renders these essential fatty acids extremely vulnerable to depletion especially that one 

of the enzymes that is responsible for their synthesis also becomes less active with age. 

Consequently, their direct intake from diet becomes crucial in preserving a balanced amount of 

long-chain ω-3 fatty acids in the brain.  Moreover, based on the evidence presented above, there is 

reason to believe that reduced intake of ω-3 fatty acids and hypertensive status may interact to 

increase the risk of cognitive decline. Therefore, there may be a combined benefit of reducing 

blood pressure and supplementing diet with ω-3 fatty acids.  

B. Historical Background 

B.1. Cognitive Impairment and Prognostic Outcomes 

    Cognitive function refers to those mental processes that are crucial for the conduct of the 

activities of daily living. Such mental processes include attention, short-term (working) memory, 

long-term memory, reasoning, the coordination of movement and the planning of tasks. All of 

these processes vary in how well they are operating: sometimes our attention is poor; sometimes 

our memory seems excellent, sometimes we plan our activities badly, etc.  
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Therefore, the efficiency with which these processes are operating clearly has direct relationship to 

our ability to conduct everyday activities and thus, ultimately influences important aspects of the 

quality of life. Over the past three decades, psychologists have sought to improve the quality of 

cognitive function assessment in drug development. There is now an emerging discipline of 

Human Cognitive Psychopharmacology, the fundamental tenets of which are: 

(1) There are major areas of cognitive function (e.g. attention, working memory), which underpin 

everyday behaviour. In fact, impairment can be attributed to separate domains of cognition. For 

example, the diagnosis of dementia requires the presence of impairment in memory and at least one 

other domain. Although it is hardly possible to divide cognition into mutually exclusive areas, the 

following domains can be regarded as relatively independent (52): (A) Memory: There are several 

types: a. Episodic memory: anterograde amnesia (severe loss of memory of recent events); retrograde 

amnesia (Forgetfulness for events predating the onset of impairment);  

b. Semantic memory: knowledge of concepts or facts. (B) Language: They are grouped into three 

categories: a. Speech expression, b. naming and c. comprehension; (C) Visuo-spatial functions: Problems 

in spatial thinking may among others be manifested by impaired construction (e.g. inability to copy 

designs) and problems of spatial orientation (finding one’s way in familiar or less familiar surroundings); 

(D) Executive functions: These are capacities involved in the planning and regulation of goal-

directed behaviour. Impairment may be reflected by diverse symptoms such as apathy and loss of 

initiative (or conversely disinhibition and impulsivity) and perseveration (inappropriate repetition 

of responses). A basic aspect of executive functioning is working memory or the ability to attend 

to several aspects of a task at the same time, as for instance in mental arithmetic.  

(2) These can only be assessed directly using tests of cognitive function.  

(3) These tests need to assess various functions independently, as far as possible.  
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(4) The tests must yield sufficient information and be conducted with sufficient controls such that 

the interpretation of any identified change can be made definitively.  

    Neuropsychology is another branch of psychology in which a wide range of tests of cognitive 

function is used. The tests are generally applied to patients with cognitive deficits caused by trauma 

or other insults, the requirement being to identify and quantify the precise nature of the cognitive 

impairment. Some of the tests used in neuropsychology have been adapted for use in 

psychopharmacology. However there are methodological differences between the two disciplines. 

In fact, in neuropsychology, patients are assessed on a one-to-one basis, and often only assessed 

once. In psychopharmacology, volunteers and patients are trained on the tests before the start of 

the study and are then tested repeatedly over a study period, often in groups. Many test procedures 

used in neuropsychology are then not appropriate for such clinical trials, particularly when there 

are few parallel forms of the tests or trained specialists are required to administer them (53, 54).        

    Neuropyschological assessment is a powerful aid in the detection of early dementia, but has 

certain limitations. Firstly, the test results will be useful only if the subject is fully cooperative. 

Secondly, individual variation in cognitive performance is – especially in the elderly – considerable, 

even among people with the same demographic characteristics (age, sex, education); therefore, a 

wide margin of uncertainty must be allowed before impairment can be inferred. Finally, a good 

deal of interpretation may be required to decide what functional disturbance(s) underlie a deviant 

test result (54). Automated tests of cognitive function have made large advances since the 

introduction of these procedures to drug development programs in the early 1980s, and have 

shown much benefit in terms of practicality and sensitivity. Aside from not having the limitations 

of many traditional tests, they are also more sensitive to changes in cognitive function. 
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Over the last few years, an ‘age of reason’ has finally begun in drug development. In contrast of 

the policy of ‘wait and see’ that pervaded drug development up until the early 1990s, most 

developers now wish to know as soon as possible whether the compounds they are developing 

have desired effects and, at the same time, whether they are also free of undesired effects. E.g. 

desired effects of cognitive enhancers are to improve cognitive function, while for sedatives, 

hypnotics and anaesthetics is to impair cognitive function. By contrast, undesired effects are 

cognitive impairment in compounds hoped to be free of such effects, or cognitive impairment that 

persists longer than is desired. Cognitive-function testing is now widely incorporated into Phase I 

trials, even in first-administration-to-man trials. There are obvious advantages for determining the 

cognitive effects of a compound early in development and the practice is gradually becoming 

widespread (53).  

    The prevalence of brain disorders affecting cognition – such as stroke and dementia – increases 

steadily and in a linear fashion with age. However, the age effect is relatively small for cognitive 

tests appealing to “crystallized” abilities, i.e., skills and knowledge acquired through education and 

experience, such as vocabulary and common sense. In contrast, the elderly are at a considerable 

disadvantage on tests of “fluid” ability, which require response to novel situations. The most 

affected areas are episodic memory, spatial ability and executive functions. To a large extent, the 

changes are determined by a slowing of information processing, rather than a loss of capacity (55). 

The concept of “cognitive reserve” is often invoked to explain the finding that high education 

appears to protect against cognitive decline(56). It is debatable to what extent such reserve must be 

attributed to environmental (i.e., schooling) or genetic influences (aptitude). Cognitive decline is 

not an inevitable outcome of ageing, and may well be the result of unrecognized pathology.  
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    Alzheimer’s disease (AD) is by far the most frequent cause of dementia increasing in prevalence 

from less than 1% below the age of 60 to more than 40% above the age of 85. The initial phase is 

marked by a progressive deterioration of episodic memory. Other impairments may be entirely 

absent in the beginning or consist of mild disturbances of naming and executive function. When 

the process advances, the impairment spreads to other divisions of memory and other domains of 

cognition. The diagnostic criteria of AD are summarized in Table 2.1.  Although the patients will 

at first be aware of their decline, insight will gradually fade and be replaced by denial and 

rationalization. In due time, testing becomes almost impossible, but asking few simple tasks and 

questions will disclose deficits in all domains of cognition (54). Biologically speaking, Alzheimer’s 

disease (AD) may be caused by the age-dependent and progressive accumulation and deposition of 

Aβ-amyloid in brain – “the amyloid cascade hypothesis” (57). Aβ peptides are cleaved from the 

transmembrane protein amyloid precursor protein (APP) by the proteases β-secretase and γ-

secretase. The secreted ectodomain of APP released by β-cleavage is APPs β. Alternatively, α-

cleavage of APP within the A β sequence thereby precludes A β generation and results in secretion 

of APPs α. There is considerable heterogeneity of secreted A β-peptides, but A β42 is particularly 

amyloidogenic and fingered as an initial culprit in the pathologic cascades leading to Mild 

Cognitive Impairment (MCI) followed by dementia diagnosed as AD. Proponents of this 

hypothesis point to the fact that amyloid deposition is necessary but not sufficient for the 

development of AD. Other pathologies are equally important in neurodegeneration, including the 

formation of neurofibrillary tangles (NFT) from hyperphosphorylated tau. In fact, NFTs are one 

of the major pathological hallmarks of AD. They consist of paired helical filaments (PHF), 

deriving from abnormally hyperphosphorylated microtubule-associated protein tau.  
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Physiologically, tau protein is located in the neuronal axons, in the components of the 

cytoskeleton, and in the intracellular transport system (58). Using monoclonal antibodies, ELISA 

assays were developed to measure total tau protein concentration in the cerebrospinal fluid (CSF) 

(59). Current criteria for the diagnosis of high probability AD require both deposition of amyloid 

plaques and neurofibrillary tangles in brain (60). 

    Vascular dementia (VaD) is the second most common type of dementia, but actually consists of a 

heterogenous collection of clinical pictures (61). Clinical subtypes of VaD can be defined by the 

size of the involved vessels (large or small) or the areas of brain involved. Large-artery syndromes 

such as multi-infarct dementia normally present as discrete, progressive chains of events with 

neurologic decline occurring in steps.  

    In contrast, small-artery syndromes tend to develop more slowly and insidiously and include 

lacunar infarcts (may include apathy, slow processing, psychomotor retardation, bradykinesia, 

disorientation, impaired memory, inattention, and perseveration) and a condition known as 

Binswanger’s disease which encompasses more severe symptoms than the lacunar ones (which 

include abulia, incontinence, and limb rigidity). The area involved on brain imaging can also predict 

VaD findings. Patients with lacunar infarcts tend to have progressive focal deficits and frontal-lobe 

symptoms. Thalamic injury promotes memory and sensorimotor deficits. Parietal strokes are 

associated with aphasia or visuospatial disturbance. Frontal damage is associated with behavior and 

executive deficits. Multiple strokes show stepwise, multiple patterns. AD and VaD symptoms may 

overlap, but in their pure conditions the two conditions have markedly differing presentations. In 

fact, executive function and focal neurologic dysfunction occur earlier in VaD. Agnosia, 

visuospatial problems, and short-term memory loss, occur earlier in AD (62).  
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In general, several systems of diagnostic criteria have been devised for VaD as an entity and these 

are listed in Table 2.1. 

Table 2.1. Diagnostic criteria of AD, VaD, Mixed dementia and other dementias 

Diagnosis Criteria 
Alzheimer’s disease (AD) 
(NINCDS-ADRDA) 
 
 
 
 
 
Source: (63) 

Development of multiple cognitive deficits, with both memory impairment and one 
(or more) of the following cognitive disturbances: 
   Aphasia (language disturbance) 
   Apraxia (learned motor skills disturbance) 
   Agnosia (visuospatial/sensory disturbance) 
   Executive functioning (foresight, planning, insight anticipation) 
Significant impairment in social or occupational functioning, representing a 
significant decline from a previous level of functioning 

 Other diagnostic criteria: Hachinski Ischemic Score, ICD-10; DSM-IV; ADDTC. 
Vascular Dementia (VaD) 
(NINDS-AIREN) 
 
Source: (64) 

Cognitive decline from previous higher level of function in three areas of function 
including memory. 
Evidence of cerebrovascular disease by examination 
Evidence of cerebrovascular disease by neuroimaging 
Onset either abrupt or within three months of a recognized stroke.  

Vascular Dementia (VaD) 
(Modified Hachinski Ischemia 
Score: ≥4) 
 
 
 
 
 
Source: (65) 

Two-point items 
   Abrupt onset 
   History of stroke 
   Focal neurologic symptoms 
One-point items 
  Stepwise deterioration 
  Somatic complaints 
  History of hypertension 
  Emotional incontinence 

 Other diagnostic criteria: ICD-10; DSM-IV 
Mixed Dementias (MDs)  
Hachinski Ischemic score Score based on clinical features: ≤4=AD; ≥7=VaD; intermediate score of 5 or 6 = 

MD. 
ICD-10 Cases that met criteria for VaD and AD 
DSM-IV Cases with criteria for primary degenerative dementia of the Alzheimer type and 

clinical or neuroimagery feature of VaD. 
ADDTC Presence of ischemic vascular disease and a second systemic or brain disorder. 
NINDS-AIREN Typical AD associated with clinical and radiological evidence of stroke.  
  
Other Dementias  
Fronto-Parietal Dementia 
(FTD) 
 
 
 
 
 
 
 
Source: (66) 

Behavioral or cognitive deficits manifested by either: 
(1) Early and progressive personality change, with problems in modulating 
behavior; inappropriate  responses/activities. 
(2) Early and progressive language changes, with problems in language expression, 
word meaning, severe dysnomia. 
Deficits represent a decline from baseline and cause significant impairment in social 
and occupational functioning.  
Course characterized by gradual onset and continuing decline in function.  
Other causes (eg, stroke, delirium) are excluded 
Gradual onset and progressive cognitive decline.  
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(Cont’d) 
Dementia with Lewy Bodies 
(DLB) 
(Consensus Guidelines for the 
Clinical Diagnosis for 
Dementia with Lewy Bodies) 
 
Source: (67) 

Fluctuating in cognitive performance: Marked variation in cognition or function, or 
episodic confusion/decreased responsiveness.  
Visual hallucinations: Usually well formed, unprovoked, benign. 
Parkinsonism: Can be identical to Parkinson’s Disease (PD), milder or symmetric.  

PD-D 
(Common findings) 
 
Source: (62) 

Bradyphrenia (slowness of thought) 
Executive impairment 
Neuropsychiatric symptoms 
Dysphonia 

   Sources:  (62, 68) 
 

    The brain lesions of AD – namely, extracellular amyloid plaques and intracellular neurofibrillary 

tangles – and VaD – namely, cerebral infarctions, multiple lacunar infarctions, and ischemic 

periventricular leukoencephalopathy – often occur together (69-71). Autopsy studies indicate that 

in fact coexisting vascular pathology occurs in 24% to 28% of AD cases. Higher proportions (as 

high as 45%) were shown for community-based autopsy studies (69). As with other aspects of 

geriatric practice, the search for a single unifying diagnosis to explain symptoms and signs, also 

known as the Occam’s razor rule, likely does not apply to older patients who are at risk for 

neurodegeneration from both AD and cerebrovascular disease. Diagnosis and treatment of co-

existing AD and cerebrovascular disease is made more complicated by the absence of consensus 

and debate over clinical criteria and terminology. While the NINDS-AIREN use the terminology 

“AD with cerebrovascular disease”, the other systems of classification as shown in Table 2.1 

(ICD-10; DSM-IV; Hachinski Ischemic score; and ADDTC) include a “mixed dementia” category 

with differing criteria. Although the term mixed dementia could include AD with other dementias 

(particularly PD-D and DLB), the most common use of the term is for the co-existence of AD 

with VaD (64, 65, 72-75).  
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Vascular pathology that has been associated with AD includes: Cerebral amyloid angiopathy 

(CAA), microvascular degeneration (tortuosity, fibrohyalinosis, liphyalinosis), disorders of the 

blood-brain barrier, white matter lesions and a combination of microinfarctions, lacunes, and 

cerebral hemorrhages (76).  

    Although AD, VaD and mixed dementia (MD) are thought to be the most common causes of 

dementia in the general population, other causes of dementia which are relatively of rare 

occurrence include: Frontotemporal dementia (FTD), Parkinson’s disease and Parkinson Plus 

syndrome (PD-D and PD-Plus), Dementia with Lewy Bodies (DLB), Progressive supranuclear 

palsy (PSP) and Huntington’s disease among others. Table 2.1 shows diagnostic criteria of some 

of the other dementias for the purpose of comparison with AD and VaD diagnostic criteria.  

    Dementia is relatively frequent in the elderly population and was shown to affect about 6.4% of 

European subjects over the age of 65 years (77). A review of 50 original articles published between 

1989 and 2002 using international data showed that prevalence of dementia for the very old group 

(85 years and over) varied between as low as 16.7% in China (78) and as high as 43% in Germany 

(79). This diversity was also reflected within separate age groups among the very old, ranging from 

9.6% to 32% for the 85-89 age category and from 41% to 58% for the 95+ age group. In terms of 

incidence, the range was between 47 and 116.6 per 1000 and a separate meta-analytic study 

estimated the incidence in that age group to be around 104 per 1000 (80, 81). The relative 

prevalence of AD and VaD and the mixed version of both remains debatable. Ott and colleagues 

(82) estimated that for the very old, the prevalence of AD was 26.8% while that of VaD was 4.4%. 

However, VaD appears to be more frequent than AD in certain Japanese and Chinese populations 

(83).  
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Table 2.2 shows estimates of prevalence and incidence of AD, VaD and Mixed Dementia (MD) 

as well as undifferentiated diagnosis between VaD and MD using data from diverse populations.  

    It is worth noting that the cognitive pathology has not traditionally included impairments to 

attention. This is evident from the DSM-IV criteria for AD (74) as well as the Alzheimer’s Disease 

Assessment Scale (ADAS-Cog) which is meant to assess efficacy of cholinergic treatment in AD. 

Paradoxically, it has long been known that demented patients, including those with AD, show 

impairments in tests of sustained and selective attention (84) as well as divided attention (85). It is 

also strange that a diagnostic scale such as ADAS-Cog has not incorporated attentional deficits as 

the cholinergic involvement in the control of human attention was first demonstrated in the late 

1970s (86). Three subgroups of dementia mainly Huntington’s Chorea , vascular dementia and 

Dementia with Lewy bodies (DLB) have been shown to have attention deficit as a hallmark 

symptom in their pathology. In particular, DLB is a disorder with more marked cholinergic deficits 

when compared to AD.  

    As populations age, all cognitive disorders, including dementia, become more common. 

However, older persons can develop demonstrable cognitive impairment, especially memory 

deficits, without crossing the threshold of dementia. This condition has been termed “mild 

cognitive impairment” (MCI) (87, 88). Hence, MCI represents a transitional state between the 

cognitive changes of normal aging and very early dementia and is becoming recognized as a risk 

factor for Alzheimer disease (AD). Although memory deficits are key in the diagnoses of both 

MCI and Alzheimer’s disease, many researchers believe using this dimension in isolation to be too 

restrictive for capturing age-associated cognitive decline. The term mild cognitive impairment is 

reserved for patients whose impairment is objectively demonstrable but is not pronounced in more 

than one domain of cognition and does not seriously affect activities of daily living (89).  
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Several criteria have been formulated to define MCI, but the most widely used one is that for 

‘amnestic’ MCI developed by Petersen and colleagues (88). These are aimed at the detection of 

isolated memory impairment that may be indicative of developing Alzheimer’s disease. The advent 

of symptomatic treatments for Alzheimer’s disease (AD) and some other types of dementia has 

spurred interest in the identification of the disease along with a spectrum of aging related cognitive 

disorders that represent prodromes of AD, particularly Mild Cognitive Impairment (MCI). 

Table 2.2 Prevalence (%) and Incidence (%) of Alzheimer’s Disease (AD), Vascular Dementia (VaD) and Mixed 
Dementia (MD) and undifferentiated VaD/MD. 
 
Population Source Age Follow

-up  
(years) 

All 
causes 

MD VaD AD VaD 
/MD 

N 

          
Prevalence proportion          
London, United Kingdom (90) ≥65 n/a n/a 0.7 (5) 0.1 (1) 3.1 (22) n/a 705 

Stockholm, Sweden (91) ≥75 n/a n/a 0.2 (3) 2.9 (52) 6.4 (116) n/a 1,810 

Honolulu, Hawaii (92) 71-93* n/a n/a 1.4 (53) 1.8 (68) 2.1 (77) n/a 3,734 
Framingham, United States  (93) 61-93 n/a n/a 0.2 (5) 0.4 (8) 2.3 (50) n/a 2,180 
Gothenburg, Sweden (94) ≥85 n/a n/a n/a n/a 13.0 (64) 14.0 (69) 494 

New York, United States (95) 75-89 n/a n/a n/a n/a 8.4 (37) 5.7 (25) 442 
Aichi Prefecture, Japan (96) ≥65 n/a n/a n/a n/a 2.4 (75) 2.8 (87) 3,106 

Kanagawa Prefecture, Japan (97) ≥65 n/a n/a n/a n/a 1.2 (22) 1.6 (29) 1,800 

Shanghai, China (98) ≥65 n/a n/a n/a n/a 2.6 (103) 1.1 (43) 3,888 

          
Incidence proportion          
Gothenburg, Sweden (94) 85-88 3 9.0 0.4 3.7 n/a n/a 494 
Stockholm, Sweden (91) ≥75 3.5 4.3 0.2 0.7 n/a n/a 1,810 

New York, United States (95) 75-85 8 3.4 1.0 ** n/a n/a 442 
Multiple communities, 
United States 

(99) ≥65 5.7 14.0 n/a n/a n/a 6.3 3,375 

          

 Sources: (62, 68); * Men only; ** Rate not given.  
 

    However, historically speaking, MCI has been plagued by the issue of alternative 

conceptualization as well as multiple operationalization. In fact, in 1962, Kral defined ‘Benign 

Senescent Forgetfulness’ (BSF) as the inability to recall on certain occasions relatively unimportant 

parts of past experiences (100). Kral characterized BSF as an age-related problem that did not 

cross the boundary of disease, although it was suspected to be a transitional stage towards 

‘malignant’ senescent forgetfulness.  
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Between 1968 and 1971, the word senility was rejected and replaced by dementia, to avoid the 

redundancy of the term with normal aging. In 1986, Crook and colleagues (101) developed specific 

criteria for ‘Age-Associated Memory Impairment’ (AAMI): age ≥ 50 with gradual onset memory 

complaints substantiated by relatively poor performance on neuropsychological tests (1.0 SD 

below mean of test value, normed on young adults). During the late 1980s and the 1990s, the 

AAMI criteria were criticized for the following reasons: First, they were thought to be over-

inclusive; second, they were difficult to operationalize in epidemiologic studies; third, they lacked 

both construct and predictive validity; and finally, they did not necessarily represent decline. In 

1989, Blackford and LaRue (102) altered the Crook criteria by adding the upper age limit of 79 

years, requiring standardized self-report memory questionnaires, and using results on a battery of 

four or more tests of secondary memory to define categories of impairment based on both young 

adult and age-matched norms. They also required preserved general intelligence and revised the 

exclusion criteria. Between 1994 and 1997, Ebly and colleagues (103) and Graham et al. (104) 

coined the term ‘Cognitive Impairment, No Dementia’ which includes a classification proposed in 

the Canadian Study of Health and Aging (105). The CIND category was meant to encompass a 

variety of conditions which, while giving rise to cognitive impairment according the DSM-IIIR 

criteria following clinical assessment and neuropsychological testing, did not meet the criteria for 

dementia. Between 2000 and 2003, CIND was found to be a heterogenous group even though it 

was found to increase the risk of progression towards dementia. Hogan and Ebly (106) found that 

such progression was fastest in rate among a more narrowly defined group of CIND to whom the 

name MCI was given. MCI was defined as memory impairment, intellectual decline and a 

personality change, with no functional impairment.  
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The risk of progression to dementia among MCI group was found to be 55%. Fisk and colleagues 

(107) evaluated outcomes for a variety of definitions of MCI that either incorporated or did not 

include a subject memory complaint and the presence of functional impairment. Although the 

prevalence of MCI changed significantly with changing criteria (from 1% to 3%), rate of 

progression to dementia did not change appreciably per year (8-10% per year over 5 years). Table 

2.3 gives the detailed criteria used for differential diagnosis of “Mild Cognitive Impairment” along 

the changing descriptive terminology and classification systems.  

    Although many of the above terms remain in use, none have received more attention than the 

term MCI. Petersen and colleagues (108) was the first to give MCI a formal definition: “Having a 

complaint of defective memory, normal activities of daily living, normal general cognitive 

functioning, abnormal memory function for age, and absence of dementia.” A consensus 

conference on MCI concluded that while MCI represents a high-risk stage for the development of 

AD, its heterogeneity requires sub classification: amnestic MCI focuses on memory loss and may 

progress to AD; MCI with slight impairment in multiple domains may represent normal aging or 

may progress to AD or vascular dementia; and MCI with impairment of a single non-memory 

domain may have a wide variety of outcomes. In addition to the clinical, functional and 

psychosocial implications, it has been noted that if patients indentified with MCI were successfully 

treated so as to delay progression to AD by only one year, the dollar cost savings would be quite 

substantial (109). Given this, increased understanding as to the clinical and neurobiological aspects 

of MCI, as well as the current status of potential therapeutic interventions will allow clinicians to 

better detect and manage this syndrome.  
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    Prior studies indicate that the prevalence rates for MCI and other related conditions could range 

between 3.2% and 53.8% depending on the characteristics of the cohort as well as the screening 

instruments used (104, 110-112). Many potential factors for disease progression have been 

identified, including informant report of functional deficits of which the patient is unaware (113), 

EEG pattern changes (114), brain MRI imaging for volumetric measurements (115) and 

magnetization ratios (116), cerebral glucose metabolism (117) and cerebrospinal fluid markers 

(118, 119). No one factor or combination of factors has yet emerged as a clear predictor. Applying 

the current criteria for MCI, individuals diagnosed with MCI converted to AD at an annual rate of 

12-15%, compared with normally aging individuals who convert to AD at lower rates of 1-2% per 

year. For longer periods of time of follow-up, MCI individuals convert to AD at a rate of 50% 

after 3-4 years, and a rate of 80% after 6 years (88, 109). Given the high rates of conversion 

between MCI and AD, some researchers contend that MCI is not nosologically separate from AD, 

but rather a prodrome of it (120).However, others suggest that there is a heterogeneity within MCI 

and that not all necessarily progress to AD when followed up for a sufficient period of time (121). 

However the issue of whether MCI is a prodrome or a risk factor will continue to be a source of 

continuous debate. Prevalence of dementia in epidemiological studies is reported at 0.3 to 1.0 per 

100 people in individuals aged 60 to 64 years, and increases to a range from 42.3 to 68.3 per 100 

people in individuals 95 years and older (122). Incidence rises from 0.7% per year in subjects aged 

65 to 69 years to 6.6% per year in populations older than 90 years (123). Alzheimer pathology is 

the underlying cause of 50-70% of clinically diagnosed senile dementias (124).  
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    Identification of subjects with MCI is gaining importance as early prevention measures and 

pharmacological interventions for dementia emerge. However, some disagreement remains 

regarding identification of MCI. The biggest practical problem has been the absence of a ‘gold 

standard’ for evaluating correctness of MCI as a dementia prodrome. Patients with MCI do not die 

from this mild condition, so there are no established neuropathological criteria similar to those 

available for AD and VaD which would provide final proof for a given clinical case of MCI (109). 

In characterizing MCI at a gross level, the operationalized criteria that have been proposed involve 

a score of 24 or more on the Mini-Mental Status Examination (MMSE) (125), a score of 0.5 on the 

Clinical Dementia Rating (126), and an objective memory deficit (e.g., an impaired score on 

paragraph recall task) (127). 

    There is debate of whether neuropsychological studies can actually predict dementia or identify 

at-risk individuals. Longitudinal investigations of elderly community-based samples indicate that 

preclinical manifestations of AD may appear 5-10 years prior to reaching threshold for dementia 

(128, 129). Longitudinal studies afford the best chance at determining which test (or tests) should 

be included in a battery in order to detect dysfunction as well as high risk of progression (109). For 

example, Ritchie and colleagues (110) used a computerized battery assessing primary and 

secondary memory (verbal and visuospatial memory), language skills (naming, fluency, and syntax 

comprehension), visuospatial performance (ideational, ideomotor, and constructional praxis, visual 

reasoning, form perception, and functional and semantic categorization of visual data), and 

focused and divided attention (in both auditory and visual modalities).  

 

 

 



 

 27 

At 3 years follow-up, they found that the tests which were able to differentiate normal subjects 

form those with preclinical dementia two years before conversion were reaction time (on simple 

and dual attention task); semantic category fluency, and recall of names among others although the 

most predictive tests were delayed free verbal recall and delayed cued verbal recall. The finding 

that delayed verbal recall was the most accurate measure is consistent with results from other 

studies (130, 131). These results highlight the need to assess cognitive decline in these three 

domains and determine ways to prevent this decline. Given this fact, a number of cohort studies 

have been conducted using short screening tools that investigated these domains among others. A 

review of epidemiological studies which aimed at studying cognitive decline in the general 

population was conducted (132). The neuropsychological tests used in these studies and their 

characteristics are summarized in Table 2.4 and examples from more recent studies and other 

tests were added as well.  
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Table 2.3 Selected diagnostic and descriptive terminology for mild cognitive impairment in older people and components of different systems of classification 2 
 

 
Source: (135) 

                                                 
2 BSF: Benign Senescent Forgetfulness; LCD: Limited Cognitive Disturbance; MCD: Mild Cognitive Disorder; AAMI: Age-Associated Memory Impairment; MD: Minimal Dementia. ; QD: Questionable 

Dementia; ARCD: Age-Related Cognitive Decline; MND: Mild Neurocognitive Disorder; CIND: Cognitive Impairment, No Dementia; MCI: Mild Cognitive Impairment; √ O: Yes, objective; √ S: Yes, subjective;  
√: Yes; ×: no; n/s: not specified.  

Acronym Reference Components 

  Memory 
Impairment 

Other 
cognitive 
impairment 

Cognitive 
decline 

Subjective 
memory loss 

Recommended 
cognitive tests 

Associated 
Neurological 
disturbance 

Associated 
mood 
disturbance 

Impaired 
ADLs 

          

BSF (100) √ S × × × × n/s n/s n/s 

LCD (133) √ O × √ S √ × n/s n/s × 
AAMI (101) √ O × √ S √ √ × × n/s 

MD (134) √ O √ O × × √ n/s n/s √ 
QD  (126) √ O √ O √ O n/s × n/s n/s √ 
ARCD (74) √ S n/s n/s n/s × n/s n/s n/s 

MND (74) √ O √ O √ O × × √ n/s √ 
CIND (104) √ O n/s n/s × × n/s n/s n/s 

MCI (88) √ O × n/s × × × × × 
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Table 2.4 Neuropsychological tests used to screen for cognitive decline in epidemiological studies3 
 
Neuropsychological test 
/battery used 

Key points Studies 
using this 
battery 

Study cohort 
name 

 
GLOBAL & BRIEF COGNITIVE TESTS 
Mini Mental State  
Examination (MMSE) 
 
 
 
 
 
 
 
Source: (125) 

• Easy  to use 

• Tests attention, praxis, language, 
memory, concentration 

• Ceiling and floor effects 

• Used internationally 

• Reliability in assessing change over 
time shown for over 1 year of 
follow-up. 

(136) 
(137) 
(138) 
(139) 
(140) 
(141) 
(142) 

MoVIES 
Zutphen 
ECA 
LASA 
Chicago south-
side census 
study 
Rotterdam 
Study 
Rancho 
Bernardo Study 

  Modified MMSE (MMMS or 3MS) 
 
 
 
 
 
Source: (143) 

• Brief, general cognitive battery. 

• Components for orientation, 
concentration, language, praxis, and 
immediate and delayed memory. 

• Maximum score of 100. 

• More sensitive than MMSE, 
especially for MCI.  

(144) 
 
 

ABC 

Telephone Interview for Cognitive 
Status (TICS) 
 
 
Source: (145) 

• Modeled on the MMSE. 

• Strong linear relationship between 
the two tests was reported.  

(146) 
 

NHS 

Wechsler Adult Intelligence Scale 
(WAIS and WAIS-R).  
 
 
 
 
Source:  (147, 148)  

• Some components shown to be 
highly sensitive to early change in 
cognition. 

• Used internationally since 1945. 
Practice effects reported.  

• High test-retest reliability and 
construct validity. 

(149) 
 
 
 
(44, 150) 

Dutch 
Longitudinal 
Study 
 
ARIC 
 

                                                 
3 MoVIES: Monongahela Valley Independent Elderly Survey;  ECA: Epidemiologic Catchment Area study;  LASA: Longitudinal Aging Study 

Amsterdam; ARIC: Atherosclerosis Risk in Communities; EPESE:  Established Population for Epidemiological Study;  MONICA: 
multinational monitoring of trends and determinants in cardiovascular disease;  ABC: Health, Aging and Body Composition;  NHS: Nurses’ 
Health Study; NSHD: National Survey of Health and Development; RCT: Randomized Controlled Trial; BLSA: Baltimore Longitudinal 
Study of Aging. 
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Cambridge Cognitive Examination 
(CAMCOG) 
 
 
 
 
 
 
 
 
 
 
 
Source:  (134, 151) 

• Designed to assess rate of decline. 

• Test orientation, language, 
memory, attention, praxis, 
calculation, abstract thinking and 
perception. 

• It is a self-contained part of the 
CAMDEX or Cambridge 
Examination for Mental Disorders 
of the Elderly 

• Includes National Adult Reading 
Test. 

• No ceiling effect.  

• Concise, but takes longer than 
MMSE. 

(152) 
 

Rotterdam 
Study 

Short Portable Mental Status 
Questionnaire (SPMSQ) 
 
 
 
Source: (153) 

• Test short and long-term memory, 
orientation, knowledge of current 
events and serial substraction.  

• Validated against clinical functional 
criteria.  

(154) 
 

EPESE 

Geriatric Mental Schedule (GMS) 
 
 
 
 
 
 
Source: (133) 

• It is a first stage cognitive 
screening test for global 
performance, like MMSE.  

• Usually, subjects who screen above 
zero on that schedule and below 
26 on the MMSE are given 
additional domain-specific 
cognitive tests.  

(141) 
 

Rotterdam 
Study 

Cognitive Function Scanner 
(CFS) 
 
 
 
 
Source:  (155) 

• Computerised Tests. 

• Learning, retrieval, short-term 
memory and retention, visuomotor 
and visuospatial function, 
concentration, visual and auditory 
perception, attention and vigilance. 

(155) MONICA 

Blessed Dementia Scale (BDS) 
 
 
 
 
 
 
 
Source: (156) 

• Assesses concentration by having 
the participant name the months 
of year backward. 

• Assesses memory by asking 
participants to recall a five-part 
name and address following a 10-
minute delay.  

• The maximum possible score 
across the two items is 7. 

(142) Rancho 
Bernardo Study 

 
LEARNING & MEMORY-RELATED COGNITIVE TESTS 
Audio-Verbal Learning Test 
(AVLT) 
 
 
 
Source:  (157) 

• Measures immediate and delayed 
word recall.  

• Uses a list of 15 words that have to 
be recalled immediately as well as 
20 minutes later.  

(139) LASA 
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East Boston Memory Test (EBMT) 
 
 
 
 
 
Source: (158) 

• Measures immediate and delayed 
recall of ideas. 

• Usually asks to recall 12 ideas in 
the East Boston story, immediately 
after it is told and after a certain 
period of time.  

• Scores ranges between 0 and 12.  

(140, 159)  
 
 
(146) 

Chicago south-
side census study 
 
NHS 

Buschke-Fuld Selective Reminding 
Test 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source: (160) 

• Assesses short and long-term 
storage and retrieval of spoken 
words. 

• Ten unrelated words are read to 
participants at a rate of one every 
second.  

• Immediately after, the participant 
is asked to recall the entire list. 

• This procedure is followed for six 
trials. 

• Measures of long and short-term 
memory and total recall are 
obtained.  

• Higher scores on the short-term 
memory test indicate poorer 
performance.  

(142) Rancho 
Bernardo Study 

Story Paragraph 
 
 
 
 
 
 
 
 
 
Source: (161) 

• Subjects are read one brief story 
paragraph from the Wechsler 
Memory Scale or an equivalent 
paragraph, and asked to recall as 
many details as possible: 
immediately and 40 minutes later.  

• Scoring of number of ‘verbatim’ 
and ‘idea’ units follows the Abikoff 
et al. method.  

(162) RCT  on effect 
of six  anti-
hypertensive 
medications on 
cognitive 
performance. 

Ryan’s Verbal Paired-Associate 
Learning Test 
 
 
 
 
 
 
 
 
Source: (163) 

• 12 unrelated word pairs (e.g. 
gate/native) are presented to 
participants (in different orders) on 
each of four learning trials.  

• Following each presentation, 
subjects are shown the first word 
of each pair as a cue and asked to 
name the word that was paired 
with it.  

• Delayed recall is assessed 
unexpectedly ~40 minutes later.  

(162) RCT  on effect 
of six  anti-
hypertensive 
medications on 
cognitive 
performance. 

Digit-Symbol Incidental Recall 
 
 
 
 
 
Source: (164)  

• Participants are unexpectedly 
asked to recall the nine digit-
symbol pairings from the coding 
scheme of the Digit-Symbol 
Substitution Test immediately 
following the test.  

(162) RCT  on effect 
of six  anti-
hypertensive 
medications on 
cognitive 
performance. 
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Heaton Visual Reproduction 
Test 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source: (165) 

• Assesses memory for geometric 
forms.  

• Three stimuli of increasing 
complexity are presented one at a 
time, for 10 seconds each.  

• The participant is asked to 
reproduce the figures immediately 
to assess short-term memory; 

• He is also asked to reproduce them 
after 30 minutes of unrelated 
testing to assess long-term 
memory for geometric forms.  

• Afterwards, he is asked to copy the 
stimulus figures to assess for 
existing visuo-spatial impairment.  

• Three scores are obtained: 
immediate recall, delayed recall and 
copying.  

 

(142) Rancho Bernardo 
Study 

NSHD word-learning task 
 
 
 
 
 
 
 
 
 
Source: (166) 

• Assesses verbal memory 

• 15-word list is shown. Each word 
is shown for two seconds. 

• The subject is asked to write down 
as many words as possible. 

• The number of words recalled 
over three identical trials is 
summed. 

• Maximum score: 45  

(166) NSHD, British 1946 
birth cohort 

Delayed Word Recall Test 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source: (167) 

• Assesses verbal learning and recent 
memory. 

• Requires from the respondent to 
recall 10 common words after a 5-
minute interval during which 
another test is administered.  

• The ten words used in ARIC were: 
chimney, salt, harp, button, 
meadow, train, flower, finger, rug 
and book.  

• To standardize the elaborate 
processing of words to be recalled, 
individuals are asked to compose 
sentences with the words that are 
presented.  

• Test scores may range between 0 
and 10 words recalled and the time 
limit for recall is set at 60 seconds.  

(44, 150) ARIC 
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VERBAL FLUENCY-RELATED COGNITIVE TESTS 
Verbal Fluency Test 
 
 
Source: (168) 

• Subjects are asked to name as 
many animals as they can in one 
minute.  

(146) NHS 

Category Fluency test 
 
 
Source: (169) 

• It is assessed by naming as many 
animals as possible in 1 minute. 

• The score is the number of 
animals named correctly.  

 

(142) 
 
 

Rancho 
Bernardo 
Study 

Word Fluency Test 
 
 
 
 
 
 
 
 
 
 
Source:  (170) 

• The subject is asked to record as 
many words as possible using the 
letters F, A and S and to construct 
these words. 

• The subject is given only 60 
seconds per letter.  

• The total score corresponds to the 
total number of words written in 
the three columns (each column 
corresponding to one letter).  

• There is no maximum score.  

(44, 150) ARIC 

 
PERCEPTUAL SPEED-RELATED  COGNITIVE TESTS 
Coding Task 
 
 
 
 
 
 
 
 
 
Source: (171) 

• Measures information processing 
speed.  

• Three identical trials, each lasting 1 
minute.  

• In each trial, respondent has to 
combine 2 characters according to 
a given example.  

• The score on each trial consists of 
the number of completed 
characters.  

 

(139) LASA 

Symbol-Digit modalities test 
 
 
Source: (172) 

• Measures perceptual speed.  

• Subject match as many digit-
symbol pairs as possible in 90 
seconds.  

(140, 159) 
 
 

Chicago 
south-side 
census 
study 

Digit-span backwards test 
 
 
 
 
Source: (146) 

• Subjects are asked to repeat 
backwards increasingly long series 
of digits. 

• Total of 12 series. 

• Scores can range between 0 and 
12.  

(146) NHS 



 

 34 

 
Digit Span test 
 
 
 
 
 
Source: (148) 

• Seven pairs of random number 
sequences of increasing length are 
presented orally to subjects.  

• Subjects are asked to simply repeat 
each number sequence (Digits 
forward) or repeat the sequences 
in reverse order (Digits backward) 

(162) RCT  on effect 
of six  anti-
hypertensive 
medications on 
cognitive 
performance.  

NSHD visual search task 
 
 
 
 
 
 
 
Source: (166) 

• Each subject is required to cross 
out the letters P and W, randomly 
embedded within a page of other 
letters, as quickly as possible within 
one minute.  

• Scores are computed as total 
number of letters searched 
(maximum is 600) minus the 
number of targets missed.  

(166) NSHD, British 
1946 birth 
cohort 

Trail Making test, part A 
 
 
 
 
 
 
 
Source: (173) 

• Subjects are asked to draw a  line 
connecting a series of consecutive 
numbers as fast as possible. 

• The time of the completion of the 
task is recorded.  

(162) 
 
 
 
 
 
 
 
(174) 

RCT  on effect 
of six  anti-
hypertensive 
medications on 
cognitive 
performance. 
 
 
BLSA 

Trail-Making test, part B 
 
 
 
 
 
 
 
 
 
 
 
Source: (173) 

• Tests visuo-motor tracking and 
attention.  

• The participant scans a page 
continuously to identify numbers 
and letters in a specified sequence 
while shifting from number to 
letter sets.  

• A maximum of 300 seconds is 
given. 

• Scoring is the time taken to finish 
the test. 

• A higher score indicates a poorer 
test performance 

(142) 
 
 
 
(162) 

Rancho 
Bernardo Study 
 
 
RCT  on effect 
of six  anti-
hypertensive 
medications on 
cognitive 
performance. 

Digit-Symbol Substitution Test 
 
 
 
 
 
 
 
 
 
Source: (148) 

• Subjects are presented a coding 
scheme in which single-digit 
numbers (1-9) were each paired 
with a unique symbol.  

• On a grid of random number, 
participants use the answer grid to 
write the correct symbol below 
each number as quickly as possible.  

• The response measure is the 
number of symbols completed 
correctly in 90 seconds. 

(162) 
 
 
 
 
 
 
 
 
 
(44, 150) 

RCT  on effect 
of six  anti-
hypertensive 
medications on 
cognitive 
performance. 
 
 
 
 
ARIC 
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    Two screening instruments that have been widely used for the purpose of global cognitive 

impairment screening are MMSE and Cognitive Capacity Screening Examination (CCSE) (125, 

175). It was noticed that MMSE was too biased on verbal items as compared to CCSE and that 

CCSE was a more sensitive screening tool especially in detecting right hemisphere related 

dysfunction (176). However, CCSE was heavier on abstract test items and hence was highly 

influenced by educational attainment (177). Three testing components, namely orientation, word 

recall, and serial sevens, overlap between CCSE and MMSE that involve 13 questions (13 points). 

For other domains, different test items are used, with MMSE putting emphasis on language items 

(8 points) and CCSE emphasizing digit items (15 points). Table 2.5 summarizes the items found 

in each of these cognitive screening tests along with their scoring system.  

    Other cognitive scales that are commonly used to assess global cognitive impairment or decline 

through a relatively short interview include ACL -- Allen Cognitive Levels, GDS -- Global 

Deterioration Scale, ADAS -- Alzheimer’s Disease Assessment Scale, BCRS -- Brief Cognitive 

Rating Scale,  NCSE -- Neurobehavioral Cognitive Status, and CDR – Clinical Dementia Rating. 

Each one has its own scoring system as well as diagnostic criteria for cognitive impairment severity 

and type of dementia, if applicable.  

    A consensus conference suggested the following criteria to be used in order to judge the quality 

of an AD biomarker: (1) It should be able to detect a fundamental feature of AD neuropathology, 

validated in neuropathologically confirmed AD cases; (2) It should be precise (able to detect AD 

early and distinguish it from other dementias); (3) It should be reliable, noninvasive, simple to 

perform, and inexpensive; (4) Ideally, it should have a clear separation between the normal and 

abnormal range of values.  
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    Since the cerebrospinal fluid (CSF) is in direct contact with the extracellular space of the central 

nervous system, biochemical changes in the brain could potentially be reflected in CSF. Therefore, 

CSF constitutes a potential source for clinically useful biomarker of AD. By the criteria cited 

above, the combination of increased [tau] and decreased [A β42] in CSF is a leading candidate as a 

biomarker of AD. Both of these protein alterations were consistently observed among AD 

patients. However, lumbar puncture which is a pre-requisite to obtain CSF is a highly invasive 

procedure and unlikely to be used as a standard practice (58).  

Table 2.5 Scoring systems of MMSE and CCSE cognitive screening tools 
 
MMSE  CCSE 
Domain Points  Domain Points 
     
Visuo-spatial & Executive domains   Visuo-spatial & Executive domains  
   Orientation to time 5     Orientation to time 4 
   Orientation to place 5     Orientation to place 1 
   Subtracting serial sevens from 100 or 
backward   

5     Digit span 2 

    spelling (highest score of the two)      Reversing of digit span 1 
      Reversing the sequence of days of week 1 
      Calculation 3 
      Subtracting serial sevens from 100 7 
     
Memory domains   Memory domains (highest score of the two)  
   Registration of three words 3     Recalling digits 2 
   Delayed verbal recall 3     Word Recall 4 
     
Language domains   Language domains  
   Naming objects 3     Word Antonym 3 
   Reading a sentence 1      Item classification 3 
   Writing a sentence 1    
   Compliance with three-step 
command* 

3    

   Copying a spatially arranged design of 
figures* 

1    

     
Highest possible score 30   30 
     
 
Diagnostic Criteria for both tests: 
24 - 30   normal, depending on age, education, 
complaints 
20 - 23   mild  
10 - 19   moderate 
1   -   9   severe 
0           profound 

   

    
Sources: (125, 175); *Comprehension sub-domains of language 
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    A study by Olsson and colleagues (178), showed that A β42 in CSF may particularly be able to 

differentiate between AD and Mild Cognitive Impairment given the dose-response relationship 

that was observed. Moreover, in patients suffering from MCI who converted to AD during follow-

up, elevated t-tau protein levels at baseline were found in relatively small samples. Memory-

impaired subjects who later progressed into manifest AD could be discriminated by high CSF t-tau 

protein from those who did not progress with 90% sensitivity and 100% specificity (118, 179). 

Extracellular SP consistent of Aβ is a histopathological hallmark for the diagnosis of AD (180). It 

is the source of a pathogenic protein with 42 amino acids (Aβ1-42) (181). Unlike t-tau protein, beta-

amyloid protein did not show enough evidence of being a highly sensitive and specific biomarker 

for progression from MCI to AD (182). Since diagnostic accuracy of CSF t-tau protein and Aβ1-42 

protein alone is not sufficient in the differentiation of AD from other clinically relevant dementias, 

a combination of both markers has been suggested to enhance the diagnostic accuracy of AD. 

However, studies did not confirm this hypothesis. 

Table 2.6 Putative biomarkers of Alzheimer’s disease 
 
 
Neuropsychometrics 
    Sentence complexity 
Structural neuroimaging 
    Medial temporal lobe atrophy or a change over time (MRI) 
    Amyloid ligand imaging (PET) 
Functional neuroimaging 
    Single photon emission computed tomography (SPECT) 
    [18F]-fluoro-2-deoxyglucose positron emission tomography (FDG-
PET) 
    Functional MRI (fMRI)    
    Magnetic resonance spectroscopy (MRS) 
Genomics 
    Presenilin-1*, presenilin-2, or APP mutations (in familial AD only) 
    Apolipoprotein E (ApoE) genotyping* 
Proteomics 
    A β42* 
    Tau* or phspho-Tau (phosphothreonine-181 Tau*) 
    A β42 and Tau* 
    Neuronal thread protein (NTP)* 
    APPs α, APPs β (in this volume) 
    Soluble form of iron-binding protein (p97) 
    Glial fibrillary acidic protein (GFA) 
    α1 – Antichymotrypsin 



 

 38 

(Cont’d) 
Metabolomics 
     Isoprostanes 
     24S-hydroxy-cholesterol 
     Nitrotyrosine 
     8-hydroxy-2-deoxyguanosine 
 
Source: (58);  * Commercially available biomarkers 
 

    Levels of cognitive impairment commonly found in community studies give rise to an increased 

risk of mortality, and this appears to be true even for quite mild levels of impairment. A systematic 

review of the literature on dementia, cognitive impairment and mortality in persons aged 65 and 

over and living in the community confirmed that there is a positive association between 

impairment and mortality. Out of the 68 studies that were reviewed between 1966 and 1999, 12 

were carried out in the United States, and the lag period between assessment of impairment and 

mortality assessment ranged between 1 and 10 years for most of the studies while in some a 

follow-up period of 20 and 25 years was chosen. In eight studies of cognitive impairment, MMSE 

was used as the main screening tool and three of those used the 24 points cutoff point for mild 

cognitive impairment (183). The risk ratio of having a score less than 24 points as compared to 

having 24+ and mortality was shown to be equal to 2.0 with a 95% CI: 1.33-3.00 in one study 

(122), while in another study having a score lower than 24 had a weaker association with mortality: 

RR=1.43 (95% CI: 0.78,2.65) (184). In two studies using the Wechsler Adult Intelligence Scale 

(WAIS) a strong association was found for the overall score, although a weaker but significant 

association was also found for the digit symbol subscale of WAIS (185, 186). This weaker 

association in the second study may be due to adjustment for confounding with age and education. 

In general, the studies of cognitive impairment showed a significant association with mortality risk 

even after control for age, education, marital status, and various health and psychosocial variables.  
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Studies of dementia using DSMIII, DSMIII-R, CERAD, AGECAT, CAMDEX, and NINCDS-

ADRDA criteria to detect Alzheimer’s disease, all types of dementia and vascular dementia 

showed a positive association with mortality after control was done on age and sex. It is worth 

noting however that additional control for education, marital status, ADL limitation, vision and 

hearing disabilities lead to non-significant association between dementia and mortality risk (187). 

In studies which controlled only for age, sex and education, the association was still significant. 

Therefore, one can infer that the largest amount of confounding in the association between 

dementia and mortality risk has to do with functional health and other health-related variables. In a 

sub-set of the studies on dementia and mortality, a meta-analysis was possible and age-adjusted 

odds ratios were pooled to obtain an overall value of 2.63 (95% CI: 2.17-3.21) (183). The detailed 

results are shown in Table 2.7. 

 
Table 2.7 Meta-analysis of dementia as a mortality risk factor 
 
Study Cohort 

size 
Age 
group 

Follow-
up time 
(years) 
 

Diagnostic criteria 
used 

Effect size  
 

Confounders  

     OR 95% CI  
        
(188) 778 60+ 7 DSMIII 7.88 3.71-

16.75 
Age & sex 

(189) 2550, 
1013 

60+ 25, 15 AGECAT 4.39 2.29-8.05 Age & sex 

(190) 1080 65+ 4.5 AGECAT 3.7 2.0-6.7 Age, sex & 
education 

(191) 656 75+ 1 DSMIII-R 8.45 1.78-6.72 Age 
(192) 358 85+ 4.7 Clinical 2.08 1.56-2.77 Age 
(193) 3623 65+ 4.9 NINCDS-ADRDA 1.80 1.13-2.85 Age 
        
Pooled     2.63 2.17-3.21  

Source: (183) 
 

    Hence, an independent, inverse association between cognitive function and all-cause mortality 

may exist in elderly cohorts. A recent study using the Atherosclerosis Risk in Communities (ARIC) 

cohort data was able to prove that this effect on mortality can also be determined by cognitive 

functioning among middle-aged adults.  
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The detailed methodology used in the ARIC study will be discussed in a later section. However, it 

can be summarized here as follows: It is a cohort study initiated in 1987 to investigate the 

development of atherosclerosis in middle-aged persons. Three cognitive function measures were 

included in the second cohort examination conducted from 1990 to 1992 when the participants 

were aged 48–67 years: the Delayed Word Recall Test (DWRT), the Digit Symbol Substitution 

Test (DSST) (a subtest from the Wechsler Adult Intelligence Scale-Revised), and the Word Fluency 

Test from the Multilingual Aphasia Examination. In that study, Cox proportional hazards 

modeling was used to determine whether all-cause mortality ascertained through 1997 was 

associated with each measure after adjustment for sociodemographic, biologic, psychologic, and 

behavioral risk factors. Without adjustment, there was a significantly lower mortality hazard 

associated with higher scores on all three measures. After covariate adjustment, the hazard ratios 

for the DWRT and the DSST remained significant (hazard ratio1-point DWRT score increment = 0.90, 95% 

confidence interval: 0.84, 0.97; hazard ratio7-point DSST score increment
 = 0.86, 95% confidence interval: 0.80, 

0.93). Hence, cognitive function measured in middle age appears to have prognostic importance for 

life expectancy similar to that reported in elderly adults (194). Based on the previous discussion a 

time line for cognitive events can be drawn as shown in Figure 2.1.  

    In summary, cognitive function which refers to mental processes that are crucial for the conduct 

of activities of daily living has been measured both globally and in terms of separate domains. 

These domains have been grouped under memory, language, visuo-spatial functions and executive 

functions. Neuropsychological assessment is a powerful aid in the detection of early dementia and 

can be used to screen for mild cognitive impairment (MCI) a now well-proven prodrome for 

Alzheimer’s Disease (AD). However, new studies prove that AD and other types of dementia are 

often co-morbid which generated the concept of mixed dementia.  
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In addition, MCI has been historically plagued by the issue of alternative conceptualization as well 

as multiple operationalization. Nevertheless, identification of subjects with MCI is gaining 

importance as early prevention and pharmacological interventions for dementia emerge. A number 

of biomarkers are being developed which can aid in accurate prediction of potential conversion 

from MCI to AD. Finally, cognitive impairment and dementia have been shown to be independent 

risk factors for all-cause mortality.  
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Figure 2.1 Diagram depicting timeline of cognitive events 
 
 
Sources: (88, 91, 107, 109, 110, 120, 121, 123, 124, 128-131, 183, 194) 
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B.2. Epidemiologic studies of risk factors for cognitive impairment 

        The following is an account of epidemiologic studies conducted on risk factors of cognitive 

impairment in general, and cognitive decline in particular. Most of these studies were prospective 

cohort or cross-sectional, with a few exceptions where a case-control design was used. While the 

outcome could be impairment at a single point in time, decline over time, dementia of all types or 

its sub-types (AD, VaD, Mixed dementia or other dementias), risk factors were grouped under 

socio-economic, genetic and hormonal, behavioral and nutritional, and co-morbid conditions and 

medications.  

B.2.1. Socio-economic factors 

    Early life conditions are related to cognitive development and abilities in childhood and 

cognitive function in adulthood. The association between early life conditions and cognitive 

change in old age is virtually unknown. Low educational attainment and other markers of low 

socio-economic position (SEP) in adulthood were associated with poorer cognitive function in 

adulthood and age-related cognitive decline and impairment (195-197), greater risk or prevalence 

of dementia and Alzheimer’s disease in the elderly (198-200) and overall worse health (201). These 

findings support the cerebral reserve hypothesis, which is a heuristic concept used to explain 

apparent protection from onset of cerebral disease and/or cognitive decline in old age. A study by 

Staff and colleagues (202) tested three hypothesized proxies of reserve (education, head size and 

occupational attainment) in 92 volunteers born in 1921 whose cognitive function was measured at 

two points in time, namely age 11 and 79 years, and who also underwent brain MRI. Adjusting for 

childhood cognitive function as well as MRI age-related pathological changes, the effect of the 

brain reserve proxies on old age cognitive function was assessed.  
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Results indicated that education and occupational attainment both act to preserve cognitive 

function in old age, unlike total intracranial volume and each explain 5-8% of the variance in old-

age functioning. A recent cohort study, however, conducted by Everson-Rose and colleagues (140) 

among 4,398 community-dwelling adults (62.1% female; 61.7% Black) aged 65 years or more from 

Chicago, Illinois suggested that socioeconomic and cognitive conditions in early life contribute to 

absolute levels of cognitive function but do not protect against cognitive decline in later life. 

Hence, the findings do not support the cerebral reserve hypothesis which states that early life 

conditions affect the pace of cognitive decline in later life. A cross-sectional study by Kaplan and 

colleagues (203) indicated that higher socio-economic position during childhood  and greater 

education attainment are both associated with cognitive functioning in adulthood, with mothers 

and fathers each contributing to their offspring’s formative cognitive development and later life 

cognitive ability (albeit in different ways). Improvements in both parental socioeconomic 

circumstances and the educational attainment of their offspring could possibly enhance cognitive 

function measured by a battery of cognitive tests (Trail making test, selective reminding test, verbal 

fluency test, Russel’s adaptation of the Visual Reproduction test, and the Mini-Mental State 

Examination) and decrease risk of dementia later in life. This study agrees with the findings from 

Everson-Rose and colleagues  (140) in that socio-economic position affects current cognitive 

functioning rather than decline. In contrast, Lee and colleagues (146) found otherwise. They 

investigated the relationship of educational attainment, husband’s education, household income, 

and childhood socioeconomic status to cognitive function and decline among community-dwelling 

women aged 70-79 years. Between 1995 and 2000, six cognitive tests were administered to 19,319 

Nurses’ Health Study participants. Second assessments -- as of April 2002 -- were completed for 

15,594 women.  
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On a global score combining the results of all tests, women with a graduate degree had 

significantly decreased odds of a low baseline score or worst 10% of the distribution (odds ratio 

=0.49, 95% CI: 0.36-0.66) and decline or worst 10% of decline distribution (odds ratio=0.65, 95% 

CI: 0.50-0.86) in comparison with women with a Registered Nurse diploma. However, much 

weaker associations were evident for other socioeconomic variables.  

    There are several possible mechanisms supporting the findings that less education is related to 

cognitive decline. First, education may exert direct effects on brain structure early in life by 

increasing synapse number or vascularization and creating cognitive reserve. This has been called 

the “reserve capacity” hypothesis. Second, education in early life may have effects in later life if 

persons with more education continue searching for mental stimulation (“the use it or lose it” 

hypothesis), which may lead to beneficial neurochemical or structural alterations in the brain (204). 

Indeed, recent mental stimulation has been associated with improved cognitive functioning in one 

study (205). Alternatively, education may act through several behavioral mediators to improve 

health in general, and cognitive functioning in particular (204). This hypothesis was confirmed by a 

study using the Framingham cohort which suggested that education was uniquely protective 

against vascular dementia and was not associated with Alzheimer’s disease (206). This finding was 

explained by the mediating effects of other risk factors of cognitive decline, which include smoking 

and hypertension, which in turn can initiate cerebrovascular damage.  

    However, Lee and colleagues (146) disproved this hypothesis by showing a sustained strong 

association between education and cognitive functioning even after adjustment for behavioral and 

health-related factors. Aside from education, employment and type of occupation were shown to 

act as independent risk factors for cognitive functioning and/or decline, although studies have 

shown inconsistent results.  
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The effect of lifetime employment on risk of Alzheimer’s disease, vascular dementia and dementia 

with Parkinsonism was investigated by Helmer and colleagues (207) among a cohort of 2,950 non-

demented elderly persons (aged 65+) living at home and selected from the South West area of 

France. Repeated examinations after 1,3,5,8 and 10 years of follow-up with identical standardized 

neurological and neuropsychological measures yielded a total of 251 subjects with Alzheimer’s 

disease, 112 with vascular dementia and 27 with dementia accompanied by Parkinsonism. Using 

Cox proportional hazards models, and controlling for sex, education, tobacco, and wine 

consumption, findings indicated no effect of occupation on the incidence of Alzheimer’s disease 

but rather an increased risk of dementia with Parkinsonism among farmers (as compared to 

professionals and managerial group), particularly among women (RR: 7.47; 95% CI, 1.80-31.07). It 

was concluded that the effect of occupation on cognitive function may be mediated by variations 

in health behaviors or environmental exposures.  

    Finally, social engagement, defined as the maintenance of many social connections and a high 

level of participation in social activities, has been thought to prevent cognitive decline in later life. 

A recent cohort study by Bassuk and colleagues (208) was conducted in New Haven, Connecticut, 

among 2,812 non-institutionalized elderly persons (65+ years) and interviews completed at four 

points in time (namely, 1982, 1985, 1988 and 1994). A global social disengagement scale was 

constructed from the following indicators: presence of a spouse, monthly visual contact with three 

or more relatives or friends, attendance at religious services, group membership, and regular social 

activities. Cognitive function was assessed with the SPMSQ with categorization of scores into high, 

medium or low and cognitive decline defined as a transition to a lower category.  
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Results indicated that compared to individuals having 5-6 social ties, those having no social ties 

were at increased risk of cognitive decline after adjustment for age, sex, ethnicity, education, 

income, housing type, physical disability, cardiovascular profile, and sensory impairment, 

symptoms of depression, smoking, alcohol use and level of physical activity. The 3-year odds ratio 

was 1.91 (95% CI: 1.14-3.18); and the 12-year odds ratio was 2.37 (95% CI: 1.07-4.88). It was 

concluded that social disengagement is a risk factor for cognitive impairment among elderly 

persons.  

B.2.2. Genetic & hormonal factors 

 Apolipoprotein E (ApoE) ε4 genotype was shown to be a risk factor for Alzheimer’s disease 

(AD). In fact, according to a cohort study by Wilson and colleagues (209) the relative risk of 

developing AD by presence of an ε4 allele was 1.92 (95% CI: 1.27-2.89) and a relatively selective 

effect was noted for episodic memory change. Similar findings were reported by other studies 

(210, 211). However, its effect on predicting conversion from normal to “cognitive impairment, no 

dementia” (CIND) and from CIND to AD is less clear. A recent study conducted by Hsiung and 

colleagues (212) using data fro the Canadian Study of Health and Aging suggested that possession 

of the ε4 allele of the ApoE gene increased the risk of conversion from CIND to AD, even 

though its predictive value was not of clinical significance. However, it can be made use of in 

research in order to enrich samples with high-risk of conversion to AD individuals.  Dik and 

colleagues (139) conducted a prospective cohort study on 1,224 subjects aged 62 to 85 years over a 

period of 3 years and assessed cognitive decline in relation to stroke and Apolipoprotein E ε4. 

Using several measures of cognitive performance, he concluded that stroke and Apo E ε4 may 

impair cognition through distinct nonsynergistic mechanisms. The slowing of information speed 

for ApoE ε4 was more evident than impairment in memory.  
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An earlier smaller size study by Kalmijn and colleagues (213) suggests that there is a synergistic 

effect between Apolipoprotein E ε4 and stroke in increasing the risk of cognitive decline among 

community-dwelling elderly men. This genotype (Apo Eε4) was not found to be a risk factor for 

cognitive decline (measured using the CERAD neuropsychological battery) in normal CVD-free 

elderly individuals according to Kim and colleagues (214) and there was no interaction with age or 

gender. Recently, Yip and colleagues (215) analyzed the Medical Research Council Cognitive 

Function and Ageing Study data and found that risk of dementia among elderly men and women 

possessing two ε4 alleles as opposed to those possessing none was increased considerably (OR: 

3.8, 95%CI: 1.0-14.0), although this association was highly specific to AD diagnosis and was not 

statistically significant for other dementias. Using ARIC data, Blair and colleagues (216) found that 

cognitive decline was mostly seen among Caucasian men and women aged at baseline between 47-

68y with at least one APOE ε4 allele and they concluded that the effect of this genotype is seen 

among middle-aged adults well in advance of overt dementia.  

    Decreased estrogen levels have been hypothesized to be associated with increased risk of 

dementia. A relationship between estrogen levels and dementia has been shown to be biologically 

plausible according to a number of studies (217-220). In fact, estrogen was shown to improve 

synapse formation on dendritic spines in the hippocampus of oophorectomized rats. It is also 

thought to improve cerebral flow and glucose metabolism and may act as an antioxidant. An 

alternative mechanism of action on dementia by estrogen level would be through the reduction of 

cardiovascular disease risk. A recent study by Geerlings and colleagues (221) aimed at determining 

whether a longer reproductive period, as an indicator of longer exposure to endogenous estrogens, 

is associated with lower risk of dementia and Alzheimer’s disease (AD) in 3,601 older women 

(aged 55 years or more) who have natural menopause and no dementia at baseline.  
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After a median follow-up time of 6.3 years, 199 women developed dementia and 159 developed 

AD. The authors found no significant association between length of reproductive period and 

incidence of AD or dementia. However, among those carrying the Apo Eε4 allele, exposure to 

endogenous estrogen surprisingly seemed to increase the risk of AD and dementia. Although 

earlier research had found a protective effect of exogenous estrogen on cognitive functioning 

among older adults, these studies have been criticized because of methodological issues (222-224). 

A recent meta-analysis of twelve observational dementia studies suggested that Hormone 

Replacement Therapy (HRT) was associated with a decreased risk of dementia (summary odds 

ratio: 0.66; 95% CI 0.53-0.82). However, most of the studies included in that meta-analysis 

suffered from important methodological limitations (225). In fact, more up-to-date results from a 

large clinical trial (Women’s Health Initiative Memory study) proved that in fact, exogenous 

estrogen has deleterious effects on cognitive functioning unlike what was shown in earlier 

observational studies (226).  

B.2.3. Behavioral & Nutritional factors 

    Several behavioral risk factors have been studied in relation to cognitive performance among 

older adults, including smoking, alcohol drinking, caffeine consumption and physical activity. 

Population-based evidence of an effect of smoking on cognitive function has been inconclusive, 

with most longitudinal studies reporting weak or null associations (227-231). However, a number 

of other studies have found a positive association between smoking and risk of dementia and AD 

(232, 233) as well as cognitive impairment (234). A recent study by Richards and colleagues 

pointed to the difficulty of finding an association between smoking and cognitive impairment 

given the differential high mortality of smokers especially among the elderly population(166). This 

study used the British 1946 birth cohort.  
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After controlling for a range of socioeconomic and health status indicators (both physical and 

mental), the study found that smokers who survive into later life may be at risk of clinically 

significant cognitive decline. However, these effects were largely accounted for by heavy smokers 

i.e. those who smoked 20 cigarettes per day or more. Earlier research conducted by Kalmijn and 

colleagues on middle aged adults suggested that current smoking and number of pack-years of 

smoking were related to reduced performance on tests of psychomotor speed and cognitive 

flexibility assessed approximately five years later (235). This cohort study (Rotterdam study) also 

looked at alcohol use and as was shown in at least one other cross-sectional study (236), past 

alcohol consumption’s effect on speed and flexibility appeared to be slightly U-shaped, with the 

best performance observed among those who drank 1-4 glasses of alcohol per day, although this 

association was stronger among women than among men. Surprisingly, a number of prior cross-

sectional, cohort and twin studies had found an inverse association between alcohol consumption 

and cognitive impairment (237-239). Others, however, found no clear association between alcohol 

consumption and cognitive impairment (240). Caffeine is known to be the most widely used 

psychoactive drug worldwide and its main source is coffee particularly in Western diets. Acting as a 

stimulant of the central nervous system, it causes heightened alertness and arousal (241, 242). 

Previous literature yielded inconsistent findings as to the effects of caffeine consumption on 

cognitive processes. In fact, in some studies, caffeine was shown to improve perceptual speed and 

vigilance (243, 244), while in others more complex functions such as memory were shown to be 

impacted as well (244, 245). Caffeine is one type of compounds known as methylxanthines whose 

effects are mainly to block adenosine receptors in the brain, resulting in cholinergic stimulation. It 

has been hypothesized that such stimulation would lead to improved memory (246).  
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A recent cross-sectional study conducted by Johnson-Kozlow and colleagues (142) on 638 men 

and 890 women aged 50 years or older looked for an association between lifetime coffee 

consumption as well as current consumption of caffeinated and decaffeinated coffee and 

performance on several cognitive tests. The results were suggestive of a protective effect of 

lifetime and current consumption of caffeine on the cognitive functioning of women aged 80 years 

or more, although this effect did not reach statistical significance. Physical activity has well-known 

benefits for preventing a number of chronic disorders, including coronary heart disease, stroke, 

diabetes mellitus and osteoporosis. However, its impact on cognitive functioning has not been 

studied extensively. Two case-control studies examining the role of physical activity on the risk of 

Alzheimer’s disease suggested a protective effect (78, 247). In a few prospective studies, discordant 

results were reported (248, 249). A recent cohort study by Laurin and colleagues (250) conducted 

on 4,615 men and women aged 65 years or more (the 1991-92 Canadian Study of Health and 

Aging) who were cognitively normal at baseline and had complete follow-up data after five years 

found that high levels of physical activity were associated with reduced risk of cognitive 

impairment (OR: 0.59; 95% CI: 0.41-0.83), Alzheimer’s disease (OR: 0.50; 95% CI: 0.28-0.90) and 

dementia of any type (OR: 0.63; 95% CI: 0.40-0.98) even after adjusting for age, sex and education. 

These findings suggested that physical activity could represent an important and potent protective 

factor for cognitive decline and dementia in elderly persons. Similar findings were obtained by 

other recent prospective studies (251-253). Several mechanisms of action may underlie the 

potentially protective effects of physical activity on cognitive function, including sustained cerebral 

blood flow (254), improved aerobic capacity and cerebral nutrient supply (255, 256) and more 

recently growth factors, specifically brain-derived neurotropic factor, which is a molecule that 

increases neuronal survival, enhances learning, and protects against cognitive decline (257, 258).      
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    Nutritional factors that were studied in relation to cognitive performance included body mass 

index and weight change as well as antioxidant nutrients and other potentially beneficial 

micronutrients. Over the years, there has been accumulated evidence that baseline weight 

(expressed in terms of body mass index) and weight change are both associated with cognitive 

performance or decline, based on three cohort studies (259-261), one intervention trial (262)  and 

one case-control study (263). However, it is still unclear in which direction this association prevails 

and whether dietary restriction and weight loss can play an important role in the prevention of 

Alzheimer’s disease. A recent prospective cohort study by Brubacher and colleagues (264) 

conducted on 531 healthy subjects (84% of whom were men) looked at the effect of annual 

change in BMI over a period of 10 years on cognitive performance at the end of  the follow-up 

period. Using the CERAD-NAB battery to assess cognition, the authors concluded that change in 

body mass index (in its absolute value) was inversely related to cognitive performance, after 

controlling for socio-economic, demographic and genetic factors. They concluded that this 

association may be either a direct consequence of cognitive impairment or an early symptom of 

neurodegenerative disease. Several findings suggest that oxidative stress may play an important role 

in the pathogenesis of Alzheimer’s disease. First, the brains of AD patients have lesions that are 

associated with exposure to free radicals. Moreover, oxidative stress among these patients is also 

marked by an increased level of antioxidants in the brain which act as free radical scavengers. 

Finally, in vitro studies suggest that exogenous antioxidants may reduce the toxicity of β-amyloids 

in the brains of AD patients (265-267). Based on these findings, it may be hypothesized that 

dietary antioxidants may help reduce the risk of AD. Epidemiologic studies have been conducted 

to examine the longitudinal relationship between supplemental antioxidants and risk of Alzheimer’s 

disease and other dementias.   
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These studies found conflicting results: While vitamin C supplement use was related to lower risk 

of Alzheimer’s disease in one cohort study (268), combined supplementation of vitamin E and 

vitamin C was associated with reduced prevalence and incidence of AD in another (269), whereas 

there was only borderline evidence of benefit from combined use of vitamin C and vitamin E 

supplements according to an independent cohort study (270).  Several prospective cohort studies 

were carried out on the effect of dietary antioxidants on the risk of dementia. One study found a 

reduced risk of dementia associated with increased intake of flavonoids (271) while another found 

that high dietary intake of vitamins C and E may reduce the risk of Alzheimer’s disease (272). The 

latter study found that relationship to be most pronounced among smokers. Morris and colleagues 

(273) found that dietary intake of vitamin E, but not other antioxidants, was associated with a 

reduced risk of incident AD, although this association was restricted to individuals without the 

APOE ε4 genotype. A recent study, however, suggested that neither dietary nor supplemental 

antioxidants were able to reduce the risk of Alzheimer’s disease (274). Similarly, Laurin and 

colleagues (275) found no association between midlife dietary intake of vitamins E and C and 

incidence of dementia. Irrespective of the source of antioxidants, plasma concentration may be a 

good biomarker for oxidative stress status. A nested case-control study carried out recently by 

Helmer and colleagues (276) using the PAQUID cohort suggested that subjects in the lower tertile 

of plasma vitamin E concentrations were at higher risk of developing dementia in subsequent years 

than subjects in the upper tertile (OR: 3.12, P=0.033).  

    Aside from antioxidants, other micronutrients have been linked to cognitive functioning 

including the B-vitamins and folate. An elevated level of plasma concentration of the sulfur amino 

acid homocysteine (hyperhomocysteinemia) is now recognized as an independent risk factor for 

cardiovascular, peripheral vascular, and cerebrovascular disease (277).  
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Accordingly, a potential influence of hyperhomocysteinemia on cognitive functioning among older 

adults has been postulated and several studies were able to associate high levels of homocysteine 

with increased risk of Alzheimer’s disease and dementia (278-281). A recent study by Miller and 

colleagues (282) showed that such an association was modest and that reducing the risk of 

cognitive decline through increased intake of B-vitamins which lower homocysteine levels in 

plasma can be limited. Moreover, results from the Rotterdam Scan Study of 472 subjects, based on 

MMSE scores, suggested that a drop of the score by 1 point/year or more was predicted by an 

increased plasma levels of homocysteine (upper tertile) with a risk ratio of 1.4. However, this 

association did not reach significance in the Rotterdam cohort study of cognitive decline (283, 

284). Although low folate intake has been mostly implicated in the etiology of depression, 

depression itself has been linked to cerebrovascular disease and hence intake of folate may help 

reduce the risk for cognitive decline by reducing the damaging effects of depression on 

cerebrovascular health (285). In a cross-sectional study of middle-aged elderly men, higher plasma 

concentration of vitamin B12 (P=0.04) and folate (P=0.03), and lower plasma concentration of 

homocysteine (P<0.01) were found to be associated with better spatial copying skills, whereas 

performance on two tests of memory (backward digit span and incidental recall) was positively 

associated with plasma level of vitamin B6 (286).  

B.2.4. Co-morbid conditions & Medications 

    Vascular disease and its risk factors are receiving increasing attention as potentially modifiable 

causes of cognitive decline and dementia in older adults. Stroke, cardiovascular disease, peripheral 

vascular disease, hypertension and diabetes have each been associated with cognitive deficits or 

dementia, or both, in various elderly populations in several cohort (287), cross-sectional (288-290) 

and case-control studies (291). Few prospective studies have assessed diabetes mellitus as a risk 

factor for incident Alzheimer disease (AD) and decline in cognitive function.  
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A recent study by Arvanitakis and colleagues (292) examined 824 older Catholic nuns, priests and 

brothers annually for up to 9 years to assess their cognitive function. Diabetes was present in 

15.4% of the sample and during the mean of 5.5 years of follow-up, 151 subjects developed AD. 

After adjusting for age, sex and educational level, the hazard ratio for diabetes and AD was 1.65 

with a 95% CI 1.10-2.47. In addition, diabetes increased the risk of cognitive decline in perceptual 

speed by 44% (P=0.02) but not in other cognitive systems. Similar findings were replicated in a 

recent study by Yaffe and colleagues (293) who found that risk of developing cognitive impairment 

-- based on five standardized tests -- among women with Impaired Fasting Glucose (IFG) or 

diabetes was increased by almost twofold (age and treatment-adjusted OR = 1.64; 95% CI 1.03 to 

2.61 for IFG; OR = 1.79; 95% CI 1.14 to 2.81 for diabetics). Using the EVA longitudinal study, 

another group of investigators compared the performance of 55 type 2 diabetes participants to the 

performance of 103 participants with impaired fasting glucose and 768 aged-matched controls 

(mean age=65 years) on several neuropsychological tests, including MMSE, measures of verbal 

and visual memory, facial recognition, executive function, motor function, arithmetic ability, 

processing speed, and logical reasoning.  Although the authors controlled for age, gender, 

education, depression, hypertension and body mass index, they reported that diabetic participants 

had significantly higher levels of triglycerides and lower levels of HDL and total cholesterol as 

compared to controls. They concluded that the odds ratio of belonging to the worst 15% of the 

distribution of the whole sample was greater than 2 for measures of verbal memory, facial 

recognition, processing speed, and motor function when controlling for age, gender, education, 

and systolic blood pressure (294). Finally, Hassing and colleagues (295) in their longitudinal study 

of 258 elderly subjects found a significant interaction between hypertension and diabetes and the 

presence of both diseases tended to produce pronounced MMSE cognitive decline.  
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    The relation between plasma lipid levels and the incidence or prevalence of Alzheimer’s disease 

(AD) and vascular dementia (VaD) remains unclear. Cholesterol alters the degradation of the 

amyloid precursor protein, which plays a major role in the pathogenesis of AD (296). Moreover, 

cerebrovascular disease which is associated with dyslipidemia, may be related to the risk of AD 

(297). Previous literature showed that reduced HDL-C (298, 299) and apolipoprotein A-I levels 

(298) as well as increased levels of lipoprotein A (300) were observed among subjects with VaD. 

However, this association was not found in other studies (301, 302). Conflicting results were also 

noted in studies relating total cholesterol (303, 304), HDL-C (300, 305, 306) and LDL-C (303, 305) 

levels with Alzheimer’s disease. A recent cohort study conducted by Reitz and colleagues (307) 

among 4,316 Medicare recipients, 65 years and older, residing in Northern Manhattan, NY, 

showed that there is a weak association between lipid levels and the risk of VaD. Similarly, the risk 

of AD was independent of both lipid levels and use of agents to lower them. Cardiovascular and 

metabolic risk factors such as hypertension and diabetes have been hypothesized to play a role in 

the pathogenesis of Alzheimer’s disease (AD) as well as in development of vascular dementia (293, 

308-310). The metabolic syndrome which is defined as the clustering of several conditions and 

disorders namely abdominal obesity, hypertriglyceridemia, low HDL, hypertension and 

hyperglycemia was recently studied by Yaffe and colleagues (144) as a risk factor for cognitive 

decline. A secondary objective of that study was to look for potential effect modification by 

inflammation. For that purpose, 1,616 elders were recruited and it was found that around two 

thirds of them screening positive on the metabolic syndrome. The main findings suggested that 

among high-functioning elders, those with metabolic syndrome exhibit an increased risk of 

developing cognitive impairment and decline over 4 years. This association remained after 

adjusting for demographic and lifestyle variables as well as chronic health conditions.  
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The increased rate of cognitive impairment was primarily observed in those elders who had high 

levels of serum markers of inflammation, suggesting that at least some of the increased risk 

associated with the metabolic syndrome is modified by inflammation.  

    An association between depressive symptoms and cognitive decline has been observed in 

selected cohorts of older people, but studies of defined populations have had conflicting results. A 

recent study conducted on 4,392 older people from a defined community in Chicago assessed 

global cognition at two points in time, around 5.3 years apart, based on four performance tests. 

Depressive symptoms were measured at baseline using a 10-item version of the CES-D scale. 

Results suggested that for each depressive symptom, the rate of cognitive decline increased by a 

mean of about 5%. This relationship did not change after control for presence of chronic illness, 

after exclusion of subjects who were cognitively impaired at baseline and was not modified by age, 

sex, race or education. Hence, it was suggested that depressive symptoms predict cognitive decline 

in old age (159). A number of other studies came to similar conclusions in the overall population 

of older adults (311-313), while other studies did not find an association (314, 315) and still others 

found the association only in those with baseline cognitive impairment (154) or relatively more 

education (316).  

    Specific families of drugs and medications have been studied in relation to cognitive functioning 

and these included: psychotropic drugs (e.g. anti-depressants, anxiolytics and anti-psychotic drugs), 

Non-Steroidal Anti-Inflammatory Drugs (NSAIDS), statins and anti-hypertensives. Psychotropic 

drugs are often hypothesized to induce cognitive decline in the elderly. A study by McShane and 

colleagues (317) investigated the contribution of neuroleptic drugs to cognitive decline in dementia 

among 71 subjects that were followed prospectively.  
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They found that the start of neuroleptic treatment coincided with more rapid cognitive decline: 

median rate of decline was 5 MMSE (interquartile range 8.5) points per year before treatment and 

11 MMSE (interquartile range 12) points per year after treatment (P = 0.02). They concluded that 

neuroleptic drugs that are sometimes used to treat behavioural complications of dementia may 

worsen already poor cognitive function. However, in a recent study by Podewils and colleagues 

(318), findings failed to support the concept that tric-cyclic antidepressants (TCA) use is related to 

concurrent measurable cognitive deficits, and TCA use does not appear to significantly 

compromise memory over a substantial time span. A recent meta-analysis of NSAIDs and risk of 

dementia divided 25 reports into studies with prevalent dementia cases, studies with incident 

dementia cases, and studies where cognitive decline was used as the clinical endpoint. The pooled 

relative risks of the three groups of studies were 0.51 (95% CI: 0.37, 0.70), 0.79 (95% CI: 0.68, 

0.92) and 1.23 (95% CI: 0.70, 2.31). The authors concluded, however, that most of the reported 

beneficial effects of NSAIDs may result from various forms of bias particularly recall, prescription, 

and publication biases (319). It was observed that lipid lowering drugs such as 

hydroxymethylglutaryl coenzyme A reductase inhibitors also known as statins may lower the risk of 

AD (320, 321) and VaD (321). A prospective randomized trial which was double-blind with 

treatment cross-over investigated the effects of six anti-hypertensive medications on short-term 

cognitive performance (162). The interventions consisted of six-week treatment periods of 

atenelol, metoprolol, hydrochlorothiazide, methyldopa, enalapril and verapamil, and 2-week 

placebo baseline and wash-out periods. In-depth neuropsychological assessments was conducted 

at baseline and after treatment. It was shown that irrespective of medication type, treatment 

reduced motor speed and slowed completion of two tests measuring peceptuo-motor speed and 

mental flexibility (P<0.05).  

 



 

 59 

Manual dexterity declined somewhat with two medications (metoprolol and methyldopa). In 

contrast, anti-hypertensive agents had a favorable effect on working memory-related performance.  

A review article by Amenta and colleagues (322) presents evidence from previous studies that Ca2+ 

channel blockers and ACE inhibitors are more effective than diuretics and beta-blockers on 

cognitive domains of hypertension. 

    In summary, there are many risk factors that were studied in relation to cognitive impairment in 

general, and cognitive decline in particular. Epidemiologic studies have been conducted to look for 

the effects of socio-economic factors, mainly educational attainment, early childhood socio-

economic position, and social disengagement, and assess the validity of alternative hypotheses 

regarding the presence of behavioral or health-related mediating factors. Genetic and hormonal 

factors were also the focus of many recent epidemiological studies as well as clinical trials. In 

general, Apo Eε4 allele was associated with increased risk of AD-type of dementia and cognitive 

decline. In terms of hormonal factors, most observational studies found either no effect or a 

protective effect of estrogen replacement therapy while a recent clinical trial found that exogenous 

estrogen has deleterious effects on cognitive functioning. Several behavioral risk factors have been 

studied in relation to cognitive performance. While many studies found weak or no association 

between smoking and cognitive decline, at least six other studies found a positive association 

whereby smoking increased the risk of decline. Alcohol was found in general to have a U-shaped 

association with the risk of decline, while caffeine was shown to increase perceptual speed and 

vigilance as well as memory and other more complex functions. Physical activity was shown to 

protect against cognitive decline as corroborated by a number of prospective studies. Nutritional 

factors that have been hypothesized to increase the risk of cognitive decline included BMI and 

excessive weight gain. However, few studies have been conducted to test this hypothesis.  
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Dietary and supplemental antioxidants were shown in some studies to reduce the risk of cognitive 

decline while in others they showed no appreciable effect. Other micronutrients including B-

Vitamins and folate have been shown to be protective against decline as well.  

Several co-morbid conditions have been associated with dementia and cognitive impairment, and 

these include stroke, cardiovascular disease, peripheral vascular disease, hypertension and diabetes 

as well as the general disease entity known as “metabolic syndrome”. An association between 

depression and cognitive decline has been observed in cohorts of older people, although some 

results were inconclusive. Finally, specific families of drugs and medications have been studied in 

relation to cognitive functioning, and these included psychotropic drugs, NSAIDs, statins and anti-

hypertensives.  

    Because of their potential effect on the outcome, many of these risk factors should be 

considered as potential confounders in the analysis after ensuring that they are not on the causal 

pathway between exposure and outcome.  

B.3. Epidemiologic studies on health effects of ω-3 fatty acids  

B.3.1. Cardiovascular, cerebrovascular and metabolic disease  

    Historically, the association between ω-3 fatty acids and cardiovascular disease was established 

following the observation that the Greenland Inuit had low mortality from coronary heart disease 

despite a diet that is rich in fat. In the 1970s, the Danish investigators Bang and Dyerberg 

proposed that this could be because of the high content of ω-3 fatty acid in the Inuit diet, which 

consisted largely of fish, seal and whale. In general, it has been suggested that direct consumption 

of long-chain ω-3 PUFA (mainly DHA and EPA) has a more potent impact in reduction of 

cardiovascular, cerebrovascular and metabolic disease risk than LNA intake alone via beneficial 

alterations in plasma membrane characteristics or activation of transcription factors.  
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In addition, high intake of LA which is prevalent in most Western countries tends to inhibit the 

efficient conversion of LNA into the longer chain ω -3 PUFAs (323). Fish consumption has been 

associated with a lower risk of coronary heart disease (CHD) in some but not all studies. A recent 

meta-analysis of nineteen observational studies that looked at this association indicated that fish 

consumption (vs. little or no fish consumption) was associated with fatal CHD with a pooled 

relative risk of 0.83 (95% CI: 0.76, 0.90; p<0.005). A similar result was obtained for total CHD 

with a relative risk of 0.86 (95% CI: 0.71, 0.92; p<0.005). It was found that this protective effect 

was more pronounced among women, when the pooled results were stratified by gender (324). 

Another meta-analysis of thirteen cohort studies which included 222,364 individuals with an 

average follow-up period of 11.8 years obtained a pooled multivariate RRs for CHD mortality of 

0.89 (95% CI, 0.79, 1.01) for fish intake of 1-3 times per month, 0.85 (95% CI: 0.76, 0.96) for once 

per week, 0.77 (95% CI: 0.66, 0.89) for 2-4 times per week, and 0.62 (95% CI: 0.46, 0.82) for 5 or 

more times per week. Each 20 grams per day increase in fish intake was related to a 7% lower risk 

of CHD mortality (P for trend = 0.03) (325). A recent study using ARIC cohort data from the 

Minneapolis White community (n=3,591) suggested that a higher proportion of saturated fatty 

acids in the cholesteryl ester and phospholipid fractions of plasma was found among those who 

developed CHD after a mean follow-up of 10.7 years. However, no association was noted for ω -3 

fatty acids, although an inverse association was found for arachidonic acid (an ω -6 long-chain fatty 

acid); (326).  

    Results from various observational studies on the relationship between fish consumption and 

stroke are inconsistent. A meta-analysis identified nine independent cohorts that provided a 

relative risk (RR) and corresponding 95% CI for total or any type of stroke in relation to fish 

consumption.  
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Pooled RR with their 95% CI were estimated to be 0.91 (95% CI: 0.79, 1.06) for individuals with 

fish intake 1 to 3 times per month, 0.87 (95% CI: 0.77, 0.98) for once per week, 0.82 (95% CI: 

0.72, 0.94) for 2-4 times per week, and 0.69 (95% CI: 0.54, 0.88) for ≥5 times per week (P for 

trend =0.06). The results were more significant and in the direction of a protective effect for 

ischemic stroke but not so for hemorrhagic stroke (327). A recent cohort study of 4,775 elderly 

subjects (aged 65-98 years) who were free of known cerebrovascular disease at baseline and 

followed up for 12 years, suggested that while consumption of tuna, baked or broiled fish reduced 

the risk of ischemic stroke by up to 30%, consumption  of fried fish/fish sandwich increased the 

risk by around 44%. Fish consumption in this study was not shown to be associated with 

hemorrhagic stroke (328). In terms of plasma levels of fatty acids, a nested prospective case-

control study conducted among Japanese subjects aged 40 to 85 years suggested that a high serum 

level of linoleic acid is actually protective against total and ischemic stroke with respective odds 

ratios being 0.72 (95% CI: 0.59, 0.89) and 0.63 (95% CI: 0.46, 0.88) (329). 

    In addition to their effect on CHD and stroke, fatty acids were studied in relation to 

hypertension. A recent study by Zheng and colleagues (330) using the ARIC data from the 

Minneapolis center showed that the 6 - year incidence of hypertension was positively affected by 

the reduced levels of linoleic acid and the P/S ratio as well elevated levels of palmitic and 

arachidonic acids in the cholesteryl ester fraction of plasma. Similar findings were observed by 

Grimsgaard and colleagues (331) in a cross-sectional study of plasma phospholipid fatty acid 

concentrations and blood pressure, particularly in the adverse effect of saturated fatty acids and the 

beneficial effect of linoleic acid concentration. However, no specific effect of omega-3 fatty acids 

was reported in either study.  
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    There has been evidence indicating that hemostatic profile is an important predictor of 

cardiovascular disease. However, studies were not able to establish which dietary factors are 

associated with a hypo or hypercoagulable profile. A study by Shahar and colleagues (332) using 

ARIC data found an inverse association between increased intake of ω -3 PUFAs and fibrinogen 

content in plasma as well as factor VIII, and vWF (for whites and blacks) and a positive 

association with protein C (for whites only). These findings suggested that a 1 serving per day 

increase in fish intake would lower fibrinogen by -2.9 mg/dL (-6.3, 0.5), factor VIII by -3.3% (-5.4, 

-1.3) and vWF by -2.7% (-5.2, -0.1) and would increase protein C by +0.07 microgram/mL (0.03, 

0.11). Hence, it was concluded that increased intake of ω -3 PUFAs from fish could modify several 

coagulation factors and hence create an overall hypocoagulable profile. However, other studies 

have been controversial in their findings. While some had reproduced that protective effect of ω -3 

PUFAs with respect to hypercoagulation (333-336), others failed to do so (337-339).  

    Prospective studies of human subjects report a protective effect of previous fish intake on the 

development of insulin resistance (340, 341). In addition, most intervention trials focusing on 

diabetic patients or patients with impaired glucose tolerance came to similar conclusions (342, 

343), although some did not find any significant improvement in insulin sensitivity (344). Overall, 

animal studies consistently suggest a beneficial impact of LC ω -3 PUFA on insulin sensitivity, 

while evidence in human subjects is limited and largely inconclusive (323). 

    In addition, LC ω -3 PUFA have been investigated in relation to dyslipidemia and have been 

consistently found to reduce the level of triacylglycerides (TAG) in plasma among healthy (345) 

and hyperlipidaemic patients (346) upon their supplemention at a level of 3-4 grams/day. These 

effects were noted not only on fasting levels of TAG but also on postprandial levels among both 

normal (347) and hypertriacylglycerolaemic patients (348). Most reports indicate a favorable effect 

of fish oil on HDLs, although very high intake of fish oil may lower HDL concentrations.  
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The effects of fish oil on LDL metabolism represent the more controversial aspects of the ω -3 

fatty acids effects. In fact, fish oil tended to increase the level of LDL particles as well as their 

average size. However, reduced LDL synthesis has been reported with large amount of fish oil. 

Moreover, ω -3 enrichment of the diet often renders LDLs susceptible to oxidation increasing the 

progression of atherogenesis. This fact indicates the need for antioxidant action such as that 

provided by α-tocopherol when large amounts of fish oils are to be consumed (349).  

B.3.2. Cancer, depression, pulmonary function 

    There is increased evidence from animal and in vitro studies that ω -3 fatty acids, especially EPA 

and DHA, are able to inhibit carcinogenesis. Epidemiologic data on the association between fish 

consumption, as a surrogate marker for ω -3 fatty acid intake, and cancer risk are, however, 

somewhat less consistent. Most studies focused on breast and prostate cancer. According to a 

review by Larsson and colleagues (350), ecologic studies have shown that high per capita fish 

consumption is correlated with lower incidence of cancer in population. However, analytic case-

control or cohort studies did not come to these conclusions in a consistent way. In fact, while 

some studies found an inverse association between fish consumption and cancer risk, most did 

not. Nevertheless, several molecular mechanisms for this putative association were proposed, 

including suppression of arachidonic acid-derived eicosanoid biosynthesis, influences on 

transcription factor activity, gene expression, and signal transduction pathways, alteration of 

estrogen metabolism, increased or decreased reactive oxygen species, and mechanisms involving 

insulin sensitivity and membrane fluidity. Although these mechanisms have been tested in vitro 

and in animal models, it is important to test their plausibility in humans and thus gain more insight 

as to the effects of ω -3 fatty acids on cancer risk.  
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    Depression is yet another condition that has been associated with poor intake of ω -3 fatty acids. 

Hibbeln and his colleagues (351, 352) have proposed that ω -3 long-chain PUFA is an important 

factor underlying increased vulnerability to depression, as well as hostile and aggressive behavior. 

In part, this hypothesis was based on observing lower prevalence rates of depression in societies 

where high relative intake of ω -3 long-chain PUFA was maintained as compared to societies 

where there was a significant rise in the intake of ω -6 long PUFAs (mainly from vegetable oils) 

accompanied by a low intake of fish oils such as the United States. However, recent studies such as 

that conducted by Adams and colleagues (353) gave more specific evidence that severity of 

depression in moderately to severely depressed patients was highly correlated with blood measures 

of phospholipid fatty acid composition, specifically with high ratio of ω -6 long-chain PUFA : ω -3 

long chain PUFA (e.g. AA:EPA); (P<0.05). Other studies have shown similar results with serum 

or erythrocyte levels of long chain fatty acids in relation to depression (354-356).  

    It has been hypothesized that through the attenuation of several components of inflammatory 

response, DHA and EPA are both able to prevent Chronic Obstructive Pulmonary Disease 

(COPD) that is often caused by smoking. Two studies using the ARIC data have shown that both 

dietary and plasma levels of ω -3 fatty acids, especially DHA, are able to prevent smoking-related 

COPD (332, 357). In the first study which measured dietary fatty acid exposure, the adjusted odds 

ratio of COPD and upper quartile of ω -3 fatty acid intake (vs. lower quartile) among ever-smokers 

was 0.59 with a 95% CI: 0.46-0.75. The logistic model used adjusted for age, sex, race, pack-years 

of cigarettes smoking, energy intake and educational level. Using similar definitions for COPD but 

using ω -3 fatty acid quartile distribution in plasma phospholipids, the second study restricted its 

study population to white middle-aged men and women from the ARIC Minneapolis center at visit 

1 who were current smokers (n=2,349).  
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Similar results were obtained with respect to the odds ratio of quartiles of plasma DHA (vs. lower 

quartile) and COPD, with a clear dose-response relationship: 0.65, 0.51, 0.48 (P<0.001).  

    In summary, fish consumption as well as intake of ω -3 fatty acids have been associated with a 

wide array of health outcomes, which include reduced risk of coronary heart disease (CHD) and 

stroke as shown by a meta-analysis of a large number of observational studies, a favorable effect 

on HDL-C and Triacylglycerol (TAG), as well as reduced synthesis of LDL-C, increased insulin 

sensitivity, and a hypocoagulable profile.  

Even through there was increased evidence from animal and in vitro studies that ω -3 fatty acids, 

especially EPA and DHA, are able to inhibit carcinogenesis, there was lack of consistent evidence 

particularly among cohort and case-control studies. Depression is yet another condition that has 

been associated with poor intake of ω -3 fatty acids. Finally, ω -3 fatty acids were shown to reduce 

the risk of chronic obstructive pulmonary disease (COPD).  

B.4. Biomarkers of fat and fatty acids intake  
 
B.4.1. Biomarkers and their time frame 

    Fat and its component fatty acids is a macronutrient the consumption of which has changed 

both in amount and type over time, particularly within Westernized countries. There are many 

reasons why it is difficult to assess intake of fat and fatty acids which include the hidden nature of 

many fats, variation of fatty acids contained in foods and feed as well as the degree to which 

respondents are sensitive to questions about fat intake in their diet. For these reasons, it is 

particularly desirable to make use of biomarkers. Technological and biological advances have made 

possible the quantification of fatty acids in various tissues and enhanced our appreciation of the 

differences between fatty acids of varying chain lengths and stereochemistry.  
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The main challenges that remain, however, are to determine which fraction of a biomarker reflects 

intake of fat and fatty acids, how to measure absolute vs. relative intake of fat and fatty acids; 

whether the biomarker actually reflects individual differences (e.g. genetic, disease, lifestyle factors, 

circulating apolipoprotein and hormonal milieu) that can influence deposition and mobilization of 

fat and to what extent endogenously produced fat is a contributor to the determined amount in 

various tissues (9). The association between dietary fat intake and coronary heart disease drew the 

attention towards trying to find a biochemical indicator for total fat intake. However, so far, there 

was no real success at finding such a biomarker particularly when linking fat intake to serum 

cholesterol and triglyceride fractions. In particular, the extent and shape of the relationship 

between total serum cholesterol  and dietary fat has been discussed and based on metablic ward 

studies, Keys  and Hegsted  proposed equations that predict serum cholesterol from dietary intake 

of cholesterol,  saturated and polyunsaturated fatty acids (358, 359). While Keys equation suggests 

that plasma cholesterol increases in proportion to the square root of dietary cholesterol (in 

mg/1000 kcal per day), the Hegsted equation proposed a linear relationship. Both equations 

seemed to perfom well over the usual range of cholesterol in developed countries. However, in 

low and high ranges, the Keys equation was shown to be superior in that respect (359). The 

equations are summarized as follows: 

The Keys equation: ∆y = 1.35 (2∆S – ∆P) + 1.5 ∆Z, where ∆y = change in serum cholesterol 

(mg/dl); ∆S and ∆P = change in dietary intake of saturated and polyunsaturated fatty acids 

expressed as percentage of calories; and ∆Z = (x1
0.5 – x2

0.5), where x1 and x2 are the dietary 

cholesterols of the two diets being compared in mg/1,000 kcal.  

The Hegsted equation: ∆y = 2.16∆S – 1.65∆P + 0.176 ∆C, where ∆C is change in cholesterol intake 

of mg/1,000 kcal.  
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    These equations were shown to perform well when comparing dietary interventions among 

groups. However, their use to calculate cholesterol intake among individuals from serum 

cholesterol resulted in severe misclassification. Data from many intervention and few 

observational studies support this assertion (360-362). In contrast to using Keys and Hegsted 

equations and serum cholesterol as a marker of fat intake, specific fatty acid levels in blood, cell 

membranes, and subcutaneous fats are more promising indicators of dietary fat intake, particularly 

with the advances in gas chromatography and HPLC that have been witnessed over the past few 

years that made it feasible to detect individual fatty acids and their isomers. It is reasonable to 

expect that the best indicators of fat intake are fatty acids that cannot be produced endogenously, 

namely the essential omega-3 (medium-chain derived from plants and long-chain derived from 

marine animals) and omega-6 fatty acids (mostly derived from plant oils), the trans-fatty acids 

(hydrogenated fats and ruminants), and odd-numbered and branched chain fatty acids (from dairy 

products). Linoleic acid (18:2 ω -6) is the principal dietary essential fatty acid which can be 

metabolized into longer chain fatty acids, mainly into arachidonic acid (20:4 ω -6). Similarly, 

linolenic acid (18:3 ω -3) gives rise to a series of longer chain omega-3 fatty acids including DHA 

and EPA (363). Although oleic acid (18:1n-9) is non-essential and can be produced endogenously, 

it has been shown to interact in a complex way with the metabolism of linoleic and linolenic acid. 

In fact, intake of any of these three fatty acids inhibits the elongation and unsaturation of the 

others (364).  

    It is important to keep in mind that markers of fatty acid intake are usually expressed as relative 

percentages of total fatty acids. Thus, an increase in dietary intake of one fatty acid, if incorporated 

into the substrate for analysis, results in a decrease in the relative amounts of the other fatty acids. 

This decrease should not be interpreted as a metabolic interaction with the exception of the one 

discussed above for linoleic, linolenic and oleic acids.  
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The substrates used to measure individual fatty acid relative amounts include erythrocytes, 

platelets, and adipose tissue, as well as several lipid subfractions found in plasma. These 

subfractions are cholesterol ester, phospholipid, and triglyceride fractions of serum or plasma or 

measurement can be made on free fatty acids. These fractions are separated usually by thin layer 

chromatography before proceeding to identification of individual fatty acids. It is still controversial 

how each of these substrates is related to dietary intake and what time frame of intake it usually 

mirrors. Nevertheless, several studies suggest that adipose tissue level of fatty acids provides the 

best measure for long-term intake and that other tissue fractions such as phospholipids in plasma, 

erythrocytes or platelets as well as plasma cholesteryl esters provide a biomarker for short to 

medium-term intake that is more responsive to changes in dietary patterns (363).  

    The ability to demonstrate a correlation with biochemical indicators is particularly valuable for 

nutrients that are essential and hence produced exogenously, namely vitamins and essential fatty 

acids. Several studies were able to prove the existence of a positive but weak to moderate 

correlation between various potential biomarkers of fatty acid intake and their level as assessed by 

different dietary assessment tools. These correlation coefficients were particularly elevated for long 

chain ω -3 fatty acids ranging between 0.18 and 0.74. These values were similar for linoleic (range: 

0.22-0.77) and linolenic acid (range: 0.12-0.68) (365-379). While some of these studies controlled 

for extraneous factors such as age, sex, body mass index and smoking, others failed to do so.  

Table 2.8 summarizes some of these results and shows which instruments were used for dietary 

assessment as well as the type of biomarker.  
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Table 2.8 Correlation between dietary and biomarker values of essential fatty acids: results from a systematic literature 
review 
 
Source Study Population Dietary 

Assessment tool 
Biomarker  
Type(s) 

Fatty acid  
(Pearson 
Correlation) 

     
(367) 40-75y 

(Men) 
(N=118) 

two 7-day diet 
records 

Adipose tissue EPA (0.47) 
 

     
(368) 40-64 years  

(both genders) 
(N=86) 

two 7-d weighed-
diet records 

Adipose tissue EPA (0.15 for 
men and 0.61 for 
women) 
 
DHA (0.47 for 
men and 0.57 for 
women) 

(369) Both genders 
(N=191) 

104-item FFQ Erythrocytes Linoleic acid 
(0.44) 

     
(371) 45-64 y; ARIC 

(both genders) 
(N=3,570) 

Revised Willet 61-
item FFQ 

Plasma 
phospholipids 

Linoleic (0.22) 
Linolenic (0.15) 
EPA (0.20) 
DHA (0.42) 

   Plasma Cholesteryl 
esters 

Linoleic (0.28) 
Linolenic (0.21) 
EPA (0.23) 
DHA (0.42) 

     
(380) Both genders 

(N=24) 
Multiple 7-d 
weighed food 
records 

Adipose tissue ω -3 PUFA vs. 
DHA in adipose 
tissue: r=0.58.  

     
     
(372) (Both genders) 

(N=363) 
Quantitative  
FFQ (180-item) 

Plasma 
phospholipids 

EPA (0.51) 
DHA (0.49) 

     
(373) Middle aged 

Women 
(N=234) 

Comprehensive  
FFQ 

Plasma  
phospholipids 

EPA (0.58) 
DHA (0.53) 

(374) Men 
(N=87) 

Four 7-d weighed 
food records 

Plasma 
phospholipids 

EPA (0.75) 
n-3 DPA (0.49) 
DHA (0.50) 

     
(375) 39-61 years 

(Both genders) 
(N=858) 

7 day diary (7DD) 
Self-administered 
FFQ 

Plasma Cholesteryl 
esters 

(1) 7 DD 
Linoleic acid: 
r=0.41-0.62 (men 
vs. women) 
(2) FFQ 
Linoleic acid: 
r=0.38-0.53 (men 
vs. women) 
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(Cont’d) 
Source Study Population Dietary 

Assessment tool 
Biomarker  
Type(s) 

Fatty acid  
(Pearson Correlation) 

(376) Middle-aged 
(Both genders) 
(N=503) 

135-item FFQ Adipose tissue ω -3 fatty acids: 
Linolenic (0.34) 
EPA (0.18) 
DHA (0.18) 
ω -6 fatty acids: 
Linoleic (0.58) 

     
(377) Seventh day Adventists 

(Bi-racial, both genders) 
(N=49 blacks, 72 whites) 

200-item FFQ 
8 24-hour recalls 

Adipose tissue With 24-hour recalls4: 
Linoleic (0.77,0.71) 
Linolenic (0.68, 0.62) 
With FFQ: 
Linoleic (0.61, 0.52) 
Linolenic (0.29, 0.49) 

     
(378) Overweight subjects 

(Both genders) 
(N=91) 

Diet History 
Questionnaire 

Erythrocytes Six-month period: 
EPA: (0.66) 
DHA: (0.74) 
Total ω -3: (0.51) 

     
(379) 23-63y 

(Both genders) 
(N=84) 

Fat intake 
questionnaire 
(FIQ) 
 
Diet History 
Questionnaire 
(DHQ) 
 

Adipose tissue Linoleic 
FIQ: (0.58) 
DHQ: (0.49)  

 

B.4.2. Lands model for fatty acid intake and biomarkers 

 While most studies assumed a linear relationship between dietary fatty acid intake and 

different biomarkers, the metabolic interactions of these fatty acids upon assimilation into different 

compartments dictates a different picture. Biochemical studies in the area of lipid research 

conducted by Lands and colleagues (381, 382) suggest that the mixture of 20-C and 22-C highly 

unsaturated fatty acids (HUFAs) that are maintained in phospholipids of human plasma is related 

to the dietary intake of 18:2(ω-6) and 18:3 (ω -3) (together named as ω-3 and ω-6 UFA: unsaturated 

fatty acids) by empirical hyperbolic equations in a manner very similar to the relationship reported 

for laboratory rats (383).  

 

                                                 
4 Pearson correlation coefficients presented for black and whites, respectively.  



 

 72 

Analytic results from volunteers ingesting self-selected diets showed an inter-individual variance 

for the proportion of (ω-6) eicosanoid precursors in the fatty acids of plasma phospholipids of 

about 5%, but the variance among multiple samples taken from the same individual throughout 

the day was less (about 3%), which was closer to the analytic procedure conducted under 

experimental conditions (about 1%). The authors concluded that the reproducibility of the results 

makes it likely that analysis of fatty acid composition of plasma lipids from individuals will prove 

useful in estimating diet-related tendency for severe thrombotic, arthritic or other disorders that 

are mediated by (ω -6) eicosanoids.  

    The empirical equations relating (ω-6) and (ω-3) HUFAs as % of total HUFAs in plasma 

phospholipids to dietary intake of 18:2(ω-6) and 18:3(ω-3) was hyperbolic in nature and was 

successful at reflecting the general metabolic selectivities that maintain fatty acid composition in 

plasma phospholipids. Additional constants and terms were included in the equations to account 

for the effects of 20-C and 22-C highly unsaturated (ω-3 and ω-6 ) fatty acids in the diet. 

Differential competition between the long chain and short ω -3 fatty acids to decrease the ability of 

18:2(ω-6) to maintain 20:4(ω-6) in plasma phospholipids was reflected by a set of constants that 

were incorporated in each of these hyperbolic equations. These constants with their formal 

definition are presentd in Table 2.9. The sets of hyperbolic equations can be used in reverse to 

estimate dietary intake of the (ω-3) and (ω-6) fatty acids by using the composition of the fatty acids 

that had been maintained in plasma phospholipids. The specific method to be used will be 

discussed later (Chapter IV) when we look at the validation sub-study methodology. In general, 

these equations were derived based on the following competitive hyperbolic relationship 

commonly used to describe saturable rate-limiting biochemical processes: 

Response = 

1 (1 )

max

m

i

V
K en%I

en%S K
+ +
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Where Vmax in this case is 100 (since the response is a percentage), Km and Ki are constants that 

correspond to the type of fatty acid in question. Further modification of this general relationship in 

order to best fit the data resulted in the equations that are presented in Table 4.7 of Chapter IV. 

Table 2.9 lists the different constants, their definitions and empirically determined values.  

Table 2.9 Constants included in the hyperbolic empirical equations:  Definitions and values  (381, 382)  
Constant Definition Value 
C3 Standard effective concentration of 18:3 (ω -3) as a percentage of 

total caloric intake 
0.0400 

C6 Standard effective concentration of 18:2 (ω -6) as a percentage of 
total caloric intake 

0.0600 

Co Constant for the effect of other dietary fatty acids (non-essential). 5.0 
KS Constant for shape fitting 0.175 
PC3 Standard effective concentration of 18:3 (ω -3) as a percentage of 

total caloric intake 
0.0555 

PC6 Standard effective concentration of 18:2 (ω -6) as a percentage of 
total caloric intake 

0.0441 

HI3 Competitive inhibition by the dietary ω-3 HUFA in elongation and 
desaturation of the (ω -3) and (ω -6) UFA.  

0.005 

HI6 Competitive inhibition by the dietary ω-6 HUFA in elongation and 
desaturation of the (ω -3) and (ω -6) UFA. 

0.040 

HC3 Efficiency of direct esterification of dietary (ω -3) HUFA. 3.0 
HC6 Efficiency of direct esterification of dietary (ω -6) HUFA.  0.70 
 

    In summary, while most studies assumed a linear relationship between dietary fatty acid intake 

and different biomarkers, the metabolic interactions of these fatty acids upon assimilation into 

different compartments dictates a different picture. I propose to use a set of empirical equations 

and biomarkers derived from plasma phospholipid levels of specific highly unsaturated fatty acids 

to estimate the true level of fatty acid intake in the diet.  Other instrumental biomarkers include the 

corresponding level of fatty acids in phospholipids and cholesteryl ester fractions of plasma.  
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C. Critical Review of the literature 

C.1. ω-3 fatty acids and cognitive functioning 

    Several epidemiological studies have shown that the biochemical composition of blood 

components in terms of fatty acids differs significantly between subjects with normal cognitive 

functioning and patients with some form of cognitive impairment. A study by Conquer and 

colleagues (384)  investigated the fatty acid plasma composition among patients with Alzheimer’s 

disease, other types of dementia and cognitive impairment. Findings suggested that patients with 

either one of these conditions had lower plasma phosphatidyl choline (PC) level of ω-3 fatty acids 

which include EPA and DHA as well as a lower ratio of ω -3/ ω -6 fatty acids when compared to 

normal controls. Similar findings were shown for the other two phospholipids fractions that were 

analyzed which were phosphatidylethanolamine (PE) and lysophosphatidylcholine (lysoPC). The 

authors concluded that a decreased plasma level of ω-3 fatty acids, and in particular DHA, is 

associated with Alzheimer’s disease as well as other forms of cognitive impairment. Another case-

control study conducted by Tully and colleagues (385) used an established marker of ω-3 

polyunsaturated fatty acid intake (serum cholesteryl ester-fatty acid composition) to determine ω-3 

PUFA status in patients with Alzheimer’s disease as assessed by both Mini-Mental State 

Examination (MMSE) score <24/30 and clinical dementia rating (CDR) and among controls who 

had normal cognitive functioning as assessed by MMSE ≥24/30. Results showed that patients 

with Alzheimer’s disease had significantly lower levels of serum cholesteryl ester-eicosapentaenoic 

acid (EPA) as compared to the controls. A third recent study adopted a nested case-control design 

within the Epidemiology of Vascular Aging or EVA cohort. Its main aim was to assess fatty acid 

composition of erythrocyte membranes as a risk factor for cognitive decline among 246 men and 

women aged 63-74 years within the 4-year follow-up which was conducted in France.  
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The study found that total ω-6 polyunsaturated fatty acids were associated with a greater risk of 

cognitive decline with an odds ratio of 1.59 (95% CI: 1.04, 2.44). Conversely, a higher proportion 

of total ω -3 fatty acids were associated with a lower risk of cognitive decline, with an odds ratio of 

0.59 (95% CI: 0.38, 0.93). Hence, overall there was an inverse association between cognitive 

decline and the ratio of ω-3/ ω-6 fatty acids in erythrocytes (386). While the majority of these 

studies showed a preventive effect of plasma and erythrocyte ω -3 fatty acids on cognition among 

older adults, others found either no effect or the reverse effect. In fact, a case-control study – the 

Canadian Study of Health and Ageing – showed that the mean relative plasma concentration of ω-

3 fatty acids as well as total polyunsaturated fatty acids was higher among subjects aged 65 years or 

more with cognitive impairment or dementia after controlling for age, sex, education, smoking, 

alcohol intake, body mass index, history of cardiovascular disease, and apolipoprotein E ε4 

genotype (387).  

    Epidemiological studies involving dietary assessment of ω-3 fatty acids had suggestive but 

slightly controversial results. One study by Morris and colleagues (273)  used cohort data on 815 

subjects who were initially unaffected by Alzheimer’s disease and whose ages ranged between 65 

and 94 years, while mean follow-up period was 2.3 years. Using standardized criteria, the incidence 

of Alzheimer’s disease was compared across ω-3 fatty acid consumption groups, with those eating 

fish once per week compared to those who rarely or never eat fish having considerably lower 

incidence (RR=0.4; 95% CI: 0.2, 0.9). Total ω-3 fatty acid consumption was also associated with a 

reduced risk of Alzheimer’s disease even after controlling for intake of other dietary fats, vitamin E 

and for cardiovascular conditions.  
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Findings from the Zutphen Elderly Study indicated that high linoleic acid intake was associated 

with cognitive impairment, even after controlling for age, education, cigarette smoking, alcohol 

consumption and energy intake  (OR: 1.76, 95% CI: 1.04-3.01, comparing highest to lowest tertile). 

However, with regard to ω-3 fatty acids, there was no distinctive association. Nevertheless, total 

fish consumption was suggestive of a protective effect, even though it did not reach significance. 

Cognitive functioning and decline over a period of three years in this study were assessed among a 

cohort of 476 men in the age range 69 to 89 years, using MMSE (137). Another larger cohort study 

– The Rotterdam Study – recruited 5,395 subjects between the years 1990 and 1993 who had 

normal cognition, were non-institutionalized, and assessed their complete dietary intake with a 

semi-quantitative food-frequency questionnaire. Re-examination for assessment of incident 

dementia was carried out in 1994 and 1997 to 1999. After a mean follow-up period of 6.0 years, 

197 subjects developed dementia with 146 developing Alzheimer’s disease. The conclusions 

however were that high intake of total, saturated, trans fat, cholesterol and low intake of MUFA, 

PUFA, ω-6 PUFA and ω -3 PUFA were not associated with increased risk of dementia or its 

subtypes (141). A recent study by Kalmijn and colleagues (388) used cross-sectional data of 1,613 

subjects ranging in age between 45 and 70 years to examine the association between fatty acid and 

fish intake with cognitive function. The authors found that the risk of cognitive impairment was 

reduced with increased consumption of fatty fish and marine ω-3 PUFA. In fact, per Standard 

Deviation (SD) increased intake, th(389)e odds ratios were estimated to be 0.81 (95% CI: 0.66, 

1.00) and 0.72 (95% CI: 0.57, 0.90).   

    Some limitations of the studies described above include measurement error in case of dietary 

fatty acid assessment, cross-sectional design in some (388), small sample size in others (385), and a 

short follow-up period (385, 390).  
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Our present study will attempt to remedy for all these limitations, by correcting for measurement 

error through advanced statistical techniques and use of a large cohort with a follow-up period of 6 

years.  

C.2. Hypertension and cognitive functioning 

    Previous studies suggest the possibility of a relationship between elevated blood pressure in 

middle age and later cognitive decline. However, these studies do not all yield the same results and 

thus do not permit a final statement on this association. These differences seem to arise mostly 

from methodological and sampling variations between studies. However, in general, the majority 

of studies indicated that cognitive function tends to be poorer and decline to be faster with 

increased systolic or diastolic pressure or both. This finding applied only to men in certain 

instances and among subgroups with co-existing health conditions, while it was generalizable to 

both men and women in the population in other studies. In addition, this positive association was 

seen both among the elderly and middle-aged adults.  An earlier cohort study conducted by Launer 

and colleagues (287) on 3,735 surviving Japanese-American middle-aged men from the Honolulu 

Heart Program (baseline, 1965-1968) showed that the risk of intermediate and poor cognitive 

function increased progressively with increasing level of midlife SBP category (P for trend <0.03 

and 0.01, respectively) and remained statistically significant even after adjustment for age, 

education, prevalent stroke, coronary heart disease and sub-clinical atherosclerosis (RR for poor 

cognitive function and 10mm Hg increase in SBP was 1.05 with a 95%CI: 1.00-1.12). Cognitive 

function was assessed using the Cognitive Abilities Screening Instrument (CASI) at the fourth 

examination which took place within the period of 1992 through 1993. The effect of DBP on 

cognitive function was not statistically significant.  
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Another study by Kilander and colleagues (391) conducted among 999 seventy-year old men in 

Uppsala, Sweden aimed at analyzing the impact of hypertension, circadian blood pressure (BP) 

profile, and disturbed glucose metabolism at the age of 50 on cognitive function over a period of 

20 years. Cognitive function was assessed using the Mini-Mental State Examination (MMSE) and 

the Trail-Making test. High diastolic BP at baseline predicted later impaired cognitive performance, 

even after excluding men with a previous stroke. This relationship was strongest among untreated 

men.  

    Swan and colleagues (392) conducted a longitudinal study over a period of 25 to 30 years on 

older adults and concluded that people who maintain elevated SBP throughout their adult lives are 

at increased risk for reduced verbal learning and memory function. However, a recent study by 

Glynn and colleagues (393) conducted among the Established Populations for Epidemiologic 

Studies of the Elderly (EPESE) cohort of East Boston aged 65 to 102 years at baseline suggested 

that there is no linear association between BP and cognitive decline but rather a U-shaped one. In 

this study, BP was measured both at baseline and 9 years prior to baseline among subjects who 

participated in another cohort (HDFP) and adjustment was made for age, sex and education.  

    A more recent study by Harrington and colleagues (394) suggested that hypertension in older 

subjects is associated with impaired cognition in a broad range of areas, such as reaction time, 

memory scanning, immediate word recognition and spatial  memory. This association persisted in 

the absence of clinically evident target organ damage. Elias and colleagues (47) made use of the 

Framingham Heart Study to determine the independent effects of obesity and hypertension on 

cognitive functioning. Using a prospective design, around 1,423 participants were classified by 

presence or absence of obesity and hypertension based on data collected over an 18-year 

surveillance period.  
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All subjects were free from dementia, stroke, and clinically diagnosed cardiovascular disease up to 

the time of cognitive testing. Statistical models were adjusted for other known risk factors, such as 

age, education, occupation, cigarette smoking, alcohol consumption, total cholesterol, and a 

diagnosis of type II diabetes. Cognitive testing was done again 4-6 years later. Findings showed 

that adverse effects of obesity and hypertension on cognitive performance were observed for men 

only. Obese and hypertensive men performed more poorly than men classified as either obese or 

hypertensive, and the best performance was observed in non-obese, normotensive men.  

    Using the Atherosclerosis Risk in Communities (ARIC) data, several studies have looked at risk 

factors of cognitive impairment. Two of these looked specifically at hypertension in addition to 

other cardiovascular risk factors. The first one by Knopman and colleagues (150) performed a 

social neuropsychological assessment to detect vascular risk factors for cognitive decline in the 

ARIC cohort. The cognitive assessment was conducted on two occasions separated by a period of 

6 years among adults aged 47 to 70 years at baseline. The three cognitive tests administered were 

the following: (1) Delayed Word Recall (DWRT) test, a 10-word delayed free recall task in which 

the learning phase included sentence generation with the study words; (2) Digit Symbol Subset 

(DSST) of the Wechsler Adult Intelligence Scale-Revised (WAIS-R); and (3) Word fluency (WFT) 

test using letters F, A, and S. The main findings of the study is that the presence of diabetes at 

baseline was associated with greater decline in scores on both the DSST and WFT (p<0.05). All 

other cardiovascular risk factors considered did not affect the cognitive scores significantly. 

Another study by Alves de Moraes and colleagues (44) made use of a similar methodology to 

assess cognitive decline over a period of 6 years, but focused on temporal changes in blood 

pressure as the main exposure. The results showed that older subjects with uncontrolled 

hypertension had a significantly larger mean DSST/WAIS-R score decline than normotensive 

subjects.  



 

 80 

However, Stewart and colleagues (395) found no proof of an association between raised blood 

pressure (SBP>160 mmHg. and DBP>95 mmHg) and a composite score of cognitive decline 

computed using factor analysis and taking the lower quintile referring as the index category (OR: 

1.46; 95% CI: 0.65-3.25). Finally, recent research on this association was able to uncover  non-

linear associations between blood pressure change over time and cognitive change through that 

same period of time using mixed regression models (174).  

D. Synopsis  

    The literature presented above suggests that there is a biological evidence for an interaction 

between hypertension and ω-3 fatty acid status and intake in the diet in relation to cognitive 

performance. However, this interaction has not been translated to date into an epidemiologic 

investigation. It is therefore important to test this hypothesis at the population level and arrive at a 

public health policy related to the combined beneficial effects of preventing elevated blood 

pressure and increased intake of ω-3 fatty acids in the diet. Table 2.10 describes the relevant 

literature presented in more detail. Figure 2.2 presents the relationships between our main 

outcome of interest and selected risk factors as suggested by the literature. This directed acyclic 

graph will be instrumental in model selection as will be discussed in more detail in Chapter IV. 
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Table 2.10 Systematic review of the independent effects of ω-3 fatty acids and hypertension on cognitive impairment 
or decline 
Author(s) 
(year) 
Study 

Age 
(gender) 

Design Number of 
participants 

Case Definition Exposure 
definition 

Follow-
up time 

Main findings 

I. ωωωω-3 fatty 
acids 

       

Kalmijn et 
al., 1997 
Zutphen 
study 

69-89 
(Men) 

Cohort 939: 
impairment  
342: decline 

Cognitive impairment 
at baseline and decline 
over 3 years: 
 
MMSE, using <=25 as 
cutoff point for 
impairment 

High vs. low 
consumption 
of fish5 

~3 years OR 
(Impairment)6 
0.63 
95% CI: 0.33-
1.21 
OR (Decline)7 
0.45 
95% CI: 0.17-
1.16 

Source: 
(137) 

       

Conquer et 
al. (2000)8 
 

65+ 
(Both) 
 

Case-
control 

N=19 (AD) 
N=10 (OD) 
N=36 
(CIND) 
N=19 (N) 

Incident AD, OD, 
CIND  

Plasma 
phospholipid 
content of 
fatty acids (as 
% of total 
fatty acids) 

n/a Lower ω-3/ ω -6 
ratio; total ω -3 
and DHA 
among AD, OD 
or CIND as 
compared to N 
(P<0.05).  

Source: 
(384) 

       

Engelhart 
et al.. 
(2002a) 
Rotterdam 
Study 
 
 
 
Source: 
(141) 

55+ 
(Both) 

Cohort 5,359 Incident dementias: 
MMSE, followed by 
CAMDEX, followed 
by 
Neurologic/neuropsyc
hiatric examination  
+ MRI (if possible) 

ω -3 PUFAs9 ~ 7 
years 

IRR (total 
dementias)10  
1.07  
95% CI: 
0.94,1.22 
  

                                                 
5 Cross-check diet history method, adapted to the Dutch population; 

6 Controlling for: Age Education Alcohol  Smoking Total energy intake 
7 Controlling for: Age Education Alcohol  Smoking Total energy intake 
8 AD: Alzheimer’s Disease using NINCDS-ADRDA criteria; OD: Other dementias than AD; CIND: Cognitive Impairment, no dementia: Did 

not meet criteria for dementia according to DSM-IV but scored 1 SD lower than their norm for their age group in several neuropsychological 
tests (e.g. Digit symbol, visual and verbal memory, praxis etc. ).  ; N: Normal controls.  

9 Semi-quantitative FFQ, extensive, validated for the Dutch population; Checklist of food items and supplements added to the FFQ. 
10 Controlling for: Age, gender, education, total energy intake and vitamin E intake. 
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Author(s) 
(year) 
Study 

Age 
(gender) 

Design Number of 
participants 

Case Definition Exposure 
definition 

Follow-
up time 

Main 
findings 

Tully et al.  
(2003) 
 

49-92 
(Both) 

Case-
control 

148 cases 
45 controls 

Incident AD:  
Clinical Dementia 
Rating (CDR) and 
MMSE 

Cholesteryl-
ester ω -3 
PUFAs 

n/a DHA (mean): 
Cases: 0.44 
Controls: 1.07 
P<0.05 

 
 
 
 
Source: 
(385) 

      EPA(mean): 
Cases: 1.05 
Controls: 1.55 
P<0.05 
 

Heude et al. 
(2003) 
EVA study 
 
 
 
 
Source: 
(386) 

63-74 
(Both) 

Cohort 246 Cognitive decline: 
 
MMSE decline: 2-
points decline or more 
(moderate cognitive 
decline) 

Erythrocyte 
membrane 
content of 
fatty acids 

~4 years OR (DHA)11: 
0.60 
95% CI:  0.39, 
0.93 
 
OR(EPA): 
0.57 
95% CI: 0.31, 
1.04 

Laurin et al. 
(2003) 
Canadian 
Study of 
Health and 
Ageing 
 
Source: 
(387) 

65+ 
(Both) 

Case-
control 

? Incident cognitive 
decline cases and cases 
of dementia 

Plasma 
phospholipid 
concentration 
of ω -3 fatty 
acids 

n/a Cases have 
higher DHA 
and EPA 
concentrations 
than controls 
(P<0.05)12 

Morris et al. 
(2003) 
 
 
Source: 
(389) 

65-94 
(Both) 

Cohort 729 Incident AD 
 
Diagnostic tests: team 
of neurologist, nurse 
practitioner, 
phlebotomist, and a 
neuropsychological 
technician. 

Total ω -3 
PUFA: upper 
vs. lowest 
quintile13 
 
 

~ 4 years OR (total ω-3 
PUFAs: 
upper vs. 
lowest 
quintile)14: 
0.4 
95% CI: 0.1, 
0.9 

Kalmijn et 
al. (2004) 
 
 
 
 
 
Source: 
(388) 

45-70 
(Both) 

Cross-
sectional 

1,613 Cognitive impairment: 
Memory, psychomotor. 
Speed, cognitive 
flexibility, and overall 
cognition. 

SD increase in 
total ω -3 fatty 
acids15 
 
 

n/a OR: Overall 
cognitive 
impairment 
for each SD 
increase in ω 
-3 fatty 
acids16: 
 
0.84 
95% CI: 0.66-
1.00 

 

                                                 
11 Controlling for: Age, gender, education and baseline MMSE 

12 Controlling for: Age, sex, education, smoking, alcohol, body mass index, history of cardiovascular disease, ApoE-ε4 genotype. 

13 Harvard self-administered FFQ (139 food items) 

14 Controlling for: Age, gender, race, education, APOE-ε4 

15 Dutch EPID Food Frequency Questionnaire (178 food items) 

16 Controlling for: Age, sex, education, alcohol consumption, smoking and total energy intake. 
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Author(s) 
(year) 
Study 

Age 
(gender) 

Design Number of 
participants 

Case Definition Exposure 
definition 

Follow-
up time 

Main findings 

II. 
Hypertension 

       

Launer et al. 
(1995) 
The Honoloulu-
Asia Aging Study 
 
 
 
 
 
 
 
Source:  
(287) 

Mid-aged 
(Men) 

Cohort 3,735 Cognitive 
impairment: 
 
Intermediate and 
poor cognitive 
performance at 
fourth 
examination: 
 
Cognitive Abilities 
Screening 
Instrument 
(CASI): 
92-100: Normal 
<92-82: 
Intermediate 
<82: Poor 

Midlife 
SBP and 
DBP 

~27 years RR for 10 
mmHg 
increase in 
SBP and poor 
cognitive 
function17: 
1.05 
95% CI: 1.00-
1.12.  

Kilander et al. 
(1998) 
Uppsala Sweden 
study 
 
 
 
 
 
 
 
 
 
Source:  
(391) 

70 
(Men) 

Cohort 999 Cognitive 
impairment: 
 
Low cognitive 
performance on 
MMSE & Trail 
making test. 

DBP (mm 
Hg.) 24 
hours prior 
to 
cognitive 
testing 

~20 years Mean DBP for 
Men untreated 
with anti-
hypertensives18

: 
Normal: 75 mm 
Hg. 
Low: 78 mm 
Hg. 
P<0.0001 
 
Mean DPB for 
men treated 
with anti-
hypertensives: 
 
P>0.05.  

Swan et al. 
(1998) 
Western 
Collaborative 
Group Study 
 
 
 
 
 
Source:  
(392) 

60-86 
(Men) 

Cohort 717 Cognitive 
performance factor 
scores using 
several screening 
tools19 

Change in 
SBP over a 
30 year 
period. 
 
NBP 
SBP 
trackers 
SBP 
decreasers 

~30 years Referent: NBP20 
 
SBP trackers 
perform worse 
on Verbal 
memory and 
Verbal Fluency. 
 
SBP decreasers 
perform worse 
on 
Psychomotor 
Speed 

                                                 
17 Controlling for: Age, education, prevalent stroke, coronary heart disease, sub-clinical atherosclerosis. 

18 Controlling for: Age, education and occupation. 

19 (1) Iowa Screening Battery for Mental Decline; (2) Mini-Mental  State Examination; (3) Wechsler Adult Intelligence Scale-Revised; (4) Color 
Trail Making Test; (5) Color-Word Interference Test. 
20 Controlling for: Age, sex, education, depression, clinically defined stroke and use of anti-hypertensive medication. 
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Author(s) 
(year) 
Study 

Age 
(gender) 

Design Number of 
participants 

Case 
Definition 

Exposure 
definition 

Follow-
up time 

Main findings 

Glynn et al. 
(1999) 
EPESE 
study 
 
 
Source: (393) 

65-102 
(Both) 

Cohort 2,068 Rate of change 
in cognition 
measured by 
SPMSQ and 
EBMT 

Current and 
remote SBP and 
DBP at and 
prior  to 
baseline (9 years 
apart) 

3 and 6 
years 

Difference in rate 
of change in 
cognition21: 
No statistically 
significant 
associations.  

Harrington 
et al. (2000) 
 
 
 
 
 
 
Source: (394) 

70-89 
(Both) 

Cross-
sectional 

223 Cognitive 
scores in 
several 
domains of the 
Cognitive 
Drug Research 
Computerized 
Assessment 
Battery. 

Hypertensives: 
>160/90 
mmHg. 
Normotensives: 
<150/90 mm 
Hg. 

n/a Difference in mean 
outcomes by 
hypertension 
status: 
Statistically 
significant for 
many domains 
including delayed 
word recognition, 
reaction time etc.  

Knopman et 
al. (2001) 
ARIC study 
 
 
 
Source: (150) 

47-70 
(Both) 

Cohort 10,963 Cognitive 
decline: 
 
Scores on 
Delayed Word 
Recall, Digit-
Symbol 
Substitution 
test and Word 
Fluency test. 

Hypertensive as 
measured at vist 
2 (>140/>90 
mm Hg.) or  
taking anti-
hypertensives.  

6 years Adjusted mean 
difference in 
scores of 
outcome 
between visits 2 
and 422: 
No statistically 
significant 
association. 

Alves de 
Moraes 
(2002) 
ARIC study 
 
 
 
 
 
 
 
 
 
Source: 
(44) 

48-67 
(Both) 

Cohort 8,058 Cognitive 
decline: 
 
Scores on 
Delayed Word 
Recall, Digit-
Sym bol 
Substitution 
test and Word 
Fluency test. 

Combination of 
self-report of 
history of 
hypertension, or 
use of anti-
hypertensive 
medication + 
measured SBP 
and DBP 
(>140/>90 mm 
Hg.) 

6 years Adjusted percent 
change between 
visit 2 and visit 
423: 
(V4-V2)/V2 
 
-2.3% for DSST 
among normal blood 
pressure group.  
 
-7.5% for 
uncontrolled 
hypertension group.  
 
P<0.05 

                                                 
21 Controlling for: Age, Age-squared, Age-cubed, sex, education and period. 

 

22 Controlling for: Gender, age, race-center, educational level, and use of CNS medications at visit 2.  

23 Controlling for: Gender, age, education, race-center, diabetes.  
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Author(s) 
(year) 
Study 

Age 
(gender) 

Design Number of 
participants 

Case Definition Exposure 
definition 

Follow-up 
time 

Main findings 

Elias et al. 
(2003) 
Framingham 
Study 
 
 
 
 
 
 
Source: 
(47) 

55-88 
(Both) 

Cohort 2,123 Cognitive 
functioning 
 
Kaplan- Albert 
Neuropsychological 
Test Battery 

Mean SBP and 
DBP 
computed over 
the 
surveillance 
period. Cutoff 
point: 140/90 
mm Hg.  

4-6 years Adjusted mean 
scores on 
cognitive test 
domains, 
comparing 
hypertensives to 
normotensives24

: 
 
Statistically 
significant only 
for men. 
 

Stewart et 
al. (2003) 
 
 
 
 
 
 
 
 
 
 
 
Source: 
(395) 

55-75 
(Both) 

Cohort 207 Cognitive decline 
 
Tests of verbal 
memory (immediate 
and delayed), 
orientation and 
attention. 
 
MMSE & CERAD 
 
Composite score of 
cognitive decline: 
Lowest quintile vs. 
other quintiles 

Self-reported 
hypertension + 
measured 
blood pressure 
on 
examination. 

3 years OR (Raised 
blood pressure 
vs. cognitive 
decline) 
 
1.46 (0.65-3.25).  

Waldstein et 
al. (2005) 
Baltimore 
Longitudinal 
Study of 
Aging 
 
 
 
 
 
 
 
 
 
 
 
Source: (174) 

50+ 
(Both) 
 
 
 

Cohort 847 Cognitive 
functioning. 
 
Scores on Digit 
forward/backward 
(WAIS-R); 
California Verbal 
learning test; Benton 
Visual Retention 
test; Trail-Making 
test (Parts A and B); 
Letter fluency; 
Category fluency; 
Boston Naming 
Test.  

Two resting 
blood pressure 
measurements 
taken at least 
90 min. before 
breakfast. 
Measurements 
averaged.  

Repeated 
measures 
1-7 visits 
over 11 
years.  

Mixed effect 
models25 of 
blood pressure 
and cognitive test 
scores, allowing 
for non-linear 
relationships: 
 
Cross-sectional 
and longitudinal 
relations of BP 
and cognitive 
function are 
predominantly 
non-linear and 
moderated by 
age, education 
and anti-
hypertensive 
medication.  

                                                 
24 Controlling for: Age, education, occupation, cigarettes/day, alcohol consumption, total cholesterol and type II diabetes.  

25 Controlling for: Age, education, alcohol use, smoking, use of anti-hypertensive medications, depressive symptomatology.  
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Figure 2.2 Directed Acyclic graph of association between ω-3 FA, hypertension and cognitive decline 26,27 

                                                 
26 Squared boxes represent measured variables; solid round boxes represent latent variables measured through a set of other variables; dashed round 
boxes represent unmeasured latent variables;  Solid arrows represent causal associations for which the outcome is either our main outcome of interest, 
the main exposures or the potential effect modifier;  Dashed arrows represent causal associations that are of most interest to the current analysis; and 
dotted arrows represent all other causal associations.  Shaded boxes contain the variables of highest interest in the analysis.  
 
27 Score values for baseline cognitive functioning (COGNB) and cognitive decline (COGND) will be determined for each domain as well as globally 
through a principal components analysis combining DWRT (delayed word recall), DSST (Digit symbol substitution ) and WFT (Word Fluency) test 

scores. BBB-AST: blood-brain barrier/astrocytic dysfunction; OXID-STRESS: Oxidative stress; Q Diet ω-3 FA: Estimate of dietary ω-3 fatty as 
obtained from the Food-frequency questionnaire;  T Diet ω-3 FA: True intake of dietary ω-3 FA; M, N PL ω-3 FA: Markers for level of ω-3 FA in 
phospholipids and cholesteryl  ester fractions of plasma; HYPERT: Hypertension status; SOCI-D: age, gender, ethnicity and education; CO-MB: 
Stroke or TIAs, Depression, Type II Diabetes, Dyslipidemia, Poor pulmonary function, hypercoagulable profile and inflammation; use of 
psychotropic, anti-inflammatory drugs and statins; BEHAV: Smoking, alcohol and caffeine consumption, physical activity; NUTR: Body Mass Index 

(BMI), Antioxidant intake, folate and Vitamins B6 and B12 GENETIC: ApoEε4 genotype.  
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C h a p t e r  3  

STATEMENT OF SPECIFIC AIMS 

A. Study Questions & Specific aims 

    The present study assessed the relationship between dietary as well as plasma ω-3 fatty acid and 

cognitive decline among older adults participating in the Atherosclerosis Risk in Communities 

(ARIC) study and look for an interaction with elevated blood pressure. ARIC is a cohort study of 

around 16,000 men and women aged 45 years or more at baseline who were selected from four US 

communities and followed up since 1987 at approximately one year intervals, and for whom 

clinical examination and specimen collection has been conducted so far at four points in time. The 

four visits that were completed longitudinally were: visit 1(1987-89), visit 2(1990-92), visit 3 (1994-

95), and visit 4 (1996-98). The specific study questions are: 

1. Is dietary essential fatty acid as assessed by the food frequency questionnaire a valid measure of 

intake and if so, what is the degree of measurement error in the instrument? 

2. Is low dietary consumption of ω-3 fatty acids at baseline (i.e. visit 1) related to incidence of 

cognitive decline between visits 2 and 4 among older adults aged 50+ years  at baseline?  

3. Is low plasma ω-3 fatty acids at baseline related to cognitive decline between visits 2 and 4 

among older adults aged 50+ years at baseline?   

4.  Do these two risk factors interact with hypertension between visits 2 and 4 to increase the 

risk of cognitive decline? In other words, is hypertension an effect modifier in the relationships 

that are investigated in questions 1. and 2.? 
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5. Does plasma  ω-3 fatty acid interact with ApoE ε4 allele in increasing the risk of cognitive 

decline? 

6. Is there a similar interaction with other oxidative-stress inducing conditions? 

B. Hypotheses 

AIM1:  

Although this aim had no specific hypothesis, it focused on finding the degree of measurement 

error incurred by using dietary intake assessed with a semi-quantitative questionnaire and devised a 

method to correct for this error in future studies using the same dietary assessment tool on similar 

populations. This aim pertains to Question 1 above.  

AIM 2:     

This is the central aim of this work. The main hypothesis to be tested is that low ω-3 fatty acid 

status is associated with cognitive decline among older adults and a secondary hypothesis is that 

hypertension has a synergistic effect in that association. In other words, hypertension interacts 

with low ω-3 fatty acid statuses in a super-multiplicative way to increase the risk of cognitive 

decline. These hypotheses are operationalized as follows: 

Question 2: Is low dietary consumption of ω-3 fatty acids at baseline (i.e. visit 1) related to 

incidence of cognitive decline among older adults between visits 2 and 4?  

H21: The dietary intake of medium-chain ω-3 fatty acid (mainly LNA) as percentage of total energy 

intake is inversely related to the risk of cognitive decline, after controlling for baseline cognitive 

functioning, other dietary fatty acids and potential confounders.  

H22: The dietary intake of long-chain ω-3 fatty acid (DHA+EPA+ω-3DPA) as percentage of total 

energy intake is inversely related to the risk of cognitive decline, after controlling for baseline 

cognitive functioning, other dietary fatty acids and potential confounders.  
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H23: The dietary intake of long-chain and medium ω-3 fatty acid (or total ω-3 fatty acid) as 

percentage of total energy intake is inversely related to the risk of cognitive decline, after 

controlling for baseline cognitive functioning, other dietary fatty acids and potential confounders. 

H24: The ratio of long chain ω-3 fatty acids (DHA+EPA+ω-3DPA) to long chain ω-6 fatty acids 

(mainly AA) in the diet is inversely related to the risk of cognitive decline, after controlling for 

baseline cognitive functioning, other dietary fatty acids and potential confounders.  

H25: The ratio of total ω-3 fatty acids to total ω-6 fatty acids in the diet is inversely related to the 

risk of cognitive decline, after controlling for baseline cognitive functioning, other dietary fatty 

acids and potential confounders.  

H26: The ratio of medium chain ω-3 fatty acid (mainly LNA) to medium chain ω-6 fatty acid 

(mainly LA) in the diet is inversely related to the risk of cognitive decline, after controlling for 

baseline cognitive functioning, other dietary fatty acids and potential confounders.  

Question 3: Is low plasma ω-3 fatty acids at baseline related to cognitive decline among older adults 

between visits 2 and 4?   

H31: Percent long-chain ω-3 fatty acid in plasma cholesteryl ester fraction (mainly DHA+EPA) is 

inversely related to the risk of cognitive decline, after controlling for baseline cognitive functioning, 

other fatty acid types in that fraction and other potential confounders.  

H32: The ratio of long-chain ω-3 to long chain ω-6 fatty acids in  plasma cholesteryl ester fraction 

is inversely related to the risk of cognitive decline, after controlling for baseline cognitive 

functioning, medium chain ω-3  and  ω-6 fatty acids in that fraction and other potential 

confounders.  
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H33: Percent long-chain ω-3 fatty acid in plasma phospholipids fraction (mainly DHA+EPA) is 

inversely related to the risk of cognitive decline, after controlling for baseline cognitive functioning, 

other types of fatty acids in that fraction and other potential confounders.  

H34: The ratio of long-chain ω-3 to long chain ω-6 fatty acids in  plasma phospholipids fraction is 

inversely related to the risk of cognitive decline, after controlling for baseline cognitive functioning, 

medium chain ω-3  and  ω-6 fatty acids in that fraction and other potential confounders.  

Question 4: Do these two risk factors interact with hypertension between visits 2 and 4 to 

increase the risk of cognitive decline? In other words, is hypertension an effect modifier in the 

relationships that are investigated in questions 1. and 2.? 

H4i: Low ω-3 fatty acid status as measured in hypotheses H11 through H24 is positively related to 

the risk of cognitive decline after controlling for baseline cognitive functioning, other dietary fatty 

acids and potential confounders and this association is stronger among hypertensive individuals.   

AIM 3:  

    ω-3 fatty acids have been historically associated with reduced risk of cardiovascular disease 

including stroke (327) and coronary heart disease (324, 325). They were also linked with 

improved insulin sensitivity (341), reduced risk of dyslipidemia (346), a hypocoagulable profile 

(332), improved pulmonary function (357)  and reduced risk of major depression (352) among 

other health benefits. Because many of these conditions were related to increased oxidative 

stress  (52, 396-400) which in turn causes neuronal loss and cognitive impairment among older 

adults (401), it is essential to unveil any putative interaction between these conditions and the 

ability of this class of fatty acids to fulfill their beneficial effects.  
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An additional genetic factor -- having an ApoE ε4 allele -- has been consistently associated 

with increased risk of cognitive decline (213, 216) and is now one of the main biomarkers for 

fast progression into Alzheimer’s disease (58). It has also been associated with increased level 

of oxidative stress. In order to find out whether oxidative stress is a moderator, it is important 

to conduct a subgroup analysis of all these conditions associated with it.   

Question 5: Does plasma  ω-3 fatty acid interact with ApoE ε4 allele in increasing the risk of 

cognitive decline? 

H5i: Plasma ω-3 fatty acids are protective against cognitive decline only among subjects with at 

least one ApoE ε4 allele.  

Question 6: Is there a similar interaction with other oxidative-stress inducing conditions? 

H6i: Plasma ω-3 fatty acids are protective against cognitive decline only at high levels of oxidative 

stress. 

C. Rationale 

    Cognitive impairment is a major health concern that affects loss of independence in basic 

daily activities in older age and thus efforts should be devoted to preventing its occurrence. 

Hypertension, through its well-recognized contribution to the development of macroscopic 

cerebrovascular lesions, might equally well be expected to predispose to the development of 

more subtle cerebral processes, based on arteriolar narrowing, allied microvascular pathological 

features, or both, in due time leading to cognitive impairment, and finally overt dementia. This 

hypothesis has been confirmed by a wealth of epidemiological studies over the past two 

decades. However, the effect of ω-3 fatty acids on cognitive functioning has only been 

assessed at the biological and biochemical levels so far, and there is a paucity of 

epidemiological evidence in this regard.  
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The combined synergistic effect of hypertension and low dietary ω-3 fatty acid intake in 

increasing the risk of cognitive decline is also a biologically plausible phenomenon. ω-3 fatty 

acids have been historically associated with reduced risk of cardiovascular disease including 

stroke and coronary heart disease. They were also linked with improved insulin sensitivity, 

reduced risk of dyslipidemia, a hypocoagulable profile, improved pulmonary function  and 

reduced risk of major depression  among other health benefits. Because many of these 

conditions, including hypertension, were related to increased oxidative stress  which in turn 

causes neuronal loss and cognitive impairment among older adults, it is essential to unveil any 

putative interaction between these conditions and the ability of this class of fatty acids to fulfill 

their beneficial effects. An additional genetic factor -- having an ApoE ε4 allele -- has been 

consistently associated with increased risk of cognitive decline and is now one of the main 

biomarkers for fast progression into Alzheimer’s disease. It has also been associated with 

increased level of oxidative stress (402). In order to find out whether oxidative stress is a 

moderator, it is important to conduct a subgroup analysis of all these conditions associated 

with it.   

 

 

 



 

C h a p t e r  4  

METHODS 

 

A. Overview of Methods 
 
    The Atherosclerosis Risk in Communities (ARIC) is a prospective cohort study conducted 

between 1987 and 1998, which aimed at investigating the etiology of atherosclerosis and its clinical 

sequelae and variation in cardiovascular risk factors, medical care, and disease by race, sex, place, 

and time. In each of four US communities--Forsyth County (NC), Jackson (MS), suburbs of 

Minneapolis (MN), and Washington County (MD)-- 4,000 adults aged 45-64 years were examined 

four times so far, three years apart (total number at visit 1 was around 16,000). ARIC had 

coordinating, ultrasound, pulmonary and electrocardiographic centers and three central 

laboratories. Three out of  the four cohorts represented the ethnic mix of their communities, while 

at Jackson (MS) only African-American residents were recruited. Examinations included 

ultrasound scanning of carotid and popliteal arteries; lipids, lipoproteins, and apolipoproteins 

assayed in the Lipid Laboratory; and coagulation, inhibition, and platelet and fibrinolytic activity 

assayed in the Hemostasis Laboratory. Surveillance for coronary heart disease involved review of 

hospitalizations and deaths among community residents aged 35-74 years. ARIC aimed to study 

atherosclerosis by direct observation of the disease and by use of modern biochemistry (403). To 

ensure that correct contact information was maintained, an annual follow-up was done.  
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This follow-up interview had also other functions such as ascertaining vital status and other 

interim medical events (mainly hospitalization, and new cardiovascular symptoms). Efforts were 

also made to identify cohort deaths before annual interviewing through frequent review of death 

certificates. When deaths were ascertained, a mortality interview was conducted at an appropriate 

time. 

    Participants who completed at least part of the baseline examination were followed and, if alive, 

invited to subsequent ARIC examinations. This excluded enumerated residents who completed the 

home interview, but did not sign the informed consent form at the field center. Participants did 

not have to still live in the community to participate in subsequent annual follow-up interviews or 

examinations. The scheduling of visits 2 through 4 were made in conjunction with the annual 

contact in the fourth contact year. The optimal time frame for scheduling was within 30 days of 

the participant’s annual contact target date. As anticipated, most of the field center visits were 

completed within at least 90 days. However, if the participant for instance could not complete visit 

2 within this window, it was still possible for visit 2 to be completed at any time during contact 

years 4 through 6. However, the contact year for visit 2 was labeled “year 4” regardless of when 

examination was conducted. The same principles applied to visits 3 and 4. 

The ARIC visit 2 examination consisted of the following general components and they were 

administered by trained interviewers:  

• Informed consent 

• Reception: Greeted participant, determined fasting status, verified identifying information, 
obtained tracing data; collected medications.  

• Sitting blood pressure: Obtained sitting blood pressure before the participant had blood 
drawn. 

• Anthropometry: Measured weight, frame size, skin folds.  

• Venipuncture: Obtained blood samples for all laboratory tests. Laboratory tests that had 
been conducted routinely were: Total cholesterol, LDL cholesterol, HDL cholesterol, 
Triglycerides, Hematocrit, Hemoglobin, White blood cell count, platelet count, 
magnesium, sodium, potassium, creatinine, uric acid and glucose.  

• Snack 
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• ECG: Obtained a 12 lead ECG 

• Interview: Collected sociodemographic, cognitive function, psychosocial, and selected 
medical, personal and family history data.  

• Physical exam: Obtained a brief systems review on each participant including neck, 
neurological (stroke, TIA exam), chest and lungs, heart, and extremities. Verified reported 
history of possible CVD.  

• Pulmonary function: Obtained spirometric measurements of timed pulmonary function (FVC, 
FEV1) and inspiratory pressure (MIP).  

• Ultrasound: Obtained B-mode scan and arterial wall distensibility measurements in carotid 
arteries. Measured heart rate and blood pressure changes as participant arised from supine 
position.  

• Medical Data Review: Ascertained the completeness of the exam and verified abnormal 
results. Reviewed results of the medical history and exam with the participant. Referred 
participant for diagnosis or treatment elsewhere if appropriate.  

• Exit interview: Returned medication; thanked participant.  
 
    Similar data were obtained in subsequent visits, with minor differences. Since we are mainly 

interested in the cognitive outcome at visits 2 and 4, we will discuss in further detail how this 

concept was operationalized in the data and how we will use it to construct our measure of 

cognitive decline. Data were archived using SAS electronic databases, which were later converted 

to be used by other software programs. Access to these databases was possible after a manuscript 

proposal was submitted and approved by the ARIC committee. Each database was then requested 

as needed from the coordinating center (http://www.cscc.unc.edu/aric/). Special requests for 

databases that were not part of the entire ARIC investigation included data on plasma fatty acids 

and genetic data on ApoE genotypes.  

B. Design 

B.1. Subject Identification & Sampling 

    The ARIC cohort who was first recruited between 1987-89 included 15,792 individuals between 

the ages of 45 and 64 years, of which 8,985 were women. The study participants were recruited 

using probability area sampling.  
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Ethnic diversity varied tremendously between Jackson county where the population chosen was 

exclusively African American, Forsyth County where 14% were African American and the other 

two communities where the population was predominantly white. The present study focused on 

examination visits 1, 2 and 4 which were carried out in the periods 1987-89, 1990-92 and 1996-98 

respectively, although visit 3 data was sought in a few cases. In fact, while all exposures and most 

covariates were measured at visits 1 and 2, the outcome (i.e. cognitive decline) was measured 

between visits 2 and 4 and the main effect modifier (i.e. hypertension) between visits 1 and 4. 

Although this approach lead to censoring of the original sample which was selected at baseline, it 

was adopted by other investigators who used the ARIC dataset for a similar purpose. Previous 

analysis carried out by Alves de Moraes and colleagues (44) shows that 11,320 individuals had 

complete follow-up between visits 2 and 4. In addition, 234 had missing cognitive test scores at 

either visit. Therefore, the final study population at risk of cognitive decline should consist of 

11,086 individuals. For the present study, we used the same study population by Alves de Moraes 

and colleagues (44) without excluding TIA or stroke cases (n=567) or subjects on psychotropic 

drugs (n=2,461). However, our study population was restricted further to older adults aged around 

55 years or more at visit 2. To have a round number at visit 1, we restricted the population to 

those aged 50+ at baseline. Hence, it is expected that about half of the former population was 

eligible for our present study, since the mean age at visit 2 of the 8,058 individuals selected by 

Alves de Moraes and colleagues (44) was 56.7 with a SD of 5.6. There are two main reasons for 

restricting this population:  (1) Cognitive decline, particularly dementia, is highly unlikely to occur 

before the age of 60 years, as shown by a wealth of previous literature (404) ; (2) The effect of 

hypertension on cognitive decline as shown by Alves de Moraes and colleagues (44) was much 

more pronounced among the population that was aged over the mean (i.e. older than 53 years at 

visit 1).  
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The study population selected as previously described was used for answering question 1. For 

question 2, a subset of these subjects, namely whites selected to participate in the Minneapolis field 

center, was abstracted since these are the subjects with complete data on plasma fatty acids. It is 

estimated that their study size would range between 2,000 and 2,500 depending on how balanced 

the allocation remains between the four communities when the exclusion and inclusion criteria are 

applied for the first study question.  Table 4.1 shows the preliminary analyses and the estimated 

number of subjects available for analysis to answer each of the questions. The numbers in “bold” 

are of primary interest, namely: 2,834 is the number of subjects who are 50 years of age or older 

with complete data on plasma and dietary fatty acids (these subjects were used for a validation sub-

study); 7,817 is the total number of eligible subject with complete data on outcome and dietary 

exposure (they were used to answer the first question); 2,253 is the total number of eligible and 

available subjects to answer question 2 relating plasma fatty acids to cognitive decline.  

 
B.2. Outcome Assessment 

B.2.1. Screening Instruments 

    Three measures of cognitive functioning were made for visits 2 and 4 of the ARIC study, and 

these measures relied on the following instruments: Delayed Word Recall Test (DWRT) (167); the 

Digit Symbol Substitution portion of the Revised Weschler Adult Intelligence Scale 

(DSST/WAIS-R) (405), and Word Fluency Test (WFT) of the Multilingual Aphasia Examination, 

also know as the controlled oral word association (170). They are the same instruments that were 

previously used by Knopman and Alves de Moraes and colleagues (44, 150), as well as others (197, 

406). 

 (1) Delayed Word Recall Test (DWRT): This screening tool assesses verbal learning and recent 

memory. It requires from the respondent to recall 10 common words after a 5-minute interval 

during which another test is administered.  
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The ten words used in ARIC were: chimney, salt, harp, button, meadow, train, flower, finger, rug 

and book.  To standardize the elaborate processing of words to be recalled, individuals are asked 

to compose sentences with the words that are presented. Test scores may range between 0 and 10 

words recalled and the time limit for recall is set at 60 seconds. The 6-months test-retest reliability 

of DWRT was previously shown to be high among 26 normal elderly individuals (Pearson 

correlation coefficient, r=0.75) (167). 

(2) Digit Symbol Substitution (DSST/WAIS-R): This test is a paper-and-pencil test requiring timed 

translation of numbers 1 through 9 to symbols using a key. The test measures psychomotor 

performance and is relatively unaffected by intellectual ability, memory, or learning for most 

adults(170). It appears to be a sensitive and reliable marker of brain damage(407). The test score 

can range between 0 and 93 and it refelects the correctly translated number of digit-symbol pairs 

within a time limit of 90 seconds. Short-term test-retest reliability over 2-5 weeks has been found 

to be high in individuals aged 45-54 years (r=0.82); (405). 

(3) Word Fluency Test (WFT): This test requires subjects to record as many words as possible using 

the letters F, A and S and to list these words, the subject is given only 60 seconds per letter. The 

total score corresponds to the total number of words generated during these three trials. The test is 

particularly sensitive to linguistic impairment (170, 408) and early mental decline in older persons 

(409). It is also a sensitive marker of damage in the left lateral frontal lobe (170, 408). The 

immediate test-retest correlation coefficient based on an alternate test form has been found to be 

high (r=0.82); (410).  

    The DWRT, WFT, and DSST/WAIS-R were administered by trained interviewers and since all 

interviews were tape-recorded, quality checks were feasible for at least a random sample to ensure 

acceptable performance.  
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Table 4.1 Eligible population as enumerated according to specific criteria; ARIC cohort 
 
 All centers Minneapolis 
All those with complete 
data on age at visit 1 

15,792 4,008 

All those aged 50+ at visit 
1 

11,557 2,928 

    Age   
       50-54 35.5  
       55-59 33.3  
       60+ 31.2  
    % Female 53.8  
    % White 74.4  
All those aged 50+ at visit 
1 (white population) 

8,598 2,902 

All those aged 50+ at visit 
with data on plasma fatty 
acids 

n/a 2,878 (white population) 

All those aged 50+ at visit 
1 who had complete data 
on plasma and dietary 
fatty acids 

n/a 2,834 (white population) 

    Age   
       50-54  37.7 
       55-59  33.3 
       60+  29.0 
    % Female  49.5 
    % White  100% 
All those aged 50+ at visit 
1 who had complete data 
on dietary fatty acids 

11,307 2,834  

All those aged 50+ at visit 
1 who had complete data 
on dietary fatty acids and 
cognitive functioning 
variables 

7,817 All those aged 50+ at visit 1 
(in the Minneapolis center) 
who had complete data on 
plasma fatty acids and 
cognitive functioning 
variables. 

2,253 (white 
population) 

    Age    
       50-54 37.2  39.3 
       55-59 33.5  33.0 
       60+ 29.3  27.2 
    % Female 54.6  50.7 
    % White 81.5  100% 
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B.2.2. Analytic Plan 

    For the purpose of assessing cognitive decline, there are several options at hand. However, the 

one that we chose is an innovative way that attempts to create a single measure of decline and 

would combine all three screening tool scores together.  In addition, we assessed decline in 

separate domains of cognition. Cutoff points were determined for decline in each domain of 

cognition using the Reliable Change Index (RCI) method to correct for measurement error and 

practice effects (411). RCI is defined as ((X2-X1)-(M2-M1))/S.E.D., where X1 is the individual’s 

score at baseline, X2 the individual’s score at follow-up, M1 and  M2 are the group mean pretest and 

follow-up scores respectively, and S.E.D. the observed standard error of the difference scores.  

Scoring below an RCI of -1.645 was regarded as a “statistically reliable” deterioration in the test 

scores.  A composite measure of the three RCIs to assess global cognitive decline (GCD) was 

created using principal components analysis (PCA). In multivariate analysis, control was done on 

baseline cognitive score in its continuous form (assessed at visit 2) on that particular instrument. 

For models with GCD as the main outcome, control was done on a measure of global baseline 

cognitive functioning (GBCF) which reduces the three baseline scores into a single component 

using PCA.  All analyses was done using STATA ver. 8.2 (412).  

B.2.3.Principal Components Analysis 
  
    To better understand Principal Component analysis (PCA), I have derived information from 

three main references (413-415). However, other sources have been used as well as needed. 

Principal components analysis has been historically confused with factor analysis. Assuming that 

the elements of the vector x of manifest variables are standard scores, we can distinguish principal 

components analysis from factor analysis with respect to several aspects:  
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Table 4.2 Comparison table of PCA and FA 
 
Principal Components Analysis (PCA) Factor Analysis (FA) 
  

Better fit to raw data Better fit to MV intercorrelations 
Better fit to Manifest Variable (MV) variances  
  

No Latent Variables (LVs).; Component scores are 
determinate, but components are not LVs. 

Factor scores are indeterminate, but factors are 
interpretable as LVs.  

  

Not a testable model. Testable model.  
  

Residuals are correlated.  Unique factors uncorrelated.  
  

Useful for data reduction. Useful for understanding structure of MV 
intercorrelations. 

  
Source: McCallum, 2004.  
 

Despite these clear differences, both methods are based on very similar fundamental models which 

can be written as follows: 

FA model:  xij  = µj + λj1zi1 + λj2zi2 + ……………. λjmzim + uij 

PCA equation: xij  = µj + λj1zi1 + λj2zi2 + ……………. λjmzim + eij 
 

Hence, for both models, a score on a manifest variable j obtained by an individual i can be written 

as a function of the mean score on manifest variable j, a set of unmeasured variables zi1 called 

factor scores with their corresponding factor loadings, and a residual or unique factor portion uij 

(for FA) and eij (for PCA).  

The main difference is that factor scores are indeterminate in the case of FA, while for PCA an 

estimate of factor scores can be obtained and these factors are therefore not latent variables. The 

unique factor portions in FA are uncorrelated while in PCA they may be correlated.  

The PCA equation can be expressed as follows: 

x = Λ�� z�� + u�� ; where Λ��  is ( mp× ) matrix of principal components loadings, x is a (p × 1) matrix 

of manifest variables, z��  is a (m × 1) vector of principal components scores and u��  is a (p × 1) 

vector of unique components.  
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In PCA, unlike FA, z��  can be expressed as a linear combination of manifest variables xj, for each 

individual i, as follows: 

z��  = B’x; where B’: m x p. 

The component scores, z�� , are defined so as to maximize the average of squared multiple 

correlations of manifest variables on m components, as follows: 

ASMC = )z,...,z,z.x(r
p

1
m21j

p

1j

2
������∑

=

 

Where )z,...,z,z.x(r m21j
2

������ is the squared multiple correlation of each manifest variable on the m 

components and p is the number of manifest variables. Hence, the m component scores are chosen 

so as to predict the p manifest variable scores as precisely as possible. The aim of principal 

components is data reduction with minimal loss of information concerning the original variables.  

The solution for B’, as it turns out is: 

B’ = (Λ�� ’ Λ�� )-1 Λ�� ’ 

Cov(z�� ,u�� ’) = 0 

Hence, z = [(Λ�� ’ Λ�� )-1 Λ�� ’]x 

The main distinctive difference between FA and PCA is as follows: 

In FA: R - ΛΛ’ : off-diagonals represent correlation residuals and these are minimized, while 

diagonals represent unique variances.  

In PCA: R - Λ�� Λ�� ’ : off-diagonals represent correlation residuals, but the diagonals are the ones 

that are minimized and they represent residual variances.  

    In general, factor loadings are overestimated in PCA as compared to FA and hence PCA should 

not be used for factor analytic purposes but rather for data reduction purpose. The underlying 

principle of components analysis is different from that of factor analysis.  
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Therefore, one cannot be used as a substitute for the other. But, in a larger context of practical 

research, both have legitimate uses. There are situations in which the component scores may be 

preferred to the factor scales. In particular, if the objective is some simple summary of information 

contained in raw data without recourse to factor analytic assumptions, the use of components 

scores has a definite advantage over factor scaling. The principal components are no more than 

exact mathematical transformations of the raw variables. Therefore, it is possible to represent the 

components exactly from the combination of raw variables, and we can speak of component scores, 

instead of scales or estimates. The scores are obtained by combining the raw variables with weights 

that are proportional to their component loadings as follows: 

Component Score = ]X)/[( ij
i

ij γλ∑  

    Where ijλ  are the component loadings, jγ  are the eigenvalues associated with each component, 

and Xi are the manifest variable scores. Division by the eigenvalue which is a function of the 

variance explained by each component ensures that the resulting component score had a mean of 

zero and a standard deviation of 1 (414).  

    It is important to note, that even though factors in factor analysis are indeterminate latent 

variables, there are a number of methods that were developed to estimate factor scores. However, 

factor scores are distinct from component scores and their estimation does not lead to 

maximization of the percentage variance explained but rather of the minimization of correlation 

residuals. Hence, it is more efficient to use component scores rather than factor scores as a data 

reduction procedure.  
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C. Classification of Exposure 

C.1. Exposures of Interest 

C.1.1. Dietary ω-3 fatty acids 

    Usual dietary intake was estimated from an interviewer-administered semi-quantitative food 

frequency questionnaire (FFQ) modified from a 61-item questionnaire developed and validated 

by Willet and colleagues against multiple food records among a sub-sample of the Nurse’s 

Health Study cohort. Results of the validation study suggested that for all nutrients considered 

there was only up to 3% extreme quintile misclassification and that overlap between the upper 

two quintiles and lower two quintiles between the two methods was >70%. In addition, energy 

adjustment improved validity especially for nutrients that contribute most to caloric intake, 

mainly fats (416). On visits 1 and 3 of the ARIC study examinations, and using the Willet 61-

item FFQ, the subjects were asked how often, on average, they had consumed certain foods in 

portions of a specified size (e.g., 85 to 113 g [3 to 4 oz] of canned tuna fish) during the preceding 

year. There were nine possible responses, ranging from "almost never" to "more than six times 

per day."    Daily intake of nutrients has been calculated by multiplying the nutrient content of 

each food in the portion specified by the frequency of daily consumption and summing the 

results. The nutrient content of each food was obtained from the Harvard nutrient data base for 

which the primary source was the Department of Agriculture handbook (417). Fish 

consumption, the main dietary source of long-chain ω -3 fatty acids was estimated by summing 

the reported consumption of three items: 85 to 113 g of canned tuna fish, 85 to 142 g (3 to 5 oz) 

of dark-meat fish (e.g., salmon, mackerel, swordfish, sardines, or bluefish), and 85 to 142 g of 

other fish (e.g., cod, perch, or catfish). The eicosapentaenoic acid and docosahexaenoic acid 

content of these foods was estimated to be 190 and 500 mg, respectively, for tuna fish, 560 and 

780 mg for dark-meat fish, and 240 and 460 mg for other fish (357).  
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In our present study, dietary fatty acids were analyzed from the food frequency questionnaire 

from visit 1, after assessing the magnitude of measurement error and controlling for its effect as 

will be discussed in the “Data analysis” sub-heading. Although DHA+EPA+ω-3DPA expressed 

as % of total energy intake is the main exposure of interest, other variants of exposure were 

assessed as well and these are presented in Table 4.3.  

    When relationships with disease are analyzed, nutritional factors may be examined in terms of 

absolute amount (crude intake) or in relation to total caloric intake. The analytic approach 

depends on both the nature of the biologic relationship and the public health considerations. If a 

nutrient is metabolized in approximate proportion to total caloric intake (such as the 

macronutrients and some vitamins), nutrient intake is most likely biologically important in 

relation to caloric intake. In fact, intake of most nutrients in free-living populations tend to be 

positively correlated with total energy intake (418-420). 

    Correlations were shown to be particularly strong for fat, protein and carbohydrates (which 

contribute to energy intake). All other nutrients were also shown to be moderately correlated with 

energy intake even though they did not contribute to energy. For instance, correlations were 0.24 

for fiber, 0.25 for vitamin A, and 0.19 for vitamin C. This is complicated by the observation that 

dietary composition is also interrelated with total caloric intake whereby a person whose caloric 

intake is low on average tends to have a higher intake of fiber than a person whose caloric intake is 

high. These observations create the need to control for caloric intake when looking at associations 

between specific nutrients and disease in epidemiologic studies.  
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Table 4.3 Operationalization of dietary fatty acid intake in the causal models28 

 

     

    Because a person’s long-term total caloric intake is largely determined by body size, physical 

activity, and metabolic efficiency, even relatively small changes in caloric intake cannot be made 

unless changes in weight or physical activity occur. In the absence of such changes, therefore, most 

alterations in absolute nutrient intake must be accomplished by changing the composition of the 

diet rather than the total amount of food. For this reason among others, Hegsted (358) made 

recommendations for fat intake not to exceed 30% of total caloric intake. Therefore, from a 

                                                 
28 In this table, fatty acids between braces and bolded are available in the FFQ data whereas the others were not analyzed. However, the sum of 

the missing fatty acids as % of total energy <0.005% according the literature and this value was imputed as 0.003% for ω-6 18-C UFAs and 
0.002% for ω-6 20 and 22-C HUFAs. 

29 Note that exposure 1 is the main exposure and is the one which will be interacted with “hypertension”.  Control is made on other fatty acids 
when appropriate.  

 Exposure 129 Exposure 2 Exposure 3 Exposure 4 

Model A {20:5+22:5+22:6ω-3} 20:3+{20:4}+22:4+22:5 ω-6 {18:3+18:4ω-3} {18:2}+18:3ω-6 

Model B {18:3+18:4ω-3} {20:5+22:5+22:6ω-3} {18:2}+18:3ω-6 20:3+{20:4} 

+22:4+22:5 ω-6 

Model C {18:3+18:4+20:5+22:5

+22:6ω-3} 

{18:2}+18:3+ 

20:3+{20:4}+22:4+22:5 ω-6 

… … 

Model D [exposure 1/ exposure 

2] in model 1 

{18:3+18:4ω-3} {18:2}+18:3ω-6 … 

Model E [exposure 1/ exposure 

2] in model 2 

… … … 

Model F [exposure 3/ exposure 

4] in model 1 

{20:5+22:5+22:6ω-3} 20:3+{20:4}+22:4 

+22:5 ω-6 

… 

Model G {20:5+22:5+22:6ω-3}  

in mg/day 

20:3+{20:4}+22:4+22:5 ω-6 

in mg/day 

{18:3+18:4ω-3} 

in mg/day 

{18:2}+18:3ω-6 

in mg/day 
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practical or public health standpoint, nutrient intake in relation to total caloric intake (i.e. 

compositional aspects of the diet) is most relevant.  

For this reason, in epidemiologic studies, nutrient intakes adjusted for total energy intake, rather 

than absolute nutrient intakes, are of primary interest in relation to disease risk. This process of 

adjusting for energy intake can be viewed in analogy to experimental animal studies where the 

effect of a single nutrient on disease outcome can only be ascertained under isocaloric conditions.  

    When total caloric intake is associated with disease, the interpretation of individual nutrient 

intake is complex, and the consequence of failing to account for energy intake may be far more 

serious. In fact, in nearly every study looking at diet and coronary heart disease, subjects who 

subsequently develop disease have lower caloric intake on average when compared to those who 

remain free of disease. As a result, intake of specific nutrients also tends to be lower among cases 

than among non-cases. This inverse association between caloric intake and coronary heart disease 

can be biologically related to the fact that those who develop the outcome were physically less 

active and hence had lower caloric intake. Hence, in order to look at the effect of a specific 

nutrient on an outcome that is related to caloric intake, one should energy adjust this relationship 

(363). There are several means by which one can adjust by energy the relationship between a 

specific nutrient and a disease outcome. These can be summarized as follows: 

Table 4.4 Alternative disease risk models for addressing the correlation of specific nutrient intakes with total energy 
intake in epidemiologic studies 
 
Disease Risk  Model (Method) Definition 
Model A (Residual Method) Disease=b1 Nutrient residual a 
Model B (Residual Method) Disease=b1 Nutrient residual + b2 Nutrient residual 
Model C (Standard Multivariate Method) 

Disease = b3 Calories + b4 Nutrient 
Model D (Energy Partition Method) 

Disease = b5 CalNutrient  + b6 Calother 
Model E (Multivariate Nutrient Density Model) 
 Disease = b7 Nutrient/Calories + b8Calories 

a “Nutrient residual” is the residual from the regression of a specific nutrient on calories.  
bCalnutrient represents calories provided by the specific nutrient.  
c Calother represents calories from sources other than the specific nutrient.  
Source: (363) 
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    Because there was high correlation between total energy intake and individual nutrient intakes 

estimated by FFQ, nutrients must be energy-adjusted. There are several methods used for this 

purpose, the simplest one being the nutrient density method in which each nutrient is expressed as 

% energy intake by dividing it by the total energy. In our case, however, although caloric intake is 

added to the model, the main exposure itself varied according to the particular model. A main 

transformation done to the Nutrient/Calories term is its multiplication by the caloric density of fat 

(9 Cal/g) and by the factor of 100 to obtain the % of total calories from a specific type of fatty 

acids. For ratio of fatty acids variables (e.g. total ω-3/total ω-6), these are interpretable as ratio of 

absolute intake of ω-3 over absolute intake of ω-6 fatty acid, controlling for other nutrients and for 

total energy intake among other covariates. Hence, the model that we ran closely resembles Model 

E although the main variable has undergone transformation, mainly multiplication by a factor of 

900.  

    According to Willet (416), the more sophisticated residual method yields similar results for 

total fat as compared to the nutrient density method of energy adjustment (421). After verifying 

linearity in the logits, each of these continuous exposure variables were entered as standardized 

z-scores into multivariate models. This is done by subtracting each value from its mean and 

dividing the difference by the corresponding standard deviation.  

C.1.2.  Plasma ω-3 fatty acids 

    Twelve hour fasting blood was collected according to the ARIC study wide protocol. The 

Minneapolis field center conducted the analysis for visit 1 blood specimens among the white 

segment of the study population in that center.  
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Even though the procedure is described in great detail by Shahar and colleagues (422), I attempted 

to summarize as follows: First of all, the sample for fatty acid analysis was collected in a 10-ml tube 

containing ethylenediamine tetraacetic acid  (EDTA). The tube was refrigerated and sent to the 

study clinic by courier. Upon arrival, the blood was centrifuged at 800 × g for 10 minutes.  The 

plasma was separated and divided into two 1.5 ml aliquots, and frozen at -70 ο C. In order to use 

the frozen plasma for fatty acid analysis, 0.5 ml of plasma was needed and extracted using 0.5 ml 

of methanol followed by 1.0 ml of chloroform under a nitrogen atmosphere. The lipid extract was 

then filtered to remove protein. The phospholipids and cholesterol ester fractions were separated 

by using thin-layer chromatography, silica gel plate and two-stage mobile-phase development, with 

use of 80:20:1 (vol/vol) and 40:60:1 (vol/vol) petroleum ether, diethyl ether, and glacial acetic acid, 

respectively. The chromatography plate was then dried between exposure and development 

solvents, and the second mobile phase was allowed to migrate only half the length of the plate. 

After the plate was redried, one lane was sprayed with dichlorofluorescein to visualize the 

phospholipids, cholesteryl ester, triglyceride, and fatty acid bands under ultraviolet light. The 

phospholipids and cholesteryl ester bands were scraped into separate test tubes and the lipids were 

converted to methyl esters of fatty acids by boron trifluoride catalysis. The methyl esters were then 

separated and measured with a Model 5890 gas chromatograph (Hewlett-Packard, Avondale, PA) 

equipped with a 30-m FFAP WCOT glass capillary column (J & W Scientific, Folsom CA) and a 

flame ionization detector. The identity of 28 individual fatty acid peaks was revealed by gas 

chromatography and determined by comparing each peak’s retention time to the retention times of 

fatty acids in synthetic standards of known fatty acid compositions. The relative amount of each 

fatty acid (as a percent of all fatty acids) could be calculated by integrating the area under the peak 

and dividing the result by the total area for all fatty acids (×100).  
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To minimize transcription errors, the data from gas chromatogram was transferred electronically 

to a computer (Digital equipment Corporation, Minneapolis, MN) for data analysis. Out of the 28 

fatty acids that were analyzed both in the phospholipid and cholesteryl ester fractions, the ones 

that are of highest interest in the present study are DHA and EPA (two long-chain 20-and 22-C ω-

3 fatty acids) in contrast to AA and other long chain 20-C ω-6 fatty acid maintained in plasma 

phospholipids and cholesteryl esters. In addition, the ratio of (DHA+EPA)/(long chain ω-6 fatty 

acids) fatty acids is also of high priority. The estimated short-term reliability coefficients for DHA 

and EPA were, according to a study by Ma and colleagues (423), around 0.5 and 0.3. The values of 

the biomarkers and ratios of biomarkers were subtracted from their means and divided by their 

respective standard deviations to obtain a z-score. As was discussed for the dietary exposure, the 

plasma values were entered into multivariate models in their continuous forms if the linearity of 

the logits assumption can be verified through non-parametric exploratory data analyses. Otherwise, 

categorization were done using cutoff points chosen according to the findings of that analysis.  In 

addition to testing the second hypothesis, plasma fatty acids were used to validate dietary fatty acid 

intake by conducting a validation sub-study and applying its result to the overall eligible 

population, as will be discussed later on under “Data analysis”. It is worth noting that the main 

difference between the plasma markers of interest and the dietary fatty acids that are assessed is 

that the latter include Linolenic acid as an important source of long-chain fatty acids in the brain.  

However, since the level of Linolenic acid in plasma does not necessarily affect the level of 

DHA and EPA in the brain, it was not be assessed as an exposure of interest in plasma, as 

previously asserted by Yamamoto and colleagues (21).  Table 4.5 shows operationalization of the 

main exposure as well as the other fatty acids that were controlled for in the analysis for each 

causal model.  
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Table 4.5 Operationalization of plasma fatty acid in the causal models30 
 
 Exposure 131 Exposure 2 Exposure 3 Exposure 4 
Cholesteryl esters     
Model A {20:5+22:6ω-3} {20:3+20:4+22:4+22:5 ω-6} {18:3}+18:4ω-3 {18:2+18:3ω-6} 

Model B (Exposure 1 /Exposure 2) 
in model 1 

{18:3}+18:4ω-3 {18:2+18:3ω-6} … 

Phospholipids     
Model C {20:5+22:6ω-3} {20:3+20:4+22:4+22:5 ω-6} {18:3}+18:4ω-3 {18:2+18:3ω-6} 

Model D (Exposure 1 /Exposure 2) 
in model 1 

{18:3}+18:4ω-3 {18:2+18:3ω-6} … 

 
 

C.2. Covariates 

    Most covariates to be considered as potential confounders were measured at visits 1 or 2, 

although some were defined according to criteria that spanned all four visits. Covariates can be 

subdivided into socio-demographic, genetic, health behaviors, nutritional, and co-morbid 

conditions or medications. Age (measured at visit 1), gender, ethnicity and education were all 

reported by respondent. One main genetic factor, Apo E genotype, was considered in the analysis 

and categorized as 0: “does not have an ε4 allele”; 1:”has at least one ε4 allele”. Among the 

behavioral factors (all measured at visit 1), smoking was represented on a three-level categorical 

scale, namely: 0”never smoked”, 1”smoked previously” and 2”current smoker”. FFQ derived 

values of alcohol (grams/day) and caffeine (mg/day) were considered as well. Finally, physical 

activity was assessed by interview using a questionnaire developed by Baecke and colleagues, 

including 16 items about usual exertion (424). An index of physical activity was derived at visit 1, 

summing sports, work and leisure indices which ranged from a score of 1 (low) to 5 (high). The 

total score was shown to be a valid and reliable measure of physical activity (425).  

 

                                                 
30 In this table, fatty acids between braces and bolded are available in the plasma fatty acids data whereas the others were not analyzed. 

However, the percentage of these fatty acids in both cholesteryl esters and phospholipids are considered as negligible compared to the other 
fatty acids that were analyzed.  

 

31 Note that exposure 1 is the main exposure and is the one which will be interacted with “hypertension”.  
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In terms of nutritional factors, body mass index at visit 1 was computed by dividing weight in 

kilograms by the height-squared (in square meters). Baseline intake of antioxidants and other 

micronutrients (mainly Vitamins B12 and E) was considered as well. A number of co-morbid 

conditions were deemed as effect modifiers, the most important of which is hypertension.    For 

our purpose, an algorithm was used to define hypertensive status, using two of the three criteria 

that were used by Knopman and Alves de Moraes  and colleagues (44, 150). Our main effect 

modifier, hypertension, was operationalized using measured systolic and diastolic blood pressure at 

each visit as well as use of anti-hypertensive medication over the past two weeks. Blood pressure 

levels were calculated as the average of the second and third of three consecutive measurements 

with a random-zero sphygmomanometer. The cutoff point often used for hypertension is ≥140 

mm Hg. for SBP and ≥90 mm Hg. for DBP. Hypertensive individuals were defined as those who 

screened positive for measured hypertension at either visits 1 through 4 or were taking anti-

hypertensive medication over the past two weeks prior to examination on any of those visits.   

    Other co-morbid conditions considered as putative effect modifiers included: Stroke or TIAs, 

type II diabetes mellitus (defined as fasting blood glucose ≥140 mg./dl or self-reported diabetes or 

use of glucose lowering medication) and dyslipidemia (fasting blood HDL-C<40 (men) or <50 

(women) and TAG>150 mg/dl as recommended by NCEP (426)) at any visit, hypercoagulable 

profile (upper quintile of at least two of: fibrinogen, vWF and factor VIII), poor pulmonary 

function (ratio FEV1/FVC ≤ 0.70 as measured by a spirometer at visits 1 or 2), and depressive 

symptoms at visit 2 using a 21-item vital exhaustion scale.  
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The scale which was developed in the Netherlands, was found to be correlated with the Beck 

Depression Inventory (r=0.62) and is scored on a scale of 0-42, with positive responses scored as 

two; don’t know scored as one and negative responses as zero, except for two questions where 

scoring is reversed (427, 428). Use of medications was measured for descriptive purposes. 

Medications considered included statins or medications known to lower cholesterol, NSAIDs and 

psychotropic drugs, screened at all visits. The association of these covariates with our outcome was 

documented by several secondary analyses of the ARIC cohort (150, 197, 216, 406). Table 4.6 

shows the detailed operationalization of each covariate as well as the onset and period of exposure 

considered.  
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Table 4.6 Operationalization of covariates and effect modifers to be potentially included in the analysis 
 
Covariate Onset of 

follow-up 
Period 
of 
follow-
up 

Definition Categories 

     
SOCI-D     
    AGE Visit 1 n/a Age of eligible subject at 

visit 1 (in years) 
As it is; 50-65 

     
    GENDER n/a n/a Gender of eligible subject 1. Male; 2. Female 
         
    ETHNICITY n/a n/a Ethnicity of eligible 

subject 
1. White; 2. Non-white 

     
    EDUCATION Visit 1 n/a Educational attainment of 

eligible subject 
1. Less than HS 
2. HS+ 

GENETIC     
     
   APOEε4 GENOTYPE n/a n/a ApoE ε4 genotype 

 
0. No ε4 allele 
1. At least one ε4 allele 
 

         
BEHAV     
       
  SMOKING STATUS Visit 1 Visit 1 Smoking status of eligible 

subject  
0. Never smoked 
1. Smoked previously 
2. Current smoker 

     
 ALCOHOL 
CONSUMPTION 

Visit 1 Visit 1 FFQ-derived value of 
ethanol (g./day) 

As it is 

     
 CAFFEINE 
CONSUMPTION 

Visit 1 Visit 1 FFQ-derived value of 
caffeine (mg./day) 

As it is 

     
 PHYSICAL ACTIVITY Visit 1 Visit 1 Physical activity assessed 

by three sub-scales: work, 
leisure and sports. Sum of 
the sub-scales is 
computed.  

As it is 
(0-15) 
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Covariate Onset of 

follow-up 
Period of 
follow-up 

Definition Categories 

NUTR     
  BMI Visit 1 Visit 1 Body mass index of 

eligible subject: directly 
measured as 
weight(kg.)/Height2 (in 
m2).  

As it is 

     
TOTAL CALORIC 
INTAKE 

Visit 1 Visit 1 FFQ-derived value in 
KCal/day 

As it is 

     
VITAMIN A Visit 1 Visit 1 FFQ-derived value in 

1000 IUs/day 
As it is 

     
 VITAMIN C Visit 1 Visit 1 FFQ-derived value in 

mg./day 
As it is 

     
 VITAMIN E Visit 1 Visit 1 FFQ-derived value in 

mg./day 
As it is 

     
 FOLATE Visit 1 Visit 1 FFQ-derived value in 

mcg./day 
As it is 

     
 VITAMIN B6 Visit 1 Visit 1 FFQ-derived value in 

mg./day 
As it is 

     
 VITAMIN B12 Visit 1 Visit 1 FFQ-derived value in 

mcg./day 
As it is 

     
CO-MB      
   HYPERTENSION Visit 1 Visits 1-4 ≥140 mm Hg. for SBP and 

≥90 mm Hg. for DBP or 
taking anti-hypertensives. 

0. no; 1. yes 

   STROKE or TIAs Visit 1 Visits 1-4 History of Stroke or TIAs 0. no; 1. yes 
     
   DEPRESSION Visit 2 Visit 2 21-item vital exhaustion 

scale 
Continuous; sum of 
positive responses (Yes: 2; 
Don’t know: 1; No: 0). 
Range: 0-42.  

     
   TYPE II DIABETES Visit 1 Visits 1-4 Type II diabetes as assessed 

by self-report and/or blood 
glucose level >140 mg/dl 
and/or glucose lowering 
medication over past two 
weeks.   

0. no; 1. yes 
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Covariate Onset of 

follow-up 
Period of 
follow-up 

Definition Categories 

   DYSLIPIDEMIA 
(NCEP) 

Visit 1 Visits 1-4 Hypertriglyceridemia 
defined as TAG> 150 
mg./dl, and/or HDL 
cholesterol < 40 mg./dl for 
men and <50 mg./dl for 
women on at least two 
visits.  

0.no; 1. yes 

   POOR PULMONARY 
FUNCTION 

Visit 1 Visits 1-2 ratio FEV1/FVC ≤ 0.70 as 
measured by a spirometer 
at visits 1 or 2 

0. Normal; 1. Poor 

        
   HYPERCOAGULABLE 
PROFILE  

Visit 1 Visit 1 Fibrinogen, vWF and 
Factor VIII values: Highest 
quintile on two out of 
three.   

0.Low; 1. High 

      
     
MEDIC     
   USE OF 
PSYCHOTROPIC  
MEDICATIONS 

Visit 1 Visits 1-4 Use of  any of a list of 
psychotropic drugs  (CNS, 
Anesthetic/analgesic or 
neuromuscular drugs) 

0. no; 1. yes 

     
   USE OF ANIT-
INFLAMMATORY 
DRUGS 

Visit 1 Visits 1-4 Use of  NSAIDs. 0. no; 1. yes 

     
   USE OF STATINS  Visit 1 Visits 1-4 Use of any of  a list of 

drugs classified as statins 
(cholesterol lowering or 
known to lower 
cholesterol) 

0. no; 1. yes 

     
BASELINE COGNITIVE 
FUNCTIONING 

Visit 2 Visit 2 Baseline cognitive 
functioning (global or 
domain-specific). 

As it is 

     
 
 

D. Quality Assurance/Quality Control 
 
    During the data collection phase, routine quality assurance was provided at each field center by 

means of observation by the local study coordinator. Protocol adherence and interviewing 

technique were reviewed biannually by Coordinating Center Field (CCF) center monitors. 

Deviations from protocols and possible remedial actions were discussed with study coordinators 

and staff.  
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Major deviations, if applicable, were brought to the attention of the Exam (EXM) Committee. In 

terms of training, study coordinators were centrally trained before visit 2 and were responsible for 

providing local staff training before visit 2 start up. The same procedure applied to visit 4. With 

participant approval, and as stated earlier, all interviews were taped for quality control. A non-

systematic sample of interviews was reviewed by the supervisor. Technique and adherence to 

protocol are also monitored at least semi-annually by Coordinating Center Monitors; data quality is 

monitored by the quality control committee on a semi-annual basis.  

    In our present study, the following quality assurance efforts were be performed: (1) We looked 

for outliars in all exposure and outcome variables as well as covariates that are included in our 

models, (2) These outliars were deleted pairwise rather than listwise (3) Regression model 

assumptions were tested for adequacy using non-parametric methods and graphical 

representations. In particular the linearity of the logits assumption was tested for continuous 

exposure variables and normality of the exposure against the logits was also be verified.  

E. Data Analysis 

    Statistical analysis was split into three parts: (1) Plasma fatty acids were used as a biomarker for 

dietary fatty acids in a validation sub-study spanning only the Minneapolis White population. (2) 

Using results from the validation sub-study, the association between dietary fatty acids and 

cognitive decline outcomes was corrected for measurement error for the entire study population 

(i.e. spanning all four centers); (3) Plasma fatty acids were considered as the main exposure of 

interest in relation to cognitive decline outcomes and analysis was done only on the White 

Minneapolis center study subjects. No measurement error correction was conducted for this part 

of the analysis.  
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E.1. Validation Sub-study 

    The complexity of dietary behavior has been contrasted with the simplicity of dietary assessment 

tools. Consequently, measuring usual intake of nutrients with semi-quantitative food frequency 

questionnaires (FFQ) in epidemiological studies as an exposure to common chronic diseases has 

been plagued by random and systematic errors (429). Since systematic errors generally cause bias in 

relative risk estimates derived from multivariate models, it is crucial to assess validity of intake 

measures, in order to enhance the interpretation of estimated diet-disease associations and to 

improve their translation into dietary recommendations  (421, 430). One cost of measurement 

error in multivariate analyses is loss of statistical power. Assuming random error that is 

independent of true value of exposure and outcome Y, regression calibration is a technique which 

corrects for biases in causal models in situations where exposure variables are measured with error. 

The existence of a validation sub-study, where accurate and crude measurement methods are 

related by a second regression analysis, is assumed (431). Food frequency questionnaires (FFQ) 

have been historically validated against another dietary assessment method assumed to be more 

accurate such as multiple 24-hour recalls or food records of food intake (432-434). The problem 

attending this approach is that the same factors that affect these reference methods (R) may also 

affect the FFQ-based assessments (Q). This problem would make it impossible to presume 

independent random errors in the two methods, which in turn leads to over-estimation of the 

correlation between the reference method and the FFQ (435). Hence, to consider a method a gold 

standard, it should ideally be an accurate depiction of the truth and any error associated with it 

should be independent of errors that the test measure itself carries. Such restriction on 

measurement error associations makes biomarkers a desirable target for validation studies.  

    The present study aims at validating an FFQ for the estimation of essential fatty acid intake and 

biologically plausible combinations and ratios of these nutrients.  
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The study utilizes two reference measures: (i) an alloyed gold standard (T*) based on a biomarker 

of specific fatty acid levels in plasma phospholipids and empirically derived biochemical equations 

that estimate true dietary intake (381-383). This alloyed gold standard takes the biochemical 

approach to validation (ii) Two instrumental biomarkers for the level of fatty acids in the 

cholesteryl ester (M) and phospholipids (N) fractions of plasma which were previously shown to 

be linearly related to dietary intake as assessed by more reliable reference methods such as multiple 

24-hour recalls, food records or diet history (373-375, 436-440). These instrumental biomarkers 

take an epidemiological approach to validation. Findings from our study and its overall 

methodology may be used in subsequent analyses to adjust for measurement error in causal 

models linking intake of essential fatty acids and their biologically plausible ratios with disease 

outcomes.  

    While most epidemiological studies assume a linear relationship between dietary fatty acid intake 

and different biomarkers, the metabolic interactions of these fatty acids upon assimilation into 

different compartments suggest otherwise. Biochemical studies in the area of lipid research 

conducted by Lands and colleagues (381-383) suggest that the mixture of 20-C and 22-C highly 

unsaturated fatty acids (HUFAs) that are maintained in phospholipids of human plasma is related 

to the dietary intake of the four groups of fatty acids that were described earlier, expressed as 

percent of total energy intake. This relationship was empirically derived and is hyperbolic in nature 

among both humans and laboratory rats. The derived empirical equations were successful at 

reflecting the general metabolic selectivities that maintain fatty-acid composition in plasma 

phospholipids. The authors clearly stated that these equations can be used in reverse to estimate 

dietary intake of the ω-3 and ω-6 fatty acids by using the composition of the fatty acids that had 

been maintained in plasma phospholipids. The following competitive hyperbolic relationship 

reflecting saturable rate-limiting biochemical processes was used to derive these equations: 
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 Where Vmax in this case is 100, Km and Ki are constants that are closely related to the type of 

dietary fatty acid (S or I) in question. In particular, the following three empirically derived 

equations (4.2.1 through 4.2.3) were used in our analyses: 

-1

6
6

3 o S

C
1 1  100 

C C K
3p 6po

6p

T TT
pfh

T

  
= + + + +     

                             (4.2.1) 

-1

3
3

6 o S

C
1 1  100 

C C K
6p 3po

3p

T TT
pfh

T

  
= + + + +     

                                         (4.2.2)  

-1 1

6 6
6

3 3 o S 3

PC HC
1 1  100 + 1+ 1 100

PC HI C K HC
3p 3p 6po 3H

6p 6H

T T TT T
pfh

T T

−
      

= + + + + + +             
      (4.2.3) 

 Table A (Appendix A) shows definitions and values of each of the notations used in these 

three equations. The main method used to predict values of dietary variables of interest is also 

described fully in the appendix.  

    Statistical analyses and programming were conducted using STATA version 8.2  (412) and 

AMOS version 5.0 (441). We consider a structural model, in which i stands for individual and j for 

dietary variable j and Tij (a latent variable) is the true value of dietary intake of nutrient or ratio of 

nutrients j for subject i. For that subject i, Qij is the value of dietary variable j derived from the food 

frequency questionnaire, T*ij is its value derived from the alloyed gold standard and Mij is the value 

of instrumental biomarker for nutrient or nutrient ratio j (plasma cholesteryl ester level of fatty 

acids). In addition, Nij is another biomarker (plasma phospholipids level of fatty acids):  
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j j ij0Q 1Q Q  =   +    + ij ijQ Tα α ε            

* * *
j j ij

*
10T T T  

=   +    + ij ijT Tα α ε  

j j ij
10M M  

=   +    + ij ijM
M Tα α ε                                                                                                                                       (4.3) 

j j ij
10N N  

=   +    + ij ijN
N Tα α ε  

 We impose the following constraints and identification conditions: σ2 T = σ2 Q  = σ2 T*  =σ2 M  

=1; α0Q= α0T*= α0M= α0N =0. All error terms ε were centered at zero. Hence, for each variable j, we 

attempted to estimate ten parameters with their standard errors (SE) namely: α 1Q ; α1M ; α1N ; α1T*; 

σ2εQ ; σ2εT* ; σ2εM ; σ2εN ; Corr(εN , εT*); Corr(εN , εM) . The unconstrained model is over- identified 

with four degrees of freedom (d.f.): fourteen sample moments - ten free parameters. The model fit 

can be assessed as compared to a saturated model, using Root Mean Square Error of 

Approximation (RMSEA) with its 90 percent confidence interval (CI), as well as the χ2 test. The 

criterion of a good fit as suggested by Hu and Bentler is RMSEA<0.06 and a non-significant χ2 

test (442). In cases where error variances were found to be negative (Heywood cases), alternative 

models were selected with either Corr(εN , εM) or Corr(εT* , εN) are set to zero or both, leading to 

degrees of freedom of 5 and 6, respectively. In addition, the error variance was set to zero if 

needed along with the corresponding variable loading α which was set to 1, leading to even larger 

number of degrees of freedom (d.f.=8).  However, if after these constraints, we failed to reject the 

null hypothesis that σ2ε =0, the model was deemed having an improper solution and was not 

presented (443). Qij, T*ij , Mij and Nij are entered into the model as z-scored variables.  

 This set of equations allowed us to estimate the attenuation factor : 
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λj = Cov(Q,T)/Var(Q) = 
1

2 2 2
1 /

j

j Q j

Q

Q Tε

α
α σ σ+

 = Corr(Q,T) with its approximate SE. In addition, the 

variance of measurement error uij = Qij – Tij was estimated for each variable j (σ2 uj =σ2 εQj), given 

that Qj, T*j , Mj and Nj are linearly related to the true value Tj. An alternative method was used 

which allowed us to obtain covariances between errors in Qj rather than assuming the matrix to be 

diagonal. Using the maximum-likelihood method of fitting the model, we computed a predicted 

score for Tij through estimation of the factor score weights, using the regression method. These 

weights are computed by the following formula: 

Wj = BjSj
-1        (4.4) 

Where, for each variable j: Wj is the matrix of regression weights; Sj is the matrix of covariances 

among the observed variables (Q, T*, M and N); and Bj is the matrix of covariances between 

unobserved and observed variables (T vs. Q, T*, M and N). Each factor score can be estimated as 

follows: 

*
*

ˆ ˆ ˆ ˆ ˆ
ij Qj ij T j ij Mj ij Nj ijT W Q W T W M W N= + + +                                                                                (4.5)  

The variance-covariance matrix of errors ijû = Qij - ijT̂  or uuΣ̂  was estimated for both absolute and 

ratio measures j. 

E.2. Regression Calibration 

 Estimating the attenuation factor and the variance of the measurement error in an exposure 

variable or covariate constitutes the first step for measurement error adjustment using regression 

calibration (444). If a causal model (4.6.1) with a response variable Y contains one error-prone 

explanatory variable Qj, correction for attenuation, assuming non-differential misclassification, 

consists simply of dividing the regression coefficient β(naïve, j) of that variable Qj by λj (4.6.2). 
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Variance estimates for the corrected regression coefficient of effect as well as 95 percent CI are 

estimated using 4.6.3 and 4.6.4. 

0 (naïve, j )
ˆ ˆE( | ) =   +  j jY Q Q  β β         (4.6.1) 

(RC, j) (naïve, j) j
ˆ ˆ ˆ=   / β β λ                 (4.6.2)   

2 2 4
(RC, j) (naïve, j) (naïve, j) j (RC, j) (RC,j)

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆVar( ) = Var( )/  +   Var( )/   and SE( ) = Var( )  j jβ β λ β λ λ β β (4.6.3) 

(RC, j) (RC, j) (RC, j)
ˆ ˆ95 percent CI     ± 1.96 × SE( )β β β≡       (4.6.4) 

    For logistic regression, the assumptions made are linear homoscedastic regression of T on Q 

with a normally distributed error term and a rare disease requirement (444). Carroll and Stefanski 

(445) showed that the assumption of normality of f(T|Q) is not needed. Subsequently Kuha (446) 

introduced two key requirements for approximate unbiasedness of βRC : (i) β2
1 * σ2  product is 

small;  where σ2 = Var (T|Q, Zk); (ii) Pr(Y=1|T) is small and f(T|Q) is normal.  

    In cases where more than one error-prone variable and several perfectly measured variables are 

introduced into a causal model (4.7), the attenuation factor is no longer the parameter to be used 

for calibration.   

m n

0 T,naïve, Z,naïve,
1 =1

ˆ ˆ ˆ E( | ) =   +    +    j k j j k k
j k

Y Q  , Z Q Zβ β β
=
∑ ∑  (4.7) 

As an alternative, regression calibration becomes reliant on the variance-covariance matrix 

of error in the measurement of different error-prone variables Qj ( uuΣ̂ ) as well as the variance-

covariance matrices of the variables themselves. This relationship termed “method of moments” 

can be summarized as follows (447): 
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    The parameters that were presented include: Mean and SD for all continuous variables 

considered, proportions for categorical variables, factor loadings of Tj on T*j, Mj, and Nj, the 

attenuation factor jλ̂ , and uuΣ̂ upon post-estimation of Tij from the structural model. For several 

values of  β( naïve, j) and an associated Var(β( naïve, j)) = 0.0025, we estimated regression calibrated values 

β(RC, j). Finally, P-values associated with Student’s t and Pearson’s χ2 tests were computed to look 

for gender differentials in dietary, biomarker and other baseline measurements. Significance is set 

at an α-level of 0.05.  

 

E.3. Simulation Extrapolation (SIMEX) 

    Simulation extrapolation or SIMEX is a procedure consisting of four main steps:  

(i) Fitting the causal model to obtain the estimated coefficients βnaïve and an estimate of the 

measurement error variance σ2
u.  

(ii) Generating random pseudo errors for a scale factor θ times the estimated error variance ε ~ 

N(0, θσ2
u). These pseudo errors are added to the original values of the error prone covariate. Fit 

the model to obtain β{naïve, θj}. This is repeated r times to obtain mean coefficient vector β{ 

θj}= (1/r)Σ β{i, θj}. 

(iii) The previous step is repeated for j=1 …, k* scale factors, where typically we use θ = {.5, 1, 

1.5, 2}, though individual researchers may choose a longer list of scale factors. Using the typical list 

of scale factors, we have k=5 estimated coefficient vectors since k*=4 for the list above, and we 

have the estimated coefficient vector form the initial step (k=k*+1).  
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(iv) For each regression coefficient βm (m=1, …,p) in the model, we consider the estimated 

coefficient as a function of the scale factor θj  for j=1, …k. Formally, we specify a function f( ) 

such that   βm= f(θ,βm
{θ} ). We estimate this relationship and then extrapolate back the final 

estimates βm= f(θ0= -1, βm
{θ} )  (no measurement error ). Researchers are free to choose the form 

of the function f( ), but we point out that there are relatively few – in this case 5 – observations 

available to estimate the parameters of f( ). The function f( ) used to model the relationship 

between the estimated coefficient and θ is called the extrapolant function (448). Although deciding 

which model to fit is a valid question when performing SIMEX, it has been shown that 

conservative estimates with a quadratic curve do improve over the naïve estimator without any 

correction. Investigators may also use model fitting techniques to decide which model to fit and 

then extrapolate with. Calculating the standard error of the SIMEX estimator requires 100 

simulations on its own. With the ever increasing speed of computers, the necessary computing 

power is widely available (449). 

E.4. Main Study Analysis 

  We carried out univariate analyses of predictor and outcome variables as well as covariates. For 

bivariate analyses of exposure and outcome, we computed means of predictor variables across 

outcome groups (0: no decline; 1: declined) and assessed statistical significance of differences using 

independent samples t-test at an alpha level of 0.05.  We computed odds ratios of decline by each 

increase in exposure by 1 SD by conducting multivariate logistic regression analysis. Control for 

confounding was done using backward elimination and an overall change in estimate criterion of 

5%. Covariates which changed the estimated effect of the exposure by more than 5% were 

retained in the final model.  
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Covariates considered as potential confounders were: baseline cognitive functioning, socio-

demographics (age, sex, education, race), genetic factors (ApoE ε4 allele); behavioral factors 

(smoking, alcohol and caffeine consumption and physical activity) and nutritional factors (body 

mass index, caloric intake, other fatty acids, intake of antioxidants and vitamins B6, B12 and folate, 

other dietary fatty acids).  Hypertension was considered as a potential effect modifier. Likelihood 

ratio tests were used to assess statistical significance of interaction between exposure and 

hypertensive status at a type I error level of 0.20, after obtaining the final parsimonious model. All 

other covariates were deemed as potential intermediates and hence were not included in the 

multivariate models. The multivariate models can be summarized by equations (4.9.1) and (4.9.2):  

Logit[Pr(Y=1 | Q, Z)] = β0 + β1Q1 + Σβ2iQ2i  +  ΣβjZj     (4.9.1) 

Logit[Pr(Y=1 | Q, Z, H)] = β0 + β1Q1 + Σβ2iQ2i  + β3H  + ΣβjZj  +  γ Q1× H            (4.9.2) 

    Where Logit is the Loge[Pr/(1-Pr)], Y is the binary outcome of cognitive decline, Q1 is the main 

exposure of interest as derived from the FFQ, Q2i are the other fatty acids that might act as 

confounders, Zj is a vector of potential confounders that are assumed to be perfectly measured, 

and H is the effect modifier “hypertensive status” also assumed to be perfectly measured. The 

same process was used with the plasma exposures in cholesteryl esters and phospholipids. To 

correct for measurement error in dietary exposure, a sensitivity analysis was conducted for models 

(1) and (2) whereby regression calibration and simulation extrapolation were applied to the final 

parsimonious models for each outcome/exposure pair (449, 450). Statistical analyses were 

conducted using STATA ver. 8.2 (412). 

E.5. Additional Sub-group Analyses 

    Additional sub-group analysis was conducted similar to above. However, the analysis was 

restricted to the study population with plasma fatty acids available and measured at baseline (i.e. 

Minneapolis whites).  
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Plasma cholesteryl ester and phospholipid long chain ω-3 fatty acids were interacted with the 

following oxidative-stress inducing conditions: Apo E ε4 allele, hypertension, stroke/TIAs, type II 

diabetes mellitus, dyslipidemia, hypercoagulable profile, depression and poor pulmonary function.  

All these were measured using the definitions in Table 4.6. A cutoff point for depression was 

chosen based on quintile distribution and the uppermost quintile was compared to the rest of the 

population. In addition, all fatty acid groups (e.g. saturated, mono-unsaturated, poly-unsaturated) 

as well as selected individual fatty acids (e.g. palimitic, stearic, oleic, linoleic) were studied in 

relation to global cognitive decline.  



 

C h a p t e r  5  

RESULTS 

A. Validation of essential fatty acid intake from a semi-quantitative food frequency questionnaire using an alloyed 
gold standard and instrumental biomarkers 
 

 The use of food frequency questionnaires (FFQ) in epidemiological studies has been plagued 

by significant amounts of measurement error. Since error-prone exposures may cause bias in 

relative risk estimates, it is crucial to assess validity of intake measures to enhance interpretation of 

diet-disease associations, improving their translation into dietary recommendations. Regression 

calibration is a common method of adjusting relative risk for error in exposure. Fatty acid intake 

from a semi-quantitative FFQ administered in ARIC study at baseline (1987-89) was considered. 

Among middle-aged adults, 2,834 white subjects residing in Minneapolis had additional data on 

plasma phospholipids and cholesteryl ester fatty acids concentrations. This is the first use of 

structural models to estimate error variance-covariance matrix and attenuation factors of fatty acid 

exposures. These parameters constitute primary inputs into a regression calibration analysis. While 

FFQ is our test measure, validation included as references, an alloyed gold standard derived from 

biomarkers and empirical equations model and two other instrumental biomarkers required to be 

linearly correlated with true intake. Findings from our study may be applied to adjust measurement 

error in research using this FFQ on similar populations. Biomarkers must be unbiased estimates of 

truth for the methods of this paper to be applicable.  
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A.1. Introduction 

    The complexity of dietary behavior has been contrasted with the simplicity of dietary assessment 

tools. Consequently, measuring usual intake of nutrients with semi-quantitative food frequency 

questionnaires (FFQ) in epidemiological studies as an exposure to common chronic diseases has 

been plagued by random and systematic errors (429). Since systematic errors generally cause bias in 

relative risk estimates derived from multivariate models, it is crucial to assess validity of intake 

measures, in order to enhance the interpretation of estimated diet-disease associations and to 

improve their translation into dietary recommendations  (421, 430). One cost of measurement 

error in multivariate analyses is loss of statistical power. Assuming random error that is 

independent of true value of exposure and outcome Y, regression calibration is a technique which 

corrects for biases in primary regression models in situations where exposure variables are 

measured with error. The existence of a validation sub-study, where accurate and crude 

measurement methods are related by a second regression analysis, is assumed (431). Food 

frequency questionnaires (FFQ) have been historically validated against another dietary assessment 

method assumed to be more accurate such as multiple 24-hour recalls or food records of food 

intake (432-434). The problem attending this approach is that the same factors that affect these 

reference methods (R) may also affect the FFQ-based assessments (Q). This problem would make 

it impossible to presume independent random errors in the two methods, which in turn leads to 

over-estimation of the correlation between the reference method and the FFQ (435). Hence, to 

consider a method a gold standard, it should ideally be an accurate depiction of the truth and any 

error associated with it should be independent of errors that the test measure itself carries. Such 

restriction on measurement error associations makes biomarkers a desirable target for validation 

studies.  
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    The present study aims at validating an FFQ for the estimation of essential fatty acid intake and 

biologically plausible combinations and ratios of these nutrients. The study utilizes two reference 

measures: (i) an alloyed gold standard (T*) based on a biomarker of specific fatty acid levels in 

plasma phospholipids and empirically derived biochemical equations that estimate true dietary 

intake (381-383). This alloyed gold standard takes the biochemical approach to validation (ii) Two 

instrumental biomarkers for the level of fatty acids in the cholesteryl ester (M) and phospholipids 

(N) fractions of plasma which were previously shown to be linearly related to dietary intake as 

assessed by more reliable reference methods such as multiple 24-hour recalls, food records or diet 

history (373-375, 436-440). These instrumental biomarkers take an epidemiological approach to 

validation. Findings from our study and its overall methodology may be used in subsequent 

analyses to adjust for measurement error in primary regression linking intake of essential fatty acids 

and their biologically plausible ratios with disease outcomes.  

A.2. Methods 

A.2.1. Study Population 

    The Atherosclerosis Risk in Communities (ARIC) is a prospective study conducted between 

1987 and 1998 to investigate the etiology of atherosclerosis and its clinical sequelae and variation in 

cardiovascular risk factors, medical care, and disease by race, sex, place, and time in each of four 

US communities, namely Forsyth County, North Carolina, Jackson, Mississippi, suburbs of 

Minneapolis, Minnesota, and Washington County, Maryland. Using probability sampling, ARIC 

included 15,792 men and women between the ages of 45 and 65 years at baseline (403).  
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We restricted our population to 2,834 white men and women aged 50-65 years at baseline, residing 

in the Minneapolis metropolitan area, since this selective group has complete data on dietary and 

plasma levels of fatty acids and the age group is of particular interest to study the effect of 

exposures among middle-aged and older adults.   

A.2.2. Diet Assessment 

    Usual dietary intake was estimated using an interviewer-administered semi-quantitative FFQ 

modified from a 61-item questionnaire previously developed and validated by Willet and 

colleagues against multiple food records among a sub-sample of the Nurse’s Health Study 

cohort (416). Subjects were asked how often, on average, they had consumed certain foods in 

portions of a specified size during the preceding year. There were nine possible responses, 

ranging from "almost never" to "more than six times per day." Daily intake of nutrients was 

calculated by multiplying the nutrient content of each food in the portion specified by the 

frequency of daily consumption and summing the results. The nutrient content of each food was 

obtained from the Harvard nutrient data base for which the primary source was the Department 

of Agriculture handbook(417). Dietary intake of essential fatty acids and their elongated and 

desaturated products can be expressed as percent of total energy intake and grouped under four 

main categories: (3P) ω -3 UFAs: 18:3+18:4ω-3;  (6P) ω -6 UFAs: 18:2+{18:3ω-6}; (3H) ω-

3HUFAs: 20:5+22:5+22:6ω-3 and (6H) ω-6 HUFAs: {20:3}+20:4+{22:4+22:5} ω-6.  Fatty 

acids between braces were imputed as very small numbers (0.003 percent for 18:3 ω-6 and 0.002 

percent for 20:3+22:4+22:5 ω-6 as estimated from the literature) since they could not be directly 

analyzed from the FFQ.  
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A.2.3. Alloyed gold standard and instrumental biomarkers 

    Twelve-hour fasting blood was collected according to the ARIC study wide protocol. The 

Minneapolis field center conducted fatty acid analysis in plasma phospholipid and cholesteryl 

ester fractions for visit 1 blood specimens among the white segment of the study population in 

that center. The procedure is described in detail elsewhere  (422). The identity of 28 fatty acid 

peaks were revealed by gas chromatography by comparing each peak’s retention time to the 

retention times of fatty acids in synthetic standards of known compositions. The relative amount 

of each fatty acid (as a percent of all fatty acids) could be calculated by integrating the area under 

the peak and dividing the result by the total area for all fatty acids and multiplying by 100. To 

minimize transcription errors, data from the chromatogram was transferred electronically to a 

computer for analysis. Two instrumental biomarkers, consisting of the plasma phospholipids 

and cholesteryl ester level of fatty acids in each of the groups described above, were used to 

assess measurement error in the FFQ.  

 While most epidemiological studies assume a linear relationship between dietary fatty acid 

intake and different biomarkers, the metabolic interactions of these fatty acids upon assimilation 

into different compartments suggest otherwise. Biochemical studies in the area of lipid research 

conducted by Lands and colleagues (381-383) suggest that the mixture of 20-C and 22-C highly 

unsaturated fatty acids (HUFAs) that are maintained in phospholipids of human plasma is related 

to the dietary intake of the four groups of fatty acids that were described earlier, expressed as 

percent of total energy intake. This relationship was empirically derived and is hyperbolic in nature 

among both humans and laboratory rats. The derived empirical equations were successful at 

reflecting the general metabolic selectivities that maintain fatty-acid composition in plasma 

phospholipids.  



 

 133 

The authors clearly stated that these equations can be used in reverse to estimate dietary intake of 

the ω-3 and ω-6 fatty acids by using the composition of the fatty acids that had been maintained in 

plasma phospholipids. The following competitive hyperbolic relationship reflecting saturable rate-

limiting biochemical processes was used to derive these equations: 

 max
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V
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K %
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en S
+ +

                                        (5.1) 

 Where Vmax in this case is 100, Km and Ki are constants that are closely related to the type of 

dietary fatty acid (S or I) in question. In particular, the following three empirically derived 

equations (5.2.1 through 5.2.3) were used in our analyses: 
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 Appendix A Table A.1. shows definitions and values of each of the notations used in these 

three equations. The main method used to predict values of dietary variables of interest is also 

described fully in the appendix.  

A.2.4. Statistical analysis 

    Statistical analyses and programming were conducted using STATA version 8.2  (412) and 

AMOS version 5.0 (441). We consider a structural model, in which i stands for individual and j for 

dietary variable j and Tij (a latent variable) is the true value of dietary intake of nutrient or ratio of 

nutrients j for subject i.  
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For that subject i, Qij is the value of dietary variable j derived from the food frequency 

questionnaire, T*ij is its value derived from the alloyed gold standard and Mij is the value of 

instrumental biomarker for nutrient or nutrient ratio j (plasma cholesteryl ester level of fatty acids). 

In addition, Nij is another biomarker (plasma phospholipids level of fatty acids). All measured 

quantities were standardized into z-scores. Latent variable T was constrained to have a mean of 

zero and a variance of 1.  

j j ij0Q 1Q Q  =   +    + ij ijQ Tα α ε          

* * *
j j ij

*
10T T T  

=   +    + ij ijT Tα α ε  

j j ij
10M M  

=   +    + ij ijM
M Tα α ε                                                                                                                                       (5.3) 

j j ij
10N N  

=   +    + ij ijN
N Tα α ε  

 We impose the following constraints and identification conditions: σ2 T = σ2 Q  = σ2 T*  =σ2 M  

=1; α0Q= α0T*= α0M= α0N =0. All error terms ε were centered at zero. Hence, for each variable j, we 

attempted to estimate ten parameters with their standard errors (SE) namely: α 1Q ; α1M ; α1N ; α1T*; 

σ2εQ ; σ2εT* ; σ2εM ; σ2εN ; Corr(εN , εT*); Corr(εN , εM) . The unconstrained model is over- identified 

with four degrees of freedom (d.f.): fourteen sample moments - ten free parameters. The model fit 

can be assessed as compared to a saturated model, using Root Mean Square Error of 

Approximation (RMSEA) with its 90 percent confidence interval (CI), as well as the χ2 test. The 

criterion of a good fit as suggested by Hu and Bentler is RMSEA<0.06 and a non-significant χ2 

test (442). In cases where error variances were found to be negative (Heywood cases), alternative 

models were selected with either Corr(εN , εM) or Corr(εT* , εN) are set to zero or both, leading to 

degrees of freedom of 5 and 6, respectively.  
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In addition, the error variance was set to zero if needed along with the corresponding variable 

loading α which was set to 1, leading to even larger number of degrees of freedom (d.f.=8).  

However, if after these constraints, we failed to reject the null hypothesis that σ2ε =0, the model 

was deemed having an improper solution and was not presented (443). Qij, T*ij , Mij and Nij are 

entered into the model as z-scored variables.  

 This set of equations allowed us to estimate the attenuation factor : 

λj = Cov(Q,T)/Var(Q) = 
1

2 2 2
1 /

j

j Q j

Q

Q Tε

α
α σ σ+

 = Corr(Q,T) with its approximate SE. In addition, the 

variance of measurement error uij = Qij – Tij was estimated for each variable j (σ2 uj =σ2 εQj), given 

that Qj, T*j , Mj and Nj are linearly related to the true value Tj. An alternative method was used 

which allowed us to obtain covariances between errors in Qj rather than assuming the matrix to be 

diagonal. Using the maximum-likelihood method of fitting the model, we computed a predicted 

score for Tij through estimation of the factor score weights, using the regression method. These 

weights are computed by the following formula: 

Wj = BjSj
-1        (5.4) 

Where, for each variable j: Wj is the matrix of regression weights; Sj is the matrix of covariances 

among the observed variables (Q, T*, M and N); and Bj is the matrix of covariances between 

unobserved and observed variables (T vs. Q, T*, M and N). Each factor score can be estimated as 

follows: 

*
*

ˆ ˆ ˆ ˆ ˆ
ij Qj ij T j ij Mj ij Nj ijT W Q W T W M W N= + + +                                                                                (5.5)  

The variance-covariance matrix of errors ijû = Qij - ijT̂  or uuΣ̂ , as estimated for both absolute and 

ratio measures, is presented for untransformed values of j. 
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    Estimating the attenuation factor and the variance of the measurement error in an exposure 

variable or covariate constitutes the first step for measurement error adjustment using regression 

calibration. According to Rosner and colleagues (444), if a primary regression model (5.6.1) with a 

response variable Y contains one error-prone explanatory variable Qj, correction for attenuation, 

assuming non-differential misclassification, consists simply of dividing the regression coefficient 

β(naïve, j) of that variable Qj by λj (5.6.2). Variance estimates for the corrected regression coefficient 

of effect as well as 95 percent CI are estimated using 5.6.3 and 5.6.4. 

0 (naïve, j )
ˆ ˆE( | ) =   +  j jY Q Q  β β  (5.6.1) 

(RC, j) (naïve, j) j
ˆ ˆ ˆ=   / β β λ                 (5.6.2)   

2 2 4
(RC, j) (naïve, j) (naïve, j) j (RC, j) (RC,j)

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆVar( ) = Var( )/  +   Var( )/   and SE( ) = Var( )  j jβ β λ β λ λ β β (5.6.3) 

(RC, j) (RC, j) (RC, j)
ˆ ˆ95 percent CI     ± 1.96 × SE( )β β β≡  (5.6.4) 

    For logistic regression, the assumptions made are linear homoscedastic regression of T on Q 

with a normally distributed error term and a rare disease requirement (444). Carroll and Stefanski 

(445) showed that the assumption of normality of f(T|Q) is not needed. Subsequently Kuha (446) 

introduced two key requirements for approximate unbiasedness of βRC : (i) β2
1 * σ2  product is 

small;  where σ2 = Var (T|Q, Zk); (ii) Pr(Y=1|T) is small and f(T|Q) is normal.  

    In cases where more than one error-prone variable and several perfectly measured variables are 

introduced into a primary regression model (5.7), the attenuation factor is no longer the parameter 

to be used for calibration.   

m n

0 T,naïve, Z,naïve,
1 =1

ˆ ˆ ˆ E( | ) =   +    +    j k j j k k
j k

Y Q  , Z Q Zβ β β
=
∑ ∑  (5.7) 
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    As an alternative, regression calibration becomes reliant on the variance-covariance matrix of 

error in the measurement of different error-prone variables Qj ( uuΣ̂ ) as well as the variance-

covariance matrices of the variables themselves. This relationship termed “method of moments” 

can be summarized as follows (447): 
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    Alternatively, one can use simulation extrapolation (SIMEX) which also relies on the method of 

moments with an estimate of uuΣ̂  or replicate measures of the error-prone variable. This method 

is described in detail in (449). The parameters that were presented include: Mean and SD for all 

continuous variables considered, proportions for categorical variables, factor loadings of Tj on T*j, 

Mj, and Nj, the attenuation factor jλ̂ , and uuΣ̂ upon post-estimation of Tij from the structural 

model. For several values of  β( naïve, j) and an associated Var(β( naïve, j)) = 0.0025, we estimated 

regression calibrated values β(RC, j). Finally, p-values associated with independent samples t and 

Pearson’s χ2 tests were computed to look for gender differentials in dietary, biomarker                                                                                                                                                                                                            

and other baseline measurements. Null hypothesis is that of no difference across genders and 

significance is set at an α-level of 0.05.  

A.3. Results 

    The cohort under study consisted of 2,834 white older adults aged between 50 and 65 years at 

baseline (1987-89) residing in the suburbs of Minneapolis, 1,404 of whom were women. While age 

was almost equally distributed between the 5-year brackets among men, women were more 

concentrated in the age group 50-54 (41.5 percent). In terms of education, a wide gender gap was 

noted whereby 66 percent of men belonged to the uppermost category of attainment as compared 

to only 45.3 percent among women.  
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Body mass index was on average higher among men and overall, 24.1 percent of the population 

was obese. Over half of the men were former smokers as compared to only around 30 percent of 

women. Alcohol and total energy intake were more elevated among men (p<0.001). In contrast, 

Vitamins A and E intake was higher among women, while no significant difference between 

genders was shown for Vitamin C consumption (Table 5.1.1). 

    Table 5.1.2 presents means and standard deviations of observed fatty acid intake from FFQ (Q) 

and alloyed gold standard measure based on plasma phospholipid biomarkers and empirical 

equations models (T*) as well as instrumental biomarker level in the cholesteryl ester and 

phospholipids fraction of plasma corresponding to each intake variable j (M and N). Comparing 

mean Q to mean T* levels, we find that in general, Q is an underestimate of T* particularly for 

absolute measures of fatty acid intake. For ratio of ω-3 to ω-6 intake, underestimation was found 

only for j = 3H/6H, while 3P/6P and 3/6 were slightly overestimated. Statistically significant 

gender differentials were noted for most Q, M and N variables, but only one T* variable ( *
3pT ). 

    To prove that the method used was able to provide combinations of fatty acids that would 

improve the fit of observed values of pfh3 and pfh6 to the empirical equations model, we entered 

T* followed by Q combinations of dietary intake values into equations (5.2.1) through (5.2.3) and 

estimated the predicted values of pfh6 and pfh3 accordingly. Figure 5.1.1 shows a scatter plot of 

predicted values of these biomarkers as compared to their observed values. Using equation (5.2.1) 

which predicted pfh6 based on combinations of 3P, 6P and O fatty acid intake, the correlation 

between observed and predicted when entering Q in contrast to T* combinations was increased 

from 0.25 to 0.87. Similarly, and because of the methodology used, a perfect fit was produced for 

equation (5.2.2) which predicted pfh3 with the T* combination (r=1.00) as compared to a flat 

slope with the Q combinations (r=0.19).  
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Finally, for the third empirical equation (5.2.3) which again predicted pfh6 but this time by adding 

the effects of 3H and 6H fatty acids, the correlation between predicted and observed was 

increased from as low as r=0.04 for the Q combination to as high as r=0.37 for the T* 

combination. Hence, overall, the method was able to improve the fit of all three equations and 

produce combinations of fatty acid intake that are in line with the empirical equations model and 

the levels of biomarkers observed. It is therefore possible to consider *
jT as alloyed gold standards 

against which one can compare to the Qj dietary intake variables derived from the semi-quantitative 

FFQ.  

    Table 5.1.3 presents the results of the structural model with focus on the free parameters that 

were estimated, including factor loadings with their SE and the error variances. The results are 

shown for untransformed values of variables j. While the biomarkers M and N loaded heavily on 

all measures of intake, the alloyed gold standard T* was mostly influencing the distribution of ratio 

variables of intake (i.e. 3P/6P, 3H/6H and 3/6) as well as intake of long chain ω-3 fatty acids (3H). 

The attenuation factor (λj = α1Q) ranged between 0.056 for 6H and 0.494 for 3H/6H. Model fit 

was acceptable for all  j variables based on χ2 test and RMSEA statistics.   

    Using estimates of factor score weights MjjTQj WWW ˆ,ˆ,ˆ
* and NjŴ , factor scores were 

reconstructed from the original measured variable scores. Findings from Table 5.1.4 indicated that 

error in Qj was most pronounced for variable 6P, 6H,  6 and 3+6  ( 5.1ˆ 2 >uσ ) which is in line with 

findings from Table 3. In addition, errors were correlated between specific sets of variables, 

indicating that if these variables were entered simultaneously in a primary regression model, the 

measurement error variance-covariance matrix should take into consideration these correlations.  
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However, a closer look at these correlations show that primary regression models that are usually 

fit would not include these variables simultaneously (e.g. 3 and 3P at the same time) hence 

reducing the danger of multicollinearity. The variance-covariance matrix can be used to adjust for 

measurement error in error-prone variables that are entered into a multivariate primary regression 

model. 

A.4.Discussion 

    This is one of the very few attempts to estimate an error variance-covariance matrix ( uuΣ̂ ) that 

can be used subsequently by other researchers for the purpose of correcting for measurement 

error in multivariate generalized linear models. Estimates of attenuation factors (λj) which can be 

used mainly in bivariate generalized linear models were also reported. The approach used was 

similar to previous research  (429, 451, 452).  While this article focused on regression calibration, 

other measurement error models utilize uuΣ̂ , including simulation extrapolation (SIMEX), methods 

with instrumental variables and maximum-likelihood methods(447). Health outcomes that have 

traditionally been of interest in relation to essential fatty acids and the balance between them 

include coronary heart disease (324, 325), stroke (327, 328), type II diabetes (341),  breast and 

prostate cancer  (453, 454), depression (351, 352), cognitive functioning  (137, 141, 388, 389), 

hypercoagulable profile (332, 336) and COPD (422). While the transportability of this estimate of 

error variance may be limited to older adults participating in the ARIC study, it is also possible to 

utilize it for other studies using the same FFQ instrument and having participants with similar 

characteristics. One major implication to measurement error, as stated earlier, is loss of statistical 

power to detect an exposure-disease association.  
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In fact, the sample size required to detect a specific risk ratio (e.g. RR=2) is inflated proportionally 

to the inverse squared attenuation factor. For instance, if the true λj was 0.2, the sample size, 

calculated by assuming that λj is equal to 0.4, should be multiplied by 0.42/0.22 = 4 to achieve 

nominal power (455) . Table A.2. (Appendix A) presents a hypothetical sensitivity analysis where 

naïve estimates of regression coefficients from a disease model are calibrated using results from 

Table 3 and the method of regression calibration as outlined earlier. We assumed that standard 

errors of naïve estimates were 0.05. Using a set of equations, we estimated regression calibrated 

coefficients β(RC, j) and the corresponding SE for each variable j. For instance, for 3H and for a 

logistic regression model of disease risk, the results would indicate that a 1 SD increase in 3H 

would increase the odds of a disease by 63 percent rather than 22 percent after calibration. For a 

protective effect of 3H, this corresponds to attenuation for the odds ratio (OR) from 0.61 to 0.82.   

However, since SE of the regression coefficient was increased from 0.050 to 0.103, the 95 percent 

CI for OR were wider after calibration. It is worth noting that because latent variable T (true intake 

of fatty acids as % of energy intake) is on a z-score standardized scale, the use of the attenuation 

factor and error variance covariance would lead to a calibrated standardized regression model. For 

a logistic model, an odds ratio is interpreted as increase or decrease in odds of disease with every 

SD increase in the continuous z-scored exposure.  

    Some of the main limitations of this study include the lack of a reference method that is known 

to be more reliable than FFQs in the ARIC study (e.g. multiple 24-hour recalls or food records).  

However, because of correlated errors between self-report methods, the use of biomarkers has 

often been cited as a more adequate means to assess the extent of measurement error in a test 

instrument.  
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Another drawback is the fact that plasma levels of fatty acids in both fractions studied constitute a 

short-term measure of intake although they have been shown to correlate well with long-term 

intake (9). In addition, the lack of certainty as to the nature of the relationship between the 

biomarkers considered and the intake variables and the potential interaction of these dietary 

exposures with other nutritional, environmental and genetic factors constitutes a major challenge 

for interpretation. For this reason, and using structural equations modeling, estimation of 

measurement error in FFQ derived nutrients took into consideration two approaches, by including 

an alloyed gold standard with assumed hyperbolic relationship with biomarkers in plasma 

phospholipids (a biochemical approach) and two instrumental biomarkers with assumed linear 

relationship with intake (an epidemiological approach). Finally, although there has been evidence 

of correlation between intake of fatty acids and their levels in the substrates considered in our 

study, such a correlation does not necessarily render these biomarkers an adequate reflection of 

long-term fatty acid intake. In fact, the only substrate that has been shown to work as a gold 

standard is adipose tissue. However, because of the elevated cost and invasiveness of the 

procedure, studies using adipose tissue fatty acid concentration as an intake biomarker were often 

of limited sample size and hence correlations obtained had insufficient levels of precision (377, 

379). Another potentially adequate biomarker that was often used to validate medium-term intake 

of fatty acids is erythrocyte membrane concentration (369, 378).  Future endeavors to correct for 

error should make use of structural equations modeling and include as many instrumental 

biomarkers as is available along with other self-reported or biomarker-based reference methods of 

dietary assessment. However, the choice of biomarkers and interpretation of their variability must 

be made as to account for biochemical and physiological interactions between dietary, 

environmental and genetic factors.   
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Moreover, one must be cautious of coupled errors between biological markers and must take into 

account these correlations when specifying the structural model. Finally, because structural 

equations modeling makes a strong assumption about joint multivariate normality, often not 

present, it is crucial for future studies to use newly developed methodologies which appear to be 

more flexible in many ways (456).   
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TABLE 5.1.1  
Baseline characteristics of the study population of MN whites aged 50+ at visit 1 by gender; ARIC (1987-89) 

 

  Women  Total sample 
 

Men 
(N= 1,430 )  (N= 1,404 )  (N=2,834 ) 

Age(years)         
   50-54 33.9*   41.5   37.7  
   55-59 34.5   32.1   33.3  
   60+ 31.5   26.4   29.0  
   Mean (SD†) 56.9*  (4.3)  56.1  (4.2)  56.5  (4.3) 
Education          
   Less than High  school 8.5*   6.4   7.4  
   High school graduate 25.5   48.2   36.8  
   More than High school 66.0   45.3   55.8  
Body Mass Index (kg. per m2)         
   <25.00 22.7*   45.0   33.7  
   25.0-29.9 51.6   32.6   42.2  
   ≥30 25.8   22.4   24.1  
   Mean (SD) 27.8*  (3.8)  26.6  (5.1)  27.2  (4.5) 
Smoking status         
  Current smoker 20.2*   22.5   21.4  
  Former smoker 52.7   29.9   41.4  
  Never smoked 27.1   47.5   37.2  
Alcohol (g/d) 12.2* (18.0)  4.7 (8.1)  8.5  (14.5) 
Energy intake (Kcal/day) 1684*  (589)  1473  (511)  1579  (562) 
Vitamin A (1000 IUs/day) 8.3*  (7.3)  9.0  (6.2)  8.6  (6.8) 
Vitamin C (mg/day) 110.7  (72.4)  113.7  (69.1)  111.9  (70.8) 
Vitamin E (mg/day) 4.8*  (3.4)  4.4  (2.4)  4.6  (2.9) 
         

        
*p<0.05 for null hypothesis that mean or proportion among men is equal to mean or proportion among women.  
† SD, standard deviation 
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TABLE 5.1.2  
Fatty acid intake measures (Q, T*) and biomarker levels (M, N); ARIC (1987-89)  

*p < 0.05 for null hypothesis that mean among men is equal to mean among women. 
† Units: Q is the test measure derived from food frequency questionnaire and T* is the alloyed gold standard derived from a set of biomarkers and 
empirical equations. Both are expressed as percent of total energy intake; M and N are instrumental biomarkers required to be linearly related to true 
dietary intake. They are expressed as percent of total fatty acid concentration in substrate. The substrate for M is plasma cholesteryl esters and for N is 
plasma phospholipids. ‡SD, Standard Deviation.  § Subscript notations are described in the materials and methods section, under “dietary 
assessment”.    
 

 
 

  Men  Women  Total Sample 
  Mean (SD‡)  Mean (SD)  Mean (SD) 

          
FFQ fatty acid intake (Q)†          
     Q6p  4.767* (1.544)  4.508 (1.572)  4.638 (1.563) 
     Q3p  0.413 (0.090)  0.410 (0.091)  0.412 (0.091) 
     Q6H  0.075 (0.027)  0.074 (0.027)  0.074 (0.027) 
     Q3H  0.135* (0.137)  0.174 (0.167)  0.154 (0.154) 
     Q6  4.841* (1.546)  4.582 (1.574)  4.713 (1.565) 
     Q3  0.531* (0.146)  0.562 (0.177)  0.546 (0.163) 
     Q3+6    5.390* (1.545)  5.166 (1.571)  5.279 (1.561) 
     Q3p/Q6p  0.095* (0.036)  0.102 (0.043)  0.098 (0.039) 
     Q3H/Q6H   1.791* (1.634)  2.252 (1.754)  2.019 (1.710) 
     Q3/Q6  0.121* (0.057)  0.138 (0.070)  0.130 (0.064) 
Alloyed Gold Standard (T*)†          
     T*6p  10.030 (3.543)  9.915 (3.505)  9.973 (3.524) 
     T*3p  0.571* (0.227)  0.552 (0.225)  0.562 (0.226) 
     T*6H  0.233 (0.121)  0.228 (0.124)  0.231 (0.122) 
     T*3H  0.544 (0.270)  0.539 (0.275)  0.542 (0.272) 
     T*6  10.263 (3.507)  10.143 (3.469)  10.204 (3.488) 
     T*3  1.115 (0.383)  1.092 (0.382)  1.104 (0.383) 
     T*3+6  11.379 (3.758)  11.235 (3.719)  11.308 (3.739) 
     T*3p/T*6p  0.058 (0.016)  0.057 (0.021)  0.058 (0.019) 
     T*3H/T*6H   2.557 (1.092)  2.605 (1.152)  2.581 (1.123) 
     T*3/T*6  0.115 (0.041)  0.114 (0.046)  0.115 (0.043) 
Instrumental Biomarker #1 (M)†          
     M6p  54.930 (4.460)  55.114 (4.817)  55.021 (4.641) 
     M3p  0.388* (0.099)  0.434 (0.108)  0.411 (0.106) 
     M6H  8.947* (1.657)  9.226 (1.820)  9.085 (1.745) 
     M3H  0.977* (0.391)  1.026 (0.435)  1.001 (0.414) 
     M6  62.895* (4.029)  63.266 (4.372)  62.079 (4.206) 
     M3  1.365* (0.422)  1.460 (0.464)  1.412 (0.446) 
     M3+6  65.242* (3.796)  65.800 (4.100)  65.518 (3.958) 
     M3p/M6p  0.007 (0.002)  0.008 (0.002)  0.007 (0.002) 
     M3H/M6H   0.111 (0.046)  0.113 (0.055)  0.112 (0.051) 
     M3/M6  0.022* (0.007)  0.023 (0.008)  0.022 (0.008) 
Instrumental Biomarker #2 (N)†          
     N6p  22.092 (2.576)  21.900 (2.737)  21.997 (2.658) 
     N3p  0.130* (0.044)  0.154 (0.051)  0.142 (0.049) 
     N6H  15.715 (2.055)  15.857 (2.196)  15.785 (2.127) 
     N3H  3.340* (1.085)  3.488 (1.055)  3.413 (1.072) 
     N6  37.700 (1.790)  37.646 (1.897)  37.673 (1.843) 
     N3  3.469* (1.085)  3.642 (1.053)  3.555 (1.073) 
     N3+6  41.276 (0.046)  41.400 (0.049)  41.338 (1.775) 
     N3p/N6p  0.006* (0.002)  0.007 (0.002)  0.006 (0.002) 
     N3H/N6H   0.217* (0.085)  0.224 (0.083)  0.220 (0.084) 
     N3/N6  0.093* (0.032)  0.097 (0.032)  0.095 (0.032) 
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TABLE 5.1.3.  
Structural equations model: Factor loading estimates with standard errors (SE) and model fit statistics;  
ARIC (1987-89) 
 

 
* Models with d.f=4 estimated Corr(εM, εN), Corr(εN, εT*) and had no constraints on error variances or factor loadings. Models with d.f.=5 had a constraint on Corr(εM, εN)=0. Models with d.f.=8 had constraints on 
both Corr(εM, εN)= Corr(εN, εT*)=0 and error variance of either N or M ≈0 and α1M  or α1N = 1. †A sensitivity analysis in models with correlated errors constraints showed that constraining correlations to non-zero 

values had little effect on the estimate of  λj. Cov(εM, εN) was varied between -0.1 and 0.1 in increments of 0.05 for models with 5 degrees of freedom. Results of this sensitivity analysis can be provided upon request.  

 
 
 

 Factor Loadings (SE) Model fit statistics 
 α1Q = λj α1M α1N α1T* χ2 (d.f.) RMSEA (90% CI) 

  6P 0.241 (0.019) 0.996 (0.026) 0.864 (0.024)  -0.067 (0.019) 5.9  (5) 0.008 (0.000, 0.028) 
  3P 0.174 (0.033) 0.482 (0.077) 0.520 (0.096)  0.415 (0.067) 0.0 (4) 0.000 (0.000, 0.000) 
  6H 0.079 (0.019) 1 … 0.898 (0.008)  0.017 (0.019) 18.6 (8) 0.022 (0.009, 0.035) 
  3H 0.389 (0.017) 0.870 (0.009) 1 …  0.058 (0.019) 7.2 (8) 0.000 (0.000, 0.020) 
  6 0.268 (0.020) 0.875 (0.029) 0.823 (0.029)  -0.039 (0.021) 4.7 (5) 0.000 (0.000, 0.025) 
  3 0.313 (0.019) 0.900 (0.021) 0.942 (0.021)  0.110 (0.021) 8.1 (5) 0.015 (0.000, 0.033) 
  3+6 0.223 (0.018) 1 … 0.758 (0.012)  -0.060 (0.019) 3.9 (8) 0.000 (0.000, 0.012) 
  3P/6P 0.363 (0.026) 0.748 (0.042) 0.595 (0.045)  0.472 (0.030) 0.0 (4) 0.000 (0.000, 0.000) 
  3H/6H 0.443 (0.033) 0.779 (0.051) 0.938 (0.059)  0.322 (0.027) 0.0 (4) 0.000 (0.000, 0.000) 
  3/6 0.364 (0.019) 0.956 (0.020) 0.876 (0.020)  0.569 (0.019) 5.8 (5) 0.007 (0.000, 0.028) 
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TABLE 5.1.4.  

Variance-covariance and correlation matrix of measurement error ( uuΣ̂ ) in measured variables Qj ; ARIC (1987-89) 

 
 

uuΣ̂  

Variable j 6P 3P 6H 3H 6 3 3+6 3P/6P 3H/6H 3/6 
           
  6P (1.506) † 0.164* -0.214 -0.090 0.914 -0.026 0.940 -0.360 0.038 -0.452 
  3P 0.207‡ (1.054) 0.015 0.006 0.111 0.456 0.191 0.527 -0.034 0.223 
  6H -0.356 0.021 (1.842) 0.347 0.025 0.330 0.028 -0.107 -0.094 0.188 
  3H -0.122 0.007 0.521 (1.222) -0.0762 0.864 0.048 0.123 0.816 0.689 
  6 1.286 0.131 0.038 -0.097 (1.315) -0.019 0.958 -0.440 -0.050 0.475 
  3 -0.037 0.535 0.511 1.091 -0.025 (1.305) 0.129 0.341 0.671 0.742 
  3+6 1.439 0.245 0.047 0.129 -0.480 0.370 (1.555) -0.360 0.105 0.682 
  3P/6P -0.421 0.514 -0.138 0.066 1.369 0.184 -0.427 (0.906) 0.105 0.682 
  3H/6H 0.047 -0.034 -0.129 0.911 -0.056 0.775 0.093 0.101 (1.021) 0.548 
  3/6 -0.609 0.251 0.280 0.837 -0.599 0.932 -0.463 0.713 0.608 (1.207) 
           

 
*  Numbers in italics constitute the correlation coefficients of measurement error between variables j. † Numbers in parentheses constitute the variance of error for variable j.  
‡ Numbers that are non-italicized are the covariances between measurement errors of variables j.  
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FIGURE 5.1.1. Scatter plot of predicted (x-axis) vs. observed (y-axis) pfh3 and pfh6 biomarkers: 
Improvement in model fit between “T*” and “Q” combinations; ARIC (1987-89)* 

 
 

 
 
 

 
* pfh6: Observed value of the pfh6 biomarker; pfh3: Observed value of the pfh3 biomarker; pfh61t: predicted value of pfh6 based on Eq. 5.2.1  using the 

combination of alloyed gold standard intake values T*;   ; pfh61q: predicted value of pfh6 based on the empirical equation 5.2.1 using the combination 

of error-prone intake values Q; The same principle applies to pfh32t vs. pfh32q and pfh63t vs. pfh63q although these are predicted values from empirical 

equations  5.2.2 and  5.2.3.  
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B. ω-3 fatty acids, hypertension and risk of cognitive decline among older adults in the Atherosclerosis Risk in 
Communities (ARIC) study 
 

    Recent research indicates that ω-3 fatty acids can inhibit cognitive decline, perhaps differentially 

by hypertensive status. We tested these hypotheses on men and women of the ARIC cohort aged 

50 years or older with complete cognitive status and dietary data (n=7,814) and a subset with 

plasma fatty acid data (n=2,251). Dietary assessment using a food frequency questionnaire and 

plasma exposure by gas chromatography were completed in 1987-89, while cognitive assessment 

with three screening tools, namely Delayed Word Recall Test (DWRT), Digit Symbol Substitution 

Test/Wechsler Adult Intelligence Test-Revised (DSST/WAIS-R) and the word fluency test 

(WFT), was completed both in 1990-92 and 1996-98. Results indicate that higher dietary intake of 

long chain ω-3 fatty acids as well as balancing long-chain ω-3/ω-6 decreased the risk of six-year 

cognitive decline in verbal fluency, particularly among hypertensive subjects. This finding was 

confirmed in the corresponding exposures in the plasma cholesteryl ester and phospholipid 

fractions. A sensitivity analysis using regression calibration and simulation extrapolation showed 

that there was a substantial amount of attenuation in effect of the dietary exposures on cognitive 

decline as well as loss of statistical power to detect significant associations.   

B.1. Introduction 

    The proportion of the US population ages 65 and over was 12.3 percent in 2000 based on 

recent United Nations estimates and is projected to increase rapidly in the coming decades to 

reach 20 percent by 2050 (1). As populations age, all cognitive disorders, including dementia, 

become more common. Even more commonly, older persons can develop demonstrable cognitive 

impairment, especially memory deficits, without crossing the threshold of dementia. This 

condition has been termed “mild cognitive impairment” (MCI)(88).  
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Hence, MCI often represents a transitional state between the cognitive changes of normal aging 

and very early dementia and has become recognized as a risk factor for Alzheimer disease (AD). 

Identifying cognitive decline at a preclinical phase such as MCI would likely increase the efficacy of 

treatment.  

    Several neuropsychological tests and biomarkers have been developed to predict probability of 

progression from MCI to AD and other dementias (178). These tests can also be used in 

epidemiological studies to assess cognitive decline with respect to potential risk factors, health 

behaviors, and preventive treatments among middle aged and older adults.  

    Recent research indicates that ω-3 fatty acids may be important in preventing cognitive decline. 

So far, epidemiological evidence, although inconclusive, suggests a protective effect of ω-3 fatty 

acid intake in the diet (137, 388, 389). Despite animal experimental evidence of biological 

interaction between dietary intake of ω-3 fatty acids and hypertensive status (29), no 

epidemiological study to date has attempted to test this hypothesis. The present observational 

prospective study assessed the effect of low ω-3 fatty acid status on six-year cognitive decline in 

men and women aged 50 years and older, as well as the interaction of this risk factor with elevated 

blood pressure.  

B.2. Materials and Methods 

B.2.1. Study Sample 

    Atherosclerosis Risk in Communities (ARIC) is an ongoing prospective cohort study aimed at 

investigating the etiology of atherosclerosis and its clinical sequelae and the longitudinal impact of 

variation in cardiovascular risk factors, medical care, and disease by race, sex, place, and time.  
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In each of four US communities--Forsyth County  (NC), Jackson (MS), suburbs of Minneapolis 

(MN), and Washington County (MD)-- 4,000 adults aged 45-64 years were examined four times, 

three years apart (visits 1 through 4). Three out of the four cohorts represented the ethnic mix of 

their communities, while at Jackson, MS, only African American residents were recruited (403). 

Out of the total sample examined at baseline (N=15,792) we restricted these analyses to 11,557 

individuals aged 50 years or older at baseline since research clearly shows that risk of cognitive 

decline in general, and of dementia in particular, is negligible prior to the age of 60 years (which is 

the age at which the youngest individuals in this cohort were re-examined in visit4) (404). Further, 

it was shown in this cohort (44) that the effect of hypertension on cognitive decline is more 

pronounced among those aged 53 years or older at visit 1. Eligibility for these analyses further 

required complete data on cognitive functioning at visits 2 (1990-92) and 4 (1996-98) and also 

complete dietary intake at visit 1 (1987-89), which yielded n=7,814 men and women.  Of these, 

plasma fatty acid data at visit 1 was available on a sub-set of the Minneapolis cohort, MN 

(n=2,251).  

B.2.2. Outcome Assessment 

    Three measures of cognitive functioning were made for visits 2 and 4 of the ARIC study, and 

these measures relied on the following instruments: Delayed Word Recall Test (DWRT) (167); the 

Digit Symbol Substitution portion of the Revised Weschler Adult Intelligence Scale 

(DSST/WAIS-R) (405), and Word Fluency Test (WFT) of the Multilingual Aphasia Examination, 

also know as the controlled oral word association (170).  
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    The Delayed Word Recall Test (DWRT): This screening tool assesses verbal learning and recent 

memory. It requires the respondent to recall 10 common words after a 5-minute interval during 

which another test is administered. Test scores may range between 0 and 10 words recalled and the 

time limit for recall is set at 60 seconds.  

The 6-months test-retest reliability of DWRT was previously shown to be high among 26 normal 

elderly individuals (Pearson correlation coefficient, r=0.75) (167).  

    The Digit Symbol Substitution (DSST/WAIS-R): This test is a paper-and-pencil test requiring 

timed translation of numbers 1 through 9 to symbols using a key. The test measures psychomotor 

performance and is relatively unaffected by intellectual ability, memory, or learning for most 

adults(170). It appears to be a sensitive and reliable marker of brain damage(407). The test score 

can range between 0 and 93 and it refelects the correctly translated number of digit-symbol pairs 

within a time limit of 90 seconds. Short-term test-retest reliability over 2-5 weeks has been found 

to be high in individuals aged 45-54 years (r=0.82); (405).  

    The Word Fluency Test (WFT): This test requires subjects to record as many words as possible 

using the initial letters F, A and S and to list these words, the subject is given only 60 seconds per 

letter. The total score corresponds to the total number of words generated during these three trials. 

The test is particularly sensitive to linguistic impairment (170, 408) and early mental decline in 

older persons (409). It is also a sensitive marker of damage in the left lateral frontal lobe (170, 408). 

The immediate test-retest correlation coefficient based on an alternate test form has been found to 

be high (r=0.82); (410).  
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    Cutoff points were determined for decline in each of three cognitive status tests using the 

Reliable Change Index (RCI) method in order to correct for measurement error and practice 

effects (411). RCI is defined as ((X2-X1)-(M2-M1))/S.E.D., where X1 is the individual’s score at 

baseline, X2 the individual’s score at follow-up, M1 and  M2 are the group mean pretest and follow-

up scores respectively, and S.E.D. the observed standard error of the difference scores.  Scoring 

below an RCI of -1.645 was regarded as a “statistically reliable” deterioration in the test scores.  

    A composite measure of the three RCIs to assess global cognitive decline (GCD) was created 

using principal components analysis (PCA), a data reduction technique. Similarly, the cutoff point 

of the composite score for statistically reliable global cognitive decline was chosen to be -1.645.  

B.2.3. Exposure Assessment 

    Usual dietary intake was estimated from an interviewer-administered 61-item semi-

quantitative food frequency questionnaire (FFQ) previously developed and validated by W. 

Willet and colleagues against multiple food records among a sub-sample of the Nurse’s Health 

Study cohort (416). This instrument was modified by adding five regional/ethnic food items. 

Interviewees were asked how often, on average, they had consumed certain foods in portions of 

a specified size during the preceding year. There were nine possible responses, ranging from 

"almost never" to "more than six times per day." Daily intake of nutrients was calculated by 

multiplying the nutrient content of each food in the portion specified by the frequency of daily 

consumption and summing the results. The nutrient content of each food was obtained from the 

Harvard nutrient data base for which the primary source was the Department of Agriculture 

handbook(417).  
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Dietary intake of essential fatty acids and their elongated and desaturated products were 

expressed as percent of total energy intake and grouped under four main categories, as suggested 

by Lands and colleagues (381, 382): (3P) ω-3 C18 polyunsaturated fatty acids: 18:3+18:4ω-3 (6P) 

ω-6 C18 polyunsaturated fatty acids: 18:2+18:3ω-6 (3H) ω-3 C20 and C22 highly unsaturated fatty 

acids (HUFAs): 20:5+22:5+22:6ω-3 and (6H) ω-6 HUFAs: 20:3+20:4+22:4+22:5ω-6. Sums of 

fatty acid intake as percent of energy included (3)= (3P)+(3H) and (6)=(6P)+(6H). Ratios of 

interest included (3P)/(6P), (3H)/(6H) and (3P+3H)/(6P+6H) also denoted as 3/6. In 

multivariate models, all these variables were standardized by subtracting each observation from 

the variable mean and dividing the difference by the standard deviation. Hence, the main 

exposures of interest were 3P, 3H, 3 (as percent of energy intake), 3P/6P, 3H/6H, 3/6, and total 

3H (in grams per day). Adjustment was made for the other fatty acid variables when appropriate, 

and total energy intake was considered as a potential confounder to emulate a multivariate 

nutrient density model(457).     

    Twelve-hour fasting blood was collected according to the ARIC study wide protocol. The 

Minneapolis field center conducted fatty acid analysis of plasma phospholipid and cholesteryl 

ester fractions on visit 1 blood specimens. The procedure is described in detail elsewhere (422). 

The identity of 28 fatty acid peaks were revealed by gas chromatography by comparing each 

peak’s retention time to the retention times of fatty acids in synthetic standards of known 

compositions. The relative amount of each fatty acid (as a percent of all fatty acids) was 

calculated by integrating the area under the peak, dividing the result by the total area for all fatty 

acids, and multiplying by 100. Data from the chromatogram were transferred electronically to a 

computer for analysis.  
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Plasma exposures are expressed as % of total fatty acids in each fraction and were grouped 

similarly to dietary exposure. However, only 3H and the ratio of 3H/6H were considered in 

these analyses.  

B.2.4. Covariates 

    Most covariates considered were measured at visits 1 or 2, although some were defined 

according to criteria that spanned all four visits. Covariates can be subdivided into socio-

demographic, genetic, health behaviors, nutritional, and co-morbid conditions or medications. 

Age, gender, ethnicity and education were all reported by the respondent.  

Apo E genotype was categorized as 0 to indicate the absence of an ε4 allele vs.1 to denote carrier 

status for at least one ε4 allele. Among the behavioral factors (all measured at visit 1), smoking was 

represented on a three-level categorical scale, namely: never smoked, smoked previously and 

current smoker. Food frequency questionnaire derived values of alcohol (grams/day) and caffeine 

(mg/day) were considered as well. Physical activity was assessed using a questionnaire developed 

by Baecke and colleagues, including 16 items about usual exertion (424). A validated index of 

physical activity was derived at visit 1, summing sports, work and leisure indices which ranged 

from a score of 1 (low) to 5 (high) (425). Body mass index at visit 1 was computed by dividing 

weight in kilograms by the height-squared (in square meters). Baseline dietary intake of 

antioxidants and other micronutrients (mainly Vitamins B6 , B12 and folate) was considered as well 

(416). 
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A number of co-morbid conditions were also measured for descriptive purposes namely: Stroke or 

TIAs, type II diabetes mellitus (defined as fasting blood glucose ≥ 140 mg./dl or self-reported 

diabetes or use glucose lowering medication) and dyslipidemia (fasting blood HDL-C<40 (men) or 

<50 (women) and triacylglycerols>150 mg/dl as recommended by NCEP (426)) at any visit, 

hypercoagulable profile (upper quintile of at least two of: fibrinogen, vWF and factor VIII),  poor 

pulmonary function (ratio FEV1/FVC ≤ 0.70 as measured by a spirometer at visits 1 or 2), and 

depressive symptoms at visit 2 using a 21-item vital exhaustion scale (427, 428). Medications 

considered included statins or medications known to lower cholesterol, NSAIDs and psychotropic 

drugs, screened at all visits. The association of these covariates with our outcome has been 

previously documented by similar cohort studies based on ARIC data (150, 197, 216, 406). In 

addition, baseline cognitive score was controlled for when needed. For GCD, a composite baseline 

score of RCIs using PCA was added to the model.  

    Our main effect modifier, hypertension, was operationalized using measured systolic and 

diastolic blood pressure at each visit as well as use of anti-hypertensive medication over the past 

two weeks. Seated blood pressure levels were calculated as the average of the second and third of 

three consecutive measurements with a random-zero sphygmomanometer and hypertension was 

defined as ≥ 140 mm Hg. for SBP and ≥ 90 mm Hg. for DBP or the use of anti-hypertensive 

medication during the past two weeks prior to examination on any of visits 1 through 4.   

B.2.5. Statistical Analysis 

  We carried out univariate analyses of predictor and outcome variables as well as covariates. For 

bivariate analyses of exposure and outcome, we computed means of predictor variables across 

outcome groups (0 = no decline; 1= decline) and assessed statistical significance of differences 

using independent samples t-test at an alpha level of 0.05.   
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We computed odds ratios of decline with increase in each exposure by 1 SD through a multivariate 

logistic regression analysis. Control for confounding was accomplished using backward elimination 

and an overall change in estimate criterion of 5%. Covariates which changed the estimated effect 

of the exposure by more than 5% were retained in the final model(458).  

    Covariates considered as potential confounders were: baseline cognitive functioning, socio-

demographics (age, sex, education, race), genetic factors (Apolipoprotein E ε4 allele); behavioral 

factors (smoking, alcohol and caffeine consumption and physical activity) and nutritional factors 

(body mass index, caloric intake, other fatty acids, intake of antioxidants and vitamins B6, B12 and 

folate, other dietary fatty acids).  

    Hypertension was considered as a potential effect modifier. Likelihood ratio tests were used to 

assess statistical significance of interaction between exposure and hypertensive status at a type I 

error level of 0.20, after obtaining the final parsimonious model.  

All other covariates were deemed as potential intermediates and hence were not included in the 

multivariate models. The multivariate models can be summarized by equations (5.9.1) and (5.9.2):  

(5.9.1) Logit[Pr(Y=1 | Q, Z)] = β0 + β1Q1 + Σβ2iQ2i  +  ΣβjZj     

(5.9.2) Logit[Pr(Y=1 | Q, Z, H)] = β0 + β1Q1 + Σβ2iQ2i  + β3H  + ΣβjZj  +  γ Q1× H            

    In the above equations, Logit is the Loge[Pr/(1-Pr)], Y is the binary outcome of “statistically 

reliable” cognitive decline (RCI<-1.645), Q1 is the main exposure of interest as derived from the 

food frequency questionnaire, Q2i are the other fatty acids that might act as confounders, Zj is a 

vector of potential confounders that are assumed to be perfectly measured, and H is the effect 

modifier “hypertensive status” also assumed to be perfectly measured. The same process was used 

with the plasma exposures in cholesteryl esters and phospholipids.  
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To correct for measurement error in dietary exposure, a sensitivity analysis was conducted for 

models (5.9.1) and (5.9.2) whereby regression calibration and simulation extrapolation were 

applied to the final parsimonious models for each outcome/exposure pair (449, 450). The two 

methods are described in more detail in Appendix A. Statistical analyses were conducted using 

STATA ver. 8.2 (412). 

 

B.3. Results 

    Table 5.2.1 shows the characteristics of study subjects according to availability of dietary and 

plasma fatty acid data as well as cognitive assessment data at both points in time. Subjects in the 

plasma fatty acid group consisted of whites residing in the suburbs of Minneapolis. They were in 

general more educated than the dietary group, which was a mix from all ARIC centers. They had a 

lower proportion of women (50.7% vs. 54.63%), a lower prevalence of the ApoEε4 allele (28.8% 

vs. 30.0%), a higher proportion “ever smoked” status (59.5% vs. 55.4%), and greater consumption 

of alcohol and caffeine. Some differences were noted for other behavioral and nutritional factors 

as well. Most co-morbid conditions were more prevalent in the dietary group, with the exception 

of dyslipidemia and poor pulmonary function which were similar for both groups. Use of 

psychotropic drugs, NSAIDs and statins over the span of follow-up were relatively high in both 

groups. Hypertensive status was particularly high in the dietary group (56%) compared to 49% 

among the plasma group.  Raw mean scores of baseline cognitive function were greater among 

those in the plasma compared to the dietary group and average declines between visits 2 and 4 

were found to be steeper in the former.  
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   Unadjusted mean levels of ω-3 fatty acids by cognitive decline and hypertensive status are 

presented in Table 5.2.2. Daily intake of long chain ω-3 fatty acids (3H in milligrams) was 

significantly lower among subjects whose scores declined on the word fluency test when compared 

to those who didn’t. However, this protective effect was seen only among hypertensive individuals. 

In addition, the ratio of long chain ω-3 to long chain ω-6 was also protective against decline both 

among hypertensive subjects and the total study population, but not among normotensives. It is 

worth noting that in general, hypertensive subjects tended to have a significantly higher intake of 

long chain and that total ω-3 fatty acids and their ratio of ω-3 / ω-6 fatty acids were consistently 

higher when compared to normotensives. In terms of plasma exposures, the same pattern was 

observed, in that there was no significant effect in normotensives but a clear protective effect 

among the total study population and the hypertensive subgroup. For both types of exposures 

(diet and plasma), the effect on other areas of cognition as well as the global cognitive decline 

outcome did not reach statistical significance.  

    Multivariate logistic regression of the relationship between cognitive decline and dietary 

exposure is presented in Table 5.2.3. Results indicate that risk of clinically significant decline in 

DWRT over the period of 6 years was reduced modestly with every standard deviation increase in 

long-chain ω-3 fatty acid intake (3H) as % of total energy intake. This was observed in the total 

population and among the hypertensive subgroup. For DSST/WAIS-R, although the ratio 3H/6H 

was protective against decline, this effect did not reach statistical significance. However, the 

likelihood ratio test indicated a significant level of interaction between this exposure and 

hypertensive status, shown by the variation in effect across strata of the effect modifier (1.09 

among normotensives vs. 0.88 among hypertensives).  

 



 

 160 

Risk of decline in WFT was reduced by long chain and all types of ω-3 fatty acid intake (3H and 3) 

as % of total energy intake, and by the ratio of 3H/6H and 3H in milligrams. This relationship was 

stronger among hypertensive subjects and a significant interaction was noted for 3H in milligrams. 

No statistically significant results were observed for global cognitive decline or other dietary 

exposures. After adjusting for measurement error in the dietary covariate using regression 

calibration, loss of precision in measures of effect was observed. In most cases, bias seemed to be 

towards the null when comparing naïve and calibrated estimates.  Using SIMEX, similar results 

were obtained, although bias was shown to be more severe while precision was less affected. 

Figure 5.2.1 shows two examples of stratified models 3.2b and 3.2g of Table 5.2.3  (3H and ratio 

of 3H/6H’s effect on decline in WFT). The figures show the extent to which naïve estimates are 

biased towards the null when compared to the corrected regression coefficients using the SIMEX 

method. This method is described in detail in Appendix A.       

    Multivariate logistic analyses of the plasma fatty acid data (Table 5.2.4) indicated generally lower 

odds of cognitive decline among subjects with a higher concentration of long chain ω-3 fatty acid 

in their plasma cholesteryl esters and phospholipids, and an elevated ratio of long chain ω-3/ ω-6 

fatty acids. This was confined to word fluency however, although an interaction with hypertensive 

status was found for DSST/WAIS-R for cholesteryl ester 3H/6H ratio. This interaction was also 

strong and in the same direction for WFT for absolute 3H in cholesteryl esters (OR: 0.63 among 

normotensives vs. 0.35 among hypertensives). The same pattern was observed for the ratio of 

3H/6H in cholesteryl esters. For phospholipids, interaction with hypertensive status did not reach 

statistical significance (LR test p-value > 0.20). As mentioned, global cognitive decline was not 

affected by any of the exposures, although an interaction was found for 3H in cholesteryl esters.   
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B.4. Discussion 

 

    This population-based prospective study conducted among middle-aged men and women at 

baseline showed that increased dietary intake of long chain ω-3 fatty acids and balancing long-chain 

ω-3/ω-6 decreased the risk of cognitive decline in verbal fluency, particularly among hypertensive  

subjects. This finding also held for the corresponding plasma analytes in the cholesteryl ester and 

phospholipid fractions.  Limitations of the study include the lack of psychometric diagnosis for 

mild cognitive impairment, which might have been a more definite and clinically relevant outcome. 

However, the neuropsychological tests used represent some of the domains reported to be most 

sensitive in discriminating between normal aging and mild cognitive impairment (110).  One of the 

main strengths of this study is its prospective design which, as stated earlier, thus far is unique in 

the literature testing this particular hypothesis (459). In addition, an evidence-based report 

suggested a need to look for the effect of ω-3 fatty acids on cognitive decline by cardiovascular 

disease status and to define exposure in terms of absolute value of medium chain and long chain 

fatty acids, as well as the ratio between ω-3 and ω-6 fatty acids in diet and plasma (460). All these 

suggestions were implemented in the present study. Moreover, this is the first study to assess effect 

modification by hypertensive status and to test at the population level a biological interaction 

documented in animal experimental work. Measurement error, which almost always accompanies 

dietary assessment, was corrected for in this study using regression calibration and SIMEX. 

    Previous epidemiological studies have shown that the fatty acids composition of plasma differs 

significantly between subjects with normal cognitive functioning and patients with some form of 

cognitive impairment (384-386).  
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While the majority  showed a beneficial effect of plasma and erythrocyte ω -3 fatty acids on 

cognition, a case-control study – the Canadian Study of Health and Ageing – reported that the 

mean relative plasma concentration of ω-3 fatty acids as well as total polyunsaturated fatty acids 

was higher among subjects aged 65 years or more with cognitive impairment or dementia after 

controlling for demographic, behavioral and genetic factors (387). Epidemiological studies based 

on dietary assessments of ω-3 fatty acids also had suggestive but somewhat controversial results. 

While most leaned towards a protective effect of increasing intake of these fatty acids in the diet 

(388-390, 461, 462), others found no effect or the opposite effect on cognitive functioning and 

decline (137, 141).  

    Essential fatty acids (Linoleic and α-linolenic acid) and their desaturated and elongated products 

(long chain ω-6 and ω-3 fatty acids) are linked to several biochemical and biophysical functions, 

including structural integrity and fluidity of membranes, enzyme activities, lipid-protein 

interactions and serving as precursors for eicosanoids such as prostaglandins, leukotrienes and 

thromboxanes (10).  The fatty acid composition of neuronal cell membrane phospholipids reflects 

their intake in the diet (19) and fish oils, which contain high levels of C20 and C22 polyunsaturated 

fatty acids (PUFAs), exert the most profound influence on brain PUFA concentration. According 

to experimental animal studies, there is a plausible pathway by which hypertension and low dietary 

ω-3 fatty acid intake may interact in increasing the risk of cognitive decline. In fact, hypertensive 

rats tended to have lower brain MUFAs and PUFAs  than normotensive rats (29), possibly due to 

pressure-induced endothelial dysfunction at the blood-brain barrier or exhausted astrocytic 

metabolism. Oxidative stress which accompanies high blood pressure leads to increased 

peroxidation of unsaturated fatty acids and a reduction in their concentration in the brain 

represents an alternative explanation. 
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   One possibly important implication from our study’s results is that diets rich in fatty acids of 

marine origin should be considered for middle aged hypertensive subjects. The observed 

associations among normotensive subjects was also suggested protection as regards cognitive 

decline, albeit to a lesser extent and without reaching nominal levels of statistical significance. 

These results merit replication given the large public health potential that would be associated with 

results that unequivocally indicate inverse association between fatty acid intake and reduced 

cognitive decline in the general population. The literature indicates that these fatty acids were 

frequently found associated with reduced risk of cardiovascular disease, including stroke (327) and 

coronary heart disease (324, 325), although thus far all the evidence is of an observational nature. 

They have also been associated with improved insulin sensitivity(341), reduced risk of dyslipidemia 

(346) and a hypocoagulable profile (332) among other health benefits. Because many of these 

conditions are also related to cognitive impairment, future research should focus on disentangling 

the direct and indirect effects of fatty acids (using plasma biomarkers) on cognition and uncover 

the main mechanism involved in their ability to prevent clinically significant decline in aging 

populations.  Finally, these findings suggest the utility of randomized clinical trials that would 

augment intake of marine fatty acids in the treatment group and give a non-enriched diet to the 

placebo group while allowing for stratification by baseline hypertensive status.  
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TABLE 5.2.1.     

Characteristics of study subjects with complete cognitive and dietary data between visits 1 and 4 (Dietary group; 
N=7,814) and those with complete cognitive and plasma data (Plasma group; N=2,251); ARIC 1987-98 

 Dietary group 
(All ARIC centers) 

 Plasma group 
(MN whites) 

Characteristics Mean 
(%) 

(SD)  Mean 
(%) 

(SD) 

      
Female 54.63   50.69*  
Age (years)† 56.56 (4.31)  56.30* (4.24) 
White† 81.48   100.00*  
Education†      
  Incomplete high school 20.24   6.67*  
  High School 34.06   36.18  
  > High School 45.70   57.16  
Apo E ε4 allele†  30.00   28.84  
Smoking status†      
   Never smoker 44.54   40.40*  
   Former smoker 35.55   41.82  
   Current smoker 19.91   17.78  
Alcohol (g/day)† 5.88 (12.67)  8.08* (13.47) 
Caffeine (mg/day)† 291.04 (290.82)  348.08* (325.93) 
Physical activity scale† 7.06 (1.39)  7.33* (1.33) 
Body mass index (kg/m2)† 27.48 (4.96)  27.17* (4.41) 
Total energy intake (Kcal/day)† 1579 (571)  1581 (559) 
Vitamin A (in 1000 IUs/day)† 9.13 (6.97)  8.65* (6.83) 
Vitamin B6 (mg/day)† 1.75 (0.67)  1.74* (0.66) 
Vitamin B12 (mcg/day)† 7.61 (4.23)  7.06* (3.50) 
Vitamin C (mg/day)† 122.39 (80.92)  112.67* (69.95) 
Vitamin E (mg/day)† 4.97 (3.11)  4.66* (3.01) 
Folate (mcg/day)† 232.59 (101.18)  218.48* (94.97) 
Stroke/TIAs‡ 9.92   9.28  
Depression scale§ 9.82 (8.19)  8.19* (7.12) 
Type II Diabetes‡ 18.25   13.86*  
Dyslipidemia‡ 36.61   37.05*  
Poor pulmonary function (FEV1/FVC <70)§ 17.88   18.93  
Hypercoagulable profile†  15.33   11.11*  
     Fibrinogen value     300.09 (61.80)  294.44* (60.96) 
     vWF  117.38 (44.80)  111.14* (39.67) 
     Factor VIII 129.83 (35.89)  124.28* (32.70) 
Use of psychotropic medication‡ 78.77   77.61  
Use of NSAIDs‡ 73.91   78.50*  
Use of statins‡ 51.61   47.09*  
Hypertensive‡  56.01   49.27*  
Baseline cognitive scores (V2)§      
  DWRT 6.61 (1.46)  6.78* (1.43) 
  DSST/WAIS-R 45.02 (13.01)  51.65* (10.15) 
  WFT 33.77 (12.06)  37.59* (11.52) 
Cognitive change (V4-V2)§      
   DWRT -0.17 (1.56)  -0.21 (1.50) 
   DSST/WAIS-R -2.80 (6.79)  -4.45* (6.36) 
   WFT -0.77 (7.86)  -1.84* (7.78) 

*p<0.05 for null hypothesis that means or proportions are equal between plasma and non-plasma groups;  † Covariate measured at visit 1; 
 ‡Covariate measured at visits 1 through 4: period prevalence over 9 years; § Covariate with other time frame.   
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TABLE 5.2.2.   
Unadjusted mean (SD) of ω-3 fatty acid exposures by cognitive decline status in three domains (DWRT, DSST/WAIS-R, 
WFT) and global cognitive decline (GCD), stratified by hypertensive status; ARIC 1987-98 

 
  Statistically reliable cognitive decline (RCI<-1.64) 

   DWRT DSST/WAIS-R WFT GCD 

 Mean (SD) No Yes No Yes No Yes No Yes 

Dietary Intake (% of energy)           
All Subjects           
  3P 0.415 (0.086) 0.415 0.416 0.415 0.412 0.415 0.416 0.414 0.413 
  3H 0.182 (0.166) 0.182 0.174 0.182 0.181 0.182 0.170 0.182 0.178 
  3 0.597 (0.190) 0.597 0.590 0.597 0.593 0.597 0.586 0.597 0.592 
  3P/6P 0.103 (0.037) 0.103 0.103 0.103 0.104 0.103 0.103 0.103 0.103 
  3H/6H 2.272 (1.872) 2.277 2.199 2.269 2.320 2.284 2.052* 2.276 2.216 
  3/6 0.147 (0.073) 0.147 0.144 0.147 0.148 0.147 0.143 0.147 0.145 
  3H (in mg/day)  302 (283) 302 300 302 294 303 279 302 292 
Normotensive           
  3P 0.415 (0.089) 0.415 0.409 0.415 0.404 0.415 0.420 0.415 0.413 
  3H 0.173 (0.162) 0.173 0.163 0.172 0.180 0.173 0.164 0.173 0.163 
  3 0.588 (0.187) 0.588 0.573 0.588 0.585 0.588 0.585 0.588 0.576 
  3P/6P 0.101 (0.037) 0.101 0.099 0.101 0.101 0.101 0.102 0.101 0.099 
  3H/6H 2.215 (1.775) 2.215 2.210 2.209 2.360 2.223 2.059 2.223 2.054 
  3/6 0.142 (0.069) 0.142 0.137 0.142 0.142 0.142 0.141 0.143 0.135 
  3H (in mg/day) 286 (265) 285 299 286 299 286 288 286 289 
Hypertensive†           
  3P 0.415 (0.085) 0.414 0.422 0.415 0.416 0.415 0.413 0.415 0.415 
  3H 0.189* (0.169) 0.190 0.178 0.190 0.182 0.190 0.172 0.189 0.189 
  3 0.604* (0.193) 0.604 0.600 0.605 0.599 0.605 0.584 0.604 0.603 
  3P/6P 0.104* (0.037) 0.104 0.106 0.104 0.106 0.104 0.102 0.104 0.105 
  3H/6H 2.310* (1.817) 2.328 2.188 2.331 2.130 2.334 2.025* 2.328 2.194 
  3/6 0.150* (0.076) 0.151 0.149 0.150 0.150 0.151 0.142 0.150 0.151 
  3H (in mg/day) 315* (298) 316 300 316 292 318 265* 317 300 
           
Plasma Cholesteryl Esters‡           
All Subjects           
  3H 1.009 (0.395) 1.008 1.015 1.009 1.010 1.012 0.947 1.006 1.044 
  3H/6H 0.112 (0.047) 0.112 0.109 0.112 0.112 0.113 0.101* 1.112 1.111 
Normotensive           
  3H 0.997 (0.408) 0.995 1.029 0.995 1.026 0.997 0.976 0.992 1.072 
  3H/6H 0.113 (0.048) 0.113 0.114 0.113 0.117 0.113 0.106 0.113 0.118 
Hypertensive           
  3H 1.024 (0.387) 1.026 1.004 1.026 0.991 1.030 0.922* 1.024 1.023 
  3H/6H 0.112 (0.045) 0.113 0.106 0.113 0.107 0.113 0.097* 0.113 0.105 
           
Plasma Phospholipids‡           
All Subjects           
  3H 3.444 (1.053) 3.448 3.379 3.442 3.482 3.453 3.279 3.437 3.557 
  3H/6H 0.222 (0.082) 0.223 0.214 0.222 0.222 0.223 0.206* 0.222 0.223 
Normotensive           
  3H 3.438 (1.059) 3.437 3.460 3.434 3.513 3.440 3.381 3.426 3.634 
  3H/6H 0.225 (0.084) 0.225 0.225 0.225 0.231 0.226 0.217 0.225 0.226 
Hypertensive           
  3H 3.458 (1.053) 3.468 3.314 3.460 3.433 3.472 3.218 3.454 3.518 
  3H/6H 0.220 (0.080) 0.220 0.206 0.220 0.213 0.221 0.198* 0.220 0.213 
           

*p<0.05 for null hypothesis that means of exposures are equal to eachothers between cognitive decline categories or hypertensive status. 
†  “hypertensive”: screened positive on measured hypertension at either visits 1 through 4 or were taking anti-hypertensive medication 
over the past two weeks prior to examination at any of the four visits. ‡ Plasma cholesteryl ester levels of fatty acids (%);Plasma 
phospholipids levels of fatty acids (%).  
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TABLE 5.2.3.  
Multivariate Logistic models of cognitive decline and dietary ω-3 fatty acid exposures†: Interaction with hypertensive status:  
naïve and regression calibrated odds ratios; ARIC (1987-98) 
Statistically reliable cognitive decline (RCI<-1.64) 
    
 DWRT DSST/WAIS-R WFT 
 Naïve  RCAL§ Naïve  RCAL Naïve  RCAL 
    
Dietary fatty acids OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI 

             
 Models 1.1a-1.1g Models 2.1a-2.1g Models 3.1a-3.1g 
All Subjects             
  3P 1.02 (0.93, 1.12) 1.01 (0.72, 1.43) 0.96 (0.87, 1.07) 0.94 (0.63, 1.40) 1.01 (0.92, 1.12) 1.01 (0.68, 1.48) 
  3H 0.90* (0.81, 1.00) 0.92 (0.72, 1.18) 0.92 (0.81, 1.03) 0.93 (0.70, 1.24) 0.85* (0.75, 0.96) 0.80 (0.58, 1.11) 
  3 0.96 (0.87, 1.06) 0.93 (0.72, 1.21) 0.90 (0.80, 1.02) 0.84 (0.58, 1.21) 0.87* (0.77, 0.98) 0.76 (0.52, 1.13) 
  3P/6P 1.01 (0.92, 1.10) 1.00 (0.79, 1.25) 1.04 (0.94, 1.15) 1.08 (0.84, 1.38) 1.01 (0.91, 1.10) 0.99 (0.75, 1.28) 
  3H/6H 0.96 (0.87, 1.06) 0.91 (0.75, 1.12) 1.03 (0.93, 1.13) 1.06 (0.83, 1.35) 0.86* (0.77, 0.97) 0.81 (0.63, 1.04) 
  3/6 0.92 (0.83, 1.02) 0.94 (0.80, 1.11) 1.01 (0.92, 1.12) 1.02 (0.87, 1.20) 0.95 (0.85, 1.06) 0.92 (0.74, 1.13) 
  3H (mg/day) 0.91 (0.81, 1.01) __ __ 0.97 (0.87, 1.07) __ __ 0.87* (0.76, 0.99) __ __ 
    
 Model 1.2a-1.2g Model 2.2a-2.2g Model 3.2a-3.2g 
Normotensive 
stratum 

            

  3P 0.94 (0.80, 1.09) 0.90 (0.53, 1.54) 0.88 (0.74, 1.05) 0.96 (0.51, 1.81) 1.06 (0.92, 1.24) 1.04 (0.62, 1.74) 
  3H 0.91 (0.76, 1.07) 0.92  (0.62, 1.38) 1.00 (0.81, 1.20) 1.18 (0.75, 1.87) 0.88 (0.72, 1.07) 0.86 (0.50, 1.49) 
  3 0.91 (0.78, 1.08) 0.89 (0.57, 1.41) 0.94 (0.77, 1.15) 1.12 (0.63, 2.00) 0.93 (0.77, 1.12) 0.89 (0.51, 1.56) 
  3P/6P 0.94 (0.80, 1.10) 0.90 (0.61, 1.31) 0.98 (0.83, 1.16) 1.02 (0.69, 1.50) 1.04 (0.89, 1.21) 0.97 (0.66, 1.43) 
  3H/6H 1.00 (0.85, 1.17) 0.98 (0.72, 1.34) 1.09 (0.92, 1.28) 1.23 (0.90, 1.68) 0.90 (0.75, 1.08) 0.90 (0.61, 1.31) 
  3/6 0.88 (0.74, 1.05) 0.87 (0.66, 1.17) 1.00 (0.84, 1.19) 1.03 (0.76, 1.39) 0.98 (0.83, 1.16) 0.94 (0.66, 1.34) 
  3H (mg/day) 0.92 (0.77, 1.09) __ __ 1.05 (0.88, 1.25) __ __ 0.94 (0.78, 1.14) __ __ 
Hypertensive stratum             
  3P 1.09 (0.97, 1.23) 1.13 (0.71, 1.81) 1.00 (0.88, 1.15) 0.94 (0.55, 1.59) 0.97 (0.84, 1.12) 0.96 (0.54, 1.72) 
  3H 0.88* (0.77, 1.00) 0.88 (0.64, 1.22) 0.88 (0.76, 1.02) 0.82 (0.56, 1.20) 0.79* (0.66, 0.95) 0.71 (0.47, 1.07) 
  3 0.97 (0.86, 1.10) 0.94 (0.68, 1.30) 0.89 (0.77, 1.03) 0.73 (0.45, 1.17) 0.79* (0.67, 0.94) 0.64 (0.36, 1.11) 
  3P/6P 1.07 (0.95, 1.20) 1.10 (0.82, 1.48) 1.05 (0.93, 1.19) 1.09 (0.77, 1.55) 0.95 (0.83, 1.10) 0.95 (0.64, 1.39) 
  3H/6H 0.92 (0.80, 1.05) 0.85 (0.63, 1.16) 0.88** (0.76, 1.02) 0.80 (0.59, 1.10) 0.81* (0.68, 0.96) 0.70 (0.48, 1.03) 
  3/6 0.95 (0.84, 1.07) 0.98 (0.81, 1.18) 1.00 (0.89, 1.13) 1.00 (0.81, 1.21) 0.97 (0.76, 1.03) 0.85 (0.66, 1.10) 
  3H (mg/day) 0.90 (0.78,  1.04) __ __ 0.92 (0.80, 1.05) __ __ 0.78** (0.64, 0.94) __ __ 
             

* p<0.05 for testing the null hypothesis that β1=0. See equations (5.9.1) and (5.9.2); **p<0.20  for testing the null hypotheses that γ=0 using the likelihood ratio test. See equation (5.9.2).  
†Exposures were  standardized by subtracting each observation from its mean and dividing it by its Standard Deviation.  
‡ Control for confounding was done using backward elimination and an overall change in estimate criterion of 5%. Covariates which changed the estimate of exposure by more than 5% were retained in the 
final model. Covariates considered as potential confounders were: baseline cognitive functioning, socio-demographics (age, sex, education, race); genetic factors (ApoE ε4 allele); behavioral factors (smoking, 
alcohol, caffeine consumption and physical activity) and nutritional factors (body mass index, caloric intake, other fatty acids, intake of antioxidants and vitamins B6, B12 and folate). Hypertension was 
considered as a potential effect modifier  in models 1.2a through 4.2g. Multiplicative interaction was tested using the likelihood ratio test at an alpha level of 0.20. 
 § RCAL: Regression calibrated odds ratio (adjusted for measurement error) with its 95% confidence interval. __ Regression calibration was not performed on 3H(mg/day) since we could only correct for 
error in dietary intake of essential fatty acids expressed as % of energy intake along with their biologically plausible ratios.   
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Table 5.2.3. (Cont’d)  
 

Statistically reliable cognitive decline (RCI<-1.64) 
 
GCD 

Naïve  RCAL 
 
OR 95% CI OR 95% CI 

    
Models 4.1a-4.1g 
    
0.98 (0.90, 1.08) 0.92 (0.64, 1.33) 
0.91 (0.82, 1.02) 0.93 (0.70, 1.24) 
0.90 (0.81, 1.01) 0.84 (0.58, 1.22) 
1.01 (0.92, 1.10) 0.98 (0.78, 1.27) 
0.97 (0.88, 1.06) 1.00 (0.74, 1.31) 
0.98 (0.89, 1.07) 1.00 (0.85, 1.18) 
0.96 (0.87, 1.06) __ __ 
 
Model 4.2a-4.2g 
    
0.98 (0.83, 1.14) 0.96 (0.53, 1.71) 
0.92 (0.75, 1.12) 1.02 (0.62, 1.67) 
0.91 (0.75, 1.11) 1.02 (0.56, 1.84) 
0.94 (0.80, 1.11) 0.93 (0.62, 1.40) 
0.90 (0.75, 1.07) 0.99 (0.68, 1.43) 
0.88 (0.73, 1.06) 0.95 (0.68, 1.32) 
1.01 (0.86, 1.20) __ __ 
    
0.99 (0.88, 1.14) 0.90 (0.57, 1.43) 
0.93 (0.81, 1.06) 0.90 (0.63, 1.28) 
0.92 (0.80, 1.06) 0.79 (0.49, 1.29) 
1.02 (0.91, 1.16) 1.00 (0.72, 1.37) 
0.92 (0.81, 1.05) 0.85 (0.62, 1.17) 
1.00 (0.90, 1.12) 1.00 (0.83, 1.21) 
0.94 (0.84, 1.06) __ __ 
    

* p<0.05 for testing the null hypothesis that β1=0. See equations (5.9.1) and (5.9.2); 

**p<0.20  for testing the null hypotheses that γ=0 using the likelihood ratio test. See equation (5.9.2).  
†Exposures were  standardized by subtracting each observation from its mean and dividing it by its Standard Deviation.  
‡ Control for confounding was done using backward elimination and an overall change in estimate criterion of 5%. Covariates which changed the estimate 
of exposure by more than 5% were retained in the final model. Covariates considered as potential confounders were: baseline cognitive functioning, socio-
demographics (age, sex, education, race); genetic factors (ApoE ε4 allele); behavioral factors (smoking, alcohol, caffeine consumption and physical activity) 
and nutritional factors (body mass index, caloric intake, other fatty acids, intake of antioxidants and vitamins B6, B12 and folate). Hypertension was 
considered as a potential effect modifier in models 1.2a through 4.2g. Multiplicative interaction was tested using the likelihood ratio test at an alpha level of 
0.20. 
 § RCAL: Regression calibrated odds ratio (adjusted for measurement error) with its 95% confidence interval.  
__ Regression calibration was not performed on 3H(mg/day) since we could only correct for error in dietary intake of essential fatty acids expressed as % 
of energy intake along with their biologically plausible ratios.   
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TABLE 5.2.4.  
Multivariate Logistic models of cognitive decline and plasma ω-3 fatty acid exposures: Interaction with hypertensive 
status: ARIC (1987-98) 

 Statistically reliable cognitive decline (RCI<-1.64) 

     
 DWRT DSST/WAIS-R WFT GCD 

 OR 95% CI OR 95% CI OR 95% CI OR 95% CI 

         
Plasma cholesteryl ester§         
 Models 1.1a-1.1b Models 2.1a-2.1b Models 3.1a-3.1b Models 4.1a-4.1b 
All Subjects         
  3H 1.00 (0.82, 1.21) 0.91 (0.73, 1.14) 0.49* (0.35, 0.70) 1.03 (0.87, 1.22) 
  3H/6H 0.92 (0.75, 1.14) 0.92 (0.74, 1.15) 0.51* (0.36, 0.73) 0.97 (0.81, 1.16) 
     
 Models 1.2a-1.2b Models 2.2a-2.2b Models 3.2a-3.2b Models 4.2a-4.2b 
Normotensive stratum         
  3H 1.09 (085, 1.40) 0.99 (0.74, 1.32) 0.64 (0.40, 1.01) 1.13 (0.92, 1.38) 
  3H/6H 1.02 (0.79, 1.32) 1.00 (0.76, 1.32) 0.65 (0.42, 1.03) 1.09 (0.88, 1.34) 
Hypertensive stratum         
  3H 0.89 (0.65, 1.21) 0.78 (0.55, 1.12) 0.37** (0.22, 0.63) 0.92 (0.69, 1.22) 
  3H/6H 0.79 (0.56, 1.13) 0.76** (0.51, 1.14) 0.38** (0.22, 0.67) 0.78** (0.55, 1.11) 
         
Plasma phospholipids§         
 Models 1.3a-1.3b Models 2.3a-2.3b Models 3.3a-3.3b Models 4.3a-4.3b 
All Subjects         
  3H 0.93 (0.76, 1.14) 1.04 (0.87, 1.24) 0.67* (0.52, 0.86) 0.96 (0.80, 1.15) 
  3H/6H 0.89 (0.73, 1.10) 0.99 (0.82, 1.20) 0.62* (0.46, 0.83) 0.93 (0.77, 1.13) 
     
 Models 1.4a-1.4b Models 2.4a-2.4b Models 3.4a-3.4b Models 4.4a-4.4b 
Normotensive stratum         
  3H 1.03 (0.77, 1.36) 1.07 (0.83, 1.39) 0.74 (0.52, 1.06) 1.03 (0.77, 1.36) 
  3H/6H 0.99 (0.75, 1.30) 1.06 (0.83, 1.37) 0.73 (0.50, 1.07) 1.04 (0.80, 1.35) 
Hypertensive stratum         
  3H 0.83 (0.61, 1.11) 0.97 (0.75, 1.26) 0.63* (0.44, 0.92) 0.94 (0.73, 1.22) 
  3H/6H 0.77 (0.56, 1.08) 0.89 (0.66, 1.21) 0.56* (0.35, 0.88) 0.86 (0.64, 1.15) 
         
         

 * p<0.05 for testing the null hypothesis that β1=0. See equations (1) and (2); **p<0.20  for testing the null hypotheses that γ=0 using the likelihood ratio 
test. See equation (5.9.2). †Exposures were  standardized by subtracting each observation from its mean and dividing it by its Standard Deviation. ‡ Same 
analytic approach was used as  in Table 3. § Plasma cholesteryl ester levels of fatty acids (%);Plasma phospholipids levels of fatty acids.  
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Figure 5.2.1. SIMEX plot of corrected coefficients for model 3.2b and 3.2e of Table 3; ARIC (1987-98)* 

Naive Estimate

SIMEX Estimate-.
15

-.
1

-.
05

C
oe

ffi
ci

en
t

-1 0 1 2
Lambda

Naive: -.1004681    SIMEX: -.1553721

Extrapolant: Quadratic  Type: Mean
Simulation Extrapolation: pct3h

Naive Estimate

SIMEX Estimate

-.
4

-.
3

-.
2

-.
1

C
oe

ffi
ci

en
t

-1 0 1 2
Lambda

Naive: -.241039    SIMEX: -.3970482

Extrapolant: Quadratic  Type: Mean
Simulation Extrapolation: pct3h

 

Normotensive stratum 

SIMEX OR:0.86; 95% CI: (0.63, 1.15) 

Hypertensive stratum 

SIMEX OR: 0.67; 95% CI: (0.51, 0.89) 

Naive Estimate

SIMEX Estimate

-.
15

-.
1

-.
05

0
C

oe
ffi

ci
en

t

-1 0 1 2
Lambda

Naive: -.07741    SIMEX: -.1354439

Extrapolant: Quadratic  Type: Mean
Simulation Extrapolation: r3h6h

Naive Estimate

SIMEX Estimate

-.
5

-.
4

-.
3

-.
2

-.
1

C
oe

ffi
ci

en
t

-1 0 1 2
Lambda

Naive: -.250361    SIMEX: -.445141

Extrapolant: Quadratic  Type: Mean
Simulation Extrapolation: r3h6h

 

Normotensive stratum 

SIMEX OR: 0.87; 95% CI: (0.64, 1.17) 

Hypertensive stratum 
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*pct3h: dietary intake of long chain ω-3 fatty acids expressed as percentage of energy intake (3H); r3hr6h: ratio of long chain ω-3 to long chain ω-6 

fatty acids (3H/6H). Lambda is equivalent to θ = {.5, 1, 1.5, 2} and is a scale factor used to add error to the covariate and estimate βm= f(θ,βm{θ}) 
starting from the naïve estimate in which θ = 0. Hence, the naïve estimate of the regression coefficient β is the one estimated by generalized linear 
models without measurement error correction. See Appendix A for more details.    
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C. Plasma ω-3 fatty acids and risk of cognitive decline among older adults: an exploratory subgroup analysis 
 

    Plasma fatty acids may affect the risk of cognitive decline among middle-aged and older adults.  

We prospectively studied the association between plasma fatty acids and cognitive decline among 

older adults aged 50-65 years at baseline, and conducted an exploratory subgroup analysis.  uring 

1987-89, the ARIC study analyzed plasma fatty acids in cholesteryl esters and phospholipids 

among white subjects residing in Minneapolis. During 1990-92 and 1996-98, three 

neuropsychological tests in domains of delayed word recall (DWRT/WAIS-R), psychomotor 

speed (DSST/WAIS-R) and verbal fluency (WFT) were administered. We selected cutoff points 

for statistically reliable cognitive decline in each of these domains as well as a global measure of 

cognitive change (GCD) computed by principal components analysis. Multivariate logistic 

regression was conducted. Focusing on ω-3 highly unsaturated fatty acids (HUFAs), a subgroup 

analysis assessed differential association across potential effect modifiers implicated in oxidative 

stress and increased risk of neurodegenerative disease. Among the 2,251 study subjects, risk of 

global cognitive decline increased with elevated palmitic acid in both fractions, and high 

arachidonic acid and low linoleic acid in cholesteryl esters. Higher ω-3 HUFAs reduced risk of 

decline in verbal fluency, particularly among hypertensive and dyslipidemic subjects. No significant 

findings were shown for psychomotor speed or delayed word recall. Promoting higher intake of 

marine ω-3 fatty acids in the diet of hypertensive and dyslipidemic individuals might have 

substantial benefits in reducing their risk of cognitive decline in the area of verbal fluency. 

However, clinical trials are needed to confirm this finding.  
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C.1. Introduction 

     The effect of dietary intake on cognitive functioning has gained interest over the past few years. 

Several epidemiologic studies have shown that ω-3 fatty acids in blood differ significantly between 

subjects with normal cognitive functioning and patients with some form of cognitive impairment 

(384-386). These fatty acids in biomarkers of lipid intake have been historically associated with 

reduced risk of cardiovascular disease including stroke (327) and coronary heart disease (324, 325). 

They were also linked with improved insulin sensitivity (341), reduced risk of dyslipidemia (346), a 

hypocoagulable profile (332), improved pulmonary function (357)  and reduced risk of major 

depression (352) among other health benefits.  

Many of these conditions were related to increased oxidative stress  (52, 396-400) which in turn 

causes neuronal loss and cognitive impairment among older adults (401). Consequently, it is 

essential to unveil any putative interaction between these conditions and the ability of this class of 

fatty acids to fulfill their beneficial effects. An additional genetic factor (ApoE ε4 allele)  has been 

consistently associated with increased risk of cognitive decline (213, 216) and progression from 

pre-clinical stage to Alzheimer’s disease (58). It has also been associated with increased level of 

oxidative stress (402) .   

    Our present study assesses the association of plasma cholesteryl ester and phospholipid levels of 

ω-3 fatty acids with decline in three areas of cognition. We conducted a subgroup analysis into the 

role of high levels of oxidative stress and risk of neurodegenerative disease. We hypothesized those 

subgroups with elevated physiological oxidative stress to benefit most from an increased intake of 

dietary ω-3 fatty acids as reflected by plasma concentrations in cholesteryl esters and 

phospholipids.  
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C.2. Methods 
 

C.2.1. Study Subjects 

    The Atherosclerosis Risk in Communities (ARIC) is a cohort study established in 1987. It 

was designed to investigate the etiology of atherosclerosis and its clinical sequelae. In each of four 

US communities--Forsyth County, NC, Jackson, MS, suburbs of Minneapolis, MN, and 

Washington County, MD—approximately 4,000 adults aged 45-64 years were recruited and invited 

to four examinations, three years apart (1987-89, 1990-92, 1993-95, 1996-98) or visits 1 through 4, 

respectively. Three out of the four cohorts represented the ethnic mix of their communities, while 

at Jackson, MS, only African-American residents were recruited (403).  

Out of the total sample examined at baseline (N=15,792) we restricted these analyses to 11,557 

individuals aged 50 years or older at baseline since research clearly shows that risk of cognitive 

decline in general, and of dementia in particular, is negligible prior to the age of 60 years (which is 

the age at which the youngest individuals in this cohort were re-examined in visit 4) (404). 

Eligibility for these analyses further required complete data on cognitive functioning at visits 2 

(1990-92) and 4 (1996-98) and also complete plasma data at visit 1 (1987-89), which yielded 

n=2,251 men and women residing in the suburbs of Minneapolis, MN. 

C.2.2. Cognitive Assessment 

    Three measures of cognitive functioning were made during visits 2 and 4 of the ARIC study, 

and these measures relied on the following instruments: Delayed Word Recall Test (DWRT) (167); 

the Digit Symbol Substitution portion of the Revised Wechsler Adult Intelligence Scale 

(DSST/WAIS-R) (405), and Word Fluency Test (WFT) of the Multilingual Aphasia Examination, 

also know as the controlled oral word association (170): 
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(1) Delayed Word Recall Test (DWRT): This screening tool assesses verbal learning and recent 

memory. It requires from the respondent to recall 10 common words after a 5-minute interval 

during which another test is administered. Test scores may range between 0 and 10 words recalled 

and the time limit for recall is set at 60 seconds. The 6-months test-retest reliability of DWRT was 

previously shown to be high among 26 normal elderly individuals (Pearson correlation coefficient, 

r=0.75) (167).  

(2) Digit Symbol Substitution (DSST/WAIS-R): This test is a paper-and-pencil test requiring timed 

translation of numbers 1 through 9 to symbols using a key. The test measures psychomotor 

performance and is relatively unaffected by intellectual ability, memory, or learning for most 

adults(170). It appears to be a sensitive and reliable marker of brain damage(407). The test score 

can range between 0 and 93 and it refelects the correctly translated number of digit-symbol pairs 

within a time limit of 90 seconds. Short-term test-retest reliability over 2-5 weeks has been found 

to be high in individuals aged 45-54 years (r=0.82) (405).  

(3) Word Fluency Test (WFT): This test requires subjects to record as many words as possible using 

the letters F, A and S and to list these words, the subject is given only 60 seconds per letter. The 

total score corresponds to the total number of words generated during these three trials. The test is 

particularly sensitive to linguistic impairment (170, 408) and early mental decline in older persons 

(409). It is also a sensitive marker of damage in the left lateral frontal lobe (170, 408). The 

immediate test-retest correlation coefficient based on an alternate test form has been found to be 

high (r=0.82); (410).  

      Decline in the three separate areas of cognition was assessed. Cutoff points were determined 

for decline in each domain of cognition using the Reliable Change Index (RCI) method to correct 

for measurement error and practice effects (411).  
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RCI is defined as ((X2-X1)-(M2-M1))/S.E.D., where X1 is the individual’s score at baseline, X2 the 

individual’s score at follow-up, M1 and  M2 are the group mean pretest and follow-up scores 

respectively, and S.E.D. is the observed standard error of the difference scores.  Scoring below an 

RCI of -1.645 was regarded as a “statistically reliable” deterioration in the test scores. A composite 

measure of the three RCIs to assess global cognitive decline (GCD) was created using principal 

components analysis (PCA). Similarly, the cutoff point chosen corresponded to a composite score 

of reliable decline below -1.645. Multivariate analysis included control for the baseline cognitive 

score in its continuous form (assessed at visit 2) on the particular instrument. Models with GCD as 

the main outcome controlled for a measure of global baseline cognitive functioning (GBCF) which 

reduces the three baseline scores into a single component using PCA.   

C.2.3. Plasma fatty acid exposures 

    Twelve-hour fasting blood was collected according to the ARIC study wide protocol. The 

Minneapolis field center conducted fatty acid analysis in plasma phospholipid and cholesteryl ester 

fractions on visit 1 blood specimens. The procedure is described in detail elsewhere (371). The 

identity of 28 fatty acid peaks were revealed by gas chromatography by comparing each peak’s 

retention time to the retention times of fatty acids in synthetic standards of known compositions. 

The relative amount of each fatty acid (as a percent of all fatty acids) was computed through 

integration of the area under the peak and division of the result by the total area for all fatty acids 

(×100). Data from the chromatogram were transferred electronically to a computer for analysis. 

Fatty acids are expressed as % of total in each fraction. Although all groups of fatty acids were 

assessed in relation to global cognitive decline (SFA, MUFA, LA, LNA and ω-3 and  ω-6 HUFAs) 

one main exposure of interest was considered for domain-specific and interaction analysis namely 

EPA+DHA  (20:5+22:6ω-3) which were also the ω-3  HUFAs.  
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Test-retest reliability coefficients (individuals sampled 3 times, 2 weeks apart) for various plasma 

fatty acids ranged from 0.50 to 0.93 for cholesteryl esters to 0.89 for phospholipids(423). 

C.2.4. Covariates 

    Most covariates considered were measured at visits 1 or 2, although some were defined 

according to measurements that spanned all four visits. Age, gender, and education were all self-

reported. Behavioral factors  measured at visit 1 included smoking, alcohol and caffeine 

consumption as well as physical activity (424). A validated index of physical activity was derived at 

visit 1, summing sports, work and leisure indices which ranged from a score of 1 (low) to 5 (high) 

(425). Body mass index at visit 1 was computed by dividing weight (in kilograms) by height-

squared (in square meters). Baseline dietary intake of antioxidants and other micronutrients (mainly 

Vitamins B6 , B12 and folate) was considered as well. Usual dietary intake of these nutrients was 

estimated from an interviewer-administered semi-quantitative food frequency questionnaire (FFQ) 

modified from a 61-item questionnaire developed and validated by W. Willet and colleagues against 

multiple food records among a sub-sample of the Nurses’ Health Study cohort. Results of the 

validation study suggested that for all nutrients considered there was only up to 3% extreme 

quintile misclassification and that overlap between the upper two quintiles and lower two quintiles 

between the two methods was >70% (416).  Daily intake of nutrients has been calculated by 

multiplying the nutrient content of each food in the portion specified by the frequency of daily 

consumption and summing the results. The nutrient content of each food was obtained from the 

Harvard nutrient data base for which the primary source was the Department of Agriculture 

handbook (417). 
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    All these covariates were considered as potential confounders in the multivariate analysis. 

Potential effect modifiers were grouped as genetic (presence of ApoE ε4 allele) and co-morbid 

conditions. To measure hypertensive status, blood pressure levels were calculated as the average of 

the second and third of three consecutive measurements with a random-zero sphygmomanometer. 

The cutoff point often used for hypertension is ≥ 140 mm Hg. for systolic blood pressure (SBP) 

and ≥ 90 mm Hg. for diastolic blood pressure (DBP). Hypertensive individuals were defined as 

those who screened positive for measured hypertension at either visits 1 through 4 or were taking 

anti-hypertensive medication over the past two weeks prior to examination on any of those visits.  

Other conditions included stroke or TIAs, type II diabetes mellitus (defined as fasting blood 

glucose ≥ 140 mg./dl or self-reported diabetes or use glucose lowering medication) and 

dyslipidemia (fasting blood HDL-C<40 (men) or <50 (women) and triacylglycerol level greater 

than 150 mg/dl as recommended by NCEP (426)) at any visit, hypercoagulable profile (upper 

quintile of at least two of: fibrinogen, vWF and factor VIII), poor pulmonary function (ratio 

FEV1/FVC ≤ 0.70 as measured by a spirometer at visits 1 or 2), and depressive symptoms at visit 

2 using 21-item vital exhaustion scale (427, 428). A binary cutoff point for depression was chosen 

based on the 80th percentile of the scale scores.  

C.2.5. Statistical Analyses 

        We carried out univariate analyses of predictor and outcome variables as well as covariates. 

For bivariate analyses of exposure and outcome, we computed means of predictor variables across 

outcome groups (0: no decline; 1: declined) and assessed statistical significance of differences using 

independent samples t-test for continuous and χ2 test for categorical predictors at an alpha level of 

0.05.  We computed odds ratios of decline for each increase in exposure by 1 SD by conducting 

multivariate logistic regression analysis.  
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Control for confounding was done using backward elimination, retaining in the model those 

variables which changed the estimated effect (odds ratio) of the exposure by more than 5% were 

retained in the final model. This level is more suitable than 10% since sensitivity of odds ratios to 

confounding effects tends to increase with increase in sample size (458). We used likelihood ratio 

tests to assess statistical significance of interaction between exposure and potential effect modifiers 

at a type I error level of 0.20, after obtaining the final parsimonious model. The multivariate 

models can be summarized by equations (5.10.1.) and (5.10.2.):  

Logit[Pr(Y=1 | B, Z)] = β0 + β1B1 + ΣβjZj     (5.10.1.) 

Logit[Pr(Y=1 | B, Z, M)] = β0 + β1 B1   + β3M  + ΣβjZj  +  γ B1× M            (5.10.2.) 

    Where Logit is the Loge[Pr/(1-Pr)], Y is the binary outcome of cognitive decline, B1 is the main 

exposure of interest as derived from cholesteryl esters or phospholipids fatty acids, Zj is a vector of 

potential confounders, and M is the effect modifier. Statistical analyses were conducted using 

STATA ver. 8.2 (412). 

C.3. Results 

C.3.1.Baseline Characteristics 
 
     A total of 2,251 study subjects had complete plasma analysis at visit 1 and cognitive decline data 

between visits 2 and 4. They were all white men and women residing in the suburbs of 

Minneapolis (one of the ARIC study centers). Looking at distribution of characteristics of this 

sample of subjects by cognitive status, those who did not decline differed from those who did on 

several socio-demographic, behavioral and health-related factors. Specifically, they were on average 

younger, more physically active, reported less depressive symptoms and had a relatively 

hypocoagulable profile.  
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Those who declined compared to those who did not revealed also a greater baseline cognitive 

score. Furthermore, their mean cognitive change between the two visits was significantly larger in 

absolute value (Table 5.3.1.).  

C.3.2.Plasma fatty acids and global cognitive decline 

    Table 5.3.2. shows the mean plasma concentration of individual as well as families of fatty acids 

across global cognitive decline categories. Within the cholesteryl ester fraction, those who declined 

had higher concentrations of palmitic and arachidonic acids, and lower concentration of linoleic 

acid. After controlling for other potentially confounding factors including other fatty acids, total 

PUFAs, total ω-6 PUFAs and linoleic acid were all inversely related to decline, while greater 

arachidonic acid remained a significant risk factor for decline. In the plasma phospholipid fraction, 

the unadjusted means revealed the same pattern across cognitive status. However, adjusted odds 

ratios of decline with each SD increment in these fatty acids did not differ significantly from the 

null value of 1, with the exception of palmitic acid (a saturated fatty acid) which seemed 

consistently associated positively with the risk of cognitive decline. Hence, ω-3 PUFAs in general 

and DHA+EPA in particular had no significant effect on global cognitive decline.   

C.3.3. ω-3 fatty acids and cognition: a subgroup analysis 

    Table 5.3.3. shows a set of multivariate logistic models of plasma ω-3 HUFAs (DHA+EPA) on 

cognitive decline in the three areas of interest as well as globally for both the cholesteryl ester and 

phospholipid fractions. Covariates considered as potential confounders included baseline cognitive 

score, socio-demographic, behavioral and nutritional factors (including other groups of fatty acids 

in that particular fraction). In contrast to what was noted in Table 2, Table 3 shows that the greater 

DHA+EPA was associated with less decline in verbal fluency (WFT) for both cholesteryl ester 

and phospholipid fractions (Odds ratios were: 0.74 (0.57, 0.97) and 0.73 (0.58, 0.93), respectively).  
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    Subgroup analysis by selected cardiovascular, genetic and other health conditions that have been 

associated with increased oxidative stress indicated that some of these factors may modify the effect 

of DHA+EPA on the main outcomes of interest. In particular, when the outcome was decline in 

verbal fluency (WFT), DHA+EPA was mostly protective among hypertensive and dyslipidemic 

subjects and subjects with a lower score on depressive symptoms. This significant interaction (based 

on likelihood ratio test at type I error 0.20) was revealed for both cholesteryl esters and 

phospholipids plasma fractions. In addition, for the phospholipids fraction, an interaction was found 

with pulmonary function, whereby subjects with poor function had stronger protective effect of 

increased level of DHA+EPA on decline in verbal fluency. For all other domains of cognition 

(DWRT and DSST/WAIS-R), there were weak to null effects of DHA+EPA on cognitive decline in 

both fraction (cholesteryl esters and phospholipids), overall and across subgroups.  

C.4. Discussion 

      This is one of the very few published reports on the association of plasma fatty acids with 

cognitive decline among older adults using a prospective cohort design. Our findings indicated 

global cognitive decline was affected by a greater relative amount of palmitate (a saturated fatty acid) 

in both fractions. In cholesteryl esters, risk of global cognitive decline was increased by a greater 

arachidonic acid concentration (an ω-6 highly unsaturated fatty acid) and a lower amount of linoleic 

acid (an ω-6 medium chain PUFA), even after controlling for several sociodemographic, behavioral 

and nutritional factors. More importantly, lower concentrations of our main exposure of interest -- 

ω-3 highly unsaturated fatty acids (mainly DHA and EPA) -- was associated with a higher risk of 

decline in verbal fluency, particularly among hypertensive and dyslipidemic subjects, as well as the 

less depressed individuals at baseline.  These interactions were consistent between cholesteryl ester 

and phospholipid fractions of plasma with few exceptions. 
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No effect was observed on delayed word recall (DWRT) or psychomotor speed (through 

DSST/WAIS-R test) among any of the subgroups considered.  

  Our study included a group of white middle-aged men and women residing in the suburbs of 

Minneapolis. They were in general highly educated with very few having less than a high school 

education. Since education tends to affect most neuropsychological tests, having a relatively 

homogenous group is an advantage despite the fact that we are able to control for educational level 

in the analysis.  Average changes in cognitive scores over a period of six years were relatively small 

when looking at the range of values that each test can take. One main advantage of this study over 

previous ones is the use of the reliable change index (RCI) in order to assess the degree of change in 

cognitive scores between two points in time and choose the cutoff point for each domain that 

corresponds to a statistically reliable decline. The cut-point chosen was an RCI<-1.645. This means 

that the level of sensitivity chosen was 90%, with the lower 5% of the distribution having declined 

while the upper 5% would have improved significantly. The RCI method corrects for measurement 

error and practice effects, by taking into account the difference in group means of pretest and 

posttest scores. Hence, the choice of the cutoff point, rather than being arbitrary, is one that is 

supported by neuropsychological evidence(411).  

   The study had a few limitations. First, it made use of tissue composition of fatty acids which does 

not necessarily reflect the proportion of fatty acids in the diet. Nevertheless, ARIC had also collected 

dietary intake data using a semi-quantitative food frequency questionnaire at the same baseline visit 

(i.e. visit 1). A study by Ma and colleagues had shown that intake of DHA and EPA was highly 

correlated with their concentrations in both cholesteryl esters and phospholipids (371). In addition, 

repeated measures of a sub-sample of plasma specimens indicated that fatty acid concentration in 

both fractions is reliable over the short and long term (423).  
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Previous studies have also indicated that plasma levels of highly unsaturated fatty acids may also be 

good reflection of long-term dietary intake (372-375, 463).  However, the main advantage of using a 

biomarker rather than a self-report of intake is that we are certain that errors in the exposure are 

independent of errors in our outcome measure. This would in most cases lead to an attenuation of 

effect in the presence of measurement error and hence lead to an odds ratio that is biased towards 

the null value of 1. Another limitation is that the sum of fatty acids in each fraction is 100. Therefore, 

a higher percentage of a specific group (e.g. SFA) will automatically reflect a lower percentage of 

another. Hence, there is a problem of interdependence which makes it difficult to interpret the effect 

of a single constituent or group of constituents. We are also unable to translate these findings 

quantitatively into dietary recommendations (e.g. number of servings of fish per week). Finally, a 

prior analysis indicated that there was a marked differential in short-term reliability between fatty 

acids that were major constituents (reliability coefficient > 0.65) and those that had a percentage less 

than 1% of total fatty acids(423). 

    Previous observational studies suggested that the biochemical composition of blood components 

in terms of fatty acids differs significantly between subjects with normal cognitive functioning and 

patients with some form of cognitive impairment. A study Conquer and colleagues (384) found that 

patients with Alzheimer’s disease or other dementia  had lower plasma phosphatidyl choline (PC) 

level of ω-3 fatty acids which include EPA and DHA as well as a lower ratio of ω-3/ω-6 fatty acids 

when compared to normal controls. The authors concluded that a decreased plasma level of ω-3 

fatty acids, and in particular DHA, is associated with Alzheimer’s disease as well as other forms of 

cognitive impairment. Another case-control study conducted by Tully and colleagues (385) showed 

that patients with Alzheimer’s disease had significantly lower levels of serum cholesteryl ester-

eicosapentaenoic acid (EPA) as compared to the controls.  
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A third recent study adopted a nested case-control design within the prospective Epidemiology of 

Vascular Aging cohort. Its main aims were to assess fatty acid composition of erythrocyte 

membranes as a risk factor for cognitive decline (2-point decline or more in MMSE) among 246 men 

and women aged 63-74 years within the 4-year follow-up which was conducted in France. The study 

found that total ω-6 polyunsaturated fatty acids were associated with a greater risk of cognitive 

decline with an odds ratio of 1.59 (95% CI: 1.04, 2.44). Conversely, a higher proportion of total ω -3 

fatty acids were associated with a lower risk of cognitive decline, with an odds ratio of 0.59 (95% CI: 

0.38, 0.93). Hence, overall there was an inverse association between cognitive decline and the ratio of 

ω-3/ ω-6 fatty acids in erythrocytes (386). While the majority of these studies showed an inverse 

association of plasma and erythrocyte ω -3 fatty acids with cognition among older adults, others 

found either a null association or an opposite relationship. In fact, a cross-sectional study – the 

Canadian Study of Health and Ageing – showed that the mean relative plasma concentration of ω-3 

fatty acids as well as total polyunsaturated fatty acids was higher among subjects aged 65 years or 

more with cognitive impairment or dementia after controlling for age, sex, education, smoking, 

alcohol intake, body mass index, history of cardiovascular disease, and apolipoprotein E ε4 genotype 

(387).  

  Our hypothesized effect of this class of fatty acids on cognition has been linked with several 

biologically plausible mechanisms. These include preventing vascular abnormalities (464) , reducing 

inflammation (465)  or both, as well as their impact on membrane fluidity and ultimately 

neurotransmission (29). For example, excess ω-3 HUFAs (mainly DHA and EPA) can reduce the 

risk of thrombosis and reduce blood pressure, while both conditions are thought to alter arterial 

walls and impair oxygen and nutrient supplementation needed for normal cerebral functioning (466, 

467).  
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It has also been established that ω-3 HUFAs can reduce the level of plasma triacylglycerols (345, 

346) and improve glycemic control and insulin sensitivity in type II diabetes (340, 341). Their ability 

to lower LDL-C has also been shown (349) although this effect was not necessarily specific to this 

class of fatty acid, but rather to all polyunsaturated fatty acids, including linoleic acid.  

    Another suggested paradigm is that DHA and EPA exert anti-inflammatory influences by 

suppressing the metabolism of arachidonic acid (an ω-6 HUFAs) into proinflammatory cytokines. In 

fact, the enzyme phospholipase (PLA2) can release specific fatty acids from the sn-2 position of 

membrane phospholipids, but with markedly differing consequences. Further, 

dihomogammalinolenic acid (DGLA ~ 20:3 ω -6), arachidonic acid  (AA ~ 20:4 ω -6) and 

eicosapentaenoic acid (EPA ~ 20:5 ω -3) can be transformed into prostaglandins (PGl) of the 1-, 2-, 

and 3-class, respectively. While the PGl2 is highly pro-inflammatory, PGl3 is anti-inflammatory and 

PGl1 was shown to have intermediate properties. It has been hypothesized that a highly reactive 

PLA2 is found in various brain disorders, including cognitive impairment (35). This high reactivity, 

when coupled with an elevated concentration of ω-6 fatty acids in brain membranes would lead to 

aggravated inflammatory conditions and development of neuronal dysfunction manifesting itself in 

psychiatric and cognitive disorders. 

    A third mechanism may involve the biophysical properties of brain membranes and how they are 

affected by the ratio of ω-3 to ω-6 fatty acids. Yehuda and colleagues (37) proposed a unifying model 

that involves the hypothalamic-pituitary-adrenal axis.  
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According to this model, essential fatty acids are involved in neurotransmitters in the brain and 

hypothalamus, in stimulating corticosteroid releasing hormone (CRH) and adrenocorticotropic 

hormone (ACTH), and in the production of cortisol from cholesterol by the enzyme P450. P450 is 

involved in dopamine (the first molecule in the axis) and cortisol production (which is the end 

product of the axis) and thereby accounts for the ability of cortisol in the blood to affect cognitive 

function. However, for this axis to actually produce the end product “cortisol”, cholesterol must be 

bioavailable in the brain, a state that is highly dependent on membrane fluidity and hence on the 

ratio of ω-3 to ω-6 fatty acids. 

    Based on our findings, there is reason to believe that subjects who are under increased oxidative 

stress, particularly hypertensive and dyslipidemic subjects, may benefit by enriching their diet with ω-

3 HUFAs, which are mostly found in cold water fish (e.g. salmon, tuna, mackerel) and other foods 

of marine origin. Future research should attempt to conduct subgroup analysis using actual markers 

of oxidative stress (468). In addition, a randomized trial may be warranted comparing subjects with 

varying levels of oxidative stress in terms of their cognitive change response to increasing dietary 

intake of ω-3 HUFAs using a more comprehensive battery of neuropsychological tests.   
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TABLE 5.3.1.    
Characteristics of study subjects with complete cognitive and plasma data by global cognitive decline status (N=2,251) 
; ARIC 1987-98 
 
 

 GCD (RCI<-1.645) 
 No decline Decline All 
Characteristic (N=2,111) (N=140) (N=2,251) 

    
Female 50.69 50.70 50.69 
Age (years)1 56.21±4.22** 57.74±4.22 56.30±4.24 
Education1    
  Incomplete high school 6.78 5.00 6.67 
  High School 36.40 32.86 36.18 
  > High School 56.82 62.14 57.16 
Apo E ε4 allele1  28.74 30.37 28.84 
Smoking status1    
   Never smoker 40.38 40.71 40.40 
   Former smoker 41.94 40.0 41.82 
   Current smoker 17.68 19.28 17.78 
Alcohol (g/day)1 8.01±13.48 9.04±13.47 8.08±13.47 
Caffeine (mg/day)1 350.59±326.82 310±311 348.08±325.93 
Physical activity scale1 7.34±1.32** 7.09±1.39 7.33±1.33 
Body mass index (kg/m2)1 27.21±4.41 26.60±4.33 27.17±4.41 
Total energy intake (Kcal/day)1 1583±559 1546±568 1581±559 
Vitamin A (in 1000 IUs/day)1 8.65±6.90 8.63±5.82 8.65±6.83 
Vitamin B6 (mg/day)1 1.75±0.67 1.74±0.64 1.74±0.66 
Vitamin B12 (mcg/day)1 7.06±3.47 7.01±3.97 7.06±3.50 
Vitamin C (mg/day)1 112.80±70.78 110.66±56.16 112.67±69.95 
Vitamin E (mg/day)1 4.66±3.02 4.66±2.99 4.66±3.01 
Folate (mcg/day)1 218.80±95.21 213.80±91.48 218.48±94.97 
Stroke/TIAs2 9.00 13.6 9.28 
Hypertensive2  48.93 54.58 49.27 
Dyslipidemia2 37.38 32.14 37.05 
Type II Diabetes2 13.64 17.14 13.86 
Depression scale3 8.08±7.03** 9.73±8.25 8.19±7.12 
Poor pulmonary function (FEV1/FVC <70)3 18.82 20.71 18.93 
Hypercoagulable profile1  10.75** 16.43 11.11 
     Fibrinogen value     293.87±59.95 302.91±74.32 294.44±60.96 
     vWF  110.71±39.50** 117.75±41.77 111.14±39.67 
     Factor VIII 124.00±32.33 128.29±37.63 124.28±32.70 
Baseline cognitive scores (V2)3    
  DWRT 6.75±1.43** 7.29±1.32 6.78±1.43 
   DSST/WAIS-R 51.58±10.10 52.76±0.91 51.65±10.15 
   WFT 37.05±11.28** 45.66±12.09 37.59±11.52 
Cognitive Decline (V4-V2) 3    
  DWRT -0.10±1.42** -1.94±1.62 -0.21±1.50 
   DSST/WAIS-R -3.88±5.79** -13.1±8.06 -4.45±6.36 
   WFT -1.12±7.13** -12.77±8.91 -1.84±7.78 

 
**p<0.05 for null hypothesis that means or proportions are equal between decline and no decline groups;  
1 Covariate measured at visit 1; 2 Covariate measured at visits 1 through 4. 3 Covariate with other time frame. 
4  x SD± .  
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TABLE 5.3.2.    
Mean SD±  plasma concentrations of fatty acid groups by cognitive decline status and adjusted odds ratios2 (ORs) for decline 
in global cognitive functioning by change in fatty acid concentration (N=2,251); ARIC 1987-981 

 

 GCD (RCI<-1.645) 
 No decline Decline All OR (95% CI)  

per SD difference 
Fatty acid (N=2,111) (N=140) (N=2,251)  

     
Plasma Cholesteryl esters     
Total SFAs 17.93±1.98 18.16±1.93 17.95±1.98 1.11 (0.95, 1.31) 
   Stearic acid (18:0) 0.89±0.19 0.86±0.15 0.89±0.19 0.85 (0.70, 1.03) 
   Palmitic acid (16:0)  10.02±0.79** 10.22±0.83 10.03±0.79 1.28 (1.07, 1.54)** 
Total MUFAs 15.91±1.96 16.04±2.04 15.92±1.97 0.69 (0.46, 1.02) 
   Oleic acid (18:1ω-9) 15.83±1.95 15.96±2.03 15.84±1.96 0.70 (0.47, 1.04) 
Total PUFAs 65.86±3.73 65.26±3.86 65.82±3.74 0.55 (0.37, 0,81)** 
   Total ω-6 PUFAs 64.39±3.82 63.76±3.92 64.35±3.83 0.54 (0.36, 0.82)** 
      AA (20:4 ω -6) 8.27±1.67** 8.72±1.77 8.30±1.68 1.21 (1.00, 1.47)** 
      Linoleic acid (18:2 ω -6) 54.26±4.64** 53.13±4.91 54.20±4.67 0.64 (0.49, 0.83)** 
   Total ω-3 PUFAs  1.42±0.43 1.46±0.39 1.42±0.43 1.08 (0.92, 1.26) 
      EPA (20:5ω-3) 0.55±0.29 0.57±0.25 0.55±0.29 0.84 (0.66, 1.05) 
      DHA (22:6ω-3) 0.45±0.16 0.47±0.17 0.45±0.16 1.18 (0.97, 1.44) 
      Linolenic acid (18:3 ω-3) 0.41±0.10 0.41±0.09 0.41±0.10 0.97 (0.82, 1.16) 
      DHA+EPA 1.01±0.40 1.04±0.36 1.01±0.39 1.09 (0.94, 1.27) 
      (DHA+EPA)/AA 0.12±0.05 0.12±0.04 0.12±0.05 0.96 (0.80, 1.15) 
Plasma phospholipids     
Total SFAs 49.36±2.95 49.31±2.75 49.36±2.95 0.98 (0.82, 1.16) 
   Stearic acid (18:0) 13.31±1.18 13.15±1.31 13.30±1.19 1.04 (0.84, 1.29) 
   Palmitic acid (16:0)  25.36±1.61** 25.72±1.88 25.38±1.63 1.24 (1.05, 1.47)** 
Total MUFAs 9.23±1.09 9.22±1.13 9.23±1.09 0.97 (0.82, 1.16) 
   Oleic acid (18:1ω-9) 8.50±1.09 8.50±1.15 8.51±1.10 1.00 (0.84, 1.18) 
Total PUFAs 41.91±1.67 41.92±1.65 41.91±1.67 0.99 (0.84, 1.17) 
   Total ω-6 PUFAs 38.20±1.78 38.08±1.74 38.20±1.78 0.93 (0.79, 1.10) 
      AA (20:4 ω -6) 11.47±1.93** 11.92±1.98 11.50±1.94 1.16 (0.93, 1.43) 
      Linoleic acid (18:2 ω -6) 21.96±2.60** 21.37±2.68 21.93±2.61 0.87 (0.70, 1.09) 
   Total ω-3 PUFAs  3.59±1.05 3.71±1.07 3.59±1.05 1.11 (0.95, 1.30) 
      EPA (20:5ω-3) 0.57±0.31 0.57±0.25 0.57±0.31 0.96 (0.80, 1.16) 
      DHA (22:6ω-3) 2.87±0.88 2.98±0.94 2.88±0.88 1.13 (0.96, 1.32) 
      Linolenic acid (18:3 ω-3) 0.14±0.05 0.14±0.04 0.14±0.05 1.03 (0.87, 1.22) 
      DHA+EPA 3.44±1.05 3.56±1.07 3.44±1.05 1.11 (0.95, 1.29) 
      (DHA+EPA)/AA 0.31±0.11 0.31±0.11 0.31±0.11 0.99 (0.83, 1.18) 
     

 
**p<0.05 for null hypothesis that means are equal between decline and no decline groups;  
1 SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; ω-3HUFAs, omega-3 highly unsaturated fatty 
acids (EPA+DHA); AA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.  
2 Each fatty acid exposure was included in a separate multivariate logistic model. Covariates considered as potential confounders were: baseline cognitive 
functioning, socio-demographics (age, sex, education); behavioral factors (smoking, alcohol and caffeine consumption and physical activity) and 
nutritional factors (other fatty acid groups in the fraction, body mass index, caloric intake, intake of antioxidants and vitamins B6, B12 and folate). Control 
for confounding was done using backward elimination, retaining in the model those variables which changed the estimated effect (odds ratio) of the 
exposure by more than 5% were retained in the final model. 
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TABLE 5.3.3.   
Multivariate logistic regression1 of plasma ω-3 HUFAs (EPA+DHA) on cognitive decline: a subgroup analysis; ARIC 1987-98 

 

 Cognitive decline (RCI<-1.64) 

 DWRT DSST/WAIS-R WFT GCD 
 OR 95% CI OR 95% CI OR 95% CI OR 95% CI 

Plasma Cholesteryl esters         
All subjects 1.02 (0.85, 1.21) 1.00 (0.83, 1.20) 0.74 (0.57, 0.97)* 1.09 (0.94, 1.27) 
Normotensive 1.07 (0.85, 1.36) 1.07 (0.84, 1.36) 0.99 (0.71, 1.38) 1.16 (0.95, 1.41) 
Hypertensive 0.94 (0.72, 1.23) 0.90 (0.67, 1.21) 0.55 (0.36, 0.84)*** 1.05 (0.81, 1.36) 
ApoEε4 (No allele) 1.05 (0.84, 1.31) 0.97 (0.76, 1.25) 0.61 (0.43, 0.87)* 1.08 (0.90, 1.30) 
ApoEε4 (1 or 2 alleles) 0.99 (0.72, 1.35) 1.10 (0.82, 1.46) 0.80 (0.45, 1.36) 1.01 (0.90, 1.30) 
Normal lipid profile 0.94 (0.73, 1.20) 1.04 (0.83, 1.29) 0.87 (0.66, 1.15) 1.10 (0.93, 1.30) 
Dyslipidemia  1.16 (0.87, 1.53) 0.92 (0.66, 1.28) 0.49 (0.28, 0.87)** 1.05 (0.76, 1.44) 
No Stroke/TIAs  1.02 (0.85, 1.23) 1.02 (0.84, 1.23) 0.74 (0.55, 1.00)* 1.10 (0.94, 1.29) 
Stroke/TIAs 0.96 (0.46, 1.99) 0.86 (0.44, 1.66) 0.72 (0.38, 1.38) 0.95 (0.58, 1.55) 
Non-diabetic 1.00 (0.81, 1.22) 0.99 (0.80, 1.24) 0.79 (0.59, 1.05) 1.13 (0.96, 1.34) 
Type II diabetes  1.09 (0.79, 1.49) 0.96 (0.67, 1.38) 0.65 (0.32, 1.33) 0.93 (0.61, 1.42) 
Hypocoagulable profile 1.02 (0.85, 1.22) 1.00 (0.82, 1.22) 0.79 (0.59, 1.05) 1.13 (0.97, 1.32) 
Hypercoagulable profile 0.98 (0.53, 1.82) 1.08 (0.65, 1.80) 0.55 (0.27, 1.11) 0.83 (0.48, 1.43) 
Depressive symptoms (≤10) 1.03 (0.85, 1.27) 1.03 (0.83, 1.27) 0.62 (0.43, 0.88)* 1.13 (0.95, 1.35) 
Depressive symptoms (>10) 0.99 (0.71, 1.39) 0.95 (0.65, 1.37) 0.97 (0.73, 1.31)** 0.99 (0.74, 1.34) 
Good pulmonary function 1.07 (0.88, 1.29) 0.96 (0.77, 1.20) 0.77 (0.66, 1.04) 1.07 (0.89, 1.28) 
Poor pulmonary function 0.86 (0.56, 1.31) 1.13 (0.82, 1.54) 0.61 (0.31, 1.20) 1.16 (0.88, 1.53) 
         
Plasma phospholipids         
All subjects 0.87 (0.71, 1.06) 1.02 (0.84, 1.24) 0.73 (0.58, 0.93)* 1.11 (0.95, 1.29) 
Normotensive 0.98 (0.73, 1.32) 1.04 (0.78, 1.38) 0.89 (0.65, 1.23) 1.18 (0.95, 1.48) 
Hypertensive 0.78 (0.59,1.03) 0.97 (0.74, 1.28) 0.64 (0.44, 0.91)** 1.06 (0.84, 1.33) 
ApoEε4 (No allele) 0.95 (0.73, 1.23) 0.97 (0.75, 1.25) 0.68 (0.51, 0.91)* 1.14 (0.95, 1.38) 
ApoEε4 (1 or 2 alleles) 0.77 (0.55, 1.08) 1.18 (0.85, 1.64) 0.61 (0.35, 1.08) 0.86 (0.61, 1.22) 
Normal lipid profile 0.77 (0.59, 1.01) 0.99 (0.78, 1.26) 0.85 (0.66, 1.10) 1.13 (0.94, 1.35) 
Dyslipidemia  1.06 (0.77, 1.46) 1.04 (0.74, 1.44) 0.49 (0.30, 0.84)** 1.09 (0.80, 1.49) 
No Stroke/TIAs  0.87 (0.71, 1.07) 1.02 (0.83, 1.25) 0.74 (0.57, 0.96)* 1.10 (0.93, 1.30) 
Stroke/TIAs 0.91 (0.44, 1.84) 1.00 (0.57, 1.76) 0.61 (0.34, 1.11) 1.10 (0.72, 1.68) 
Non-diabetic 0.85 (0.69, 1.06) 1.01 (0.81, 1.27) 0.75 (0.58, 0.97)* 1.17 (0.99, 1.38) 
Type II diabetes  0.92 (0.60, 1.40) 0.99 (0.66, 1.46) 0.73 (0.37, 1.43) 0.90 (0.57, 1.42) 
Hypocoagulable profile 0.87 (0.71, 1.07) 0.97 (0.79, 1.19) 0.74 (0.58, 0.96)* 1.10 (0.95, 1.31) 
Hypercoagulable profile 0.83 (0.44, 1.56) 1.58 (0.89, 2.80) 0.69 (0.30, 1.23) 1.19 (0.77, 1.86) 
Depressive symptoms (≤10) 0.80 (0.63, 1.02) 1.01 (0.81, 1.27) 0.62 (0.46, 0.84)* 1.08 (0.89, 1.32) 
Depressive symptoms (>10) 1.04 (0.74, 1.45) 1.01 (0.69, 1.48) 1.00 (0.71, 1.39)** 1.18 (0.91, 1.52) 
Good pulmonary function 0.89 (0.72, 1.12) 0.96 (0.77, 1.20) 0.79 (0.61, 1.02) 1.09 (0.91, 1.31) 
Poor pulmonary function 0.78 (0.50, 1.20) 1.21 (0.83, 1.78) 0.52 (0.28, 0.96)** 1.17 (0.86, 1.59) 
         

* p<0.05 for testing the null hypothesis that β1=0. See equations (1) and (2); **p<0.20  for testing the null hypotheses that γ=0 using the likelihood ratio test.  
See equation (5.10.2). ;  ***p<0.05 for testing the null hypotheses that γ=0 using the likelihood ratio test, to allow for multiple comparisons.  ω-3HUFAs, 
omega-3 highly unsaturated fatty acids (EPA+DHA); DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; 2 Control for confounding was done 
using backward elimination, retaining in the model those variables which changed the estimated effect (odds ratio) of the exposure by more than 5% were 
retained in the final model. Covariates considered as potential confounders were: baseline cognitive functioning, socio-demographics (age, sex, education); 
behavioral factors (smoking, alcohol and caffeine consumption and physical activity) and nutritional factors (other fatty acid groups in the fraction, body 
mass index, caloric intake, intake of antioxidants and vitamins B6, B12 and folate).  

 



 

C h a p t e r  6  

CONCLUSIONS 

 

A. Recapitulation of overall study aims, findings and degree to which the goals of the doctoral research have been met 

 

    In summary, my doctoral research had three study aims that were translated into three research 

papers. All aims were covered and hypotheses listed in Chapter III were tested.  

    The first paper was purely methodological in nature. It aimed at validating a FFQ for the 

estimation of essential fatty acid intake and biologically plausible combinations and ratios of these 

nutrients. The study utilizes two reference measures: (i) an alloyed gold standard (T*) based on a 

biomarker of specific fatty acid levels in plasma phospholipids and empirically derived biochemical 

equations that estimate true dietary intake (381-383). This alloyed gold standard takes the 

biochemical approach to validation (ii) Two instrumental biomarkers for the level of fatty acids in 

the cholesteryl ester (M) and phospholipids (N) fractions of plasma which were previously shown 

to be linearly related to dietary intake as assessed by more reliable reference methods such as 

multiple 24-hour recalls, food records or diet history (373-375, 436-440). These instrumental 

biomarkers take an epidemiological approach to validation. Findings from this study and its overall 

methodology may be used in subsequent analyses to adjust for measurement error in causal 

models linking intake of essential fatty acids and their biologically plausible ratios with disease 

outcomes. The main parameters that were estimated in this paper were the attenuation factor for 

each fatty acid exposure and the error variance covariance matrix.  
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These can be used in regression calibration and simulation extrapolation analysis using the same 

food frequency questionnaire administered to a comparable population.  

   My second paper was a prospective study which assessed the effect of low ω-3 fatty acid status 

on six-year cognitive decline in men and women aged 50 years and older, as well as the interaction 

of this risk factor with elevated blood pressure. The study showed that increased dietary intake of 

long chain ω-3 fatty acids and balancing long-chain ω-3/ω-6 decreased the risk of cognitive decline 

in verbal fluency, particularly among hypertensive subjects. This finding also held for the 

corresponding plasma analytes in the cholesteryl ester and phospholipids fractions.   

   My third paper looked at the effect of plasma fatty acids on cognitive decline among older adults 

using a prospective cohort design, expanding the effect to various fatty acid types and interaction 

with a number of oxidative-stress inducing conditions. Findings indicated that global cognitive 

decline was affected by excess amount of palmitate (a saturated fatty acid) in both fractions. In 

cholesteryl esters, risk of global cognitive decline was increased by an elevated arachidonic acid 

concentration (an  ω-6 highly unsaturated fatty acid) and a lower amount of linoleic acid (an ω-6 

medium chain PUFA), even after control was done on several sociodemographic, behavioral and 

nutritional factors. More importantly, lower concentrations of ω-3 highly unsaturated fatty acids 

(mainly DHA and EPA) were associated with a higher risk of cognitive decline in verbal fluency, 

particularly among hypertensive and dyslipidemic subjects, as well as the less depressed individuals 

at baseline.  These interactions were consistent between cholesteryl ester and phospholipid 

fractions of plasma. No effects were observed on delayed word recall (DWRT) and psychomotor 

speed (through DSST/WAIS-R test) among any of the subgroups considered.  
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B. Strengths 

    The validation study (paper 1) is one of the very few attempts to estimate an error variance-

covariance matrix ( uuΣ̂ ) that can be used subsequently by other researchers for the purpose of 

correcting for measurement error in multivariate generalized linear models. Estimates of 

attenuation factors (λj) which can be used mainly in bivariate generalized linear models were also 

reported. The approach used was similar to previous research  (429, 451, 452).  While this article 

focused on regression calibration, other measurement error models utilize uuΣ̂ , including 

simulation extrapolation (SIMEX), methods with instrumental variables and maximum-likelihood 

methods(447). Health outcomes that have traditionally been of interest in relation to essential fatty 

acids and the balance between them include coronary heart disease (324, 325), stroke (327, 328), 

type II diabetes (341),  breast and prostate cancer  (453, 454), depression (351, 352), cognitive 

functioning  (137, 141, 388, 389), hypercoagulable profile (332, 336) and COPD (422). 

   One of the main strengths of the second paper is the prospective design used which thus far is 

unique in the literature testing this particular hypothesis (459). In addition, an evidence-based 

report suggested a need to look for the effect of ω-3 fatty acids on cognitive decline by 

cardiovascular disease status and to define exposure in terms of absolute value of medium chain 

and long chain fatty acids, as well as the ratio between ω-3 and ω-6 fatty acids in diet and plasma 

(460). All these suggestions were implemented in the present study. Moreover, this is the first 

study to assess effect modification by hypertensive status and to test at the population level a 

biological interaction documented in animal experimental work. Measurement error, which almost 

always accompanies dietary assessment, was corrected for in this study using regression calibration 

and SIMEX. 
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    Another strength that is shared with the third paper is the use of the reliable change index (RCI) 

in order to assess the degree of change in cognitive scores between two points in time and choose 

the cutoff point for each domain that corresponds to a statistically reliable decline. The cut-point 

chosen was an RCI<-1.645. This means that the level of sensitivity chosen was 90%, with the 

lower 5% of the distribution having declined while the upper 5% would have improved 

significantly. The RCI method corrects for measurement error and practice effects, by taking into 

account the difference in group means of pretest and posttest scores. Hence, the choice of the 

cutoff point, rather than being arbitrary, is one that is supported by neuropsychological evidence.           

    An advantage of using biomarkers of dietary intake rather than self-reported intake is that we 

are certain that errors in the exposure are independent of errors in our outcome measure. This 

would in most cases lead to an attenuation of effect in the presence of measurement error and 

hence lead to an odds ratio that is biased towards the null value of 1. 

C. Limitations 

 

    Some of the main limitations of the validation study include the lack of a reference method that 

is known to be more reliable than FFQs in the ARIC study (e.g. multiple 24-hour recalls or food 

records). However, because of correlated errors between self-report methods, the use of 

biomarkers has often been cited as a more adequate means to assess the extent of measurement 

error in a test instrument. Another drawback is the fact that plasma levels of fatty acids in both 

fractions studied constitute a short-term measure of intake although they have been shown to 

correlate well with long-term intake (9).  
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In addition, the lack of certainty as to the nature of the relationship between the biomarkers 

considered and the intake variables and the potential interaction of these dietary exposures with 

other nutritional, environmental and genetic factors constitutes a major challenge for 

interpretation. For this reason, and using structural equations modeling, estimation of 

measurement error in FFQ derived nutrients took into consideration two approaches, by including 

an alloyed gold standard with assumed hyperbolic relationship with biomarkers in plasma 

phospholipids (a biochemical approach) and two instrumental biomarkers with assumed linear 

relationship with intake (an epidemiological approach). Finally, although there has been evidence 

of correlation between intake of fatty acids and their levels in the substrates considered in our 

study, such a correlation does not necessarily render these biomarkers an adequate reflection of 

long-term fatty acid intake. In fact, the only substrate that has been shown to work as a gold 

standard is adipose tissue. However, because of the elevated cost and invasiveness of the 

procedure, studies using adipose tissue fatty acid concentration as an intake biomarker were often 

of limited sample size and hence correlations obtained had insufficient levels of precision (377, 

379). Another potentially adequate biomarker that was often used to validate medium-term intake 

of fatty acids is erythrocyte membrane concentration (369, 378).   

    For my second and third papers, limitations included the lack of psychometric diagnosis for 

mild cognitive impairment, which might have been a more definite and clinically relevant outcome. 

However, the neuropsychological tests used represent some of the domains reported to be most 

sensitive in discriminating between normal aging and mild cognitive impairment (110).  
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The third paper had its own specific limitations which it shared with the second paper to a certain 

extent. First, it made use of tissue composition of fatty acids which does not necessarily reflect the 

proportion of fatty acids in the diet. Nevertheless, ARIC had also collected dietary intake data using 

a semi-quantitative food frequency questionnaire at the same baseline visit (i.e. visit 1). A study by 

Ma and colleagues had shown that intake of DHA and EPA was highly correlated with their 

concentrations in both cholesteryl esters and phospholipids (371). In addition, repeated measures of 

a sub-sample of plasma specimens indicated that fatty acid concentration in both fractions is reliable 

over the short and long term (423). Previous studies have also indicated that plasma levels of highly 

unsaturated fatty acids may also be good reflection of long-term dietary intake (372-375, 463).  

However, the main advantage of using a biomarker rather than a self-report of intake is that we are 

certain that errors in the exposure are independent of errors in our outcome measure. This would in 

most cases lead to an attenuation of effect in the presence of measurement error and hence lead to 

an odds ratio that is biased towards the null value of 1. Another limitation is that the sum of fatty 

acids in each fraction is 100. Therefore, a higher percentage of a specific group (e.g. SFA) will 

automatically reflect a lower percentage of another. Hence, there is a problem of interdependence 

which makes it difficult to interpret the effect of a single constituent or group of constituents. We 

are also unable to translate these findings quantitatively into dietary recommendations (e.g. number 

of servings of fish per week). Finally, a prior analysis indicated that there was a marked differential in 

short-term reliability between fatty acids that were major constituents (reliability coefficient > 0.65) 

and those that had a percentage less than 1% of total fatty acids(423). 
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D. Future Directions 

 

    Based on the first paper, future endeavors to correct for error should make use of structural 

equations modeling and include as many instrumental biomarkers as is available along with other 

self-reported or biomarker-based reference methods of dietary assessment. However, the choice of 

biomarkers and interpretation of their variability must be made as to account for biochemical and 

physiological interactions between dietary, environmental and genetic factors.  Moreover, one must 

be cautious of coupled errors between biological markers and must take into account these 

correlations when specifying the structural model. Finally, because structural equations modeling 

makes a strong assumption about joint multivariate normality, often not present, it is crucial for 

future studies to use newly developed methodologies which appear to be more flexible in many 

ways (456). 

    According to my second paper, the literature indicates that these fatty acids were frequently 

found associated with reduced risk of cardiovascular disease, including stroke (327) and coronary 

heart disease (324, 325), although thus far all the evidence is of an observational nature. They have 

also been associated with improved insulin sensitivity(341), reduced risk of dyslipidemia (346) and 

a hypocoagulable profile (332) among other health benefits. Because many of these conditions are 

also related to cognitive impairment, future research should focus on disentangling the direct and 

indirect effects of fatty acids (using plasma biomarkers) on cognition and uncover the main 

mechanism involved in their ability to prevent clinically significant decline in aging populations.  

Finally, these findings suggest the utility of randomized clinical trials that would augment intake of 

marine fatty acids in the treatment group and give a non-enriched diet to the placebo group while 

allowing for stratification by baseline hypertensive status.  
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    Based on findings from the third paper, there is reason to believe that subjects who are under 

increased oxidative stress, particularly hypertensive and dyslipidemic subjects, may have an added 

benefit to enriching their diet with ω-3 HUFAs which are mostly found in cold water fish (e.g. 

salmon, tuna, mackerel) and other foods of marine origin. Their increased intake may delay the 

progression of cognitive decline particularly in the area of verbal fluency. Future research should 

attempt to conduct subgroup analysis using actual markers of oxidative stress which have been 

developed recently (468). In addition, a stratified and randomized trial may be warranted 

comparing subjects with varying levels of oxidative stress in terms of their response to increasing 

dietary intake of ω-3 HUFAs using a more comprehensive battery of neuropsychological tests.   
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APPENDICES 

 

 

APPENDIX A: Additional Methods and Results 
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TABLE A.1. Notations, Definitions and values: Estimating the alloyed gold standard T* 
 
Notation Definition Value 
C3 Standard effective concentration of 18:3 (ω-3) as a percentage of total caloric intake 0.0400 
C6 Standard effective concentration of 18:2 (ω-6) as a percentage of total caloric intake 0.0600 
Co Constant for the effect of other dietary fatty acids (non-essential). 5.0 
KS Constant for shape fitting 0.175 
PC3 Standard effective concentration of 18:3 (ω-3) as a percentage of total caloric intake 0.0555 
PC6 Standard effective concentration of 18:2 (ω-6) as a percentage of total caloric intake 0.0441 
HI3 Competitive inhibition by the dietary ω-3 HUFA in elongation and desaturation of the (ω-3) and (ω-6) UFA.  0.005 
HC3 Efficiency of direct esterification of dietary (ω-3) HUFA. 3.0 
HC6 Efficiency of direct esterification of dietary (ω-6) HUFA.  0.70 
HUFAs 20:3 ω-9, 20:3ω-6, 20:4 ω-6, 22:4 ω-6, 22:5 ω-6, 20:5 ω-3, 22:5 ω-3, 22:6 ω-3  
Pfh3 20:5+22:5ω-3 plasma phospholipids fatty acids as % of all HUFAs in the phospholipid fraction of plasma  
Pfh6 20:3+20:4 ω -6 plasma phospholipids fatty acids as % of all HUFAs in phospholipid fraction of plasma  
T3p % energy intake of: 18:3+18:4 ω-3  
T6p % energy intake of: 18:2+18:3 ω-6  
T3H % energy intake of: 20:5+22:5+22:6 ω-3  
T6H % energy intake of: 20:3+20:4+22:4+22:5 ω-6   
T3 T3p + T3H  
T6 T6p + T6H  
T3+6 T3 + T6  
T3H/6H Ratio of T3H to T6H  
T3P/6P Ratio of T3P to T6P  
T3/6 Ratio of (T3P+T3H) to (T6P+T6H)  
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A series of programming loop commands in STATA were used to first estimate the values of T3p, 

T6p and To using equations A..1 and A.2 and then to estimate T3H and T6H, given the now known 

values of the three other parameters, using equation A.3. An iterative process was used whereby 

permutation of values within a biologically plausible range was conducted and the appropriate 

combination was selected based on the minimum squared residual value of the biomarkers pfh3 and 

pfh6 and hence an attempt was made to improve the fit of the empirical equations model given 

observed values of biomarkers. The programming loop gave in each case one identifiable 

minimum. The biologically plausible values of T3p were: 0.10-1.50 in increments of 0.01 percent; 

To=Z × Tfmax where Tfmax=50 and Z ranged from 0.10-1.00 in increments of 0.01; T6p was 

constrained to range from 0.00 to 15.00 percent. Finally, using the third equation, T3H  was 

constrained to range from 0.01-1.00 percent in increments of 0.01 percent and T6H was restricted 

to the range 0.01-0.50 percent in increments of 0.01 percent. The solution for {Z, T3p, T6p} was 

obtained at a first stage, using the first two equations. These values were incorporated at a second 

stage into the third equation to obtain values for {T3H, T6H}. Similarly, the squared residual of pfh6 , 

given equation A.3, was minimized to obtain the appropriate combination.  

TABLE A.2. Regression calibration results using estimate of λj with its SE for various naïve estimates  
of β (SE=0.05)  
 

 β(naïve , j);  SE=0.05 
 0.2000 0.4000 0.6000 0.8000 1.0000 

β(RC, j); (SE)      

      
  6P 0.810 (0.062) 1.619 (0.032) 2.429 (0.021) 3.239 (0.016) 4.049 (0.012) 
  3P 1.143 (0.044) 2.286 (0.022) 3.429 (0.015) 4.571 (0.011) 5.714 (0.009) 
  6H 3.571 (0.014) 7.143 (0.007) 10.714 (0.005) 14.286 (0.004) 17.857 (0.003) 
  3H 0.490 (0.103) 0.980 (0.067) 1.471 (0.039) 1.961 (0.027) 2.451 (0.021) 
  6 0.952 (0.053) 1.905 (0.027) 2.857 (0.018) 3.810 (0.013) 4.762 (0.011) 
  3 0.597 (0.084) 1.194 (0.048) 1.791 (0.029) 2.388 (0.021) 2.985 (0.017) 
  3+6 0.909 (0.055) 1.818 (0.028) 2.727 (0.018) 3.636 (0.014) 4.545 (0.011) 
  3P/6P 0.513 (0.100) 1.026 (0.062) 1.538 (0.036) 2.051 (0.025) 2.564 (0.020) 
  3H/6H 0.405 (0.133) 0.810 (0.102) 1.215 (0.058) 1.619 (0.036) 2.024 (0.026) 
  3/6 0.512 (0.099) 1.023 (0.062) 1.535 (0.036) 2.046 (0.025) 2.558 (0.020) 
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We considered a structural model, in which i stands for individual and j for dietary variable j and Tij 

(a latent variable) is the true value of dietary intake of nutrient or ratio of nutrients j for subject i. 

For that subject i, Qij is the value of dietary variable j derived from the food frequency 

questionnaire. T*ij is its value derived from an alloyed gold standard which was estimated from 

biomarkers in phospholipids fatty acid levels and biochemical empirical equations using STATA 

forval loops (381-383, 411).  Mij is the value of instrumental biomarker for nutrient or nutrient ratio 

j (plasma cholesteryl ester level of fatty acids). In addition, Nij is another biomarker (plasma 

phospholipids level of fatty acids). Both of these biomarkers were shown previously to be highly 

correlated with reference methods of dietary assessment (374, 375, 438): 

j j ij0Q 1Q Q  =   +    + ij ijQ Tα α ε           

* * *
j j ij

*
10T T T  

=   +    + ij ijT Tα α ε  (A.4.) 

j j ij
10M M  

=   +    + ij ijM
M Tα α ε                                                                                                                                        

j j ij
10N N  

=   +    + ij ijN
N Tα α ε  

After imposing specific restrictions on this model, it was identified with varying degrees of freedom 

depending on variable j and an estimate of true intake for each dietary variable was obtained as a weighted 

average of measured variables in their standardized form. Subsequently, error in measurement from food 

frequency questionnaire was computed for each observation as: ijû = Qij - ijT̂ . Hence, the error 

variance- covariance matrix could be derived accordingly. Our results were as follows, for the 

errors for variables j presented in the order {6P; 3P; 6H; 3H; 6; 3; 3+6; 3P/6P; 3H/6H; 3/6}: 
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TABLE A.3. Variance-covariance matrix of measurement error ( uuΣ̂ ) in measured variables Qj ; ARIC (1987-89) 

uuΣ̂  
Variable j 6P 3P 6H 3H 6 3 3P/6P 3H/6H 3/6 
          
  6P (1.506) *         
  3P 0.207† (1.054)        
  6H -0.356 0.021 (1.842)       
  3H -0.122 0.007 0.521 (1.222)      
  6 1.286 0.131 0.038 -0.097 (1.315)     
  3 -0.037 0.535 0.511 1.091 -0.025 (1.305)    
  3+6 1.439 0.245 0.047 0.129 -0.480 0.370    
  3P/6P -0.421 0.514 -0.138 0.066 1.369 0.184 (0.906)   
  3H/6H 0.047 -0.034 -0.129 0.911 -0.056 0.775 0.101 (1.021)  
  3/6 -0.609 0.251 0.280 0.837 -0.599 0.932 0.713 0.608 (1.207) 
          
* Numbers in parentheses constitute the variance of error for variable j.  
† Off-diagonals are the covariances between measurement errors of variables j.  

 

    Although these estimates can be transported to other studies, we made use of the available data directly 

to estimate  uuΣ̂  in each model, by considering  standardized T*, M and N as replicates for standardized Q 

available for part of the data that can be used to estimate true value T. It is recommended to use the above 

matrix with SIMEX rather than RCAL which gives a bootstrap estimate of standard error for the measure 

of effect that is more consistent with our current method of application. For both cases (whether using 

replicate measures directly from the data or inputting the matrix by hand), the method of moments is used 

to correct for measurement error in covariates and can be summarized as follows: (445, 448): 
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The generalized linear model in which measurement error correction of covariates is conducted can be 

written as: 

m n

0 T,naïve, Z,naïve,
1 =1

ˆ ˆ ˆ E( | ) =   +    +    j k j j k k
j k

Y Q  , Z Q Zβ β β
=
∑ ∑                                                         (A.6.) 

    Simulation extrapolation or SIMEX is a procedure consisting of four main steps:  
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(i) Fitting the causal model to obtain the estimated coefficients βnaïve and an estimate of the 

measurement error variance σ2
u. (ii) Generating random pseudo errors for a scale factor θ times 

the estimated error variance ε ~ N(0, θσ2
u).  

These pseudo errors are added to the original values of the error prone covariate. Fit the model to 

obtain β{naïve, θj}. This is repeated r times to obtain mean coefficient vector β{ θj}= (1/r)Σ β{i, 

θj}. (iii) The previous step is repeated for j=1 …, k* scale factors, where typically we use θ = {.5, 

1, 1.5, 2}, though individual researchers may choose a longer list of scale factors. Using the typical 

list of scale factors, we have k=5 estimated coefficient vectors since k*=4 for the list above, and 

we have the estimated coefficient vector form the initial step (k=k*+1). (iv) For each regression 

coefficient βm (m=1, …,p) in the model, we consider the estimated coefficient as a function of the 

scale factor θj  for j=1, …k. Formally, we specify a function f( ) such that   βm= f(θ,βm
{θ} ). We 

estimate this relationship and then extrapolate back the final estimates βm= f(θ0= -1, βm
{θ} )  (no 

measurement error ). Researchers are free to choose the form of the function f( ), but we point out 

that there are relatively few – in this case 5 – observations available to estimate the parameters of f( 

). The function f( ) used to model the relationship between the estimated coefficient and θ is called 

the extrapolant function (446). Although deciding which model to fit is a valid question when 

performing SIMEX, it has been shown that conservative estimates with a quadratic curve do 

improve over the naïve estimator without any correction. Investigators may also use model fitting 

techniques to decide which model to fit and then extrapolate with. Calculating the standard error 

of the SIMEX estimator requires 100 simulations on its own. With the ever increasing speed of 

computers, the necessary computing power is widely available (447). 
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DELAYED WORD RECALL TEST  (DWRT) 
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DIGIT SYMBOL SUBSTITUTION TEST (DSST/WAIS-R) 
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WORD FLUENCY TEST (WFT) 
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COGNITIVE TEST SCORING SUMMARY 
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ARIC FOOD FREQUENCY QUESTIONNAIRE: 
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