Journals of Gerontology: Medical Sciences
cite as: J Gerontol A Biol Sci Med Sci, 2018, Vol. 73, No. 6, 770-778

T(H;E| E RO NTO LOG | CA L d0i:10.1093/gerona/glx199

Advance Access publication January 3, 2018
SOCIETY OF AMERICA®

X,

Research Article

Elevated Markers of Inflammation Are Associated With
Longitudinal Changes in Brain Function in Older Adults

Kristen N. Warren, BA,” Lori L. Beason-Held, PhD," Olga Carlson, PhD,’
Josephine M. Egan, MD,"' Yang An, MS," Jimit Doshi, MS,? Christos Davatzikos, PhD,?
Luigi Ferrucci, MD, PhD," and Susan M. Resnick, PhD'’

Intramural Research Program, National Institute on Aging, NIH, Baltimore, Maryland. 2Department of Radiology, University of
Pennsylvania, Philadelphia.

Address correspondence to: Susan M. Resnick, PhD, Intramural Research Program, National Institute on Aging, NIH, NIA/LBN, 251 Bayview
Blvd., Baltimore, MD 21224-6825. E-mail: resnicks@nih.gov

Received: October 13, 2016; Editorial Decision Date: September 22, 2017

Decision Editor: Stephen Kritchevsky, PhD

Abstract

Background: Chronic inflammation has been linked to memory and other cognitive impairments, as well as Alzheimer’s disease. Here, we
investigate the association between inflammatory markers and changes in brain activity measured by regional cerebral blood flow (rCBF) to
assess the relationship between inflammation and brain function in older individuals.

Methods: Annual O water resting-state positron emission tomography (PET) scans collected over a 5-year period were assessed in 138
cognitively normal older participants (77 males; mean age at baseline = 71.3; mean scans per participant = 3.5) in the Baltimore Longitudinal
Study of Aging. Voxel-wise linear mixed models were used to investigate associations between rCBF and C-reactive protein (CRP) and
interleukin-6 (IL-6) at the time of scanning. We examined relationships between baseline CRP and IL-6 levels and baseline rCBF, and
relationships between baseline and mean inflammatory levels over time and longitudinal rCBF changes.

Results: Higher baseline CRP and IL-6 were each associated with lower baseline rCBF primarily in frontal and occipital regions, with only
the lingual gyrus surviving atrophy correction. Higher baseline and mean CRP were also associated with greater rCBF declines over time
in anterior cingulate and hippocampal regions, whereas higher baseline and mean IL-6 levels were associated with greater rCBF declines in
orbitofrontal and hippocampal regions.

Conclusions: Higher levels of inflammation are associated with longitudinal changes in brain function in regions important for cognition.
These results, along with previous studies, suggest that chronic inflammation in older adults may contribute to age-associated declines in
cognitive function.
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The role of the immune system in aging is an area of increasing
interest and investigation, particularly in relation to cognitive de-
cline and dementia (1). In the absence of any overt trigger of in-
flammation, a number of inflammatory agents, including specific
cytokines, influence the regulation of neuronal processes underly-
ing learning and memory, including long-term potentiation, neural
plasticity, and neurogenesis (1,2). However, upregulation of the in-
flammatory response because of infection, injury or aging may dis-
rupt the immuno-regulatory neurobiological processes supporting
memory and other functions (2,3). While acute inflammation may
lead to temporary disruption of neuronal regulation which is likely

reversible, chronic inflammation can lead to neurodegeneration
(4,5), including long-lasting deficits in memory processes (6,7).

The role of chronic inflammation in neuronal function is espe-
cially important during aging. Levels of many inflammatory mark-
ers, including C-reactive protein (CRP) and interleukin-6 (IL-6),
increase with age (8) and are chronically elevated in patients with
mild cognitive impairment (MCI) and Alzheimer’s disease (9). IL-6
is a proinflammatory cytokine, secreted by macrophages, that stimu-
lates and mediates the acute phase inflammatory response (10,11).
CRP is a downstream acute phase reactant that is synthesized in
response to IL-6 (12). Both are markers of systemic inflammation,
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and have been used in large scale studies examining the effects of
inflammation on the brain (12-15).

Increased systemic inflammation has been linked to cognitive
decline (10,12,16,17) and to structural brain changes (12,15,17,18).
Associations with brain structure include greater atrophy, cerebral
microstructural disintegration, white matter lesions, lacunar infarcts,
and beta amyloid deposition (12,15,17,18). For example, in the
Three City-Dijon cohort, IL-6 and CRP levels were associated with
greater global brain atrophy and white matter lesion severity (15).
High-sensitivity CRP levels were also negatively correlated with
fractional anisotropy in another aging cohort (17).

Inflammation has also been associated with alterations in brain
function. In young adults, decreases in cerebral glucose metabolism
have been shown in the medial temporal lobe and increases have
been seen in the subgenual anterior cingulate cortex in conjunction
with reductions in mesolimbic connectivity, following an induced
inflammatory response (19,20). Other studies have found that higher
cytokine levels are related to increased glucose metabolism in insular
(21), prefrontal and temporal (22), and temporo-parietal (23) regions
of the brain. Studies in older animals have also found that condi-
tions which generate peripheral inflammation trigger an inflamma-
tory response in the microglia, characterized by production of IL-1
(24).Yet, despite the effect of aging on upregulated inflammation and
the link between inflammation and brain function, few studies have
investigated the association between inflammation and age-related
changes in brain function assessed by regional cerebral blood flow,
and none have examined the relationship between inflammation and
longitudinal changes in brain function that occur over time.

The current study examined the hypothesis that elevated levels
of the inflammatory markers CRP and IL-6 are associated with det-
rimental longitudinal changes in brain function, as older individuals
continue to age. Resting-state 'YO-water positron emission tomog-
raphy (PET) scans were used to assess regional cerebral blood flow
(rCBF), as an index of brain function (25). Brain activity measured
by O-PET CBF is based on the principal that local increases in neu-
ronal activity lead to co-localized regional increases in blood flow.
Increased cellular activity produces an increased metabolic demand,
and the resultant hemodynamic response to neuronal activity pro-
vides the additional glucose and oxygen needed by the activated
tissue (26). In this way, rCBF is an indirect measure of localized neu-
ronal activity.

We examined rCBF changes associated with CRP and IL-6 over a
S-year period in 138 participants in the Baltimore Longitudinal Study
of Aging (BLSA) who were not cognitively impaired. Based on previous
findings of associations between inflammatory markers and regional
brain metabolism (19-22,27), we hypothesized that CRP and IL-6
would show associations with decreases in brain function over time
in an older cohort. Additionally, given prior reports of associations
between inflammation and executive and memory function, including
cytokine elevations in MCI and Alzheimer’s disease, we expected to
see functional alterations in regions associated with executive function
and learning and memory, specifically in the medial temporal lobe,
cingulate cortex, and medial prefrontal cortex (12,16,17,20).

Methods

Participants

Data on rCBF and inflammatory markers were available for 145
individuals in the neuroimaging substudy (28) of the BLSA (29). Of
these, seven individuals with clinical diagnoses of MCI or dementia
at any point in the study were excluded from analysis. Thus, the

current study included data from 138 cognitively normal older indi-
viduals (77 males; mean age at baseline 71.3 [7.7 SD]). Sample char-
acteristics are presented in Table 1. Of the 138 participants, all had
baseline inflammatory marker and imaging measures, and 127 had
concurrent longitudinal inflammatory and imaging measures.

Cognitive impairment was determined by consensus diagnosis
using Diagnostic and Statistical Manual of Mental Disorders Third
Edition, Revised (DSM-III-R) (1987) criteria for dementia, and the
National Institute of Neurological and Communication Disorders
and Stroke -Alzheimer’s Disease and Related Disorders Association
criteria (30), using neuropsychological diagnostic tests and clini-
cal data (31). At neuroimaging study enrollment, participants were
free of central nervous system disease (epilepsy, stroke), psychiatric
disorders (except depression), severe cardiac disease (myocardial
infarction, coronary artery disease requiring angioplasty or bypass
surgery), and metastatic cancer.

This study was approved by the local Institutional Review
Board. All subjects provided written informed consent prior to each
assessment.

Inflammatory Markers

Serum levels of CRP and IL-6 were assessed from samples taken at
the visit associated with each PET scan. Stored blood serum samples
were used to assess levels of proinflammatory markers, namely CRP
(Alpco, Salem, NH) and IL-6 (R&D System, Minneapolis, MN) by
enzyme-linked immunosorbent assay (ELISA). Blood samples were
drawn from the antecubital vein between 7 and 8 AM after an over-
night fast (29). Participants did not smoke, engage in physical activ-
ity, or take medications before collection. Samples were immediately
processed, cataloged, and stored at -80°C.

All assays were performed according to the kit manufacturers’
instructions. The intra and interassay variations were 5.5%-6.0%
and 11.6%-13.8% for CRP and 1.6%—4.2% and 3.3%-6.4% for
IL-6, respectively. No significant cross-reactivity or interference was
observed in any assays. Samples were obtained at approximately
2-year intervals. Due to the skewed distribution of CRP levels, natu-
ral log transformed values were used in the analyses for this measure.

Table 1. Participant Demographics

Participants (n) 138

Males, 7 (%) 77 (55.8%)
Baseline Age (years) 71.3 (7.7)
Total PET Scans 476

Scans Per Participant 1.2)
Follow-up Time (years) 2.0)
Baseline MMSE 28 9 1.2)
Hypertension, 7 (%) 7 (48.6%)
Diabetes, 1 (%) 9.4%)
Obesity (7 %, BMI 230) 3(31.2%)

5
3
(
3
Baseline CRP (mg/L) 4. 56 (5.34)
(
(
(
(
(

Baseline IL-6 (pg/mL) 3.72 (0.78)
Mean CRP (mg/L) 4.60 (5.58)
Mean IL-6 (pg/mL) 3.99 (1.67)
Rate of change CRP (mg/L/y) 0.17 (0.61)
Rate of change IL-6 (mg/L/y) 0.10 (0.09)

Note: Mean (SD) unless otherwise noted. Baseline values represent the
mean of the whole sample of cognitively normal participants (7 = 138).
Mean and rate of change values were calculated for those with longitudinal
imaging measures (>1 PET scan, #n = 127). CRP = C-reactive protein; IL-6 =
Interleukin-6; MMSE = Mini-Mental State Examination; PET = Positron emis-
sion tomography.
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Baseline values were calculated for the whole sample of partici-
pants (7 = 138). Mean and rates of change values were calculated
for those with longitudinal imaging measures (7 = 127). Rates of
change were calculated using linear mixed effects models. The mod-
els included intercept and follow-up time as both fixed effects and
random effects. Bayes (EB) estimates for the rates of change were
derived from estimates of the random effect of follow-up time. The
average interval between first and last visits was 5.3 (2.0 SD) years
with an average of 3.5 scans per subject (Table 1).

Neuropsychological Testing

During each neuroimaging visit, participants completed a compre-
hensive battery of neuropsychological tests. For the current analysis,
we evaluated inflammatory markers in relation to five domains of
cognition. Standardized scores of each cognitive measure based on
the means and standard deviations at the baseline assessments were
used to develop composite measures. Verbal memory was defined by
the mean of the immediate free recall summary score (five trials) and
delayed free recall on the California Verbal Learning Test (CVLT).
Verbal fluency/language was defined by the mean of the Letter (ie,
FAS) and Category fluency tests. Attention was defined by the mean
of Trail-Making A and the Digit Span Forward subtest of the Wechsler
Adult Intelligence Scale-Revised. Executive function was based on the
mean of Trail-Making B and Digits Backward. The mean of the Card
Rotations Test and Clock-to-Command drawing score assessed visu-
ospatial function. Data from evaluations at each imaging visit were
used to examine changes in performance over time.

Separate linear mixed effects models were used to analyze the
associations between inflammation and longitudinal domain-specific
cognitive trajectories. Each cognitive domain measure was used as
the dependent variable and baseline or mean levels over time of each
inflammatory marker as the main predictor. Each model included the
fixed effects of baseline age (mean-centered), sex, regular NSAID use
(n = 55), the inflammation measure and interval (follow-up time),
as well as all the two-way interactions of each of these terms with
interval. The random effects included intercept and interval with
unstructured covariance.

PET Scanning

Participants underwent PET scans at baseline and up to eight annual
follow-ups. We restricted our analyses to PET scans concurrent with
assessments of inflammatory markers. In the present study, we used
each participant’s baseline and mean measures of inflammation.
Baseline CRP and IL-6 were measured at the participant’s first imag-
ing visit concurrent with a blood draw.

Each PET imaging session included a resting state PET scan
in which participants were instructed to keep their eyes open and
focused on a computer screen covered by a black cloth. PET meas-
ures of rCBF were obtained using ['*O] water. For each scan, 75
mCi of [*O] water were injected as a bolus. Scans were performed
on a GE 4096+ scanner, which provides 15 slices of 6.5 mm thick-
ness. Images were acquired for 60 seconds from the time the total
radioactivity counts in the brain reached threshold level. Attenuation
correction was performed using a transmission scan acquired prior
to the emission scans.

PET Image Preprocessing

Image preprocessing was performed using Statistical Parametric
Mapping (SPMS; Wellcome Department of Cognitive Neurology,
London, England). For each participant across follow-up sessions,

PET images were realigned to the first session, spatially normalized
to the MNI (Montreal Neurological Institute) template space with
2 x 2 x 2 mm resolution, and smoothed using a full width at half
maximum of 12 mm. Voxel-wise rCBF values for all images were
ratio adjusted and scaled to a mean global flow of 50 ml/100 g/min.

Mixed Model Analysis

Voxel-wise correlations were used to examine the relationships
between inflammation and rCBF across the whole brain, and fol-
low-up analyses of rCBF trajectories in the significant voxel-based
regions were performed using a region of interest approach. In the
voxel-based analyses, separate linear mixed effect models were used
to analyze the associations between inflammation and rCBF with
rCBF as the dependent variable and baseline and mean levels over
time (a measure of more chronic inflammation) of each inflamma-
tory marker as the main predictor. The follow-up time was used
as the longitudinal time metric (interval). Each model included the
inflammation measure and interval as fixed effects, and controlled
for baseline age (mean-centered), sex, regular NSAID use (1 = 55),
as well as all the two-way interactions of each of these terms with
interval. The random effects included intercept and interval with
unstructured covariance.

The main effect of the inflammation measure estimates the asso-
ciations between each measure of inflammation, separately, and
baseline rCBE. The interaction between the inflammatory marker
levels and interval estimates the effect of inflammatory marker levels
on the rCBF rates of change over time. Eleven participants had only
baseline data, with 127 contributing to the longitudinal analyses.

Whole-brain contrast t-maps of significant associations between
CRP and IL-6 levels and rCBF at baseline and between CRP and
IL-6 and change in rCBF over time (inflammation x interval inter-
action) were generated using a statistical threshold of p < .005 as
recommended for PET data by the PET Working Group of the
NIH/NIA Neuroimaging Initiative (http://www.nia.nih.gov/about/
events/2011/positron-emission-tomography-working-group)  with
an additional cluster size threshold of > 50 voxels (400 mm?).

To further characterize changes in rCBF over time, rCBF values
of all significant regions in the voxel-based analysis were extracted
from a 4 mm spherical region centered on the local maxima of each
area using the Marsbar SPM toolbox (32). The region was consist-
ent across subjects. Using the PET images normalized into stand-
ard MNI space, the 4 mm sphere was stereotactically placed on the
MNI template and applied to each scan for each local maxima. In
these regions of interest analyses, we examined whether age, sex, or
NSAID use modified the associations between levels of inflamma-
tory markers and rCBF by determining the interaction between the
inflammatory markers and these factors on rCBF at baseline and
slope of longitudinal change. The shape of the longitudinal trajec-
tory of rCBF change was also examined. In this analysis, the shape
of rCBF change was estimated for each region using linear mixed
models adjusted for baseline age, sex, and NSAID use. Nonlinearity
of the trajectories was tested by including the quadratic term of time
in the model.

Because of the relationship between inflammation and white
matter lesions in the brain (15,18), sensitivity analyses were con-
ducted including white matter lesion volume as an additional covari-
ate. Linear mixed models, adjusted for baseline age, sex, NSAID use,
and white matter lesion volume were performed to determine if the
relationship between CRP and IL-6 and the longitudinal trajectory
of rCBF change remained significant after additional adjustment for
white matter lesion volume.
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The mixed models were implemented using R version 2.11.1 run-
ning the packages AnalyzeFMRI version 1.1-12 and lme4 version
0.999375-37.

MRI Scanning

One hundred and twenty-nine of the 138 participants had
valid MRI scans. Scanning was performed on a GE Signa 1.5-Tesla
scanner. A 3-dimensional T1-weighted spoiled gradient refocused
(SPGR) MRI scan (35 ms repetition time; 5 ms echo time; 24 cm
field of view; 45° flip angle; 256 x 256 matrix; 0.94 x 0.94 mm voxel
size; 1.5-mm slice thickness; 124 slices) was obtained annually at
each imaging visit.

MRIVolumes

MRI volume data were used in two follow-up analyses. First, the MRI
scans were segmented into gray matter, white matter and cerebrospi-
nal fluid, and spatially normalized into stereotactic space using a high-
dimensional elastic warping method (33) and a volume-preserving
transformation (34). Binary maps of the clusters showing an associa-
tion between the inflammatory markers and CBF were generated from
the PET analysis, and total volume of gray + white matter was calcu-
lated within each cluster for each participant. The total volume of each
region was then included as a covariate in the CBF models to control
for the effect of tissue loss on the CBF patterns of change.

In the second follow-up analysis, white matter lesion volumes
were calculated for each participant. A multi-atlas label fusion-
based automated segmentation method was applied for extracting
a brain mask on the T1-weighted image of each subject (35). The
brain mask included GM, WM, and ventricular and cortical cerebro-
spinal fluid. WML (WML) volume was segmented using MPRAGE,
T2, and FLAIR images based on a support vector machine classifier
approach (36,37). Mean WML volumes were calculated for each
individual across the study interval, and the mean volumes were then
included as a covariate in the follow-up PET analyses.

Results

Inflammatory Markers

At baseline, the mean CRP level was 4.56 mg/L (5.34 SD) and the
mean IL-6 level was 3.72 pg/mL (0.78 SD) for all participants. The
average levels of inflammatory markers for participants with lon-
gitudinal measures (7 = 127) were 4.60 mg/L (5.58 SD) for CRP
and 3.99 pg/mL (1.67 SD) for IL-6 across all visits. The mean rate
of change over time for CRP was 0.17 mg/L/y (0.61 SD), and 0.10
pg/mL/y (0.09 SD) for IL-6 (Table 1). Intraclass correlations (ICC)

were used to examine the stability of each marker over time. Log
transformed CRP had an ICC of 0.44 and IL-6 had an ICC of 0.34,
indicating fair stability over time.

Neuropsychological Testing

The relationship between both CRP and IL-6 and task performance
was examined at baseline and in longitudinal change in task per-
formance. Baseline CRP levels showed a relationship with attention
at baseline (baseline CRP § = -0.21, p = .04), with mean CRP lev-
els approaching significance with attention at baseline (mean CRP
B = -0.18, p = .06). This negative cross-sectional association sug-
gests that higher baseline CRP levels are related to lower baseline
performance levels. Higher baseline and mean CRP levels were also
associated greater longitudinal decline in performance on visuospa-
tial tasks (baseline CRP 3 = -0.04, p = .02; mean CRP f§ = -0.04,
p = .02). There was no significant relationship between baseline or
mean IL-6 levels and task performance for any cognitive domain.

Inflammation and Baseline rCBF

Brain regions showing significant associations between baseline lev-
els of CRP and IL-6 and baseline rCBF are shown in Table 2 and
Figure 1.

Higher baseline CRP levels were associated with lower baseline
rCBF in a single region of the right lingual gyrus (Brodmann Area
[BA] 19). This relationship did not change when controlling for
regional tissue volume in the follow-up analysis. Baseline levels of
IL-6 were also inversely associated with baseline rCBF in a number of
brain regions. Higher baseline IL-6 levels were associated with lower
blood flow in the middle frontal gyrus (BA 9), postcentral gyrus (BA
4), lingual gyrus (BA 18), superior occipital gyri (BA 19), and middle
occipital cortex (BA 19). Of note, there were no brain regions where
higher levels of baseline CRP or IL-6 were significantly associated
with greater brain activity. Of these regions, only the lingual gyrus
survived correction for tissue volume. Of note, there were no brain
regions where higher levels of baseline CRP or IL-6 were significantly
associated with greater brain activity. Additionally, of the covariates
included in the models (age, sex, and NSAID use), age (¢ = 4.22, p <
.001) and sex (¢ = 3.35, p <.001) were independently associated with
decreased rCBF only in the lingual gyrus related to IL-6.

Inflammation and Longitudinal Changes in rCBF

Both baseline and mean levels over time of CRP and IL-6 were
assessed in relation to longitudinal change in rCBF (Table 3, Figure 2).
Higher baseline CRP levels were associated with greater longitudinal
declines in rCBE. Significant associations were observed in the anterior

Table 2. Associations Between Baseline Levels of Inflammatory Markers and Baseline rCBF

Coordinate
Marker Region Side X y z t Value p Value Voxels
CRP Lingual Gyrus (19) R 12 -58 2 -3.36 .001 184
IL-6 Middle Frontal Gyrus(9)* R 42 16 36 -3.15 <.001 176
Postcentral Gyrus (4)* R 40 -16 40 -3.16 .001 69
Lingual Gyrus (18) R 10 -62 4 -3.15 <.001 483
Superior Occipital Gyrus (19)* R 34 -60 42 -3.16 .001 122
Superior Occipital Gyrus (19)* L -26 -74 24 -3.15 <.001 395
Middle Occiptal Cortex (19)* R 24 -86 22 -3.15 <.001 351

Note: Regions where higher levels of CRP and IL-6 were associated lower rCBE. Stereotaxic coordinates are listed, Brodmann areas are indicated in parentheses.

*indicates regions that did not survive correction for regional tissue volume. CRP = C-reactive protein; IL-6 = Interleukin-6.
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cingulate gyrus (BA 32), hippocampus and parahippocampal gyrus
(BA 36), putamen (p < .001), and brainstem (p = .003). These rela-
tionships did not change when controlling for regional tissue volume.
Analysis of associations between mean CRP and longitudinal change
in rCBF showed similar changes over time, with overlapping regions
of significance. Higher mean CRP levels were associated with signifi-
cant longitudinal declines in rCBF in the anterior cingulate cortex
(BA 32), entorhinal cortex (BA 28), hippocampus, precuneus (BA 18),
cerebellum, putamen, and brainstem. Of these regions, all survived

Baseline CRP

Figure 1. Associations between baseline levels of inflammatory markers
and baseline rCBF. Horizontal sections showing regions with a significant
relationship between the inflammatory markers and rCBF at baseline. Blue
regions represent areas of decreased activity (rCBF) in relation to higher
inflammatory levels. CRP was associated with decreased rCBF in the lingual
gyrus and IL-6 with decreases in the middle frontal gyrus, postcentral gyrus,
lingual gyrus, superior occipital gyrus, and middle occipital cortex. Of the
regions associated with IL-6, only the lingual gyrus survived correction
for regional tissue volume. CRP = C-reactive protein; IL-:6 = Interleukin-6;
rCBF = Regional cerebral blood flow.

correction for regional tissue volume over time except the precuneus.
There were no brain regions showing associations between higher
baseline or mean CRP and lower rCBF declines over time.

Higher baseline and mean IL-6 levels were also associated with
steeper rCBF declines in a number of brain regions. Higher baseline
IL-6 was associated with steeper declines in rCBF in the medial (BA
10) and orbitofrontal cortex (BA 11), superior temporal gyrus (BA
22), hippocampus, and cuneus (BA 17). These relationships did not
change when controlling for regional tissue volume. Similarly, higher
mean IL-6 levels were significantly associated with greater longitudinal
decreases in rCBF in the orbitofrontal cortex (BA 25), middle temporal
gyrus (BA 21), and parahippocampal gyrus (BA 36). An association
between higher mean IL-6 and greater increase in rCBF over time was
observed in the cuneus (BA 17). Of these regions, all survived correction
for regional tissue volume over time except the middle temporal gyrus.

Using the extracted values for the regions of interest, we also exam-
ined whether age, sex, or NSAID use modified the associations between
levels of inflammatory markers and rCBE We found no significant
interactions between age, sex, or NSAID use and the inflammatory
marker associations with rCBF at baseline or in longitudinal change.

Trajectories of rCBF Change

The tests of nonlinearity of the trajectories did not reach statistical
significance, suggesting that the longitudinal rCBF changes are lin-
ear in nature (Figure 3). All ROIs of significant longitudinal change
showed negative associations between rCBF and the inflammatory
markers except the cuneus (BA 17), which showed increased blood
flow in association with higher mean IL-6.

White Matter Lesions and rCBF change
Assessment of white matter lesion volume on the relationship be-
tween the inflammatory markers and rCBF showed minor effects

Table 3. Associations Between Levels of Inflammatory Markers and Longitudinal rCBF change

Coordinate
Marker Region Side X y z t Value p Value Voxels
Baseline CRP Anterior cingulate (32) R 4 22 -10 -2.62 .001 75
Hippocampus/Parahippocampal gyrus (36) L -28 -24 -20 -2.62 <.001 283
Brainstem R 6 -10 -12 -2.62 .003 57
Putamen R 28 -10 14 -2.62 <.001 163
Mean CRP Anterior cingulate (32) R 10 22 -10 -3.41 <.001 134
Entorhinal cortex (28) R 8 6 -26 -3.42 <.001 79
Putamen R 28 -4 12 -3.62 <.001 176
Hippocampus L -30 =22 -12 -3.73 <.001 346
Precuneus (18)* R 16 -58 24 -3.20 .001 82
Cerebellum R 4 -44 -38 -3.25 .001 65
Brainstem R 2 -10 -14 -3.48 <.001 84
Baseline IL-6 Medial frontal cortex(10) R 6 58 16 -2.62 .003 59
Orbitofrontal cortex (11) L -2 24 -24 -2.61 <.001 185
Superior temporal gyrus (22) L =52 0 -6 -2.61 <.001 156
Hippocampus L -30 =30 -8 -2.61 .003 108
Cuneus(17) R 4 -74 10 3.26 .004 55
Mean IL-6 Orbitofrontal cortex (25) L -4 18 -16 -2.62 .001 137
Middle temporal gyrus (21)* L -46 0 -12 -2.62 <.001 159
Parahippocampal gyrus (36) L -24 -34 -10 -2.62 <.001 152
Cuneus (17) R 4 -74 10 3.26 .005 58

Note: Regions where higher levels of baseline and mean CRP and IL-6 were associated with longitudinal changes in rCBF. All regions, with the exception of the

cuneus, show a negative correlation where higher markers levels were associated with decreases in rCBE. Stereotaxic coordinates are listed, Brodmann areas are

indicated in parentheses. *indicates regions that did not survive correction for regional tissue volume. CRP = C-reactive protein; IL-6 = Interleukin-6.
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Figure 2. Associations between inflammatory markers and longitudinal
regional cerebral blood flow (rCBF) change. Horizontal sections showing
the association between inflammatory markers and rCBF change over time.
Blue regions represent areas of decreasing rCBF over time in relation to
higher inflammatory levels; red region shows increasing rCBF over time
in relation to higher I-6 levels. Baseline and mean levels of each marker
showed similar results. CRP was associated with declines in the anterior
cingulate cortex, entorhinal cortex, hippocampus and parahippocampal
gyrus, and putamen. -6 was associated with declines in the medial and
orbitofrontal cortex, superior and middle temporal gyrus*, and hippocampus
and parahippocampal gyrus, and increased rCBF in the cuneus. *This
region was no longer significant after correction for regional tissue volume.
CRP = C-reactive protein; IL-:6 = Interleukin-6.

for associations with IL-6 only. Associations between baseline 1L-6
and rCBF in the middle frontal gyrus (BA 9) and postcentral gyrus
(BA 4) were no longer significant after controlling for WML volume.
With respect to associations between IL-6 and longitudinal change
in rCBE, adjustment for WML only affected the relationship between
IL-6 and longitudinal rCBF change in the parahippocampal gyrus
(BA 36).

Discussion

Our data reveal a relationship between elevated markers of inflam-
mation and brain function in older individuals. Associations were
observed at baseline and in longitudinal change over a 5-year period.
Elevated levels of CRP and IL-6 were primarily associated with
declines in brain activity as measured by declines in rCBFE. These
declines were seen in the medial temporal lobe, cingulate cortex, and
medial prefrontal cortex, as well as other areas important for learn-
ing and memory and executive function.

While CRP and IL-6 are markers of systemic inflammation, both
affect neuronal function. IL-6 is an important proinflammatory cyto-
kine, released by macrophages including astrocytes, which stimu-
lates and mediates the acute phase response in a variety of tissues
(10,11). Its production within the brain, as well as its ability to cross

Time (Yrs)

Figure 3. Trajectory of rCBF change over time. The trajectories of regional
cerebral blood flow (rCBF) change over time are shown for four regions. Each
of these regions was found to be significantly associated with C-reactive
protein (CRP) and IL-6. Declining rCBF in the anterior cingulate cortex was
associated with higher baseline CRP levels. Declining rCBF in the medial
frontal gyrus and orbitofrontal cortex were associated with higher baseline
interleukin-6 (IL-6) levels. Declining rCBF in the middle temporal gyrus was
associated with higher mean IL-6 levels.

the blood-brain barrier, makes it especially important for brain and
cognitive outcomes (38), since it is associated with synaptic plasti-
city, long term potentiation, brain atrophy, and white matter lesions
(6,15). CRP is a downstream acute phase reactant synthesized in the
liver in response to IL-6 (12). While CRP is normally not found in
the brain, a previous postmortem study has found evidence of CRP
in the plaques and tangles associated with Alzheimer’s disease (AD)
(30,39), suggesting that CRP may play a role in some neuropatho-
logical processes.

Our findings provide further evidence of a link between elevated
CRP and IL-6 and brain function. When examining baseline inflam-
matory levels in relation to baseline brain activity, higher CRP levels
were associated with decreased activity in the lingual gyrus. Higher
levels of IL-6 were associated with decreased activity in the lingual
gyrus and with decreased activity in the middle frontal, postcentral,
lingual, superior occipital, and middle occipital cortex. After con-
trolling for regional tissue volume, however, only the lingual gyrus
survived volume correction. Our results, based on voxel-wise analy-
sis of brain activity throughout the brain in older adults, differ from
several cross-sectional studies in younger individuals that examined
specific a priori regions of the brain after interventions that are asso-
ciated with heightened immune response. In these studies, associa-
tions were observed between an inflammatory response and activity
in insula, medial temporal lobe, precuneus, and other temporal and
parietal regions (20-22). Our findings, however, show that brain
activity is significantly decreased primarily in the occipitotemporal
lingual gyrus of older adults in relation to higher levels of circulating
inflammatory markers measured at the time of scan.

Our analysis of relationships between the inflammatory markers
and longitudinal changes in brain activity reveal two findings. First, both
baseline and mean levels of each inflammatory marker were associated
with similar patterns of functional decline over time. Baseline and mean
CRP were associated with activity declines in the anterior cingulate
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cortex, hippocampus and medial temporal cortex, putamen, and brain-
stem, whereas baseline and mean IL-6 were associated with declines in
orbitofrontal, and hippocampal and medial temporal cortex, and the
majority of these changes survived correction for white matter lesion
volume. The similar effect of baseline and mean inflammatory levels on
longitudinal functional changes is an interesting finding. Although mean
levels of the markers are more likely to capture chronic inflammation
over time, our results suggest that a single inflammatory measure may
also be predictive of subsequent functional declines despite the modest
stability of the inflammatory markers over time.

Second, higher levels of both CRP and IL-6 were associated with
functional decline in medial temporal regions over time, specifically
in the hippocampus and overlying cortices. These results support
previous cross-sectional studies of metabolic (20,22,23) and brain
connectivity (27) changes in young individuals in the medial tem-
poral lobe and temporal gyri elicited in response to interventions
which increase levels of inflammatory markers. Together, the find-
ings suggest that these areas may be particularly vulnerable to effects
of inflammation on the brain. This finding is especially interesting
in relation to aging, as these regions are critical components of the
temporal lobe memory system (40) and are also areas that show
early functional changes in AD and in the prodromal MClI state (41).
Although our participants remained cognitively normal during the
study, increased functional vulnerability of these regions could con-
tribute to or possibly compound existing factors that lead to the
development of cognitive impairment and dementia.

Numerous studies have linked increased inflammation with cog-
nitive decline, MCI, and AD (9,10,12,16), and with brain changes
including cerebral glucose metabolism, atrophy, and white matter
integrity (14,15,17,18,21-23,27,42). Further, Marsland, et al found
a relationship between these cognitive and brain differences, with
brain morphological changes mediating the inflammation-cognition
relationship (18). The regions exhibiting brain activity changes in
our study have all been associated with various aspects of cognition.
For example, the orbitofrontal cortex, lingual gyrus, medial tempo-
ral lobe, and dorsal striatum are all regions associated with memory
processes (40,43-46). Brain regions associated with attention and
executive function include the orbitofrontal cortex, cingulate cor-
tex, and lingual gyrus (44,45). Other regions shown here have been
linked to language processes, such as the inferior frontal gyrus and
the superior temporal gyrus (45,47), and to sensory processing and
recognition, including the occipital gyri, and cuneus (24,45,48).

With regard to cognitive performance, our participants showed
greater declines in performance over time on the Card Rotations and
Clock drawing tests in relation to higher CRP levels. These tests pre-
dominantly assess visuospatial function, and the results provide sup-
port for the declining activity particularly in the hippocampus and
precuneus (45,49). Although clock drawing also taps into executive
function, we did not find an association between the inflammatory
markers and the other tests of executive function. Thus, we did not
find robust evidence for previously reported associations with mem-
ory or executive function, or a relationship between IL-6 levels and
cognition in this sample. The lack of these associations may be due
to the high cognitive performance abilities of the BLSA participants
and to the small sample size. Nevertheless, the fact that CRP and
IL-6 are associated with declining brain activity in regions known to
be involved in various aspects of cognition suggests that these indi-
viduals may be more vulnerable to cognitive decline in the future.

While there is strong evidence that upregulated inflammatory pro-
cesses resulting in increased levels of peripheral CRP and IL-6 may
cause neuronal damage in the aging brain (50), there is also evidence to

suggest regional vulnerability associated with these markers. For exam-
ple, the accumulation of beta amyloid and tau protein in the brain is
associated with the expression of acute phase proteins and proinflam-
matory cytokines (51). Proinflammatory cytokine receptor density and
tissue expression (9,52) also appear to be upregulated in regions of
early neuropathologic change in aging and Alzheimer’s disease such
as orbito- and medial frontal, temporal cortices and hippocampus,
and precuneus regions (53-55) where declines in brain activity were
observed. Although our participants remained cognitively normal
through the study interval, it is possible accumulation of neuropathol-
ogy with advancing age (56) could contribute to the current findings.

There are several limitations to this study. It should be noted
that the BLSA is a highly educated, high performing group of older
individuals, and as such may not be representative of the general
population. Furthermore, although the sample remains cognitively
normal to date, as with any longitudinal study it is currently not
possible to predict which individuals will develop future cognitive
impairment. The study of CRP and IL-6 on brain function in the pro-
dromal stages of Alzheimer’s disease is of key interest due to the link
between inflammation and dementia, but we do not have the sample
size to examine this link with the current data set.

In summary, our findings provide additional evidence of a link
between inflammation and functional changes in the aging brain,
which could result in increased vulnerability to age-related cogni-
tive decline. Given the rise of inflammatory markers that occurs
with increasing age, the relationship between inflammation and age-
related cognitive decline and the underlying neurobiological pro-
cesses merit further investigation.
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