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Abstract

Objectives—To quantify associations between inflammatory biomarkers and hippocampal 

volume (HV), and examine effect modification by sex, race, and age.

Design—Cross-sectional analyses using generalized estimating equations to account for familial 

clustering; standardized β-coefficients, adjusted for age, sex, race, and education.

Setting—Community cohorts in Jackson, Mississippi and Rochester, Minnesota.

Participants—The Genetic Epidemiology Network of Arteriopathy (GENOA) study.

Measurements—C-reactive protein (CRP), interleukin-6 (IL-6), soluble tumor necrosis factor 

receptors 1 (sTNFR-1) and 2 (sTNFR-2) from peripheral blood were measured in a sample of 773 

non-Hispanic Whites (61% women, age 60.2±9.8) and 514 African Americans (70% women, age 
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63.9±8.1) who also underwent brain magnetic resonance imaging. Biomarkers were standardized 

and compared across sex, race and age to HV.

Results—In the full sample, higher sTNFR-1 and sTNFR-2 were associated with smaller HV. 

Each SD increase in sTNFR-1 was associated with −59.1mm3 (95%CI:−101.4,−16.7) smaller HV 

and each SD increase in sTNFR-2 associated with −48.8mm3 (95%CI:−92.2,−5.3) smaller HV. 

Relationships were stronger for sTNFR-2 in men (HV=−116.6mm3 for each SD increase, 95%CI:

−201.0,−32.1) than women (HV=−26.0 per SD increase, 95%CI:−72.4,20.5) and sTNFR-1 in non-

Hispanic whites (HV=−84.7mm3 per SD increase, 95%CI:−142.2,−27.1) than African Americans 

(HV=−14.1mm3 per SD increase, 95%CI:−78.3,50.1). Associations between IL-6 or CRP and HV 

were not supported.

Conclusion—Higher levels of sTNFRs were associated cross-sectionally with smaller 

hippocampi. Longitudinal data are needed to determine whether these biomarkers may help to 

identify increased risk of late life cognitive impairment.
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INTRODUCTION

Inflammation increases with age1,2 and has been associated with several major degenerative 

diseases affecting older adults including cognitive decline3–8 and dementia9–13. Elevated 

levels of inflammatory biomarkers, including interleukin-6 (IL-6)14–16, C-reactive protein 

(CRP)17,18, and tumor necrosis factor alpha (TNFα)19, have been associated with poorer 

cognitive function3,7,20,21 and Alzheimer Disease (AD)14,15,17. We previously reported 

associations between these biomarkers and cognitive function and found differential effects 

by race with more associations observed in African-Americans (AA) compared to non-

Hispanic whites (NHW)6. Mechanisms linking inflammation to cognitive decline and 

dementia have been suggested that involve inflammatory-mediated effects on 

neurodegenerative pathologies (e.g., related to amyloid deposition)9,11, cerebrovascular 

changes19,22,23, or both.

The hippocampus plays an essential and well-known role in learning and memory24. 

Hippocampal volume (HV) declines with age25,26 and is one of the earliest structures 

affected by neurodegeneration in AD. Given its prominent role in memory and dementia, 

and ready quantification via magnetic resonance (MR) imaging, the hippocampus offers an 

informative target to evaluate the effects of inflammation on brain structure. We are aware of 

only one prior human study linking peripheral inflammation to HV in disease-free 

participants, and it reported an inverse relationship between IL-6 and HV in a small (n = 76) 

cohort of younger adults (30–54)27. Although AA have differing levels of inflammation 

compared to NHW28 and a higher burden of dementia29,30, we are aware of no prior studies 

that have examined inflammation and HV in a community sample including AA.

In the current study, we examined the relationships of the inflammatory biomarkers high 

sensitivity CRP, IL-6, and soluble TNFα receptors (sTNFR-1, sTNFR-2) with HV in a 
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hypertension-enriched, community sample of NHW and AA men and women free from 

stroke and dementia from the Genetic Epidemiology Network of Arteriopathy (GENOA) 

cohort31. We hypothesized that higher levels of inflammation would be associated with 

smaller HV. Differential effects for sex, race and age were also examined.

METHODS

Study Population

The GENOA study began in 1995, with a cohort of hypertensive individuals and their 

siblings recruited from Jackson, Mississippi (n = 1,854 participants; 69% women; mean 58 

yrs old at enrollment; AA only) and Rochester, Minnesota (n = 1,578 participants; 56% 

women; 55 yrs old at enrollment; NHW only)31. The AA sibships from Jackson, MS were 

recruited from the Atherosclerosis Risk in Communities study.32 The NHW sibships from 

Rochester, MN were recruited from the Rochester Epidemiology Project.33 At least two 

members of each sibship had hypertension before age 60 at enrollment. Inflammatory 

markers were assayed at the second examination (GENOA Visit 2, 2000–2004) (n = 1,324 

AA, 1,237 NHW). Coinciding with or following Visit 2, as a part of the Genetics of 

Microangiopathic Brain Injury (GMBI) ancillary study, MR imaging was conducted on 830 

AA and 916 NHW participants.

For the current analysis, the sample consisted of participants for whom both inflammatory 

markers from GENOA Visit 2 and MR imaging from GMBI (n = 1,383 total; 580 AA, 803 

NHW) were available. Participants were excluded who had unsuitable MR imaging or image 

analysis (n = 23), or had a history of stroke (5 AA, 9 NHW), self-reported use of steroids (1 

AA), or with possible dementia (Mini Mental State Exam [MMSE] score < 24, n = 58), 

leaving 514 AA and 773 NHW (Total 1,287/1,383 = 93%) for analysis.

Standard Protocol Approvals, Registrations, and Patient Consents

Study approval was provided by the Institutional Review Boards of The University of 

Mississippi Medical Center and The Mayo Clinic. Informed consent was obtained from all 

study participants.

Inflammatory Markers

Fasting blood samples were centrifuged for 10 min at 4°C, aliquoted in 0.5–1 mL volumes 

of EDTA plasma (serum for CRP), and stored at −80°C within 2 h of venipuncture. Frozen 

samples from the Jackson field center were shipped to the Mayo Clinic Immunochemical 

Core Laboratory (Rochester, MN) overnight on dry ice. Samples were thawed on ice, 

repackaged into Eppendorf tubes with bar codes and refrozen for shipping to SearchLight™ 

(ThermoScientific). CRP assays were performed using immunoturbidometric assays 

(Diasorin, Inc, Stillwater, MN; inter-assay imprecision 1.8–2.6%; intra-assay imprecision 

1.0–9.2%) and multiplex assays (SearchLight™, Pierce, Boston, MA) were used for IL-6 

and sTNFRs. sTNFR fractions show stability over time with longer half-lives than TNFα 
levels and have been validated as sensitive indicators of TNFα system activation34. Precision 

of the assays performed by SearchLightTM was retrospectively determined based on data 

derived from a blinded, internal plasma control sample. Algorithms were developed to 
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reduce plate-to-plate variations in protein levels and all analyses used these normalized 

data.35

MR Imaging and Hippocampal Volume

All HV and total intracranial volume (TIV) measurements were taken from MR images 

performed on GE Signa 1.5T MRI scanners, identically equipped at each study site. Multiple 

sequences were performed, as previously described36,37. This study utilized data generated 

from T1-weighted coronal 3D spoiled gradient echo (SPGR) images consisting of 124 

contiguous 1.6mm thick coronal slices obtained with a 256×192×124 matrix, 6–10ms echo 

time, 24ms repetition time, 25 degree flip angle, 24cm × 18cm × 19.8cm FOV.

Each 3D SPGR image was secure-copied to the Mississippi Center for Supercomputing 

Research and processed by Freesurfer 5.3.038 with default settings. Freesurfer is 

documented and freely available for download online (http://surfer.nmr.mgh.harvard.edu). 

Briefly, this processing includes motion correction and removal of non-brain tissue using a 

hybrid watershed/surface deformation procedure, automated Talairach transformation, 

segmentation of the subcortical white matter and deep gray matter volumetric structures 

(including hippocampus, amygdala, caudate, putamen, ventricles), intensity normalization, 

tessellation of the gray matter white matter boundary, automated topology correction, 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. 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 thus are capable 

of detecting submillimeter differences between groups. Freesurfer morphometric procedures 

have been demonstrated to show good test-retest reliability across scanner manufacturers 

and across field strengths39,40.

Output from Freesurfer was manually checked by viewing the results in tkmedit, part of the 

Freesurfer software suite. This quality control resulted in the exclusion of 10 participants for 

incorrect image orientation, 3 with insufficient contrast, 10 with severe ventriculomegaly, 

and one with a large tumor affecting the hippocampus. These exclusions are accounted for 

above as “unsuitable” in the population section.

HVs were reported for the right and left hemispheres in Freesurfer’s aseg.stats file. The 

combined HV reported here is the sum of the right and left values. The TIV measurement 

used for adjustment in generalized estimating equations (GEE) was generated by tracing the 

inner boundary of the skull in separately acquired T2-weighted images as reported 

previously36.

Covariates

Level of education was assessed by questionnaire and reported as years of education. Blood 

pressure, measured three times in a seated, rested state with appropriately sized cuffs, was 

defined as the average of the 2nd and 3rd measurements. Hypertension was defined as a 

blood pressure >140/90 mm Hg, self-report, or anti-hypertensive medication use. Diabetes 

was defined as fasting glucose ≥126 mg/dl or random ≥200 mg/dl, self-report, or 
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hypoglycemic medication use. Height was measured by stadiometer and weight by 

electronic balance with participants wearing lightweight clothes. Body mass index (BMI) 

was calculated as weight (kilograms)/height2 (meters).

Statistical Analysis

Associations between each inflammatory marker and HV were estimated using linear 

models fit with GEE to account for familial clustering and Huber-White robust standard 

error estimates. Because the inflammatory markers have different measurement units, 

measurements were standardized to facilitate interpretation across models. In this report, a 

beta coefficient of −10.0 is interpreted as a 10.0mm3 decrease in HV associated with each 

SD increase in an inflammatory marker. Diagnostic lowess smoothers revealed linear 

relationships on the natural scale, inflammatory markers were only mildly skewed, and 

estimates were resistant to extreme value effects. For these reasons, associations with 

standardized inflammatory markers were performed without log-transformation. Primary 

models regressed each biomarker on HV adjusting for age, sex, race, TIV, and education as 

independent (additive) estimators, and accounted for familial clustering using Generalized 

Estimating Equations (GEE). Additional models examined effect modification by 

incorporating interaction terms of inflammatory markers with race, sex, and age decade; 

stratified models were examined when effect modification was supported. In secondary 

analyses, we also adjusted for diabetes, hypertension, BMI, and anti-inflammatory and anti-

hypertensive medication use. Sensitivity analyses were performed including participants 

who were excluded because of low MMSE, and without adjustment for TIV. We 

acknowledge that race and site are aliased by design. Analyses were performed using Stata 

1341.

RESULTS

The overall sample of 1,287 participants was 64% women, 40% AA, with a mean age of 62 

years (range: 33–91), and 74% hypertensive. Men had lower levels of CRP compared to 

women, and AA participants had lower levels of both sTNFR-1 and sTNFR-2, and higher 

levels of CRP and IL-6 compared to NHW (Table 1). Participants in the analyses were 

slightly more educated (13.3 yrs vs 12.2, p<0.001) and less likely to be AA (39.9% vs 

67.4%, p<0.001) compared to those who were excluded.

Both sTNFR-1 and sTNFR-2 were inversely associated with HV. Each SD increase in 

sTNFR-1 (650pg/mL) was associated with a smaller HV of −59.1mm3 (95% CI: −16.7, 

−101.4) and each SD increase in sTNFR-2 (817pg/mL) with a smaller HV of −48.8mm3 

(95% CI: −5.3, −92.2). (Figure 1 and 2). The association between sTNFR-2 and HV varied 

by both sex (p=0.016) and age (over/under 60 p=0.035). This association was stronger for 

men (HV = −116.6mm3 per SD increase in sTNFR-2, 95% CI: −201.0, −32.1) than women 

(HV = −26.0mm3 per SD increase in sTNFR-2, 95% CI: −72.4, 20.5), and participants in 

their 60s had a stronger association (HV = −106.8mm3, 95% CI: −170.9, −42.7) than any 

other age group. (Figure 3). The inverse association between sTNFR-1 and HV was 

significant in NHW (HV = −84.7mm3 per SD increase in sTNFR-1, 95%CI: −142.2, −27.1, 
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p=0.004), and not in AA (HV = −14.1mm3 per SD increase in sTNFR-1, 95% CI: −78.3, 

50.1, p=0.667), but the race interaction was not significant (p=0.228).

No significant associations were observed for IL-6 or CRP and no additional interactions by 

race, sex or age were observed. Secondary analyses adjusting for hypertension, BMI, 

diabetes, and use of anti-inflammatory or anti-hypertensive medications did not significantly 

alter the relationships between HV and any inflammatory marker. Effect modification was 

also examined for anti-inflammatory and anti-hypertensive medication use by incorporating 

these as interaction terms, but no evidence of effect modification was observed. Sensitivity 

analyses including participants with probable dementia, without adjustment for TIV, or 

excluding participants with outlier levels of inflammatory markers had little effect on model 

estimates (results not shown).

DISCUSSION

In this community-based biracial sample of 1,287 men and women, we found that higher 

levels of sTNFR-1 and sTNFR-2 were independently associated with smaller HV. Although 

prior studies have shown associations between CRP and IL-6 and dementia risk42, these 

markers were not associated with HV in our non-demented. The relationships between 

sTNFRs and HV varied by sex and age, but did not differ consistently by race. This study is 

the first to our knowledge to report a relationship between inflammation and HV in a non-

demented community-based sample and to include AA. To put the magnitude of the 

association into context, each SD increase in sTNFR-1 and sTNFR-2 was associated with 

smaller hippocampi comparable to the effect of 1.7 and 1.5 years of aging, respectively.

Cell culture and animal studies have implicated TNFα in isolated features of AD9–11,43. 

Human studies have linked TNFα with increased dementia risk18,43–46 and reduced 

cognitive function6,47. In another population-based study of non-demented individuals, the 

Framingham Heart Study (FHS) reported an inverse association between sTNFR-2 and total 

brain volume19. Our study extends this work to the hippocampus and non-whites. The FHS 

also found an association between sTNFR-2 and cognitive function47. Similarly, we have 

previously reported a relationship between sTNFR-2 and performance across several 

cognitive domains in this same sample6. Taken together, these findings suggest that 

inflammation may have broad, non-specific, effects on brain structure, which may mediate 

the association between inflammation and cognitive function. Mediation analyses were 

beyond the scope of the current report but may be useful in further elucidating these 

relationships.

The CNS was once thought to be immune privileged, but molecules from the periphery can 

affect CNS function via the afferent vagus nerve, blood brain barrier (BBB) transport 

mechanisms22, or even passive diffusion through the BBB, which becomes more permeable 

with age23. sTNFRs have not been shown to cross the BBB, but their ligand, TNFα, is 

actively transported across it. Our study used measurements of soluble TNFα receptors 

which have been shown to be sensitive indicators of TNFα activity. Moreover, the relatively 

long half-life of the soluble receptors may provide a more accurate assessment of overall 

TNFα activity than actual TNFα levels captured at a single assessment34,48.
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We did not find an association with CRP or IL-6. TNFα has been shown to trigger IL-6 

release49, leading to an expectation of similar results for sTNFRs and IL-6. Both animal and 

human studies have suggested a negative relationship between IL-6 and hippocampal grey 

matter27, and both CRP18,44,50 and IL-613,42,44,50 have been associated with dementia. We 

cannot rule out that some characteristic of our sample (e.g., the high prevalence of 

hypertension) limited our ability to detect an association with these markers. However, 

sensitivity analyses excluding outliers, or adjusting for known confounders had little effect 

on the observed associations.

While we found some subgroup differences in relationships between HV and individual 

inflammatory markers across gender (stronger sTNFR-2 effects in males) and age (stronger 

sTNFR-1/sTNFR-2 effects for 60–70 year olds), none were consistently observed across the 

biomarkers we examined. We acknowledge the need for replication of these findings in other 

settings prior to inferring meaning or implications of the few supported interactions that we 

observed.

Strengths of this study include a relatively large community-dwelling sample including a 

wide age range of women and AA participants with carefully measured independent, 

dependent and confounding variables, thus reducing many sources of bias commonly 

encountered in clinical populations. Some limitations are also noted. We are unable to 

exclude the possibility that some participants had acute inflammation at the time of the 

blood draw. The observational nature of this cross-sectional study precludes an interpretation 

of causality. Although the findings are consistent with previous reports, a number of models 

were examined raising the possibility of false positives. These findings should be considered 

hypothesis-generating and will require replication in independent samples.

The hippocampus declines in volume with age and is one of the earliest structures affected in 

various types of dementia, particularly AD. Whether inflammation has a causative 

deleterious effect on brain structure and subsequent cognitive function, or rather is a 

consequence (e.g., a protective response) of underlying pathology is unknown. Longitudinal 

data are needed to determine whether TNFα may help to identify those at increased risk of 

late life cognitive impairment and dementia.
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Figure 1. 
Each marker’s association to hippocampal volume was subjected to an adjusted linear model 

in the entire sample as shown. The solid black lines show the linear relationships, dashed 

lines show lowess diagnostic smoothers supporting linearity assumptions. The β value is 

interpreted as the difference in hippocampal volume associated with a standard deviation 

increase in the marker level. Plotted points and associations are adjusted for age, intracranial 

volume, education, sex and race. Inflammatory marker levels were Winsorized to avoid 

extreme outlier effects; results were robust to exclusion of these points.
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Figure 2. 
A forest plot showing the confidence intervals and β coefficients from a GEE of 

standardized inflammatory marker measurements on hippocampal volume, adjusted for age, 

total intracranial volume, education, sex, and race. Values along the x-axis indicate the 

volume of hippocampus (mm3) associated with a standard deviation increase in levels of the 

inflammatory marker. Associations with p<0.05 are marked with a heavy diamond at the β 
value and a + outside the confidence interval. AA = African American; NHW = non-

Hispanic White; W = women; M = men. IL-6 = interleukin-6; CRP = C-reactive protein; 

sTNFR = soluble tumor necrosis factor receptor. SD = standard deviation.
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Figure 3. 
A forest plot showing the confidence intervals and β coefficients from a linear regression of 

standardized inflammatory marker measurements on hippocampal volume, stratified by age, 

then adjusted for age, total intracranial volume, education, sex, and race. Values along the x-

axis indicate the volume of hippocampus (mm3) associated with a standard deviation 

increase in levels of the inflammatory marker. Associations with p<0.05 are marked with a 

heavy diamond at the β value and a + outside the confidence interval. IL-6 = interleukin-6; 

CRP = C-reactive protein; sTNFR = soluble tumor necrosis factor receptor. SD = standard 

deviation.
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