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28Background: Inflammation is linked to cognitive decline in midlife, but the neural basis for this link is
29unclear. One possibility is that inflammation associates with adverse changes in brain morphology, which
30accelerates cognitive aging and later dementia risk. Clear evidence is lacking, however, regarding whether
31inflammation relates to cognition in midlife via changes in brain morphology. Accordingly, the current
32study examines whether associations of inflammation with cognitive function are mediated by variation
33in cortical gray matter volume among midlife adults. Methods: Plasma levels of interleukin (IL)-6 and C-
34reactive protein (CRP), relatively stable markers of peripheral systemic inflammation, were assessed in
35408 community volunteers aged 30–54 years. All participants underwent structural neuroimaging to
36assess global and regional brain morphology and completed neuropsychological tests sensitive to early
37changes in cognitive function. Measurements of brain morphology (regional tissue volumes and cortical
38thickness and surface area) were derived using Freesurfer. Results: Higher peripheral inflammation was
39associated with poorer spatial reasoning, short term memory, verbal proficiency, learning and memory,
40and executive function, as well as lower cortical gray and white matter volumes, hippocampal volume
41and cortical surface area. Mediation models with age, sex and intracranial volume as covariates showed
42cortical gray matter volume to partially mediate the association of inflammation with cognitive perfor-
43mance. Exploratory analyses of body mass suggested that adiposity may be a source of the inflammation
44linking brain morphology to cognition. Conclusions: Inflammation and adiposity might relate to cognitive
45decline via influences on brain morphology.
46� 2015 Published by Elsevier Inc.
47

48

49

50 1. Introduction

51 Aging engenders declines in multiple cognitive domains,
52 including episodic and working memory, attention, and executive
53 functioning (Salthouse, 2004). Typically, these cognitive declines
54 begin in the late 20s and progress across adulthood (Salthouse,
55 2004). Trajectories of cognitive aging are heterogeneous, however,
56 with some individuals showing minimal declines and others more
57 precipitous deterioration (Raz et al., 2005). Understanding factors
58 that account for individual differences in cognitive aging is critical
59 because age-related impairments in cognitive function confer risk
60 for dementia (Barberger-Gateau et al., 1999; De Lepeleire et al.,

612004), injuries (Sattin, 1992), hospitalization, and death (Bennett,
621997).
63Preclinical changes in brain morphology precede and may con-
64tribute to cognitive declines among healthy aging individuals, as
65well as predict risk for dementia (Burgmans et al., 2009; den
66Heijer et al., 2006; Driscoll et al., 2009; Kramer et al., 2007;
67Persson et al., 2012; Raz et al., 2005; Walhovd et al., 2011).
68These changes include reductions in total brain and gray matter
69volume and in white matter integrity that accompany advancing
70age (Burgmans et al., 2009; DeCarli et al., 2005; Fjell et al., 2013;
71Kennedy and Raz, 2009; Raji et al., 2012; Raz et al., 2005; Ryan
72et al., 2011). On average, reductions in gray matter volume begin
73around age 35 and accelerate thereafter (Fjell et al., 2013;
74Hedman et al., 2012), associating with concomitant and future
75declines in cognitive function (Burgmans et al., 2009; Fjell and
76Walhovd, 2010; Kramer et al., 2007). Individuals differ in rates of
77age-related brain atrophy, with accelerated gray matter loss
78associated with earlier progression to dementia (Whitwell et al.,
792008). Thus, gray matter atrophy represents a midlife preclinical
80predictor of cognitive aging. At present, however, the biological
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81 bases for early deterioration of global and regional gray matter vol-
82 umes remain unclear. On a cellular level, explanations for brain
83 atrophy in aging are manifold and include apoptosis, axonal
84 degeneration, reduced dendritic spine density, dendritic sim-
85 plification, cell shrinkage, and reduced vascularity (von Bohlen
86 und Halbach, 2010). However, factors that affect these cellular
87 changes and consequent changes in gross morphology remain to
88 be determined. In this regard, recent evidence suggests that
89 inflammation may play a critical role.
90 Peripheral inflammatory mediators (e.g., interleukin (IL)-6) can
91 cross the blood–brain barrier to modulate central inflammatory
92 processes that result in neurodegeneration and impair cognitive
93 function (Arai et al., 2001; Ek et al., 2001; Heyser et al., 1997;
94 Monje et al., 2003; Poluektova et al., 2005; Pugh et al., 1998;
95 Richwine et al., 2008; Trapero and Cauli, 2014; Yirmiya and
96 Goshen, 2011). Within the brain, proinflammatory cytokines and
97 their receptors are expressed by many cell subtypes throughout
98 the cerebral cortex (Hampel et al., 2005). Chronic increases in
99 peripheral inflammation, such as those that accompany aging,

100 ‘‘prime’’ microglia to switch to an inflammatory phenotype,
101 increasing central inflammatory responses to peripheral inflamma-
102 tion (Chen et al., 2008; Perry et al., 2007; Ye and Johnson, 1999)
103 and possibly playing a pathogenic role in age-related neu-
104 rocognitive decline. Human studies support this possibility, with
105 increases in circulating mediators of inflammation, whether the
106 result of exogenous administration or acute/chronic inflammatory
107 conditions, relating inversely to disturbances of, attention, mem-
108 ory, executive and global cognitive function (Bucks et al., 2008;
109 Capuron et al., 1999; Kozora et al., 2001; Krabbe et al., 2005;
110 Reichenberg et al., 2001; Smith et al., 1988). Poorer cognitive func-
111 tion also associates with peripheral inflammation among the well-
112 functioning elderly (Marioni et al., 2009; Rafnsson et al., 2007;
113 Schram et al., 2007; Weaver et al., 2002; Wright et al., 2006;
114 Yaffe et al., 2003), with higher levels predicting future cognitive
115 decline in some (Marioni et al., 2009; Rafnsson et al., 2007;
116 Schram et al., 2007; Tilvis et al., 2004; Weaver et al., 2002; Yaffe
117 et al., 2003), but not all studies (Alley et al., 2008; Dik et al.,
118 2005; Teunissen et al., 2003). We have extended this evidence pre-
119 viously by showing an inverse association of circulating IL-6 with
120 performance on memory and executive function tasks among cog-
121 nitively normal adults of mean age 43 years (Marsland et al., 2006),
122 raising the possibility that systemic inflammation represents an
123 early marker of cognitive risk.
124 Findings from studies of healthy older adults show inverse
125 associations of markers of systemic inflammation with aspects of
126 brain morphology that decline with age, including total brain vol-
127 ume (Jefferson et al., 2007), total gray matter volume (Satizabal
128 et al., 2012), temporal lobe volume (Bettcher et al., 2012; Taki
129 et al., 2013), hippocampal volume (Satizabal et al., 2012) and white
130 matter integrity (Wersching et al., 2010). Our earlier work
131 extended these findings to a midlife community sample, showing
132 associations of higher IL-6 and CRP with lower total gray matter
133 volume and white matter integrity throughout the brain, and with
134 lower regional gray matter volume of the hippocampus and PFC
135 (Gianaros et al., 2013; Marsland et al., 2008; Verstynen et al.,
136 2013). However, it is still unknown whether these global or regio-
137 nal aspects of brain structure provide a plausible pathway linking
138 inflammation to preclinical neurocognitive decline among midlife
139 adults.
140 Accordingly, the goals of this study were (1) to confirm inverse
141 associations of markers of systemic inflammation (IL-6 and CRP)
142 with a broad range of cognitive functions and with global and
143 regional measures of brain structure among midlife adults and
144 (2) to extend our prior work by examining whether global or regio-
145 nal measures of gray matter volume statistically mediate associa-
146 tions between inflammation and cognitive function. In regard to

147brain structure, our early work was informed by animal models
148and focused on relationships between inflammation and the struc-
149ture and function of the hippocampus (Marsland et al., 2008). More
150recently, however, we have found inflammation associated with
151global aspects of brain morphology as well (Gianaros et al., 2013;
152Verstynen et al., 2013). In the current study we explored two
153possibilities. One is that inflammatory associations are localized
154to specific brain regions; the other is that they are global. Finally,
155in light of evidence that adipocytes are a primary source of
156circulating IL-6 (Mohamed-Ali et al., 1997) and that body fat cov-
157aries positively with IL-6 (Bermudez et al., 2002; Khaodhiar
158et al., 2004) and inversely with gray matter volume (Marsland
159et al., 2008; Taki et al., 2008), cognitive function (Marsland et al.,
1602006), and accelerated cognitive aging (Ho et al., 2011), we
161explored whether inflammation accounts for associations of BMI
162with brain atrophy and associated cognitive performance.

1632. Methods and materials

1642.1. Participants

165Participants were 408 adults 30–54 years of age drawn from the
166Adult Health and Behavior Project – Phase 2 (AHAB-II) project (see
167Table 1). AHAB-II is an epidemiological registry of biobehavioral
168correlates of cardiovascular disease risk among midlife adults.
169Participants were recruited between 2008 and 2011 by mass-mail
170solicitation from Western Pennsylvania (principally Allegheny
171County). To be eligible, participants had to be in good general
172health and working at least 25 h/week outside of the home (a sub-
173study involving this cohort focused on occupational stress and CHD
174risk). Participants were excluded if they (a) had a history of cardio-
175vascular disease, schizophrenia or bipolar disorder, chronic hepati-
176tis, renal failure, major neurological disorder, chronic lung disease,
177or hypertension (BP P 160/100 mm Hg); (b) reported drinking
178P35 portions of alcohol per week; (c) took fish-oil supplements
179(because of the requirements for another sub-study); (d) were pre-
180scribed insulin or glucocorticoid, anti-arrhythmic, antihyperten-
181sive, lipid-lowering, psychotropic, or prescription weight-loss
182medications; (e) were pregnant or lactating; (f) had less than 8th
183grade reading skills; or (g) were shift workers. Remaining exclu-
184sion criteria were claustrophobia, presence of medical devices,
185implants, or other metal objects in or on the body that could not
186be removed, tattooed eyeliners, or a body habitus prohibiting MR
187scanning.
188Of the 490 participants in AHAB-II, 448 had reliable measures of
189CRP and IL-6, excluding 8 individuals who did not have blood
190drawn, 36 taking medications known to impact immune function
191(e.g., cold medications/antihistamines) and 1 individual with
192rheumatoid arthritis. In addition, we excluded 9 individuals with
193CRP levels >10 ng/ml, which is outside the normal range and sug-
194gests acute illness at the time of blood draw (Biasucci, 2004;

Table 1
Characteristics of the Sample (n = 408).

Characteristic Mean (SD) or %

Sex (%) 47% male
Age (years) 42.8 (7.3)
Race (%) 83% white, 15% black
Education (years) 17.0 (2.9)
BMI (kg/m2: mean ± SD) 26.7 (5.0)
Current smokers (%) 15%
Alcohol use (drinks/week) 3.27 (4.7)
Systolic blood pressure 115 (11)
IL-6 (pg/ml) 1.10 (.97)
CRP (ng/ml) 1.51 (1.86)

BMI, body mass index; IL-6, interleukin-6; CRP, C-reactive protein.
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