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Abstract

Objective—We aimed to determine whether circulating levels of the biomarkers C-reactive
protein (CRP), fibrinogen, plasma viscosity, and haematocrit were associated with cognitive
decline in middle-aged to elderly people.

Methods—Subjects consisted of 2,312 men and women aged 50 to 80 years participating in the
Aspirin for Asymptomatic Atherosclerosis Trial, all of whom were free of symptomatic
cardiovascular disease at baseline. Biomarker levels and cognitive ability were measured at
baseline with cognition assessed in all subjects using the Mill Hill Vocabulary Test and in a
subgroup of 504 persons using tests of memory, non-verbal reasoning, information processing
speed, executive function, and mental flexibility. After 5 years, the five test battery was
administered to all participants and scores were used to derive a general cognitive ability factor.

Results—Baseline CRP and fibrinogen levels were negatively associated with age and sex-
adjusted follow-up scores on the majority of the cognitive tests, and the general cognitive ability
factor (correlations -0.054 to -0.105, £ < .05). In analyses adjusting for baseline cognitive scores,
asymptomatic atherosclerotic disease, and cardiovascular risk factors, both markers predicted
decline in several cognitive domains (excluding memory). Baseline plasma viscosity, but not
hematocrit, was negatively associated with follow-up test scores for general cognitive ability,
information processing speed and mental flexibility (correlations -0.050 to -0.098, £< .05) and
with decline across the same domains (P < .05).

Conclusions—Raised circulating levels of CRP, fibrinogen, and elevated plasma viscosity
predicted poorer subsequent cognitive ability and were associated with age-related cognitive
decline in several domains, including general ability.
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Introduction

Methods

Decline in memory and other cognitive abilities is one of the most feared consequences of
growing old. Over and above the problems associated with frank dementia, the prevalence of
milder forms of cognitive impairment in older age is large, causing a significant burden on
patients and carers alike [1]. Given our generally aging population, the public health
consequences of such age-related cognitive decline are likely to increase over the coming
years. It has been well established that by the time we observe clinical symptoms of
cognitive deficits, much cerebral damage has already been done [2]. There is thus an urgent
need to identify markers of future cognitive decline in order to develop effective
interventions aimed at reducing neurotoxicity before irreversible neural damage and
dementia can occur. One potentially fruitful area in the search for such markers is the
inflammatory system, which is thought to be involved in the development of Alzheimer’s
disease and may also be important in the development of vascular dementia [3, 4].

Cross-sectional associations between raised levels of peripherally circulating markers of
systemic inflammation and reduced cognitive ability in individuals without dementia have
already been established [5]. However, whether these markers can actually predict cognitive
decline in older age, or indeed whether they may have a causal role in the development of
cognitive decling, is unknown. To date, results for the well-recognised inflammatory
mediator, C-reactive protein (CRP), are conflicting with well-designed, large-scale studies
showing both positive and null associations with follow-up cognitive ability and cognitive
decline [6-8]. Furthermore, recent results suggesting a role for plasma fibrinogen in age
associated cognitive decline [9] have not been replicated, although they do raise the
possibility that differences in blood rheology (such as plasma viscosity) which are
influenced by fibrinogen levels and which also show an increase with aging (leading to an
increase in overall ‘stickiness’ of the blood with aging) may influence rates of age-
associated cognitive decline [10].

In view of these limited findings, we tested the hypothesis that higher levels of the
inflammatory markers CRP and fibrinogen and of the rheological factors plasma viscosity
and hematocrit are associated with cognitive decline using data from a large prospective
study based in central Scotland - part of the Aspirin for Asymptomatic Atherosclerosis
(AAA) Trial. This study population had the advantage not only of size (over 2,000 subjects
cognitively tested), but also provides detailed cognitive testing within a range of cognitive
domains and a 5-year of follow-up period between measurement of inflammatory markers
(and pre-morbid cognitive ability) and later life cognitive ability. The population was also
free of clinical cardiovascular disease when inflammatory and rheological markers were
measured.

Study Population

The study population consisted of all subjects recruited into the Aspirin for Asymptomatic
Atherosclerosis Trial who underwent cognitive testing after 5 years of follow-up. The AAA
Trial is a randomised controlled trial of aspirin for the reduction of cardiovascular events
and death in people with asymptomatic atherosclerosis. Details of how potential trial
participants were selected from the general population of central Scotland and recruited into
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the trial, including assessment of asymptomatic atherosclerosis, have been presented
previously [11, 12]. Briefly, subjects recruited into the trial were aged over 50 years with no
history of cardiovascular disease but with a ratio of systolic blood pressure in the ankle to
that in the arm (ankle-brachial index, ABI) of 0.95 or less, indicative of atherosclerotic
burden and increased risk of developing symptomatic cardiovascular disease [13, 14]. In
addition to symptomatic vascular disease or major illness, subjects were excluded if they
had a contra-indication to aspirin therapy, including a haematocrit measurement < 38% for
men and < 35% for women. Of the 3,350 subjects recruited into the trial between 1999 and
2001, 2,312 underwent cognitive testing at follow-up between 2003 and 2006 (range 4-7
years, mean 5 years) (Figure 1). A subset had also been targeted for extensive cognitive
testing at baseline. Research funding became available to perform these assessments after
approximately one third of subjects had been through the clinic. Thereafter, participants
were consecutively invited to take the additional cognitive testing until this group totalled a
target of 480 in number. In practice, 504 persons ended up partaking in this additional
cognitive examination. Approval for the study was granted by the ethical committees of
Lanarkshire, Edinburgh and Glasgow, and all subjects gave written informed consent prior
to the start of the trial.

Cognitive and physical assessment

Details of the baseline physical examinations and of the cognitive assessments have been
reported previously [15]. Briefly, five individual cognitive tests were administered to a
subset of 504 persons at baseline and to 2,312 persons at follow-up. The tests in this battery
included: the Audlitory Verbal Learning Test- AVLT (immediate and delayed memory)
[16]; Raven’s Standard Progressive Matrices - RAVENS (non-verbal reasoning) [17]; the
Digit Symbol Test- DST (processing speed) [18]; the Verbal Fluency Test- VFT (executive
function) [16]; and the Trail-Making Test, Part B- TMT (mental flexibility and processing
speed) [16]. Principal components analysis was used to ascertain the presence of a general
cognitive factor (traditionally called g) at both baseline and follow-up using the information
from the five-test battery. The scores on the first unrotated principal component were saved
for both measurements of g. Scree slope analyses indicated a single principal component at
both baseline and follow-up. At baseline, g accounted for 52.6% of the variance from the
full cognitive battery compared with 56.9% at follow-up. Each of the five cognitive tests
loaded strongly on g. A measurement of pre-morbid cognitive ability was also estimated for
all participants at baseline using the Mill Hill Vocabulary Test (MHVT). As results on
vocabulary tests such as the MHVT vary little with aging [19], especially in a relatively
young and healthy cohort like the AAA Trial, they can be used to estimate peak prior
cognitive ability [20]. Ankle brachial index, systolic and diastolic brachial blood pressure,
plasma total cholesterol levels and smoking history were measured using standard
techniques and strict quality control measures.

Biomarker measurements

Baseline venous blood samples were used to measure plasma viscosity, haematocrit,
fibrinogen, and CRP. Assays were performed in the University Department of Medicine,
Glasgow Royal Infirmary. Plasma viscosity was assayed in a fresh blood sample
anticoagulated with KoEDTA in a capillary viscometer (Coulter) at 37°C [21]. In the same
sample, haematocrit was measured using a microcentrifuge and optical reader (Hawksley)
[21]. In stored plasma anticoagulated with trisodium citrate, fibrinogen was assayed by the
automated Clauss assay (MDA-180 coagulometer, Organon Teknika), and CRP using a
high-sensitivity immunonephelometric assay [21].
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Statistical analysis

Results

Age and sex-adjusted Pearson correlations were calculated between the cognitive scores and
biomarker levels. The TMT scores and CRP levels were log-transformed due to positive
skew in their distributions. The associations identified by the correlations were analyzed
further via a series of linear regression analyses of biomarker levels against follow-up
cognition, actual 5 year cognitive change across individual tests, and estimated cognitive
change (follow-up scores adjusted for baseline vocabulary scores). In each of the models,
age and sex were entered as covariates with further adjustments being made when modelling
5 year change (baseline cognitive scores) and estimated change (MHVT). Baseline scores
were entered as covariates as opposed to calculating change scores as this method reduces
the chance of spurious correlations between baseline and change scores. Analyses were
repeated to account for the role of cardiovascular disease (CVD) risk factors by adjusting for
ABI, diastolic blood pressure, cholesterol level, and smoking (estimated as the number of
20-cigarette packs smoked per day times the number of years as a smoker, with a zero value
entered for lifelong non-smokers). Plasma viscosity calculations were also repeated after
adjusting for its main constituent, fibrinogen, to enable an investigation of its residual
component. Analyses were performed using SPSS 14.0 for Windows [22].

Table 1 gives the baseline characteristics of the entire AAA Trial population, the cognitively
tested study population and the cognitive change subset. Compared with the entire AAA
Trial population, there was little difference in the demographics of the group of subjects who
went on to be cognitively tested. Overall the two cognitively tested groups were very
similar, with the subset approximately 1 year older and with very slightly higher baseline
CRP and fibrinogen levels.

Age and sex-adjusted Pearson correlations between biomarker levels and follow-up
cognitive test scores are shown in Table 2. Small but significant correlations were found for
both fibrinogen and CRP with RAVENS, DST, TMT, and g (P <0.01). Plasma viscosity
associated significantly with scores on the DST, TMT, and with g (£<0.01). The latter
associations became non-significant after adjustment for fibrinogen levels with the
exception of the TMT correlation. CRP and plasma viscosity also correlated significantly
with the baseline MHVT scores (P< 0.001 and P < 0.05, respectively). Inverse correlations
for all tests except the TMT, in which high scores reflect lower cognitive ability, indicated
that higher levels of the biomarkers were associated with poorer cognitive performance. No
significant correlations were found between haematocrit levels and any of the cognitive
tests. Of the subset tested at baseline the correlations between the cognitive test scores and
the MHVT pre-morbid estimate of 1Q ranged from 0.19 to 0.39 (the correlation with the g
factor was 0.37).

Results of the models investigating marker levels and estimated cognitive decline are shown
in Table 3. After age, sex, and MHVT-adjustment, plasma fibrinogen, CRP, and viscosity
were significantly associated with poorer functioning on the DST (P< 0.01), TMT (P<
0.01), and g (P < 0.05). All of these associations remained significant after further
adjustment for CVD risk factors, with the exception of CRP with g. Fibrinogen and CRP
were also associated with decreased performance on RAVENS (p < 0.05) although these
disappeared after CVD adjustments. Fibrinogen-adjusted plasma viscosity was significantly
associated with TMT scores, both before and after adjustment for baseline cardiovascular
risk factors (P< 0.01). There was one weakly significant association between haematocrit
and cognition or cognitive change and this was for age, sex, and MHVT-adjusted TMT
scores (P < 0.05). Overall, the maximum standardised effect size found was -0.095 for CRP
using the DST to assess age and sex-adjusted cognition. This implies that for every standard
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deviation change in CRP levels the DST scores change by -0.095 standard deviations. As the
standard deviation on the DST was approximately 11 (Table 2) the effect size can be
roughly interpreted as a 1.0 point decrease on DST performance for a three-fold increase in
CRP level.

When cognitive decline was measured in the subset of study participants who undertook
detailed cognitive testing at both baseline and follow-up (Table 4), plasma fibrinogen was
found to be significantly and inversely associated with change in VFT scores (standardised
-0.066, P=0.046), plasma CRP with RAVENS scores (standardised p -0.069, 2= 0.037)
and plasma viscosity with poorer performance on the TMT (standardised  0.092, P=
0.011). Again these associations remained significant after further adjustment for baseline
CVD risk factors. Interestingly, higher plasma CRP levels appeared to be associated with an
improvement in performance on the AVLT (standardised p 0.081, = 0.029).

In a final model, subjects with a CRP measurement greater than 10 mg/l were excluded from
the analyses. CRP values above this threshold are regarded as being indicative of acute
inflammation [23] and abnormally large values may have obscured any potential
relationships. However, the number of subjects with CRP levels > 10 mg/l was only 112
(4.8% of the original population of 2,312) and after exclusion of these subjects from the
dataset, the results remained similar (data not shown).

Discussion

In the present study, raised levels of plasma fibrinogen and CRP were associated with poorer
general cognitive ability, non-verbal reasoning, executive function (CRP only), processing
speed, and mental flexibility after 5 years of follow-up and following adjustment for age and
sex. All but one of these associations remained significant after adjustment for baseline
MHVT scores, suggesting an association with estimated lifetime cognitive decline. Despite
smaller numbers of subjects, we also found significant associations between CRP and
fibrinogen and 5 year decline in executive function and non-verbal reasoning, respectively.
The size of these associations were again small, although this may be an effect of assessing
cognitive change in a relatively young cohort (mean age 62 years at baseline). There is also
a strong possibility of a practice effect on the cognitive tests skewing these results. Whilst a
five year follow-up is comparable to the other studies discussed [7, 9] an assessment of
cognitive change over a longer timeframe would have been ideal. Overall, our findings were
most pronounced for tests associated with processing speed and mental flexibility, possibly
reflecting the increased sensitivity of these tests to age-related cognitive decline compared
with tests for alternative domains such as memory [24]. However, one previous study found
that plasma fibrinogen was also associated with estimated lifetime decline in memory [9].

Of the rheological factors tested, baseline plasma viscosity was associated with late-life
general cognitive ability, processing speed and mental flexibility, with estimated lifetime
cognitive decline, and with 5-year decline in mental flexibility. These results are consistent
with findings in men participating in the Caerphilly study [25]. Since plasma fibrinogen is a
major determinant of plasma viscosity it is not surprising that our findings for both
biomarkers were similar (the correlation between the marker levels was 0.454, £< 0.001).
After adjusting for fibrinogen, plasma viscosity remained significantly associated with
scores on the TMT. This could mean that altered rheology, over and above any effect of
fibrinogen molecules themselves, accounts for the association between plasma viscosity and
cognitive ability. Contrary to the Caerphilly study [25], we observed no associations
between haematocrit and any test of cognitive ability. While further large prospective
studies of haematocrit and cognitive function and decline are required, it is possible that our
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findings reflect a more important role for plasma viscosity than for haematocrit or whole
blood viscosity in determining blood flow in the cerebral microcirculation [10].

The strengths of this study were the application of a comprehensive cognitive battery;
cognitive change measurements being taken over a 5 year period (which is at least as long as
the follow-up period from previous studies); and the assessment of four inter-related
measures of inflammation and rheology in a large population-based sample of over 2,000
persons. Also, by selecting participants with no history of cardiovascular disease, we were
able to assess the association between biomarker levels and cognition in a section of the
population with minimal evidence of vascular disease at baseline. Limitations of the study
included reduced power to detect associations in the cognitive change subset, which may
help to explain differences between the subset analysis and the estimated cognitive decline
analysis. Selection bias may also have occurred in the subset due to the non-random nature
of the selection. Furthermore, despite the reliability and consistency of vocabulary based
cognitive test scores, the study is limited by the use of estimated cognitive decline instead of
an actual measure of cognitive change. In addition, the use of single, peripheral
measurements of biomarkers, potentially diluting the associations found [7, 26]. CRP levels
in particular are prone to large fluctuations, especially during acute inflammatory processes
and it has been recommended that multiple measures be taken for greater accuracy [27].
Peripheral measures of the biomarkers may also not reflect levels within the cerebral
circulation. Although the AAA participants were all healthy and living independently in the
community at baseline, bias may have resulted from selective non-response and withdrawal
from the trial. We hypothesised that persons with poorer cognitive function were less likely
to participate and found that those with missing values at follow-up tended to have worse
scores at baseline testing (data not shown). In totality, the limitations of the study suggest
that, if anything, the observed associations are likely to be underestimating the true
relationship between the markers and cognitive ability or decline.

Although effect sizes for associations between inflammatory biomarkers and cognitive
ability were small, they were consistent with results from previous studies [6-9]. It is
possible, however, that the associations are not causal but the result of other conditions that
underlie both cognition and inflammation. One potential confounding, or mediating factor is
cardiovascular disease, which has been shown to be associated with both inflammation [28]
and cognitive ability [29]. However, when the modelling was repeated with the
cardiovascular risk factors as covariates most of the significant associations remained. This,
together with the asymptomatic study population, suggests that the relationship between
inflammation and cognition is at least partially independent of baseline cardiovascular
disease. In addition, as the fibrinogen and CRP levels correlated both negatively and
strongly with the MHVT scores there is also a possibility of reverse causation affecting the
interpretation of the results. It may be that poorer cognitive ability in earlier life is linked to
conditions affecting inflammation in later life, whether directly or through associations with
lifestyle and socio-economic status. Furthermore, lower socioeconomic status (SES) in adult
life is also a strong predictor of raised inflammatory marker levels, including CRP and
fibrinogen [30, 31]. These associations were weakened when comparing the biomarker
levels with childhood socioeconomic status with adjustment for adult cardiovascular disease
risk factors strongly attenuating the associations between CRP and early life SES.

To help explain the physiological relationship between inflammation, rheology, and
cognitive decline and to determine whether they are causal, future research could usefully
consider associations between cognitive ability and genetic polymorphisms affecting
biomarker levels. A causal role for inflammatory markers in cognition is certainly plausible,
either with or without vascular pathology as an intermediary. It is known that microglia
produce pro-inflammatory factors including Tumor Necrosis Factor (TNF)-a and
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Interleukin-1pB, excessive quantities of which can be deleterious to neurons [32]. TNF-a also
stimulates the production of fibrinogen [33] and (indirectly via synthesis of interleukin-6)
CRP [34], which along with other cytokines and products of the complement cascade
activate the microglia [35]. Increased plasma viscosity may also have a direct effect on
cognitive function by decreasing cerebral blood flow [10, 25]. If blood viscosity within the
low-normal range and maintained brain performance by rehydration is beneficial to the
acutely challenged, hypo-perfused brain in older patients, then it may be possible to extend
the potential link between blood viscosity and brain function to chronic cognitive decline in
the general population [10].

In conclusion, we have shown that raised circulating inflammatory marker levels and raised
plasma viscosity are associated with poorer late-life cognitive ability, estimated lifetime
cognitive decline, and in some cases with late-life cognitive decline. Future studies are
required to confirm or refute the causality of these associations and so guide the
development of preventive interventions.
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Acronyms
CRP C-reactive protein
AAA Aspirin for Asymptomatic Atherosclerosis
ABI ankle-brachial index
AVLT Auditory Verbal Learning Test
RAVENS Raven’s Standard Progressive Matrices
DST Digit Symbol Test
VFT Verbal Fluency Test
TMT Trail Making Test, Part B
MHVT Mill Hill Vocabulary Test
CVvD cardiovascular disease
TNF Tumor Necrosis Factor
BP blood pressure

fibrinogen
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Figure 1.

P

2312 cognitively
tested at follow-up
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160 deceased

157 withdrawn

668 refused cognitive testing

40 impractical to test or unable to contact
13 testing incomplete
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Flow diagram for participation in AAA trial and the cognitively tested study population.
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Table 1
Baseline characteristics of AAA Trial population, cognitively tested study population and cognitive change

L] subset

m

S: AAA Trial population Cognitively tested population Cognitive change subset
_8 (maximum n=3350) (maximum n = 2,312) (maximum n = 504)
% Age (years) 61.9 (6.7) 61.7 (6.55) 63.0 (6.85)

% Female - n (%) 2,396 (72) 1,689 (73) 369 (73)

T Ankle brachial index 0.86 (0.09) 0.86 (0.09) 0.87 (0.09)

§_ Systolic BP (mmHg) 147.9 (21.59) 147.4 (21.44) 142.7 (19.41)

g Diastolic BP (mmHg) 83.7 (10.74) 83.7 (10.71) 80.5 (9.76)

> Cholesterol (mmol/L) 6.18 (1.09) 6.27 (1.08) 6.20 (1.16)

% Smoking Status - n (%)

S Never Smoked 1087 (32.4) 733 (3L.7) 153 (30.4)

szJ Current Smoker 1101 (32.9) 776 (33.6) 183 (36.3)

é Ex-smoker 1162 (34.7) 803 (34.7) 168 (33.3)
%- Fibrinogen (g/L) 3.29 (0.71) 3.27(0.71) 3.36 (0.72)

7

CRP (mg/L) 4

2.00 (0.92, 4.39)

1.85 (0.89, 4.08)

1.98 (0.89, 4.18)

Plasma Viscosity (mPa.s)

1.27 (0.07)

1.27 (0.07)

1.27 (0.07)

Hematocrit - % (s.d.)

42.3(3.25)

42.2 (3.16)

42,6 (3.15)

Values are means (standard deviations) except where stated

AAA = Aspirin for Asymptomatic Atherosclerosis, CRP = C-reactive protein, BP = blood pressure

a . . . .
Median and inter-quartile range
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