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Abstract

Background and Objectives

Chronic low-grade inflammation, commonly associated with cardiovascular diseases and risk
factors, has been associated inconclusively with cognitive decline and dementia. The aim of our
study was to evaluate whether low-grade inflammation, measured in midlife, is associated with a
decline in cognitive performance after a 10-year follow-up. We hypothesized that low-grade
inflammation, estimated by interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-a), and
high-sensitivity CRP (hs-CRP), is a predictor of cognitive decline in the general population.

Methods

This prospective cohort study is based on a Finnish nationwide, population-based Health 2000
Examination Survey, its supplemental examinations in 2000-2001, and the follow-up Health
2011 Survey. Cognitive performance at baseline and at follow-up was assessed with categorical
verbal fluency (VF), word-list learning (WLL), and word-list delayed recall (WLDR). Baseline
low-grade inflammation was measured with IL-6, TNF-a, and hs-CRP in 2001. Associations
between low-grade inflammation and cognitive performance were analyzed with multivariable
linear models adjusted for age, sex, education, APOE £4 genotype, type 2 diabetes, hypertension,
hypercholesterolemia, body mass index, depressive symptoms, smoking, and baseline cognition.

Results

Nine hundred fifteen participants aged 45-74 years (median age 54 years, 55% women) were
included in the analysis. Both higher IL-6 and TNF-a at baseline predicted poorer performance in
VF and WLL at 10-year follow-up (VF: IL-6 f: —1.14, p = 0.003, TNF-a : —1.78, p = 0.008; WLL:
IL-6 p: —0.61, p = 0.007, TNF-a B: —0.86, p = 0.03). Elevated IL-6 also predicted a greater decline
in VF and WLL after a 10-year follow-up (VF: p: —0.81, p = 0.01; WLL: B: —0.53, p = 0.008).
Baseline TNF-a did not predict cognitive decline, and hs-CRP did not predict cognitive per-
formance or decline after 10-years.

Discussion

Our results suggest that low-grade inflammation in midlife is an independent risk factor for
poorer cognitive performance later in life. Of the studied markers, IL-6 and TNF-a seem to be
stronger predictors for cognitive performance and decline than hs-CRP.
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Glossary

AD = Alzheimer disease; IL-6 = interleukin-6; hs-CRP = high-sensitivity CRP; TNF-a = tumor necrosis factor alpha; VF =
verbal fluency; WLL = word-list learning; WLDR = word-list delayed recall.

Low-grade inflammation is associated with a number of disor-
ders including cardiovascular disease, obesity, metabolic syn-
drome, depression, and dementia."® However, it is unclear
whether low-grade inflammation is the cause or consequence of
these conditions.>” There is also evidence that levels of circu-
lating inflammatory markers are elevated before the onset of
cognitive impairment or Alzheimer disease (AD),*"° although
some studies have not been able to find association between
inflammatory markers and cognitive decline.'"'* However, few
prospective studies have assessed the roles of different in-
flammatory markers during midlife as risk factors for cognitive
impairment later in life.”'">'* Furthermore, many of the pre-
vious studies have been cross-sectional'>” or have investigated
older populations instead of middle-aged populations™®*>%>3
resulting in heterogeneity in outcomes. To date, the importance
of low-grade inflammation in cognitive decline and dementia
remains inconclusive.

It has been suggested that chronic inflammation is promoted by
cytokines such as TNF-a and IL-6 excreted from adipose
tissue.”**” The presence of these circulating cytokines is hy-
pothesized to activate microglia cell-mediated neuro-
inflammation in the brain that is believed to be part of the
pathophysiology of AD.>* We have previously shown that
higher levels of metabolic risk factors and high-sensitivity
C-reactive protein (hs-CRP) are associated with microglial
activation, measured with [''C]PBR28 -PET, in brain regions
typical for early B-amyloid accumulation in AD.*>* The hy-
pothesis of the present study was that low-grade inflammation
in midlife would be associated with cognitive performance and
decline later in life. To test this hypothesis, we examined 915
individuals aged 45-74 years at baseline and evaluated whether
higher levels of 3 circulating proinflammatory mediators,
TNF-q, IL-6, and hs-CRP, could be associated with cognitive
decline after 10 years. The study was conducted on a prospective
cohort design in a sample of the Finnish adult population.

Methods

Study Population

This study is based on the Finnish Health 2000 examination
survey, its supplemental examinations on a subpopulation in
2001-2002, and its follow-up survey, Health 2011 study, all of
which were conducted by the Finnish Institute for Health and
Welfare>*** A multidisciplinary epidemiologic Health 2000
survey was conducted in Finland in the years 2000 and 2001. It
was a nationwide population-based survey that was represen-
tative of the Finnish adult population living in mainland
Finland. A total of 8028 adults, aged 30 years and older, were
randomly selected from the Finnish population registry
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using a 2-staged stratified cluster sampling procedure. Eighty-
four percent (n = 6,770) attended a health examination proper

or had a health examination at home.>

After the Health 2000 examinations, a subsample of the study
population underwent further examinations between 2001 and
2002 for a more thorough study of cardiovascular diseases and
diabetes. Of the participants aged 45-74 years who had partic-
ipated in the Health 2000 examination and lived near 1 of the §
central university hospital cities in Finland, 1864 were invited to
a supplemental investigation of the cardiovascular system.
Eighty-two percent (n = 1,526) attended the supplemental
survey.** The participants in the original Health 2000 Survey,
who were still living in Finland and who had not declined to
participate (n = 1,396), were invited to attend the Health 2011
follow-up survey.*

Individuals who had attended all 3 investigations (the Health
2000 examination proper in 2000-2001, the supplemental in-
vestigation in 2001-2002, and the Health 2011 follow-up health
examination or the home examination in 2011) were included
in the present study. Participants with missing cognitive test
results at baseline (n = 15) or at follow-up (n = 24) and those
whose IL-6 and TNF-a -levels were not measured (n = 25) at
baseline were excluded from this study. In addition, individuals
with hs-CRP values > 10 mg/L (in the supplemental in-
vestigation) (n = 66) were excluded to eliminate possible
confounding effects of an infectious disease. Similarly, individ-
uals who were currently using of systemic corticosteroids
(N = 22) were excluded to eliminate the potential distorting
effect on inflammation markers. One hundred five individuals
declined to participate in the follow-up examination or had died
or were generally lost for the follow-up. In total, 915 individuals
aged from 45 to 74 years were included in the analyses (Figure 1).

Baseline Measurements

In the Health 2000 study, APOE genotyping was performed for
those who gave their written consent for DNA sampling with
the MassARRAY system (Sequenom, San Diego, CA) with a
modified protocol that has previously been described.*® Between
2001 and 2002, participants’ body mass index (BMI) was de-
termined, and their blood pressure was measured in a sedentary
position from the right upper arm 3 times with oscillometric
OMRON M4 blood pressure monitor (Omron Matsusaka, Ja-
pan, OMRON Healthcare Europe B.V, Hoofddorp, The
Netherlands).>® A mean of the 3 measurements was used in the
analyses. Information about the participants’ medical history,
medication, education, and smoking was obtained by interviews
and questionnaires. Depressive symptoms were evaluated with
the Beck Depression Inventory (BDI). Fasting blood samples
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Figure 1 Study Selection Process and Reasons for Exclusion
From the Study

Participants aged 45-74 years
attended the health examination
proper in Health 2000 study
(N =4,195)

Invited to the additional examination
(n=1,867)

Attended the additional examination
(n=1,526)

Attended the laboratory sampling
(n=1,396)

Excluded (n =481):

« Cognitive tests not performed at baseline (15)

+ Use of systemic corticosteroids (22)

* IL-6 and TNF-a not analyzed (25)

« CRP>10 (66)

« Deceased or moved abroad (105)

« Did not attend the health examination proper or
the home examination in 2011 (224)

« Cognitive tests interrupted or not performed at
follow-up (24)

n=915

were taken after fasting for 10-12 hours. Serum cholesterol
values were analyzed as previously reported.**** Inflammatory
markers (hs-CRP, IL-6, and TNF-a) were determined using
chemiluminescent immunometric assays (Immulite, Diagnostic
Products Corporation, Siemens Healthcare Diagnostics, Deer-
field, IL, USA). The detection limits of the assays were 0.20 mg/
L for hs-CRP, 1.5 ng/L for TNF-a, and 0.5 ng/L for IL-6. Values
under the detection limit were given the value detection limit
divided by 2, that is, 0.1 mg/L for hs-CRP, 0.75 ng/L for TNF-q,
and 0.25 ng/L for IL-6.

Cognitive Tests at Baseline and at Follow-up

The methods used for cognitive evaluation were chosen to
measure different aspects of cognition. The cognitive test battery
consisted of tests for verbal fluency (VF) and learning and
retaining verbal material from the Finnish version of the CERAD
(Consortium to Establish a Registry for Alzheimer’s Disease) test
battery.”” Cognitive performance was measured at baseline and at
follow-up.>*** In the categorical VF test, the participants were
asked to produce a list of as many animals as possible within 1
minute. One animal indicated 1 point. In the word-list learning
(WLL) task, the participants were shown 10 words and asked to
read them aloud and memorize them. Then, within 90 seconds,
the participants were to recall as many words as possible
(immediate recall). At baseline, this procedure was repeated twice
if the participant could not recall all the words after the first round.
If a participant had memorized all 10 words in the first round, the
result was 30 points. Thus, the WLL score was 30 for those who
recalled all the 10 words after the first round and the total of the
recalled words in the 3 rounds for other participants. At follow-up,
although all 10 words had been remembered after the first round,
a total of 3 rounds were performed. One correct word indicated 1
point. In the word-list delayed recall (WLDR) test, the partici-
pants were asked to recall all the 10 words after a S-minute
delay.**** To evaluate the change in the cogpnitive test scores, the
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cognitive test score in 2000 was subtracted from that of 2011 so
that negative change would indicate decline in the cognitive test
scores during the follow-up.

Covariates

Previously reported risk factors for cognitive decline: age, edu-
cation, APOE &4 genotype, diabetes, hypertension, hypercho-
lesterolemia, depressive symptoms, BMI, and smoking habits
were used as covariates in the analyses. Education was de-
termined as self-reported years of formal education. The APOE
£4 genotype was defined as positive if the participant had 1 or 2
APOE &4 alleles. Hypertension was defined as systolic blood
pressure >140 mm Hg, diastolic blood pressure >90 mm Hg, or
current use of antihypertensive medication. Hypercholesterol-
emia was defined as a serum total cholesterol level >6.5 or
current use of antilipidemic medication during the Health 2000
examinations. Diabetes was defined as the current use of insulin
or oral diabetes medication, fasting plasma glucose >7.0 mmol/
L, or 2-hour oral glucose tolerance test value > 11.1. APOE &4,
hypertension, hypercholesterolemia, diabetes, and smoking were
analyzed as dichotomic variables. Age, formal education in years,
BM]I, and BDI score were analyzed as continuous variables. The
total number of participants with data available of each covariate
is shown in Table 1. The adjusted models included all individuals
with complete data for all covariates.

Statistical Analyses

First, the normality of all variables was inspected from the histo-
grams. To achieve normal distribution, logarithmic transformation
was performed on the non-normally distributed variables (hs-
CRP, IL-6, TNF-a, and BDI). Differences between the 45-74-
year-old participants of the main Health 2000 study (n =
4,195) and those included in this study (n = 915) as well as
the differences between the individuals of the subpopulation
who dropped out from the follow-up study (n = 353) and
those who completed the follow-up (n = 915) were analyzed by
the Wilcoxon rank-sum test (age), Student ¢ test (other con-
tinuous variables), or x” test (sex and APO &4 genotype).

Because previous studies have identified differences between
sexes in the associations between metabolic risk factors and
cognition,m’38 the study population characteristics are pre-
sented for the total population and for men and women
separately. Differences between men and women were ana-
lyzed with the Student ¢ test for continuous variables and with
the y test for categorical variables. Pairwise correlations be-
tween inflammatory markers and covariates were calculated
using Pearson correlation. Multivariable linear models were
used to test the independent association between baseline
inflammatory parameters and cognitive performance at
follow-up. Explanatory variables were adjusted on 3 different
levels. Model 1 was adjusted for age, sex, and prior education
in years. Model 2 was additionally adjusted for APOE &4
genotype, diabetes, hypertension, and hypercholesterolemia.
The fully adjusted model 3 was adjusted for all the explanatory
variables above and BMI, depressive symptoms, and current
smoking. The associations between inflammatory parameters and
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Table 1 Study Population Characteristics at Baseline

Total Men Women p Value

n (%) 915 (100) 413 (45.1) 502(54.9)
Age in years, mean, n =915 55.6 (7.5, 45-74) 55.7 (7.4, 45-74) 55.5 (7.6, 45-74) 0.7
Years of education mean, n =910 11.5(3.8, 2-26) 11.4 (3.8, 4-24) 11.6 (3.8, 2-26) 0.4
APOE €4 genotype n (%), n = 885 296 (33.4) 133(32.8) 163 (34.0) 0.7
Diabetes n (%), n =910 90 (9.9) 51(12.4) 39(7.8) 0.02
Hypertension n (%), n = 914 495 (54.2) 255 (61.9) 240 (47.8) <0.0001
Hypercholesterolemia n (%), n = 872 225 (25.8) 109 (28.3) 116 (23.8) 0.13
BMI, mean, kglmz, n =909 26.9 (4.3, 17.6-47.7) 27.3 (3.9, 19.1-41.1) 26.5(4.6,17.7-47.7) 0.005
BDI score, n =911 5(2,10, 0-41) 5(2,9,0-39) 6(3,11,0-41) 0.07
Current smoking, n (%), n =910 82 (9.0) 35(8.5) 47 (9.4) 0.65
TNF-a, median, ng/L, n =915 5.5 (4.4, 6.6, 0.75-43.5) 5.6 (4.6, 6.6, 0.75-43.5) 5.3(4.2,6.5,0.75-17) 0.01
IL-6, median, ng/L, n =915 1.3(0.92, 1.9, 0.25-53.3) 1.4 (1, 2,0.25-53.3) 1.25(0.9, 1.9, 0.25-14.9) 0.008
Hs-CRP, median, mg/L, n =912 1.37(0.77, 2.66, 0.1-10) 1.38(0.77, 2.48,0.1-10) 1.37(0.77,2.71, 0.1-9.7) 0.50
At baseline 2000

Verbal fluency, mean, n =915 25.3 (7.0, 6-46) 24.7 (7.3, 6-45) 25.8 (6.6, 7-46) 0.02

Word-list learning sum, mean, n =915 21.3 (3.7, 11-29) 20.4 (3.7, 11-29) 22.0 (3.5, 11-29) <0.0001

Delayed recall, mean, n = 915 7.2(1.7,0-10) 6.8 (1.7, 0-10) 7.5 (1.7, 2-10) <0.0001
At follow-up 2011

Verbal fluency mean, n =915 23.8(7.1,0-51) 23.4 (6.0, 0-48) 24.1 (6.8, 6-51) 0.1

Word-list learning sum mean, n =914 20.4 (4.4, 0-30) 19.2 (4.5, 0-30) 21.5 (4.0, 9-30) <0.0001

Delayed recall mean, n =915 6.9 (2.1, 0-10) 6.4 (2.1, 0-10) 7.4 (2.0, 0-10) <0.0001

Abbreviations: BMI = body mass index (kg/m?); BDI = Beck Depression Inventory; TNF-a = tumor necrosis factor alpha; IL-6 = interleukin-6; hs-CRP = high-

sensitivity C-reactive protein.

Logarithmic transformation (log .) was performed on the non-normally distributed variables (hs-CRP, IL-6, TNF-a, and BDI) before the analyses to achieve a

normal distribution.

The data are presented as mean (SD and range) for variables with a normal distribution; as median (1st quartile, 3rd quartile, range) for variables with a
skewed distribution; and as n (percentage) for categorical variables. The number of participants with data available for each variable is shown in the first
column. p Values indicate differences between men and women assessed with the Student t test for continuous variables and the x? test for categorical

variables.

change in cognitive performance after follow-up were evaluated by
adding also baseline cognitive function to the models above.
Normality assumption for the analyses was verified from the
studentized residuals. Age and sex interactions for each in-
flammatory marker on the association with cognitive performance
at follow-up and with cogpitive decline during the follow-up time
were tested in model 1. Age group (45-65 years, n = 797, and
65-75 years, n = 118) and sex-stratified analyses were performed
for the associations with significant interaction. Statistical signifi-
cance was set a p < 0.05 for all analyses. Statistical analyses were
performed with SAS JMP Pro 14 (SAS Institute, Cary; NC, USA).

Data Availability

Anonymized data can be requested on reasonable request for a
study that has been approved by a local ethics committee and
that corresponds with the research areas of the Finnish Institute
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for Health and Welfare Biobank. The applications are to be
directed to the Finnish Institute for Health and Welfare (thLfi/
en/web/thl-biobank/for-researchers).

Standard Protocol Approvals, Registrations,
and Patient Consents

The studies were approved by the Ethics Committee for Epi-
demiology and Public Health in the hospital district of Helsinki
and Uusimaa, Finland. Each participant gave their written in-
formed consent for participating in the studies.

Results

Demographics

The characteristics of the study population at baseline are pre-
sented in Table 1. The mean age of the study participants
(n=915), consisting of 413 men and 502 women, was 55.6 years;
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the mean BMI was 26.9 kg/ m? (SD 4.6). The men had higher
BMI than the women 27.3 kg/ m® vs 26.5 kg/ m* (p=10.005), and
men had more often hypertension (61.9% vs 47, 8%, p < 0.0001)
and diabetes (12.4 % vs 7.8%, p = 0.02). Two hundred ninety-six
(33.4%) had 1 or 2 APOE &4 alleles. There was no difference in
the prevalence of APOE &4 genotype between the men and
women.

Compared with the 45-74-year-old participants of the main
Health 2000 study, the participants of the present study
were younger (mean age at baseline 55.6 years vs 57.3 years,
p < 0.0001), more educated (education in years, mean 11.5
years vs 10.4 years, p < 0.0001), and performed better in
the cognitive tests at baseline (mean VF score 25.3 vs 23.4,
p < 0.0001; mean WLL score 21.3 vs 20.1, p < 0.0001; mean
WLDR score 7.2 vs 6.8, p < 0.0001). There were no differences
in sex (p = 0.18) or carrying APOE &4 genotype (p = 0.39). The
individuals who did not attend the follow-up examinations in
2011 were older (mean age at baseline 58.9 years vs 55.6 years,
p <0.0001), less educated (education in years, mean 10.4 years
vs 11.5 years, <0.0001), had higher levels of inflammation
(median TNF-a 6.0 ng/L vs 5.5 ng/L, p = 0.0002; median IL-6
1.7 ng/L vs 1.3 ng/L, p < 0.0001; median hs-CRP 1.6 mg/L
vs 1.4 mg/L, p < 0.0001), and performed worse in the cognitive
tests at baseline (mean VF score 22.9 vs 25.3, p < 0.0001; mean
WLL score 19.7 vs 21.3, p < 0.0001; mean WLDR score 6.3 vs
7.2, p < 0.0001) than those who finished also the follow-up
examination, but there was no difference between the groups in

sex (p = 0.43) or APOE &4 genotype (p = 0.99).

Correlations Between Inflammatory Markers
and Covariates

Elevation of each inflammatory marker was moderately cor-
related with the elevation of another inflammatory marker

Table 2 Pearson Correlation Coefficients Between
Inflammatory Markers and Risk Factors for
Cogpnitive Decline at Baseline

TNF-a IL-6 Hs-CRP
Age 0.20%** 0.24%** 0.20%**
BMI 0.28*%** 0.25%** 0.40%**
BDI 0.08* 0.08* 0.07
Education in years —-0.19%%* -0.11%* —0.13%%*
TNF-a NA 0.31%** 0.25%**
IL-6 0.31%** NA 0.35%**
Hs-CRP 0.25%** 0.35%** NA

Abbreviations: BMI = body mass index (kg/m?); BDI = Beck Depression In-
ventory; TNF-a = tumor necrosis factor alpha; IL-6 = interleukin-6; hs-CRP =
high-sensitivity C-reactive protein.

The data are presented as Pearson correlation coefficients. Logarithmic
transformation (loge) was performed on variables with a skewed distribu-
tion (hs-CRP, IL-6, TNF-a, and BDI) to achieve a normal distribution before
the analyses. * = p <0.05, ** = p < 0.01, and *** = p < 0.0001.
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(for IL-6 and TNF-a: r = 0.31, p < 0.0001, for hs-CRP and
TNF-a: r = 0.25, p < 0.0001, and for hs-CRP and IL-6: r =
0.35, p < 0.0001). Among the established risk factors for
cognitive decline higher BMI, age, and fewer years of educa-
tion, showed were associated with higher levels of all the
inflammatory markers. Hs-CRP was more strongly associated
with BMI than TNF-a and IL-6. Higher BDI score was as-
sociated with higher levels of IL-6 and TNF-a (Table 2.).

Baseline Inflammatory Markers as Predictors
of Follow-up Cognition

All the studied inflammatory markers predicted poorer
cognitive performance at follow-up on VF, WLL, but not on
WLDR, in the model adjusted only for age, sex, and educa-
tion (Table 3.). After further adjustments for APOE &4 ge-
notype, diabetes, hypertension, and hypercholesterolemia
(model 2), these associations remained significant between
TNF-a and VF (B = -2.41, p = 0.0007) and WLL ( = —1.03,
p =0.005) and between IL-6 and VF (p = -1.03, p = 0.004)
and WLL (p = -0.60, p = 0.0024). In the fully adjusted model
3, a higher baseline TNF-a predicted lower VF (B = -1.78,
p = 0.08) and WLL (B = -0.86, p = 0.03), and a higher
baseline IL-6 predicted lower VF (B = —1.14, p = 0.003) and
WLL (B = -0.61, p = 0.007). The standardized estimates for
each inflammatory marker in each model are also provided in

Table 3.

Inflammatory Markers as Predictors of
Cognitive Decline From Baseline to Follow-up
In the model further adjusted for age, sex, education, and
baseline cognition, TNF-a predicted a greater decline in VF
(B = -1.41, p = 0.005) and WLL (B = -0.84, p = 0.007).
Similarly, IL-6 predicted a decline in VF (p = -0.87, p = 0.002)
and WLL (B = -0.52, p = 0.003). Hs-CRP was associated with
a decline in WLL (B = -0.25, p = 0.04). After adjustments
for the variables in model 2, higher TNF-a predicted poorer
VF (B =-1.26, p = 0.02) and WLL (B = -0.79, p = 0.02). In
addition, IL-6 predicted a larger decline in VF (B = -0.75,
p=0.01) and WLL (f = -0.52, p = 0.00S). These associations
remained significant in the fully adjusted model 3 with IL-6
and decline in VF (B = -0.81, p = 0.01) and WLL (p = -0.53,
p = 0.008). In model 2 hs-CRP, and in model 3 hs-CRP and
TNEF-a were not associated with a decline in any of the cog-
nitive tests (Table 4.).

Explanatory Values of the Regression Models
Age, sex, and years of education were the driving covariates
explaining variance of the cognitive test scores at follow-up
(adjusted r*: 17% for VF, 29% for WLL, and 22% for WLDR)
in a model combining these 3 covariates. Adding the in-
flammatory markers or the other covariates to the model
improved the model only slightly (Table 3). Similar phe-
nomena were seen when evaluating explanatory values of the a
forementioned covariates and cognitive decline (Table 4).
The explanatory value of a model adjusted for age, sex edu-
cation, and baseline cognitive test scores was 24% for VF, 22%
for WLL, and 18% for WLDR.
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Table 3 Multivariate Associations of Inflammatory Markers TNF-q, IL-6, and Hs-CRP Values at Baseline With Cognitive

Test Scores at 10-Year Follow-up

Verbal fluency 2011

Word-list learning 2011

Word-list delayed recall 2011

B (95% ClI) std B 12 adj B (95% CI) std B 1 adj B (95% CI) std B r2adj

Model 1
IL-6 -1.19 (-1.86 to —0.52)** -0.11 0.18 -0.58 (-0.96 to —0.19)** -0.08 0.29 -0.12 (-0.31 to 0.08) -0.04 0.22
TNF-a -2.29 (-3.48 to —1.11)** -0.12 0.18 -1.04 (-1.73 to —0.35)** -0.09 0.29 -0.15 (-0.50 to 0.19) -0.03 0.21
Hs-CRP -0.48 (-0.94 to —0.03)* -0.06 0.17 -0.32 (-0.59 to -0.06)* -0.07 0.29 -0.07 (-0.20 to 0.06) -0.03 0.22

Model 2
IL-6 -1.0(-1.73 to —0.34)** -0.10 0.20 -0.60 (-1.01 to —0.19)** -0.09 0.29 -0.16 (-0.34 to 0.07) -0.04 0.22
TNF-a -2.41 (-3.34 to —9.90)** -0.11 0.20 -1.03 (-1.75 to —0.30)** -0.09 0.30 -0.17(-0.52 t0 0.19) -0.03 0.21
Hs-CRP -0.30 (-0.78 t0 0.19) -0.04 0.19 -0.26 (-0.55 to —0.02) -0.06 0.29 -0.09 (-0.23 to 0.05) -0.04 0.22

Model 3
IL-6 -1.14 (-1.90 to -0.37)** -0.11 0.20 -0.61 (-1.06 to -0.16)** -0.09 0.31 -0.18 (-0.40 to 0.04) -0.06 0.23
TNF-a -1.78 (-3.10 to —0.47)** -0.09 0.20 -0.86 (-1.63 to —0.08)* -0.07 0.31 -0.10 (-0.48 to 0.29) -0.02 0.23
Hs-CRP -0.24 (-0.79 to 0.31) -0.03 0.19 -0.16 (-0.48 t0 0.17) -0.03 0.31 -0.09 (-0.26 to 0.06) -0.04 0.23

*=p<0.05, **=p<0.01,and ***=p <0.0001, N = 915. Estimates (B), confidence intervals (Cls), standardized estimates (std B), and the adjusted explanatory
value of each model (rzadj) are derived from multivariate linear models. Model 1 adjusted for age, sex, and years of education. Model 2 adjusted as for model 1
+ APOE ¢4 genotype, diabetes, hypertension, and hypercholesterolemia. Model 3 adjusted as for model 2 + body mass index, depressive symptoms, and
current smoking. Logarithmic transformation (loge) is used for TNF-q, IL-6, hs-CRP, and BDI score to achieve a normal distribution.

Interactions

There was an interaction for age and IL-6 on the association with
all 3 cognitive tests at follow-up in model 1 (VF: p = 0.0006; WLL:
p = 0.003; WLDR: p = 0.01) and with the change in cognitive
test scores (VF: p = 0.001; WLL: p = 0.004; WLDR:
p =0.02). No interactions were found for age and TNF-a or
hs-CRP with the cognitive test scores at follow-up. In the
models stratified according to age (45-6S years and over 65
years), the associations between IL-6 and VF (45-65 years:
B =-1.03, p = 0.01; over 65 years: p =—1.26, p = 0.31) and
IL-6 and WLL (45-65 years: p = —1.47, p = 0.046; over 65
years: p = —1.41, p = 0.11) were driven by the middle-aged
population in the fully adjusted model 3. The association
between IL-6 and change in VF (45-6S years: p = -0.46,
p = 0.09; over 65 years: p = —2.33, p = 0.03) was stronger in
the elderly population, whereas the association between IL-6
and WLL (45-65 years: p = —0.4S, p = 0.04; over 65 years:
B = -1.0S, p = 0.17) reached statistical significance only in
the younger age group. There was no association between
IL-6 and WLDR in either age group.

The interaction for sex and hs-CRP was significant for WLL at
follow-up (VF: p = 0.08; WLL: p = 0.004; WLDR: p = 0.20) and
the change in WLL (VF: p = 0.17; WLL: p = 0.04; WLDR: p =
0.25). There were no sex interactions for IL-6 or TNF-a.
However, sex-stratified analyses showed no associations between
hs-CRP and WLL in model 3.

Neurology.org/N

Discussion

In this prospective cohort study, IL-6 and TNF-a independently
predicted poorer performance on VF and WLL after a 10-year
follow-up. Higher IL-6 in midlife also predicted a greater decline
on VF and WLL over a 10-year follow-up. Hs-CRP did not have
any association with the 10-year follow-up performance, nor
did TNF-a or hs-CRP have any association with a decline on
any of the cognitive tests in the fully adjusted model. These
results suggest that TNF-a and especially IL-6 are predictors
of cognitive decline. Our findings support the hypothesis that
low-grade inflammation is associated with poorer cognitive
performance later in life. Our findings further expand the results
of previous studies indicating low-grade inflammation as a state
preceding decline in cognitive functions.*'® Although many
studies have evaluated the predictive value of circulating in-
flammatory markers and cognitive decline, most of the studies
have focused on elderly populations,2 and none of the previous
prospective studies on middle-aged populations have included
all 3 inflammatory markers evaluated in the present study.>'"">
The present study included mostly middle-aged individuals, and
the associations between low-grade inflammation and cognitive
performance were somewhat stronger in the middle-aged pop-
ulations in age-stratified analyses.

Few studies have reviewed the relationship between low-grade
inflammation and cognition in a longitudinal prospective
population-based cohort design on middle-aged individuals,
and the inflammatory markers measured in these studies have
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Table 4 Multivariate Associations of Baseline Inflammatory Markers TNF-q, IL-6, and Hs-CRP Values With Change in

Cognitive Test Scores From 2000 to 2011

Change in verbal fluency 2011-2000

Change in word-list learning 2011-2000

Change in word-list delayed recall 2011-2000

B (95% Cl) StdB  r?g B (95%Cl) StdB  r’.q B (95%Cl) std B ragj

Model 1
IL-6 -0.87 (-1.43t0 -0.31)** -0.09 0.25 -0.52(-0.86t0-0.17)**  -0.09 022  -0.12(-0.29 to 0.05) -0.04 0.18
TNF-a  -1.41(-240to-0.42)** -0.08 025 -0.84(-1.45t0-0.23)**  -0.08  0.21 -0.20 (-0.50 to 0.11) -0.04 0.18
Hs-CRP  -0.21(-0.59 to 0.17) -0.03 0.4 -0.25(-0.48 to -0.01)* -0.06  0.21 -0.06 (-0.18 to 0.05) -0.03 0.18

Model 2
IL-6 -0.75(-1.33t0 -0.18)*  -0.08 0.26 -0.52(-0.89to-0.15)**  -0.09 022  -0.12(-0.30 to 0.06) -0.04 0.19
TNF-a -1.26(-2.28t0-0.24)*  -0.08 026 =-0.79 (-1.44 to -0.15)* -0.08 022  -0.20(-0.52t00.11) -0.04 0.19
Hs-CRP  -0.07 (-0.47 to 0.34) -0.01 026 -0.17(-0.43 to 0.08) -0.04 0.1 -0.06 (-0.19 to 0.06) -0.03 0.19

Model 3
IL-6 -0.81(-1.44t0-0.17)*  -0.09 0.27 -0.53(-0.93 to -0.17)* -0.09 024  -0.17(-0.37 to 0.03) -0.06 0.20
TNF-a  -1.02(-2.12 to 0.09) -0.06 0.26 -0.63(-1.32to0 0.06) -0.06 023  -0.12(-0.46 to 0.23) -0.02 0.20
Hs-CRP  -0.07 (-0.53 to 0.39) -0.01 026 -0.12(-0.41t00.17) -0.05 023  -0.07 (-0.21 to 0.08) -0.05 0.20

*=p<0.05, **=p<0.01, and *** = p <0.0001, N = 915. Estimates (B), confidence intervals (Cls), standardized estimates (std ), and the adjusted explanatory
value of each model (r? aqj) are derived from multivariate linear models. Model 1 adjusted for age, sex, years of education, and cognitive test results at
baseline. Model 2 adjusted as for model 1 + APOE 4 genotype, diabetes, hypertension, and hypercholesterolemia. Model 3 adjusted as for model 2 + body
mass index, depressive symptoms, and current smoking. Logarithmic transformation (loge) is used for TNF-q, IL-6, hs-CRP, and BDI score to achieve a normal

distribution.

varied”""'*'* The previous studies have used only CRP,"> CRP
combined with IL-6 elevated erythrocyte sedimentation rate
(ESR)," or a composite score consisting of different inflammatory
markers.">"* One study. followed a total of 12,336 middle-aged
individuals for a 20-year period using CRP, Von Willebrand factor,
fibrinogen, factor VIII, and a white blood cell count as markers for
inflammation. '° In line with our results, they found that a higher
midlife inflammation composite score was associated with a decline
in the cognitive composite score measured with multiple cognitive
tests. Their domain-specific analyses revealed that a higher in-
flammation composite score was associated with a steeper decline
in memory, but not executive function or language. Contrary to our
findings, they found that elevated CRP was associated with a
steeper cognitive decline over a 20-year follow-up.'” In the
Whitehall IT study (n = §,217), an association was reported between
elevated midlife IL-6 levels and cognitive decline over a 10-year
follow-up measured with multiple cognitive tests.” In line with our
study, an association was not found between elevated CRP levels
and cognitive decline.” Another study followed 1719 participants
for <1-8 years (mean 4.6 years, SD 0.93 years) and found that ESR
predicted faster decline in verbal memory among older men."* ESR
was also associated with poorer performance on attention tests
overall and verbal fluency among older women."* The Honolulu-
Asia Ageing Study (HAAS) reported a decline in cognition
associated with inflammation measured with hs-CRP over 25
years of follow-up (n = 691). Cognitive performance was
evaluated with the Cognitive Abilities Screening Instrument
(CASI). The results remained significant only when incident
dementia cases were included.'®
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Previously, the Health, Aging and Body Composition (Health
ABC) study (n = 2,632) indicated an association between low-
grade inflammation and cognitive decline. In the study, elderly
individuals with high level inflammation and metabolic syn-
drome were more likely to develop cognitive impairment than
those with high level of inflammation but no metabolic syn-
drome.? In contrast, another report from the Health ABC
study'’ (n=1,323) did not find any significant association
between the slope or baseline level of CRP and cognitive decline.
Moreover, another study on elderly individuals (mean age 77
years) even found that increased levels of CRP were associated
with a decreased risk of a drop in cognitive performance.""*°
One reason for inconclusive results on the relationship between
elevated levels of inflammatory markers and impaired cognition
in the previous studies may be that the inflammation markers and
cognitive tests were measured at an older age.”'”*° Given the fact
that the accumulation of p-amyloid, a neuropathologic hallmark
of AD, is believed to begin during midlife and that low-grade
inflammation has been proposed to affect amyloid accumula-
tion,* it might be important that studies on the relationship
between inflammation and cognitive impairment would include

middle-aged individuals and a long follow-up period.

In the present study, higher TNF-a and IL-6 levels predicted
poorer cognitive performance, whereas hs-CRP did not show
a significant correlation with cognitive function. This may be
due to the mechanism of synthetization and secretion of each
mediator. TNF-a and IL-6 are both secreted by the adipose
tissue, whereas CRP is of hepatic origin. CRP concentration
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increases following IL-6 secretion, and it is argued that the
production of CRP is stimulated by increased IL-6 secreted
from the adipose tissue of the obese.”** Therefore, the eleva-
tion of CRP levels might occur later at the inflammation
cascade, possibly indicating that TNF-a and IL-6 could be
more sensitive mediators of inflammation associated with the
adipose tissue.

Our study had several strengths. First, we were able to eval-
uate the prospective associations between all 3 inflammatory
markers at baseline and cognition and its decline at the follow-
up. Second, the inclusion of middle-aged individuals enabled
the evaluation of midlife inflammation as a predictor for
cognitive decline. Third, the Health 2000 examination and its
supplementary examinations included detailed information
on the study participants, which made it possible to adjust the
analyses for previously reported risk factors of cognitive de-
cline. Fourth, the long follow-up time with cognitive tests
both at the baseline and the follow-up allowed us to evaluate
the change in cognition from midlife to older age. There are
also limitations that should be taken into consideration. In-
flammatory mediators were measured only once at the sup-
plemental examinations after the original Health 2000 survey.
Because the blood samples were drawn at a different time point,
it is possible that there could have been fluctuation in the levels
of inflammatory markers due to the effects of comorbidities or
acute infections at the time of cognitive tests. However, we
assume that comorbidities would not have changed notably over
a l-year time period between the cognitive tests and the mea-
surement of inflaimmatory markers. In addition, the effort to
exclude values that reflect acute inflammation may have led to
the exclusion of hs-CRP levels reflective of high chronic in-
flammation.*' The subpopulation included in the present study
was more educated, younger, and performed slightly better on
the cognitive tests when compared with the original Health 2000
study population of the same age group. Similarly, those who
had dropped out from the follow-up examinations had lower
cognitive test scores and were less educated and older than those
included in the present study. Considering these differences,
however, it is likely that our results would be diluted than that we
would have found false-positive associations. Another limitation
to this study is that in the original Health 2000 study, no data of
biomarkers or other measures of AD pathology were collected,
so the relationship between AD pathology in preclinical phase
and low-grade inflammation remains unknown. The final aspect
that should be considered is that more sensitive measurements
of cognitive performance than CERAD might have been of use
in this relatively young study sample. The CERAD WLL was
performed slightly differently at baseline and at follow-up.
However, none of the study participants had a score of total 10
on the first round of memorizing the word list, and thus, these
differences did not affect our results. In conclusion, our findings
provide further evidence that a low-grade inflammation precedes
and predicts the development of cognitive decline. Considering
that the mean age of the study population was 35S years, these
results further emphasize the role of midlife as a crucial period for
predicting future cognitive decline and suggest that preventive

Neurology.org/N

efforts to reduce cognitive decline should be targeted at middle-
aged populations.
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