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Background: Men and women experience large disparities in prevalence, detection, and clinical course of
neurodegenerative diseases. Inflammation has been implicated in the pathogenesis of neurodegenerative dis-
eases, yet there is a paucity of literature documenting sex differences in this phenomenon in prospective, lon-
gitudinal studies.

Methods: Participants were 4217 non-smoking individuals (62.2% female; aged 46-91 at enrollment) enrolled in
the Health and Retirement Study who provided dried blood spots and completed a standardized assessment of
cognitive function 3 times across 8 years. Inflammation was indexed using C-reactive protein (CRP).

Results: Higher CRP was associated with lower concurrent cognitive function, b = —0.13 (SE = 0.06), p < .05, but
less decline in cognitive function over time, b = 0.02 (SE = 0.01), p < .05. Sex moderated the association between
CRP and decline in total cognitive function, b = 0.02 (SE = 0.01), p < .05, such that the steepest declines in
cognitive function were observed among women with the lowest CRP concentrations.

Conclusions: Women with lower systemic inflammation as measured by CRP may be at risk of going undetected
for neurodegenerative disease, especially given their overall higher cognitive scores. This may perpetuate sex-
related disparities in prevention and clinical course. Attention to the underlying biological mechanisms
explaining the link between lower CRP and risk for cognitive decline for women and its potential clinical im-

plications are needed.

1. Introduction

Many domains of cognitive function decline across adulthood (Har-
ada et al., 2013). Patterns of steep cognitive decline have been associ-
ated with 10-15% increased risk for progression to dementia (Plassman
et al., 2008). There are over 46 million individuals living with dementia
worldwide and this number has been projected to increase to 131.5
million by 2050 (Prince et al., 2015). Additionally, costs associated with
caring for the increasing number of individuals with cognitive impair-
ment is on the rise as we expect the geriatric population to nearly double
from 2015 to 2050 (World Health Organization, 2018). Indeed, de-
mentia is expected to become a trillion-dollar disease (Podcasy and
Epperson, 2016). More research is warranted to identify mechanisms
that contribute to abnormal cognitive function as well as risk factors that
presage steep cognitive decline.

The natural, chronic increase in pro-inflammatory markers as one
ages, known as “inflammaging” (Franceshi et al., 2000), has been
associated with age-related diseases and has been implicated in steeper
cognitive decline and neurodegenerative diseases (Xia et al., 2016).
These measures of systemic inflammation have been correlated with
inflammation in the brain and spinal cord (Lasselin et al., 2018), and can
be activated by peripheral inflammation (Lin et al., 2018). For this
reason, elevated inflammation may contribute to age-related cognitive
decline and increased risk of developing dementia and Alzheimer’s
Disease (AD) (Hanamsagar and Bilbo, 2016). Elevated systemic
inflammation in midlife (ages 50-65), as indexed by C-Reactive Protein
(CRP), has been prospectively associated with steeper cognitive decline
over the next 20 years (Walker et al., 2019; Zheng and Xie, 2018). That
being said, other longitudinal studies have observed no association be-
tween CRP and rate of cognitive decline among adults in their 70s (Metti
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et al.,, 2014). Clarifying when and for whom systemic inflammation
predicts declines in cognitive function is critical to advances in our basic
understanding and their translation to clinical contexts.

For many evolutionary and biological reasons (Metcalf et al., 2020),
sex may moderate the link between inflammation and age-related
changes in cognitive function, but results are mixed. Cardiovascular
risk factors such as hypertension and obesity predict differential patterns
of cognitive decline for males and females (aged 55-92) followed for up
to 20 years (Armstrong et al., 2019). Cognitive impairments and
neurodegenerative diseases proceed more rapidly in females once
diagnosed (Podcasy and Epperson, 2016), which may be the result of
altered communication between the brain and immune system following
the post-menopausal decrease in estrogen (Benedusi et al., 2012; Vegeto
et al.,, 2008). To that end, both prospective longitudinal and
cross-sectional studies have reported stronger associations between
elevated inflammation and decline of global cognitive function among
women compared to men (aged 51-90 years) (Boccardi et al., 2019;
Milan-Mattos et al., 2019; Sohn et al., 2018). Contrastingly, in a study of
inflammation and global cognitive function among Black individuals in
their 60s with hypertension, elevated CRP and interleukin (IL)-6 were
associated with global cognitive decline over the following 7 years in
men but not women (West et al., 2020). Given the paucity of research in
this area and equivocal findings, there has been a call to action for more
prospective work exploring the specific moderating role of sex on the
association between inflammation and cognitive decline in later adult-
hood (Carter et al., 2012; Nebel et al., 2018).

The current study aimed to address this gap in the literature using a
large, nationally representative sample in which we assessed the asso-
ciation between CRP and cognitive function over 8 years. Based on
previous literature, we expected that older adults with elevated systemic
inflammation would demonstrate lower cognitive function and greater
decline in cognitive function over time. Additionally, we predicted that
sex would moderate the association between inflammation and cogni-
tive function, such that women would experience steeper decline in
cognitive function over time.

2. Methods
2.1. Participants

Participants in the present analytic sample included 4217 partici-
pants enrolled in the Health and Retirement Study (HRS) who provided
blood samples 3 times in the biennial assessments that occurred between
2006 and 2016, who had at least one CRP observation <12 mg/L, and
did not smoke (O’Connor et al., 2009). Of these participants, 62.2%
were female, 84.8% identified as White/Caucasian, 7.7% identified as
Hispanic, 11.9% identified as Black or African American, and 3.4%
identified as Other; 69.3% were married at the start of the study, while
14.4% were widowed and 8.6% were divorced.

The data for this study were from the HRS 2006,/2010/2014 (cohort
A) and 2008/2012/2016 (cohort B) interview waves, resulting in 3
timepoints: 2006/2008 (T1), 2010/2012 (T2), and 2014/2016 (T3).
This analytic sample of 4217 participants (2236 from cohort A, 1981
from cohort B) represented about 22.3% and 20.7% of the 10,026 and
9587 HRS participants eligible to participate in the blood collection and
assessments of cognitive function in 2006 or 2008, respectively. Each
wave had an 88.6% response rate. They represent 25.2% and 23.3% of
those who responded in 2006 and 2008. See HRS documentation for
more details (Staff, 2017; Sonnega et al., 2014).

2.2. Procedures

The HRS is an ongoing, nationally representative and longitudinal
panel study that has interviewed Americans over the age of 50 every 2
years since 1992 (Sonnega et al., 2014). The HRS has a steady-state
design, with new participants recruited every 6 years. The HRS has
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collected data via enhanced face-to-face (EFTF) interviews since 1992.
Beginning in 2006, approximately 50% of HRS participants were
randomly selected for an EFTF, which included physical health mea-
sures as well as assessments of cognitive function that occurred in the
participant’s home. Blood collection also took place during this EFTF at
the participant’s home. After the interview, participants completed a
psychosocial questionnaire, which they mailed to the University of
Michigan upon completion. The other half of the HRS population
participated in the EFTF two years later, creating two cohorts.

2.3. Measures

Cognitive Function. Cognitive function, assessed at each timepoint,
was measured using an adapted version of the Telephone Interview for
Cognitive Status (TICS; Brandt et al., 1988) in addition to other items
that assess cognitive function at each EFTF. The battery of cognitive
assessments evaluated immediate and delayed word recall, a serial 7s
subtraction test of working memory, counting backwards from 20 to
assess attention and processing speed, and tests of abstract reasoning,
fluid reasoning, and vocabulary to assess intelligence (Ofstedal et al.,
2005; Sonnega et al., 2014). For respondents ages 65 and older or those
who had not been interviewed in a prior wave (i.e., new cohorts),
additional tasks included an object naming test to assess language and
recall of the date and current president and vice-president to assess
orientation. Because the assessment battery was identical at each wave,
several measures were taken to reduce the influence of learning or
practice effects on scores. For example, 4 different but equivalent word
lists were developed for the word recall assessment, and counter-
balanced across participants (see Ofstedal et al., 2005 pages 17-19 for
details). A global cognitive function score was calculated by summing
the number of correct responses to all of the cognitive items that were
common across all waves. Values could range from 0 to 35. Higher
scores reflected better cognitive function, and scores below 8 indicated
cognitive impairment (Crimmins et al., 2011).

Inflammation. Inflammation was indexed using high-sensitivity CRP
collected via dried blood spots (DBS) at each timepoint. Blood samples
were taken by trained research assistants after cleaning the participant’s
finger with an alcohol swab, pricking the finger with a sterile lancet, and
then collecting blood droplets on treated filter paper. The sample was
dried for 10-15 min and then placed in foil envelopes with a desiccant
packet. Samples were shipped to either BioSafe (prior to 2008) or the
University of Michigan (after 2008) for cold storage (—70 °C) until
processing. CRP was assayed via nephelometry or enzyme-linked
immunosorbent assay (ELISA) at either the University of Vermont or
the University of Washington. Procedures varied slightly for each wave
of data collection and detailed documentation was provided by the HRS
team separately for each cohort (Crimmins et al., 2013a,b, 2015, 2017,
2020). Because CRP concentrations based on DBS vary across assays and
laboratories, the HRS core constructed an adjusted CRP variable based
on plasma-based CRP concentrations in a similarly aged and nationally
representative sample, the National Health and Nutrition Examination
Survey (NHANES). NHANES equivalent values are recommended for all
analyses (Crimmins et al., 2013a,b, 2014). Inter-assay variability was
11.0% and intra-assay variability was 8.1%. The lower limit of detection
for these assays was 0.035 mg/L. Up to 13% of samples at each wave
were missing due to concentrations below the limit of detection. Valid
CRP concentrations were available for 5817 participants in 2006, 5777
in 2008, 7528 in 2010, 6976 in 2012, 6749 in 2014, and 6869 in 2016.
Individual CRP observations >12 mg/L were further excluded from
analysis in order to attenuate associations between CRP and
non-cognitive sickness behaviors (e.g., fatigue) and affective symptoms
(Moriarity et al., 2021), which are important confounds in assessments
of cognitive function. While exclusion of CRP concentrations >10 mg/L
are most common (Mac Giollabhui et al., 2021; O’Connor et al., 2009), it
has become clear that this cut-off may truncate sample populations at
the expense of generalizability (Giollabhui et al., 2020), therefore a
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cut-off of 12 was used to maximize data but exclude participants with
CRP >3 standard deviations from the mean at any wave.' This resulted
in the exclusion of 30 participants whose CRP concentrations were >12
mg/L at all 3 waves, but the inclusion of other participants with at least
one CRP concentration in the normal range. These high concentrations
represented 6% of the CRP measures.

Sex. Participants reported their biological sex assigned at birth, male
or female, at study enrollment.

Covariates. Covariates included anthropometric and sociodemo-
graphic variables known to influence inflammation and cognitive
decline. Covariates included age, race (White/Caucasian, Black/African
American, Other), ethnicity (non-Hispanic, Hispanic) and body mass
index (BMI) collected at each assessment. BMI was calculated using
height and weight collected by HRS interviewers.

2.4. Data analysis

All continuous variables were assessed for normality and hetero-
scedasticity. CRP was transformed using the natural log transformation
to reduce skewness. All analyses were conducted using linear mixed
models with measurements nested within waves within participants. All
models employed an unstructured covariance matrix and included
random intercepts and slopes. Overall, we estimated cognitive function
in six models. The first estimated cognitive function predicted by time
(model 1). The second estimated cognitive function predicted by time
and CRP (model 2). Concentrations of CRP at each assessment were
time-varying, and grand-mean centered in order to estimate the asso-
ciation between individual differences in systemic inflammation and
cognitive function. The third estimated cognitive function predicted by
time, CRP, and the interaction between time and CRP (model 3). The
fourth estimated cognitive function predicted by time, CRP, the inter-
action between time and CRP, sex, the interaction between time and sex,
and the 3-way interaction between time, sex, and CRP (model 4). The
fifth model then tested whether the results of model 4 were robust to
covariation with key covariates (BMI, age, marital status, ethnicity, race,
and current depressive symptoms) (model 5). We then stratified our
analyses by values of the moderator (sex) to compute simple slopes for
males and females separately. The final step in our analyses was to
conduct sensitivity analyses to determine whether the results changed
meaningfully when individuals without clinically meaningful elevations
in CRP (CRP >12 mg/L) were or were not excluded.

3. Results

Descriptive statistics for participant characteristics, CRP, and
cognitive function across the study are provided in Table 1. On average,
females in the sample had higher CRP, b = 0.26 (SE = 0.03), p < .001,
and higher cognitive function, b = 0.92 (SE = 0.11), p < .001,
throughout the study.

Table 2 provides coefficient estimates predicting cognitive function
predicted by time, CRP, sex, and their interactions. Total cognitive
scores reliably declined approximately one quarter of a point each year,
b = —0.25 (SE = 0.01), 95%CI[-0.27, —0.24], p < .001, and this
observation was robust when accounting for key covariates, p < .001.
Higher CRP was associated with lower cognitive function, b = —0.13 (SE
= 0.06), 95%CI[—0.24, —0.01], p = .03, but less cognitive decline over
time, b = 0.02 (SE = 0.01), 95%CI[0.003, 0.04], p = .019 (See Model 3 in
Table 2).

! Given ongoing debate regarding use of elevated CRP concentrations in data
analysis, primary hypotheses were tested using multiple approaches. First, we
winsorized all values >12 mg/L to 12 mg/L. Second, we retested our hypoth-
eses without removing or modifying these high values, but stratifying our
models by established or commonly used CRP cut-offs (>3 mg/L and >10 mg/
L). Neither resulted in a different pattern of results.
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Sex moderated the association between inflammation and cognitive
function. Female participants exhibited better cognitive function
initially, b = 0.82 (SE = 0.15), 95%CI[0.53, 1.11], p < .001, and larger
declines in cognitive function over time, b = —0.04 (SE = 0.02), 95%CI
[—0.08, —0.01], p = .02. Declines in cognitive function were mitigated
for women with higher CRP, b = 0.03 (SE = 0.01), 95%CI[0.01, 0.05], p
= .008 (See Model 4 in Table 2). This interaction between time, CRP,
and sex remained after accounting for key covariates, b = 0.02 (SE =
0.01), 95%CI[0.002, 0.05], p = .029.

Fig. 1 illustrates cognitive function over time predicted by CRP and
sex. We stratified analyses by sex to better understand the association
between inflammation and cognitive decline for male and female par-
ticipants separately. Among male participants, higher concentrations of
CRP were associated with lower cognitive function, b = —0.21 (SE =
0.09), 95%CI[—0.38, —0.03], p = .021, but not change in cognitive
function over time, b = 0.009 (SE = 0.01), 95%CI[—0.01, 0.03], p = .43.
Among female participants, CRP was not associated with cognitive
function on average, b = —0.11 (SE = 0.08), 95%CI[—0.26, 0.04], p =
.17, but higher CRP was associated with less decline in cognitive func-
tion over time, b = .028 (SE = 0.01), 95%CI[0.006, 0.05], p = .01.

4. Discussion

Despite expecting some degree of cognitive decline with aging, in-
dividuals with the steepest declines in cognitive function inspire the
greatest concern for underlying pathology. In this large sample of aging
adults followed over 8 years, women showed both greater systemic
inflammation and better cognitive function than men and, consistent
with the previous literature (Komulainen et al., 2007), elevated
inflammation was associated with lower concurrent cognitive function.
The steepest cognitive declines, however, were observed among women
with lower concentrations of circulating CRP. This was partially
inconsistent with our hypotheses that higher systemic inflammation
would be associated with greater cognitive decline, suggesting that the
opposite may be the case for women. One previous longitudinal study
observed that women with more variability in CRP over time showed the
largest declines in cognitive function (Metti et al., 2014). In contrast,
other longitudinal studies with similarly large samples of older adults
have observed no differences in the patterns of inflammation and
cognitive decline for men and women (Walker et al., 2019; Zheng and
Xie, 2018), while another observed associations between inflammation
and cognitive decline only among men (West et al., 2020). Implications
of these sex differences in the potential role of CRP as a risk marker for
abnormal cognitive decline are discussed.

Women are at disproportionately high risk for severe neurodegen-
erative disease (Carter et al., 2012; Nebel et al., 2018). For women in
this sample, lower CRP was associated with steeper declines in cognitive
function, such that each log unit of CRP conferred about a 10% differ-
ence in the rate of cognitive decline over the 8-year observation period.
Currently, preclinical and clinical investigations are focused on the role
of elevated inflammation in neurodegeneration, which may be creating
a gap in our understanding and detection of at-risk patients. Lower
concentrations of CRP have been linked to faster cognitive decline in
previous samples (Locascio et al., 2008), and can distinguish between
individuals with mild or moderate cognitive impairment and healthy
controls (Gong et al., 2016). With increasing age, there is an accumu-
lation of damaged or mutated cells, and the corresponding increase in
inflammation reflects the immune system’s continued effort to eliminate
them from the body (Franceshi et al., 2000). Immune cells play a critical
role maintaining the structure and function of the central nervous sys-
tem throughout the lifespan (Leszek et al., 2016; Mayne et al., 2020;
Salvador et al., 2021), which may explain why higher concentrations of
CRP were not associated with steeper cognitive decline over time in our
sample. Thus, one possible explanation for our observation linking lower
systemic inflammation with steeper cognitive decline in females is that
these women have a dysregulated immune system which is not actively
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Table 1
Participant characteristics across the study (n = 4217; cohort A = 2,236, cohort B = 1981).
2006 2008 2010 2012 2014 2016
Age (years) M (SD) 66.67 (7.02) 68.63 (7.03) 70.94 (7.09) 72.73 (7.02) 74.59 (7.03) 76.53 (6.88)
BMI M (SD) 28.54 (5.55) 28.64 (5.64) 28.63 (5.78) 28.48 (5.74) 28.34 (5.86) 28.21 (5.90)
Underweight % (n) 0.6 (24) 0.6 (27) 0.9 (38) 1.2 (50) 1.5 (65) 1.8 (77)
Normal % (n) 25.3 (1069) 25.3 (1068) 25.3 (1069) 25.8 (1087) 27.2 (1149) 26.8 (1104)
Overweight % (n) 38.8 (1635) 38.8 (1635) 38.3(1614) 37.8 (1594) 37.5(1581) 35.5 (1496)
Obese % (n) 33.6 (1415) 34.1 (1439) 34.5 (1453) 34.2 (1443) 32.6 (1376) 30.3 (1278)
Marital status
Married/Partnered % (n) 72.5 (3058) 70.7 (2982) 67.5 (2845) 65.2 (2748) 61.4 (2589) 55.2 (2329)
Divorced/separated % (n) 9.6 (405) 9.3 (394) 9.4 (397) 9.4 (398) 9.5 (401) 9.1 (385)
Widowed % (n) 14.4 (607) 16.9 (711) 19.6 (825) 22.3 (939) 25.8 (1086) 27.1 (1142)
CRP (mg/L) M (SD) 2.74 (2.64) 2.69 (2.44) 2.49 (2.42) 2.47 (2.37) 2.16 (2.43) 2.54 (2.50)
3-9.99 mg/L % (n) 27.5 (614) 28.0 (554) 24.7 (552) 23.9 (473) 20.7 (462) 23.4 (464)
>10 mg/L % (n) 9.8 (219) 8.2 (162) 6.5 (146) 6.8 (134) 7.6 (170) 10.1 (201)
Total cognitive function M (SD) 23.48 (4.20) 23.30 (4.22) 22.53 (4.47) 22.33 (4.56) 22.08 (4.83) 21.64 (5.07)
Range 7-35 4-35 4-35 2-35 2-35 1-35
Likely cognitive impairment (score < 8) % (n) 0.0 (1) 0.3 (6) 0.3(7) 0.9 (17) 1.2 (29) 2.0 (39)
Table 2
Estimated cognitive function over time as predicted by CRP, sex, and their interactions.
Model 1 2 3 4 5
AIC 52,223.83 52,225.45 52,221.98 52,188.10 51,008.67
b (SE) b (SE) b (SE) b (SE) b (SE)
Intercept 23.92 (.07)*** 23.94 (.08)*** 23.98 (.08)*** 23.50 (.12)*** 25.39 (.22)***
Time —0.25 (.01) *** —0.26 (.01)*** —0.26 (.01)*** —0.24 (.01)*** —0.07 (.02)***
CRP (In) —0.02 (.04) —0.13 (.06)* —0.15 (.06)* —0.16 (.06)**
Time x CRP 0.02 (.01)* 0.003 (.01) 0.01 (.01)
Sex 0.82 (.15)*** 1.02 (. 14)***
Time x Sex —0.04 (.02)* —0.04 (.02)*
Time x Sex x CRP 0.03 (.01)** 0.02 (.01)*
BMI .05 (.06)
Age —0.18 (.01)***
Marital status 0.47 (.10)***
Ethnicity —2.41 (.22
Race —-2.16 (.13)
—0.18 (.02)***

Depressive symptoms

*x¢p <001, **p < .01, *p < .05.

Females

Males
27

<1SDCRP T~ el e <1SD CRP
26

— —Average CRP — —Average CRP

5.5 55

——>1SD CRP >1SD CRP

Cognitive Total Score
N
Cognitive Total Score
»

25 25

24 24
Time 1 (2006/2008) Time 3 (2014/2016) Time 1 (2006/2008) Time 2 (2010/2012) Time 3 (2014/2016)

Time 2 (2010/2012)

Fig. 1. Cognitive function over time in the Health and Retirement Study as a function of systemic inflammation (C-Reactive Protein) for males and females.

or consistently participating in neural maintenance (Metcalf et al., 2020; AD, can actively separate pentamer CRP into its monomer form (Strang

Podcasy and Epperson, 2016).

Another explanation for the link between lower CRP and cognitive
decline in women pertains to the form of CRP measured. CRP most
commonly circulates, and is typically measured, in its native pentamer
form, but can be broken down into its monomer form (Wu et al., 2015).
Gonadal hormones have been implicated in the increased susceptibility
to the accumulation of Ap plaques among females (Carroll et al., 2010).
Markers of neurodegenerative diseases such as Af plaques, a hallmark of

et al.,, 2012). Females with lower CRP in this sample may reflect a
subpopulation for whom CRP is breaking down and contributing to local
inflammatory processes that contribute to cognitive decline (Luan and
Yao, 2018; Wu et al., 2015). Simultaneous measurement of native and
monomer CRP in studies of inflammatory processes in cognitive decline
may help to address this possibility (Zhang et al., 2018).

The results of this investigation should be interpreted in the context
of the study’s limitations. Only HRS participants with complete data



M.M. Noss et al.

were included in the present analyses, creating a sampling bias in favor
of healthier and higher functioning participants motivated to contribute
to this longitudinal study. Yet, the results of our models are similar for
CRP concentrations up to 10 mg/L and a considerable proportion of the
sample was in a clinically elevated range for this biomarker (nearly one
third of observed CRP concentrations were >3 mg/L). To this point,
cognitive function in our sample only changed approximately one
quarter of a point between each time-point, indicating that our average
participant did not experience much cognitive decline over the assess-
ment period. This may reflect the limitations of using a global cognition
score compared to detailed evaluations of specific cognitive domains
particularly in a non-clinical sample. Each domain of cognitive function
assessed as part of this composite was assessed with only a single subtest,
and studies with a more comprehensive approach to neuropsychological
assessment may be able to extend these observations by identifying
specific domains of cognition that are more strongly associated with
inflammation, and determine whether these patterns differ for men and
women. CRP is a peripheral, systemic inflammatory marker. Other
measures of systemic and neuroinflammation, such as IL-1f, IL-6, TNF,
& IFN-y, may provide further insight into the link between inflammation
and factors affecting change in cognitive function (Boccardi et al., 2019;
Ng et al., 2018; Rafnsson et al., 2007; Walker et al., 2019; Zheng and Xie,
2018). Finally, sex was indexed using a self-report and binary variable.
Given the literature supporting the important role of gonadal hormones
in neurodegeneration and regulation of brain-immune communication
(Benedusi et al., 2012; Carroll et al., 2010; Vegeto et al., 2008), a direct
measure of gonadal hormones would be important to incorporate into
future work. Despite these limitations, data from this large, national
sample followed longitudinally for 8 years indicated that women with
the lowest concentrations of CRP showed the steepest decline in
cognitive function, despite higher cognitive scores overall. Importantly,
women with lower systemic inflammation, particularly those with
higher cognitive scores, may be at risk of going undetected for neuro-
degenerative diseases which may further contribute to the sex-related
disparities in prevention and clinical course.
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