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Abstract

Interleukin-6 (IL-6) is a pro-inflammatory cytokine produced by immune cells and other cell types
such as microglia throughout the brain. Higher levels of IL-6 in older adults have been cross-
sectionally and longitudinally associated with physical and cognitive impairment, as well as
increased dementia risk. The association between IL-6 levels and structural and functional brain
changes is less clear. In the present study, we investigated the relationship between IL-6
concentrations and cortical thinning with aging. Magnetic Resonance Imaging (MRI) scans from
the Baltimore Longitudinal Study of Aging were analyzed for 121 older subjects (M = 69.3; SD =
7.3; range = 56.1 — 85.9 yrs) who were repeatedly tested over an average period of 7.5 yrs, and
who remained non-demented for the entire follow-up period. The Freesurfer longitudinal
processing stream was utilized for image processing, and IL-6 measures were based on serum
ELISA assays averaged across time points. Results showed that higher mean IL-6 concentrations
were associated with accelerated annual rates of cortical thinning in the inferior temporal poles
bilaterally. Additional pronounced regions of IL-6 -accelerated thinning included the transverse
frontopolar gyri within the left hemisphere, and subcentral gyrus and sulcus within the right
hemisphere. Our results indicate that sustained high levels of the inflammatory biomarker I1L-6 are
associated with regionally increased rates of age-related cortical thinning. These data build on
previous findings that link IL-6 to chronic disease and demonstrate one mechanism through which
high levels of inflammation may have adverse effects on physical and cognitive function.
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Introduction

Cytokines are small protein molecules produced by immune cells aimed at regulating several
aspects of both innate and adaptive immunity. Cytokines are also produced by a number of
other cells types, including hepatocytes, adipocytes, myocytes and brain microglia, for
reasons that are still not known. Interleukin-6 (IL-6) is a potent pro-inflammatory cytokine
and an important mediator in any inflammatory response, so that all patients affected by
overt inflammatory disease have high IL-6 levels [1]. Moreover, in inflammatory disease
such as rheumatoid arthritis [2] and Crohn’s disease [3], elevated IL-6 levels are a marker of
disease severity and activity.

In the absence of physiologic stress, the expression of 1L-6 is normally low in young adults,
but levels increase with age and with age-related disease [4—6]. Moreover, elevated levels of
IL-6 have been linked to age-related cognitive decline [7], increased dementia risk [8],
physical disability [5] and mortality [8,9].

Of note, the mechanism by which high levels of IL-6 are associated with high risk of
physical and especially, cognitive disability have not been elucidated. For example, whether
older adults with high IL-6 develop structural brain changes with age has not been
investigated. Cerebral changes such as reduced brain volumes and the thinning of gray
matter are known to occur as part of the normal aging process [10-13]. Withstanding the
absence of age-related neurological disease, the cortex begins to experience a global
thinning by middle age, with some regions such as the prefrontal cortex more affected than
others [14,15]. Importantly, structural brain changes of this nature have been linked to
poorer cognitive [16] and health [17] outcomes.

In older adults, prior research has shown associations between inflammatory biomarkers and
brain MRI measures. For example, 1L-6 has been found to be associated with decreased total
brain volume [18], cortical atrophy [although note as part of a chemokine-cytokine factor;
19], and increased white matter hyperintensities [20]. However, these findings have been
based on cross-sectional associations between IL-6 and MRI measures.

In this study we aimed at expanding our understanding of the relationship between IL-6
levels and cortical brain changes in two important ways. Firstly, we assessed whether
elevated IL-6 levels are associated with excessive cerebral cortical thinning over time.
Secondly, whereas most of the previously cited studies have studied the relationship between
IL-6 and neuroimaging at one point in time, we used longitudinal MRI data spanning on
average seven and a half years, and collected in a large sample of well-characterized non-
demented older adults from the Baltimore Longitudinal Study of Aging (BLSA). Given prior
research indicating a primarily deleterious impact of IL-6 -indexed inflammation on brain
anatomy, we hypothesized that higher sustained levels of IL-6 would be associated with a
thinner cortex at baseline and an accelerated rate of cortical thinning over time.
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Methods

Participants

We used data acquired from the BLSA neuroimaging study (BLSA-NI) [13], a subset of the
larger BLSA study of longitudinal changes in physical and cognitive health [21]. Exclusion
criteria at enrollment into the BLSA-NI study include: severe cardiovascular disease
(myocardial infarction, angioplasty, coronary bypass surgery), active cancer, brain tumor,
stroke, schizophrenia, bipolar illness, epilepsy, aneurisms, Parkinson’s disease, Huntington’s
disease, endocrinopathies or weight over 300 Ibs (136 kg). The present analyses included
121 participants with a minimum of three serial MRI scans for longitudinal analysis. MRI
scans were conducted at approximately one year intervals, with blood samples for assays
provided approximately every two years. Demographic details are listed in Table 1. All
participants were cognitively normal at baseline, and remained so throughout the entire
duration of the study. This research was approved by the National Institute on Aging
Intramural Research Program and the local Institutional Review Boards. Written informed
consent was acquired at each visit from all participants.

Quantification of cytokine levels

Blood serum samples for assays were used to assess peripheral inflammation levels. IL-6
concentrations were determined using commercial ELISA kits (R&D System, Minneapolis,
MN, USA) with intra and inter-assay variations of 1.6% to 4.2% and 3.3% to 6.4%,
respectively. The minimum detectable level of IL-6 was less than 0.70 pg/ml. Samples were
taken at approximately two years intervals and averaged across all visits (Table 1), giving
each participant one value of mean IL-6 level, which was entered into a mixed model
analysis (see below). All serum samples were drawn during BLSA visits, which included
MRI imaging sessions. As IL-6 levels were variable over time (intraclass correlation = 0.21),
we used mean IL-6 level as a predictor, reflecting persistent level of inflammation.

Image acquisition and pre-processing

A GE Signa 1.5 Tesla scanner (The General Electric Company, New York, USA) was used
to conduct MRI scanning with the acquisition parameters remaining constant for each study
visit. High-resolution volumetric “spoiled grass” (SPGR) series (axial acquisition; repetition
time = 35 ms; echo time = 5 ms; flip angle = 45°; field of view = 24 cm; matrix = 256 x 256;
number of excitations = 1; voxel dimensions of 0.94 x 0.94 x 1.5 mm slice thickness)
images were acquired.

Cortical reconstruction and volumetric segmentation was performed with the FreeSurfer
image analysis suite (a software application developed at the Martinos Center for
Biomedical Imaging by the Laboratory for Computational Neuroimaging, Boston, USA),
which is documented and freely available for download online (version 5.1, http://
surfer.nmr.mgh.harvard.edu/). The technical details of these procedures are described in
prior publications [e.g. 22,23]. Briefly, this processing includes removal of non-brain tissue
using a hybrid watershed/surface deformation procedure [24], automated Talairach
transformation, segmentation of the subcortical white matter and deep gray matter
volumetric structures [25,26], intensity normalization [27], tessellation of the gray matter
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white matter boundary, automated topology correction [28,29], and surface deformation
following intensity gradients to optimally place the gray/white and gray/cerebrospinal fluid
borders at the location where the greatest shift in intensity defines the transition to the other
tissue class [22,23,30]. This method uses both intensity and continuity information from the
entire three dimensional MRI volume in segmentation and deformation procedures to
produce representations of cortical thickness, calculated as the closest distance from the
gray/white boundary to the gray/CSF boundary at each vertex on the tessellated surface [23].
The maps are created using spatial intensity gradients across tissue classes and are therefore
not simply reliant on absolute signal intensity. The maps produced are not restricted to the
voxel resolution of the original data and thus are capable of detecting submillimeter
differences between groups. Images were further processed within the FreeSurfer
longitudinal stream, to extract reliable volume and thickness estimates [31]. Specifically, an
unbiased within-subject template space and image [32] was created using robust, inverse
consistent registration [33]. Several processing steps, such as skull stripping, Talairach
transforms, atlas registration as well as spherical surface maps and parcellations were then
initialized with common information from the within-subject template, significantly
increasing reliability and statistical power [31]. The resulting cortical thickness maps for
each subject were smoothed along the surface with a 10 mm full-width half-maximum
kernel, transferred into a volume and registered to Montreal Neurological Institute standard
brain (MNI) space before being subjected to a mixed model analysis.

Mixed model analysis
The cortical thickness maps were subjected to a mixed model analysis using the
AnalyzeFMRI (v1.1-12 R) and Ime4 (v0.999375-37) statistical software in R (v2.11.1) [34].
Voxel-wise estimates of the effect of mean IL-6 level on baseline cortical thickness as well
as longitudinal cortical thickness changes were assessed using the equation:

Yij=Bo+B1Age;+B2Sex;+BsI L
—6;+03, Time;;+85(Age;
x Time;;)+08s(Sex; x Time;j)+B7(IL
—6; x Time;;)+boi+by Time;j+ei;.

Eq. 1

where yjjis the thickness value of that voxel for the 1 subject on the /1 follow-up test visit.
Age and sex were additional covariates with age representing a participants’ mean-centered
baseline age at the first neuroimaging visit. Time was defined as the longitudinal predictor
coded as the time in years from baseline age (1st time is 0). S denotes fixed effects estimates,
b denotes subject specific random effects estimates, and ¢ is the residual error. Whole-brain
statistical t-maps of the effect of mean IL-6 level at baseline and the longitudinal effect over
time were generated. These volume maps were then transferred into surface space for
thresholding and visualization. The criterion for significance was defined as clusters with a
minimum of 200 vertices, p < 0.005 with an additional cluster threshold of p < 0.05.
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Results

Cortical thickness at baseline as a function of IL-6 levels

Statistical significance of fzin Eq. 1 indicates a cross-sectional finding of mean IL-6
concentrations on baseline cortical thickness. Figure 1A contains f-value maps depicting
regions where cortical thickness is decreased (blue) or increased (red) with higher I1L-6
concentrations. Results show that IL-6 has a varied relationship with the cortex. Many
posterior regions such as the inferior occipital gyrus and sulcus and the inferior temporal
gyrus of both hemispheres show thinner cortex in association with higher IL-6 (blue). Yet
lateral aspects of the left superior temporal gyrus and superior frontal gyrus, and right
posterior lateral sulcus show thicker cortex in relation to higher IL-6 (red and orange).
However, as can be seen from Figure 1B, which contains #value maps, few regions reached
statistical significance and significant associations were mainly areas where higher 1L-6
levels are linked to thinner gray matter (blue). These regions include small surfaces on the
left anterior occipital sulcus, right intraparietal and transverse parietal sulci and middle-
anterior part of the cingulate gyrus and sulcus, and the lingual gyri bilaterally.

Longitudinal changes in cortical thickness as a function of IL-6 levels

Significant effects of 4 in Eq. 1, the interaction between mean IL-6 concentrations and time,
indicate that IL-6 is associated with rates of cortical thinning over time. Figure 1C contains
S-value maps depicting regions where annual rates of cortical thinning are accelerated (blue)
or decelerated (red) with higher IL-6 concentrations. Results show mixed findings
depending on the region involved, although as hypothesized, increased IL-6 was
predominantly associated with accelerated cortical thinning rates. That is, a larger surface
area of gray matter was thinning at an accelerated rate with higher IL-6 levels (blue). Figure
1D contains #value maps, depicting regions that reached statistical significance. Very few
regions showing associations between high IL-6 and a decelerated annual rate of cortical
thinning (red) reached statistical significance. However, there were sizeable vertex clusters
indicating associations between high 1L-6 and accelerated rates of thinning (Table 2), the
largest located on the left transverse frontopolar gyri and sulci and the right subcentral gyrus
and sulci (cyan color on Figure 1). Other notable regions showing associations between
higher 1L-6 and accelerated cortical thinning were areas of the inferior temporal poles
bilaterally, the left occipital pole and the cortex of the right calcarine sulcus.

Discussion

Cytokines play a pivotal role in stimulating and maintaining immune processes, and the pro-
inflammatory cytokine IL-6 possesses complex properties that promote both cell death and
repair [35]. The present study aimed to better understand the link between elevated levels of
IL-6 and brain structure, as indexed by cortical thickness changes with age. Consistent with
our hypotheses, we found a number of cortical regions that were attenuated with higher
mean levels of IL-6. While IL-6 showed modest deleterious associations with cortical
thickness cross-sectionally, more pronounced adverse associations between IL-6 and cortical
thickness were evident on rates of cortical atrophy over time. The association between
higher mean IL-6 and accelerated cortical thinning was most pronounced in the left

Transl Neurosci. Author manuscript; available in PMC 2016 April 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCarrey et al.

Page 6

frontopolar and right subcentral gyrus regions. Our findings remained significant after
adjusting for age and sex and cannot be accounted for by these well-documented moderators
of cortical thinning [10,14,15].

Prior studies that have assessed IL-6 in conjunction with brain morphology in older adults,
and that have been cross-sectional in design, have shown mixed findings. This is perhaps not
surprising given that neuroinflammatory evolution serves to promote both neurodegeneration
and regeneration processes [36]. For example, in a large sample of adults ranging in age
from 35-85 yrs, Jefferson et a/. [18] found a relationship between higher IL-6 and lower
total brain volume, but no relationship with white matter hyperintensities. In another large
aging study of similar sample size, Satizabal et a/. [20] found positive correlations between
IL-6 concentrations and white matter hyperintensities. Moreover, Baune and colleagues [19]
found that IL-6 individually was not associated with either white matter hyperintensities nor
a cortical atrophy rating. Nonetheless, they did find that IL-6 in combination with other
cytokines and chemokines was associated with severe atrophy. Taken together, cross-
sectional findings reporting the impact of IL-6 on cerebral outcomes have been inconsistent.
We too report that examining IL-6 in conjunction with cerebral measures at a single
timepoint produces inconclusive results. At baseline, we found that IL-6 levels were linked
to both higher (red on Figure 1A) and lower (blue on Figure 1A) cortical thickness, and very
few of these results reached statistical significance.

Our study in the BLSA benefits from the availability of longitudinal MRI images. The clear
strengths of this type of study design with an aging population are that between-subject
variation can be controlled because baseline measures of cortical thickness are known, and
information about intra-individual age-related change (as opposed to differences) can
accurately be measured. We report that longitudinal assessments of cortical thinning over
time show clearer associations with IL-6 in non-demented older adults. Against a
background of age-related cortical thinning, we found accelerated rates of regional cortical
thinning in association with higher IL-6 levels (Figure 1C). Moreover, several of these
regions reached statistical significance (Table 2). There are few such studies investigating
associations between IL-6 and brain outcomes in non-clinical and longitudinal settings. In
the Satizabal et al. [20] study, a large number of participants (1316/1841) had a second MRI
scan performed four years later. Baseline IL-6 concentrations were analyzed in conjunction
with white matter hyperintensities and cortical atrophy change. Although some trends were
observed, there were no significant associations between 1L-6 and tissue loss over four
years. Our study includes MRI data from at least three timepoints (average of 7.7 visits per
subject) and uses mean levels of IL-6 over time (average 3.3 visits per subject). Our
approach with repeated sampling of both IL-6 and MRI outcomes more accurately captures
the effect of chronic or sustained inflammation on gray matter change with age. Our findings
contribute to the current cytokine literature by demonstrating that the effects of 1L-6 on
cerebral gray matter size may be better understood in longitudinal studies, where more
robust associations are detected in comparison to cross-sectional analyses.

At the molecular level, IL-6 plays a role in complex cognitive processes [37], and a higher
inflammatory index has been associated with reduced cognitive abilities [8]. Animal studies
have shown that inflammation that is started outside the brain, can involve the brain through
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activation of the microglia [38]. It is possible that this activation of the microglia may have
harmful effects on the grey matter, which is evident by cortical thinning and, in turn, cause
cognition problems. One way to examine this premise in future research would be to
investigate cytokine concentrations in relation to cognitive changes over time. Assays of
IL-6 and other cytokines in the larger BLSA sample are ongoing and will provide an
opportunity to examine these associations in larger samples.

This study has several strengths, most notably that the BLSA participants are well
characterized and scanned multiple times over an average of 7.5 yrs. However, there are
some methodological considerations that are important to bear in mind. Our sample derives
from a select population who agreed to participate in a project spanning the rest of their
lives. They are both more educated and of higher socioeconomic status than the general
population, rendering the generalizability of our study limited. However, we have previously
reported that rates of age-related brain shrinkage within the BLSA are comparable to other
studies [13]. Secondly, our measure of inflammation was derived peripherally from cytokine
levels in plasma and not in cerebrospinal fluid (CSF). It has previously been reported that
cytokines may not easily pass the blood brain barrier depending on the inflammatory state,
and therefore plasma levels may not accurately reflect those of the central nervous system.
Nonetheless, peripheral measures of inflammatory markers like ours are widely used within
research settings [19,39,40], and have been shown in prior studies to show associations with
physical and cognitive variation. Furthermore, in measuring an array of inflammatory
markers in Alzheimer’s disease, Sun and colleagues found high correlations between CSF
IL-6 and plasma IL-6 (r=0.74, p< 0.001) [41]. Lastly, we did not apply a conservative
correction for multiple comparisons, such as the family-wise error rate to the brain data.
However, we addressed this issue by additionally applying a cluster-wise threshold to our
data, to decrease potential false positive errors.

In summary, our results indicate that sustained high levels of the inflammatory biomarker
IL-6 are associated with an increased rate of age-related cortical thinning. We build on
previous findings that link IL-6 to chronic disease, and demonstrate a potential mechanism
through which high levels of inflammation may have adverse effects on physical and
cognitive function.
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Figure 1.
The associations of mean IL-6 concentrations with baseline cortical thickness and rates of

cortical thinning over time. The top two panels A and B illustrate cross-sectional results, &
value and #value maps, respectively. Panel A depicts the association of 1L-6 with baseline
cortical thickness, the blue color representing areas where for every unit increase in IL-6, the
cortex is thinner, the red color representing areas where for every unit increase in I1L-6, the
cortex is thicker. These maps are thresholded to show cortical thickness changes of 0.01-
0.08 mm. Panel B depicts regions where cortical thickness was statistically associated with
mean IL-6 at baseline, at corresponding p-values between 0.0001-0.01. The bottom two
panels C and D illustrate longitudinal results, 6-value and #value maps, respectively. Panel
C depicts the association of 1L-6 with rates of cortical thinning over time, the blue color
representing areas where for every unit increase in IL-6, the cortex is thinning at an
accelerated rate, the red color representing areas where for every unit increase in IL-6, the
cortex is thinning at a decelerated rate. These maps are thresholded to show rates of cortical
thinning at 0.001-0.008 mm per year. Panel D depicts regions where cortical thickness
changes over time were statistically associated with mean IL-6, at corresponding p-values
between 0.0001-0.01. Note the #maps are for visualization purposes. Please refer to Table 2
for regions from Panel D that survived the more stringent test of clusters with a minimum of
200 vertices, p < 0.005 with an additional cluster threshold of p< 0.05.
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Table 1

Demographic information for the sample.

Mean (SD)
n 121
Male/Female 68/53
Baseline Age (years) 69.3 (7.3)

Imaging visits per participant 7.7(2.1)
IL-6 measures per participant 3.3(1.3)
1L-6 level (pg/mL) 4.0(1.9)
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