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Abstract

Background: Central nervous system levels of tumor necrosis factor-alpha (TNF-a), a pro-inflammatory cytokine, regulate the
neuroinflammatory response and may play a role in age-related neurodegenerative diseases. The longitudinal relation between peripheral levels
of TNF-a and typical brain aging is understudied. We hypothesized that within-person increases in systemic TNF-o. would track with poorer
brain health outcomes in functionally normal adults.

Methods: Plasma-based TNF-a concentrations (pg/mL; fasting morning draws) and magnetic resonance imaging were acquired in 424
functionally intact adults (mean age = 71) followed annually for up to 8.4 years (mean follow-up = 2.2 years). Brain outcomes included
total gray matter volume and white matter hyperintensities. Cognitive outcomes included composites of memory, executive functioning, and
processing speed, as well as Mini-Mental State Examination total scores. Longitudinal mixed-effects models were used, controlling for age,
sex, education, and total intracranial volume, as appropriate.

Results: TNF-o concentrations significantly increased over time (p < .001). Linear increases in within-person TNF-a were longitudinally
associated with declines in gray matter volume (p < .001) and increases in white matter hyperintensities (p = .003). Exploratory analyses
suggested that the relation between TNF-a and gray matter volume was curvilinear (TNF-a2 p = .002), such that initial increases in inflammation
were associated with more precipitous atrophy. There was a negative linear relationship of within-person changes in TNF-o to Mini-Mental
State Examination scores over time (p = .036) but not the cognitive composites (all ps >.05).

Conclusion: Systemic inflammation, as indexed by plasma TNF-a, holds potential as a biomarker for age-related declines in brain health.

Keywords: Inflammation, Brain aging, Cognition, Gray matter volume, Neuroimaging

In old age, there appears to be a chronic, low-grade, escence, and priming of microglia (3). Prolonged pro-inflammatory

neuroinflammatory response within the central nervous system
(1). This phenomenon, coined “inflamm-aging,” is related to an in-
creased ratio of pro-inflammatory relative to anti-inflammatory
cytokines (2). Various mechanisms have been proposed to explain
inflamm-aging, such as age-related free radical damage to DNA in-
volved in cytokine regulation, leakage of harmful gut microbiota
into the circulatory system, mitochondrial dysfunction, cellular sen-

© The Author(s) 2019. Published by Oxford University Press on behalf of The Gerontological Society of America.
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cytokine activity within the brain may exert negative effects on cel-
lular functions, including synaptogenesis, long-term potentiation,
and dendritic structuring (4). Neuroinflammation also suppresses
neurotrophins, which are critical for neuronal function and survival
(5). On a behavioral level, chronic inflammation is posited to con-
tribute to cognitive impairments, neuropsychiatric symptoms, and
an exaggerated “sickness” response (eg, reduced appetite, lethargy,
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and social withdrawal) (4,6,7). Higher levels of inflammation have
additionally been associated with declines in mobility and other
aspects of physical disability in older adults (8).

Tumor necrosis factor-alpha (TNF-a) is a pro-inflammatory
cytokine primarily produced by monocytes and macrophages (9). It
is considered a “master regulator” of the innate immune response
based on studies demonstrating that TNF-a blockade directly in-
fluences production of a variety of other pro- and anti-inflam-
matory factors, such as interleukin (IL)-1, IL-6, IL-8, GM-CSE
and adiponectin (9). TNF-a inhibitors are U.S. Food and Drug
Administration (FDA) approved for the treatment of rheumatoid
arthritis, psoriasis, and other autoimmune and inflammatory con-
ditions. Accumulating evidence suggests a possible role of TNF-c. in
age-related neurodegenerative diseases, such as Alzheimer's disease.
For example, cerebrospinal fluid levels of TNF-a are increased
25-fold in Alzheimer's disease patients relative to healthy controls
and correlate with clinical decline (10,11). Overrepresentation of
certain single-nucleotide polymorphisms within the promoter region
of the TNF-a gene increase risk for Alzheimer's disease (12). A re-
cent systematic review of the literature, based primarily on animal
model research, suggested beneficial effects of TNF-a inhibitors in
Alzheimer's disease on behavioral outcomes and underlying path-
ology (13).

The role of TNF-a in typically aging adults (ie, individuals who
do not show evidence of cognitive or functional decline suggestive of
underlying neurodegenerative disease or other neurological condi-
tion), particularly when measured in the periphery, is poorly under-
stood. Peripheral blood-based measurements of inflammation hold
several advantages as potential biomarkers of unhealthy brain aging,
including their minimally invasive nature and low cost. They also
signal across the blood-brain barrier and correlate with inflamma-
tory status in the central nervous system (14,15). A small number of
studies have evaluated the relation of systemic TNF-a, measured via
peripheral blood draw, to neuroimaging and cognitive outcomes in
older adults with somewhat mixed findings (16). In cross-sectional
analyses, Zhang and colleagues (17) found TNF-a to negatively cor-
relate with gray matter volume (GMV) in a large sample of older
adults. By contrast, Papenberg and colleagues (18) did not find any
correlation between TNF-a. and GMV in a 6-year longitudinal study.
In a relatively small sample of older adults with major depressive dis-
order (N = 31), Smagula and colleagues (19) found a cross-sectional
relation between TNF-o and white matter hyperintensities (WMH)
but not GMV or executive functioning. The observed discrepan-
cies in findings across studies may be explained by methodological
differences in study design (eg, cross-sectional vs longitudinal) and
cytokine platform measurement techniques. In addition, the afore-
mentioned studies did not consistently exclude individuals with the
pre-dementia syndrome mild cognitive impairment, which may have
influenced the observed results (20).

The primary aim of this study was to clarify the longitudinal
relation between systemic TNF-a trajectories and brain health in
functionally normal, typically aging older adults. On the basis of the
broader literature on inflamm-aging (1), peripheral levels of TNF-a
in plasma were expected to increase with age over time. In turn,
within-person changes in plasma TNF-o were hypothesized to nega-
tively relate to GMV and positively relate to WMH burden over
time. The longitudinal relation between systemic TNF-a and cog-
nition was additionally investigated, both globally and in specific
cognitive domains shown to decline with age, including executive
functioning, memory, and processing speed. Exploratory analyses

were conducted to assess for possible curvilinear relationships of
plasma TNF-a to neural and cognitive outcomes.

Methods

Participants

Participants were enrolled in the Hillblom Network for the
Prevention of Age-Associated Cognitive Decline at the University of
California, San Francisco (UCSF) Memory and Aging Center. The
Hillblom cohort includes community-dwelling older adults who have
been recruited from the Bay Area since 2000 via community out-
reach events, flyers, and newspaper advertisements. For the present
analyses, participants completed annual study visits, occurring ap-
proximately 15-18 months apart. Plasma TNF-a concentrations,
neuroimaging (magnetic resonance imaging [MRI]), and cognitive
data were acquired at every study visit (baseline and follow-up visits).
Comprehensive neuropsychological and neurological evaluations
were also performed during every study visit, including interview
of a collateral informant. As part of these evaluations, height and
weight were measured for calculation of body mass index and blood
pressure was recorded. Fasting blood samples were obtained and
sent to UCSF Clinical Laboratories for measurement of Hemoglobin
Alc (HbAlc) and high-sensitivity C-reactive protein (hs-CRP) using
standard procedures. Inclusion criteria, at every study visit, were
the following: (i) clinically normal per consensus conference with
a board-certified neuropsychologist and neurologist, (ii) absence
of functional decline, per collateral informant report, based on a
Clinical Dementia Rating global score of 0 (21), and (iii) no history
of a neurological condition (eg, epilepsy, stroke). The present ana-
lyses were conducted on a subset (baseline 7 = 424) of the larger
Hillblom Network (total 7 = 913) with available neuroimaging and
plasma (TNF-a) data. The subset was similar to the larger Hillblom
cohort with respect to a number of characteristics, including, sex,
and global cognition (Mini-Mental State Examination [MMSE]; all
ps >.05), but tended to be older (mean age of 71 compared to 63, p <
.001). Because the Hillblom Network is an active and ongoing longi-
tudinal study, the number of study visits for participants included in
the present analyses ranged from one (baseline visit only) to a max-
imum of eight, depending on how long a given participant had been
enrolled in the study (mean number of study visits = 2.33). All parti-
cipants provided written informed consent and the UCSF Committee
on Human Research approved the study protocol (no. 10-02076).

PlasmaTNF-a Measurement

The procedure used in this sample to quantify TNF-a concentrations
in plasma has been published and detailed elsewhere (22). Briefly,
12-hour fasting blood draws were acquired in the morning and cen-
trifuged for 15 minutes at 2000g at 4°C. The captured plasma was
placed in 500 pL polypropylene cryovials at -80°C until analysis.
In preparation for assay initiation, the plasma samples were slowly
brought to room temperature. TNF-a levels were then measured
using the Meso Scale Diagnostics, LLC, human pro-inflammatory
panel 1 V-PLEX kit (Rockville, MD) according to standard manu-
facture guidelines. Discovery Workbench v4.0 (software provided
by the manufacturer) was used to quantify TNF-a concentrations
according to sample dilution and compared to the supplied in-assay
curve. Published lower limit of detectability, lower limit of quanti-
fication, and upper limit of quantification (pg/mL) on this platform
are 0.01-0.13, 0.69, and 248, respectively. We are unaware of any
participants being excluded by the laboratory for falling outside of
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the detectable range, but this information was not specifically re-
corded by the laboratory, which reflects a limitation to this study.
On the basis of prior work using this same platform in the Hillblom
cohort (23), if any participants were excluded by the laboratory, we
expect this number to be very small.

Neuroimaging Acquisition and Analysis

Protocol

MRI data were acquired at the UCSF Neuroscience Imaging Center
using a Siemens Trio 3T scanner. The protocol includes a T1-weighted
structural scan, acquired sagittally, with the following parameters:
acquisition time = 8 minutes and 53 seconds; field of view = 160 x
240 x 256 mm with isotropic voxel resolution = 1 mm’; repetition
time = 2300 ms; echo time = 2.98 ms; time inversion = 900 ms; flip
angle = 9°. Fluid attenuated inversion recovery images were acquired
for quantification of WMH (slice thickness = 1.00 mm; slices per
slab = 1605 in-plane resolution = 0.98 x 0.98 mm; matrix = 256 x
256; repetition time = 6000 ms; echo time = 388 ms; time inver-
sion = 2100ms; flip angle = 120°).

T1 processing

T1-weighted images were visually inspected for quality prior to
processing; images containing excessive artifact or motion were ex-
cluded. The N3 algorithm was used to adjust for magnetic field bias
(24). Tissue segmentation was achieved via SPM12's unified segmen-
tation procedure (25). A study-specific template was created with
Diffeomorphic Anatomical Registration using Exponentiated Lie al-
gebra (DARTEL) for warping of individual participant T1-weighted
images (26). Nonlinear and rigid-body registration was implemented
to normalize and modulate the images within the study-specific tem-
plate space. An 8-mm full width half maximum Gaussian kernel was
used for smoothing. Linear and nonlinear transformations between
DARTEL's space and International Consortium of Brain Mapping
(ICBM) space were performed to enable registration with a brain
parcellation atlas. Volumetric quantification entailed transforming
a standard parcellation atlas (27) into ICBM space and summing
all gray matter within each parcellated region. Total intracranial
volume (TIV) and total GMV (in L) were calculated in Montreal
Neurological Institute (MNI) space.

WMH quantification

WMHs were calculated (in mm?®) using the fluid attenuated inver-
sion recovery and T1-weighted images. After raw scans were visu-
ally inspected for quality, a fully automated segmentation process
was implemented, which is based on a regression algorithm and
uses Hidden Markov Random Field with Expectation Maximization
Software (28,29). Resultant segmentations were all assessed manu-
ally for accuracy.

Cognitive Outcomes

The MMSE was administered as a screener of global cognitive status
(30). Scores range from 0 to 30, with higher scores indicating better
cognition. In addition, performance in specific cognitive domains
was measured using composite measures of episodic memory, ex-
ecutive functioning, and processing speed, as described previously
(31,32). For each composite, sample-based z scores were calculated
for individual subtests within the composite and then these subtest
z scores were averaged to create the corresponding composite. The
episodic memory composite included visual memory on the Benson
Figure Recall (33) and verbal memory on the California Verbal

Learning Test, second edition (34), including the immediate recall
total, delayed free recall total, and recognition discriminability (d’).
The executive functions composite (32) was derived from Stroop
interference, modified trail making test, digit span backward, phon-
emic fluency (number of D-words per minute), and design flu-
ency (Condition 1, Delis—=Kaplan Executive Function System). The
processing speed composite included six visuospatial processing
speed tests, normalized relative to a healthy young adult comparison
group, as detailed by Kerchner and colleagues (31) (the mental ro-
tation task was excluded in the present analyses because its use was
discontinued in the Hillblom Network). Greater scores correspond
to better performance for the episodic memory and executive func-
tioning composite scores. By contrast, lower scores indicate better
performance (ie, faster reaction times) on the processing speed
composite.

Statistical Analyses

Longitudinal changes in TNF-a levels were assessed by including
TNF-a as the dependent variable in a linear mixed-effect model
with time (in years) as the predictor variable. Mixed-effects models
were also used to evaluate the longitudinal relationship of TNF-a. to
brain structural (GMV and WMH) and cognitive (MMSE, episodic
memory, executive functioning, and processing speed) outcomes of
interest. When testing for possible curvilinear effects, a quadratic
term was included in the model in addition to the linear term to
assess for a quadratic fit above and beyond any linear relationship.
Baseline age, sex, and educational attainment (in years) were entered
as covariates in all of the models containing cognitive outcomes.
Baseline age, sex, and TIV at baseline were included as covariates
when evaluating relations to GMV and WMH. To clarify whether
interindividual (between-subject) differences and/or intraindividual
(within-subject) changes in TNF-a were associated with our out-
come variables, TNF-a was decomposed into between-person and
within-person variance in our models, as described previously (35).
All longitudinal analyses were conducted in Stata 15.1 and modeled
with random intercepts and slopes. When models failed to converge,
random intercept only models were run. To meet assumptions of
normality, WMH, TNF-o, and MMSE scores were logarithmically
transformed when treated as dependent variables in analyses.

Post Hoc Analysis of Brain Regional Effects

In addition to evaluating the relationship between TNF-a and total
GMV, post hoc analyses were conducted to investigate potential re-
lations of TNF-o to GMV changes within functional brain networks
that have been established in the neuroscience literature (36). In this
way, possible effects of TNF-a on GMV within specific brain regions
could be explored. The procedure for constructing our volumetric
gray matter networks is published and detailed elsewhere (32), and
thus will only be summarized here. As described previously (32), we
defined several brain networks using a set of 75 healthy older par-
ticipants from the Hillblom cohort (mean age = 65.3 = 10 years,
33 females/42 males, mean education = 17.3 = 2.1 years, 68 right
handed/7 left handed), 58 of whom were also included in primary
analyses for this study. All participants used for network construc-
tion underwent a T1-weighted structural MRI scan, which was ac-
quired and processed using the same pipeline as described earlier
for this study. They additionally received a T2*-weighted echoplanar
task-free (resting state) functional MRI (tf-fMRI) scan with the fol-
lowing parameters: acquisition time = 8 minutes and 6 seconds; axial
orientation with interleaved ordering; field of view = 230 x 230 x
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129 mm; matrix size = 92 x 92; effective voxel resolution = 2.5 x
2.5 x 3.0 mm; repetition time = 2000 ms; echo time = 27 ms; 240
volumes total. The tf-fMRI data were preprocessed in SPM12
using a standard pipeline that is detailed elsewhere (32), which in-
cludes slice-time correction, motion correction, coregistration to the
T1-weighted structural scan, spatial smoothing, and normalization
to MNI space. The whole-brain functional connectome was then de-
termined using 228 regions from the Brainnetome atlas (37). Briefly,
we used a modularity-based method for identification of nodes
that comprised each module or “intrinsic connectivity network” of
interest, using a similar strategy to that used by Power and colleagues
(38), implementing the Brain Connectivity Toolbox (https://sites.
google.com/site/betnet/). Networks used for this study included the
default mode network, frontoparietal/executive network, and dorsal
attention network, as well as a hippocampal network and a sub-
cortical network. The Brainnetome regions comprising the tf-fMRI
networks were then applied to every participant's T1-weighted
structural scan, at each study visit, in order to extract network-level
GMVs. More specifically, the volumes of all brain regions forming
a given network were added together to calculate each network's
overall GMV. The specific regions of interest included within each
GMV network are provided in Supplementary Table 1.

To evaluate potential longitudinal relationships between TNF-a
levels and volumetric changes within the aforementioned brain net-
works, the network-level GMVs were entered as dependent variables
in mixed-effects models, as described in detail earlier (see Statistical
Analyses section), controlling for baseline age, sex, and baseline
TIV. We additionally investigated the longitudinal relationship be-
tween TNF-a and GMV changes within the bilateral hippocampi
specifically, given that the hippocampi are implicated in early stages
of age-related neurodegenerative conditions such as Alzheimer's
disease.

Results

Cross-Sectional Analyses

Descriptive statistics for the sample at baseline (1 = 424) are presented
in Table 1. Raw scores of individual subtests within each cognitive
composite are provided in Supplementary Table 2. Approximately
23% of the samples were carriers of at least one apolipoprotein &4

Table 1. Descriptive Statistics of the Study Sample at Baseline

allele. TNF-a levels were similar between €4 carriers and noncarriers
(p = .55). In cross-sectional analyses (at baseline), age demonstrated
a strong, positive relation with TNF-o, which remained significant
after adjusting for sex and education (8 = 0.33, p < .001, n = 421).
TNF-a was negatively and significantly associated with total GMV
upon correcting for TIV, age, and sex (8 = -0.11, p = .02, n = 228).
The addition of a quadratic term did not significantly contribute to
the model in predicting GMV (AR? = .001, AF = .39, p = .53). The
relation between TNF-a and WMH controlling for TIV, age, and sex
was not statistically significant (8 = -0.02, p = .81, n = 132). The
addition of a quadratic term did not significantly contribute to the
model in predicting WMH (AR? <.001, AF = .03, p = .87).

Longitudinal Analyses

TNF-a data were acquired at annual study visits over a time span of
up to 8.4 years (mean = 2.2 years). There were no significant differ-
ences between participants who underwent one, two, or more than
two study visits with respect to a number of characteristics (see Table
1), including baseline TNF-a levels, age, sex, or apolipoprotein &4
status (all ps >.05). However, participants with more than two study
visits were somewhat more educated (mean education = 17.77) than
participants with only one study visit (mean education = 17.20;
p = .03). A sensitivity analysis demonstrated that excluding individ-
uals with only one study visit did not meaningfully change any of
our primary findings.

Longitudinal mixed-effects models demonstrated that TNF-a
levels significantly increased over time, correcting for baseline age,
education, and sex (b = 0.02, z = 4.9, p <.001, n = 421). Linear
within-person increases in TNF-a were significantly associated with
declines in GMV adjusting for baseline age, sex, and baseline TIV
(b=-0.01,z=-3.84,p <.001, n = 290). The between-person effect
was also significant (b = -0.005, z = -2.36, p = .02), indicating that
individuals with greater mean levels of TNF-a had smaller GMVs
overall. Both the linear within-person effect (b = -0.01, z = -2.91,
p = .004) and the between-person effect (b = -0.004, z = -1.97,
p = .049) of TNF-0. on GMV remained significant upon including
hs-CRP in the model as an additional covariate. hs-CRP was not
significantly related to GMV (p = .92).

In the model testing for curvilinear effects, the quadratic
within-person TNF-a term (TNF-a?) was statistically significant

All Participants Participants With Participants With Participants With
(N =424) 1 Visit (N = 174) 2 Visits (N = 84) 3-8 Visits (N = 166)
Age (years) 71.35 (8.08) 71.98 (8.57) 71.40 (7.98) 70.67 (7.56)
Education (years) 17.48 (2.03)* 17.20 (2.01) 17.49 (2.05) 17.77 (2.00)
Sex (% female) 57.30% 63.20% 58.30% 50.60%
TNF-a (pg/mL) 2.61(1.37) 2.73 (1.52) 2.61(0.98) 2.47 (1.38)
APOE (% €4 carrier) 22.50%* 24.40% 25.00% 19.30%
MMSE (total score) 29.16 (1.14) 29.01 (1.36) 29.15 (0.99) 29.34 (0.91)
SBP (mm Hg) 133.83 (16.85)¢ 133.69 (14.32) 135.28 (18.94) 133.28 (18.28)
Hemoglobin Alc 5.52(0.37)" 5.50(0.39) 5.58(0.35) 5.51(0.35)
BMI (kg/m?) 25.82 (5.80)1 26.29 (7.72) 25.60 (4.53) 25.45 (3.64)
Current smoker (%) 2.48%* 2.97% 0.00% 3.18%
Total GMV (L) 0.61 (0.06)” 0.60 (0.05) 0.60 (0.06) 0.61 (0.06)
WMH (mm?) 2259 (3014)tt 3085 (4488) 2019 (2367) 1916 (3072)

Notes: Values are presented as mean (standard deviation) or percentage, except for WMH (white matter hyperintensities) which are presented as median (inter-
quartile range). APOE = Apolipoprotein E; BMI = Body mass index; Current smoker = Smoked tobacco products within the past 30 days; GMV = Gray matter
volume; MMSE = Mini-Mental State Examination; SBP = Systolic blood pressure; TNF-a = Tumor necrosis factor-alpha.

*N = 421; TN = 422; N = 409; SN = 392; 'N = 217; IN = 391; *N = 322; *'N = 228; N = 145.
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(b =0.0004, z = 3.16, p = .002), suggesting a nonlinear relationship
between inflammation and GMV changes over time. Specifically, ini-
tial increases in TNF-a appeared to be associated with more pre-
cipitous declines in GMV, which eventually plateaued in higher
inflammatory states (see Figure 1). The curvilinear effect of TNF-a
on GMV remained significant when also including hs-CRP in the
model as a covariate (b = 0.001, z = 3.30, p = .001).

As illustrated in Figure 2, linear within-person increases in
TNF-a were significantly associated with increases in WMH
adjusting for baseline age, sex, and baseline TIV (b = 0.31, z = 2.96,
p =.003, n = 197). The between-person effect was not statistically
significant (p = .81) and there did not appear to be a quadratic re-
lationship between within-person changes in TNF-a. and WMH
(p = .75). The linear within-person effect of TNF-o. on WMH re-
mained significant when including hs-CRP in the model as an add-
itional covariate (b = 0.29, z = 2.80, p = .01). hs-CRP was unrelated
to WMH (p = .981).

In regard to cognitive outcomes, MMSE (b = -0.002, z = -4.63,
p <.001) and processing speed (b = 0.06, z = 3.64, p < .001) showed
significant declines over time after controlling for baseline age, edu-
cation, and sex. By contrast, episodic memory (b = 0.02, z = 3.25,
p = .001) and executive functioning (b = 0.01, z = 2.21, p = .03)
evidenced modest improvements over time, possibly related to prac-
tice effects (39). There was a significant linear relationship between
within-person increases in TNF-a and declines in MMSE scores
adjusting for baseline age, sex, and education (b = -0.003, z = -2.1,
p = .036, n = 409). The between-person effect was not statistically
significant (p = .89). Within-person increases in TNF-o continued to
significantly relate to declines in MMSE scores upon also adjusting
for hs-CRP (b = -0.008, z = 2.77, p = .01). hs-CRP was not signifi-
cantly related to MMSE performance (p = .57).

Within-person changes in TNF-a were not significantly related
to changes in the executive functioning (b = 0.02, z = 0.92, p = .36,
n = 409), episodic memory (b = 0.006, z = 0.17, p = .87, n = 399),
or processing speed (b = -0.03, z = .53, p = .6, n = 289) com-
posite scores upon adjusting for baseline age, education, and sex.
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Figure 1. Curvilinear relationship of within-person changes in TNF-a to total
GMV.To visualize the quadratic effect, the mixed-effects model was refit with
all predictors centered except the within-person terms. Predicted values from
that model were then plotted, thus displaying the curve of a subject with a
typical (average) trajectory in the present sample. The x-axis depicts within-
person change in TNF-a (pg/mL) whereas the y-axis depicts corresponding
total GMV values (L). As illustrated by the curve, initial increases in
inflammatory status were associated with more precipitous GMV decline,
which eventually plateaued. GMV = Gray matter volume; TNF-a = Tumor
necrosis factor-alpha.

Follow-up analyses were conducted to evaluate the relationship of
TNF-a to performance on individual tasks within the composites
that are particularly sensitive to brain aging and neurodegeneration,
including phonemic fluency and California Verbal Learning Test,
second edition, delayed free recall. Linear within-person changes in
TNF-a were not significantly related to changes in phonemic fluency
performance (b = -0.08, z = -0.62, p = .53), but the between-person
effect was statistically significant (b = -0.37, z = -2.34, p = .02),
indicating that individuals with higher mean levels of TNF-a had
worse phonemic fluency overall. Neither the linear within-person
effect (b = -0.13, z = -0.91, p = .36) nor the between-person ef-
fect (b = -0.20, z = =1.94, p = .052) of TNF-a on California Verbal
Learning Test, second edition delayed free recall was statistically
significant, though the latter was at trend level in the expected dir-
ection. There were no significant quadratic relationships between
TNF-a and any of the cognitive outcomes (all ps >.05).

Influence of Vascular Risk Factors

The overall pattern of our primary findings was preserved upon add-
itionally adjusting for vascular risk factors, including HbAlc, sys-
tolic blood pressure, and body mass index. More specifically, both
the linear within-person effect (b = -0.01, z = -2.47, p = .01) and
the between-person effect (b = -0.01, z = -2.18, p = .03) of TNF-a
on total GMV remained statistically significant when including vas-
cular risk factors in the model. The curvilinear relationship between
TNF-a> and GMV was also upheld (b = 0.001, z = 3.20, p = .001).
In addition, linear within-person increases in TNF-a remained sig-
nificantly associated with increases in WMH (b = 0.42, z = 2.70,
p = .01). There continued to be a significant linear relationship be-
tween within-person increases in TNF-o and declines in MMSE
scores after adjusting for vascular risk factors (b = -0.01, z = -=2.52,
p=.012).

Post Hoc Analysis of Brain Regional Effects
Significant, linear relationships were observed between within-

person increases in TNF-a and gray matter volumetric declines in
the default mode network (b = -353.46,z =-3.48,p <.001,n=277),

1 2 3

MH (log transformed)
0

-3 0 3
Within-Person Change in TNF-a

Figure 2. Linear relationship of within-person changes in TNF-a to WMH.
The x-axis depicts within-person change in TNF-a (pg/mL) whereas the y-axis
depicts corresponding WMH volumes (logarithmically transformed to meet
assumptions of normality) with 95% confidence intervals. As illustrated in
the graph, increases in TNF-a over time were significantly associated with
increases in WMH burden. TNF-a = Tumor necrosis factor-alpha; WMH = White
matter hyperintensity. Full color version is available within the online issue.
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frontoparietal/executive network (b = -1129.64,z = -3.95,p <.001,
n =277), dorsal attention network (b = -377.83,z=-3.61, p <.001,
n = 277), and hippocampal network (b = -83.07, z = -3.58, p <
.001, n = 277). Linear within-person increases in TNF-a were also
significantly associated with declines in bilateral hippocampal vol-
umes (b = -0.06, z = -3.16, p = .002). The linear relation between
within-person changes in TNF-a and subcortical network volume
approached but did not reach statistical significance in the expected
direction (b = -90.99, z = -1.71, p = .09, n = 277). Upon including
quadratic terms in the models, significant curvilinear relationships
were observed between within-person changes in TNF-a? and de-
fault mode network (b = 31.91, z = 3.59, p <.001), dorsal atten-
tion network (b = 34.70, z = 3.26, p = .001), hippocampal network
(b=6.70,z=3.32,p =.001), and frontoparietal/executive network
(b =96.70,z = 3.65,p <.001) but not with the subcortical network
(p > .05). There was also a significant curvilinear relationship be-
tween within-person changes in TNF-a? and bilateral hippocampal
volumes (b = 0.005, z = 2.62, p = .01). All models were adjusted for
baseline age, sex, and baseline TIV.

Discussion

The present findings demonstrate that aging is longitudinally associ-
ated with increases in peripheral levels of TNF-a, a pro-inflammatory
cytokine and master regulator of the innate immune response. In
turn, within-person increases in plasma TNF-a were associated with
greater gray matter loss, WMH accumulation, and declines in global
cognitive status over time, even within a functionally normal cohort.
TNF-a accounted for variance in these outcomes above and beyond
vascular risk factors and a more routinely used peripheral marker
of inflammation (hs-CRP). Interestingly, the longitudinal relationship
between peripheral TNF-a.and GMV was curvilinear, such that initial
increases in pro-inflammatory status were associated with more pre-
cipitous atrophy that eventually plateaued. Taken together, these re-
sults help to characterize the natural course of inflammatory changes
in late life and suggest that elevated systemic TNF-a may serve as
a biomarker and mechanism of age-related declines in brain health.
The potential mechanisms underlying the relation between in-
creased TNF-a and GMV loss remain to be fully elucidated. In brain
slice culture studies, it has been demonstrated that elevated TNF-a
blocks glutamate transporter activity and inhibits glutamate uptake,
ultimately inducing neurodegeneration through glutamate neurotox-
icity (40). Relatedly, elevated TNF-a has also been associated with
reduced synaptic plasticity and density, which over time may mani-
fest as gray matter reductions (41). TNF-a can additionally alter me-
tabolism of the beta-amyloid precursor protein and, together with
interferon gamma, facilitate production of beta-amyloid peptides
while inhibiting secretion of soluble amyloid precursor proteins (42).
In turn, beta-amyloid has been shown to overstimulate microglia
and monocytes, leading to further increases in TNF-o and associated
neurotoxicity related to oxidative stress and apoptosis (43).
Regardless of the precise mechanism(s) involved, the curvilinear
association between increases in TNF-o and gray matter declines
suggests that initial stages of TNF-a-mediated inflammation may
exert the largest effects on atrophy. Beyond a certain point of in-
flammation (see Figure 1), the effects of TNF-a on brain volume
seem to level off, possibly reflecting a saturation effect. Clinically,
this supports the importance of early (or preventative) interventions
to restore balance between pro- and anti-inflammatory cytokines,
such as anti-inflammatory rich diets and physical exercise (44-46).
Exploratory analyses suggested that the curvilinear relationship

between TNF-a and GMV was rather widespread in the brain
and present across several established networks, including default
mode network, dorsal attention network, hippocampal network,
and frontoparietal/executive network. The exception was within the
subcortical network composed of the basal ganglia and thalamus,
suggesting that TNF-o may be less associated with volumetric re-
ductions in these regions. Although not statistically significant, the
relationship was still in the expected direction.

Interestingly, longitudinal changes in TNF-o, were significantly re-
lated to changes in global cognition, as measured by the MMSE, but
not to composite measures of episodic memory, processing speed, or
executive functioning. Follow-up analyses, however, indicated that
individuals with higher mean levels of TNF-a showed worse verbal
fluency performance, suggesting the possibility of nuanced relations
to certain aspects of cognition.

In addition to relating to GMYV, within-person increases in
TNF-a were significantly associated with increases in WMH burden.
As with gray matter, the mechanisms underlying this relationship in
humans remains an open question, though in vitro studies suggest
that elevated TNF-a causally contributes to necrosis of oligodendro-
cytes and demyelination (47). In addition, it has been established
in the literature that TNF-a is involved in the pathophysiology of
cardiovascular disease (48), a major driver of white matter changes
within the brain. In this study, however, longitudinal associations
between TNF-o. and WMH, as well as other primary outcomes of
interest, remained significant after controlling for vascular risk fac-
tors. This suggests the possibility of alternative pathways linking
peripheral inflammation and adverse brain changes in aging adults.

There are limitations to this study that warrant mention. The
number of study visits varied across participants and those with
more than two visits were somewhat more educated than those with
only one visit. Differences in education, and potentially other char-
acteristics, between participants with varying numbers of study visits
may have influenced our results. Moreover, the sample was high
functioning, racially uniform (Caucasian), and likely possessed con-
siderable reserve, particularly considering that the average educa-
tional level exceeded a college degree. This may have contributed to
the observation that our episodic memory and executive functioning
composites evidenced slight improvements over time, possibly due
to practice effects (39). A different pattern of results may emerge
in individuals characterized by greater diversity and variability in
cognitive status, especially on gross cognitive screeners such as the
MMSE which have clear ceiling effects and an overall restricted
range in high-functioning populations like the present sample. In
addition, it should be kept in mind that this study did not con-
sider lifetime inflammatory status; the relation between TNF-a and
brain health may be influenced by prior histories of inflammation
occurring earlier in the life span. Finally, the present analyses were
correlational in nature and thus it is not possible to verify direction-
ality of the observed effects. Although we hypothesize that TNF-a-
mediated inflammation contributes causally to brain changes, it
is certainly possible that inflammation is better conceptualized as
a biomarker of adverse brain changes rather than a driving mech-
anism. In a similar vein, TNF-0. was measured in the periphery, and
the directionality of the relationship between the peripheral immune
response and the central immune response remains to be clarified.
Although it is possible that elevated TNF-a in the periphery is a
byproduct of elevated inflammation with the central nervous system,
there is also research demonstrating that activation of the periph-
eral immune response leads to an exaggerated immune response in
the brain (15). Although a correlation has been established in prior
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work between inflammatory markers in peripheral and central ner-
vous systems (14), the directional (or bidirectional) nature of these
relations remain to be fully established. Further complicating inter-
pretation of the present findings is that we did not control for the
use of anti-inflammatory or other medications that may have altered
peripheral TNF-a levels and influenced our results. This should be
addressed in future research.

Despite these limitations, this study addresses an important gap
in the literature by offering the first longitudinal analysis of the re-
lation between systemic TNF-a levels and brain health outcomes in
a clinically normal older adult population. The finding that plasma
TNF-a concentrations significantly relate to changes in GMV, WMH
burden, and global cognition suggests that inflammation in the per-
iphery may reflect an important mechanism by which aging affects
brain health over time. Our findings additionally support the use of
blood-based measures of peripheral inflammation as relatively inex-
pensive and accessible biomarkers of adverse changes in gray and
white matter in late life.
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Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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