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Abstract

Background: Obesity in midlife and early late-life is associated with worse normal cognitive
aging. Dual-energy x-ray absorptiometry (DEXA) suggests that visceral adipose mass (VAM)
plays a predominant role, whereas non-visceral adipose mass (NVAM) and lean muscle mass
(LMM) have shown conflicting relationships. It is unknown how longitudinal, cognitive changes
in age-sensitive domains like fluid intelligence (FI) correspond to VAM, NVAM, and LMM in
women and men. Furthermore, changes over time in blood leukocyte sub-populations may
partially or fully account for sex-specific associations.

Methods: Data on 4,431 late middle-aged, cognitively unimpaired adults (mean=64.5y) was
obtained from the UK Biobank prospective cohort across 22 centers. Fl scores, blood leukocyte
counts, and covariates (age, social class, education) were measured at three 2-year intervals over 6
years. DEXA collection overlapped with these intervals. Sex-stratified growth curves, structural
equations, and Preacher-Hayes mediation were used to estimate direct and indirect effects. -
weights were standardized.

Results: More LMM predicted gains in FI scores among women ($=.130, p<.001) and men
(p=.089, p<.001). Conversely, more VAM and NVAM independently predicted FI decline equally
among sexes (e.g., NVAM: women: p=-.082, p<.001; men: B=-.076, p<.001). Among women, FI
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associations were fully mediated by higher eosinophil counts via VAM (A=30.8%, £=.028) and
lower lymphocyte counts via LMM (A=69.2%, p=.021). Among men, FI associations were
partially mediated by lower basophils counts via LMM (A=4.5%, p=.042) and higher counts via
VAM (A=50%, p=.037).

Conclusion: The proportion of LMM and VAM equally influenced male FI changes over 6
years, whereas higher LMM among women appeared to more strongly influence FI changes.
Leukocyte counts strongly mediated VAM- and LMM-related FI changes in a sex-specific manner,
but not for NVAM. For clinical translation, exercise studies in older adults may benefit from
assessing sex-specific values of DEXA-based tissue mass, FI, and leukocyte sub-populations to
gauge potential cognitive benefits of less VAM and more LMM.

1. Introduction

Changes in cognitive status due to normal aging have been well documented and include
poorer performance on tests of episodic memory, executive function, visuospatial skills, and
processing speed, with verbal abilities staying relatively intact (Salthouse, 2009; Singh-
Manoux et al., 2012). Aging is particularly detrimental for fluid intelligence (Kievit et al.,
2014), or FI, a cognitive domain encompassing general reasoning, pattern recognition, and
the ability to solve novel problems without task-specific experience (Cattell, 1971; Wechsler,
2011). This age-related decline is due partly to slower processing speed over time among
older adults (Zimprich and Martin, 2002), anterior prefrontal cortex atrophy (Kievit et al.,
2014; Schretlen et al., 2000), and less frontal white matter integrity.

In parallel with cognitive aging, physical changes such as decreased muscle strength and
mass (Goodpaster et al., 2006), as well as increased adiposity (Hughes et al., 2002),
typically occur. Excess visceral adiposity induces systemic inflammation, and by extension
increased neuroinflammation through vagal afferents (Hosoi et al., 2000; Waise et al., 2015)
or blood-brain barrier permeability (Elwood et al., 2017). These changes are similar to age-
induced increases in innate immunity and decreased acquired immune activation (Bricefio et
al., 2016; de Bourcy et al., 2017; Hearps et al., 2012; Seidler et al., 2010). By constrast, lean
muscle mass may confer direct anti-inflammatory effects (Beenakker et al., 2013; Fornari et
al., 2015) or counteract metabolic dysfunction induced by obesity that also gives rise to
increased immune responsiveness (Bekkelund and Jorde, 2017; Fornari et al., 2015). Other
studies in older adults, however, have found no pro- or anti-inflammatory associations with
lean muscle mass and systemic markers (Rossi et al., 2019; Santoro et al., 2019).

Aging-related changes in body composition may also influence cognitive aging. For
example, several studies have linked body mass index (BMI) with cognitive function
(Arvanitakis et al., 2018; Dahl et al., 2010; Gunathilake et al., 2016). Results have suggested
that higher BMI in late-life is protective against cognitive decline (Arvanitakis et al., 2018),
likely reflecting less muscle wasting (i.e., sarcopenia) rather than less adipose mass, whereas
midlife obesity is tied to cognitive decline and increased risk of developing dementia
(Anstey et al., 2011; Kivimaki et al., 2018). These age-related differences in epidemiological
findings for BMI are problematic, and cannot be resolved with anthropometric measures
that, while providing a reasonably good estimate of visceral adipose mass cannot distinguish
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compartment-specific adipose distribution or muscle mass (Gomez-Ambrosi et al., 2012;
Rothman, 2008). In contrast, dual-energy x-ray absorptiometry (DEXA) precisely quantifies
adipose tissue mass in the subcutaneous and visceral compartments, as well as lean muscle
mass (Kennedy et al., 2009) which may be a putative protective factor against normal and
pathological aging. For instance, more lean mass was related to less global cognitive
impairment among women (Noh et al., 2017) while individuals with Alzheimer’s disease
had less lean mass than their cognitively healthy counterparts (Burns et al., 2010).

Few studies have examined the potential role of systemic immune markers underlying
relationships between body composition and changes in cognition over time. Obesity is
tightly associated with chronic inflammation in adipose tissue that elicits systemic
inflammation (e.g., Hotamisligil, 2006). For example, higher BMI has been related to
elevated markers of inflammation that in turn mediate cognitive dysfunction, particularly
executive function deficits (Gunathilake et al., 2016; Lasselin et al., 2016). Aging may
further exacerbate such immune activation, as obesity and aging are related to increased
systemic levels of classic pro-inflammatory markers such as C-reactive protein (CRP), tumor
necrosis factor-a (TNF-a), and interleukin-6 (1L-6) (Bartlett et al., 2012; Murray et al.,
2015) although these markers are inconsistent predictors of cognitive abilities among older
adults (Tegeler et al., 2016; Wichmann et al., 2014). Conversely, more lean muscle mass
may be related to higher FI over time in part due to reduced systemic inflammation.

In addition to commonly used pro-inflammatory markers, blood-based leukocyte counts
have been used to gauge systemic inflammation (Fest et al., 2018; Leng et al., 2005; Wirth et
al., 2018). Higher leukocyte counts have been associated with poorer processing speed (Kao
et al., 2011), and changes in lymphocyte subtypes may be related to memory (Serre-Miranda
et al., 2015; Wang et al., 2017) and executive function (Serre-Miranda et al., 2015).

The present study examined how changes in Fl over 6 years were related to body
composition (total lean muscle; total non-visceral adipose mass; visceral adipose mass) and
6-year changes in leukocyte sub-populations on FI among older, cognitively unimpaired
adults from the UK Biobank cohort (Sudlow et al., 2015). We focused on FI because it is
more adversely impacted by aging relative to other forms of executive function or different
cognitive domains (Kievit et al., 2014), and a recent factor analytic study in UK Biobank
demonstrated that it was the best performing construct that explains prefrontal-related
cognitive variation (Lyall et al., 2016). Our central hypothesis of interest was that more
visceral adiposity would be related to: 1) increased mobilization of leukocyte sub-
populations over time; 2) increased levels of CRP, a systemic acute-phase cytokine that
regulates inflammation (Gabay and Kushner, 1999); and 3) changes in FI via mediation of
leukocyte sub-populations and/or CRP levels, presumably by inducing neuroinflammation
via vagal afferents or perhaps through obesity-induced permeability of the blood-brain
barrier (Gustafson et al., 2007; Ouyang et al., 2014). We similarly examined if non-visceral
adiposity and lean muscle mass influenced age-related changes in FI through leukocyte sub-
populations and/or CRP. Identifying compartment-specific body composition and FI
associations, relative effect sizes, and the relative importance specific leukocyte sub-
populations or CRP as potential mechanisms could lead to novel therapeutic interventions to
minimize age- and/or obesity-related cognitive decline. Analyses were conducted separately
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in women and men due to morphometric differences. This stratification also allowed for
differential associations with FI to be more precisely estimated.

Methods

2.1. Cohort and participants

2.2

Participants were sampled from the UK Biobank study (Sudlow et al., 2015). This
prospective cohort study follows over a half million individuals, aged 40 to 79 years old,
from 22 assessment centers located in the United Kingdom from 2007 to the present day.
Each participant had baseline measurements taken between 2007 and 2010, when genetic,
behavioral, and biological data were collected. A visit to the assessment center involved six
consecutive steps: 1) consent, 2) touchscreen questionnaire, 3) verbal interview, 4) eye
measures, 5) physical measures and 6) blood/urine sample collection. The touchscreen
questionnaire collected sociodemographic, occupation, lifestyle, early life exposure,
cognitive function, and family history of illness data. Informed consent to participate was
given at baseline examinations. The UK Biobank protocol was approved by the North West
MultiCentre Research Ethics Committee.

DEXA body composition measurement

A sub-cohort of 4,792 subjects had body composition imaging data collected in 2013-2015.
Compartment measurements of body composition — lean muscle mass (LMM) in kg, total
non-visceral adipose mass (NVAM) in kg that was predominantly subcutaneous fat, and
visceral adipose mass (VAM) in kg — were determined by a trained radiographer delivering a
5-minute, full-body DEXA (General Electric Lunar iDXA, Madison, WI) to each participant
while they lay supine (Rothney et al., 2012).

2.3. Measurements of blood chemistry

At separate visits (2008, 2012, and 2014), hematology and plasma samples were collected in
4mL EDTA vacutainers and analyzed within 24 hours of sampling utilizing four Beckman
Coulter LH750 instruments (Sheard et al., 2017) to quantify counts in 10° cells/L. Cell
populations were distinguished as monocytes, neutrophils, basophils, eosinophils, or
lymphocytes. Plasma samples were analyzed for C-reactive protein (CRP) in mg/L at two
separate assessments (2008 and 2012). CRP values above 10.0 mg/L were excluded from
analyses, as they may indicate an acute infection rather than chronic inflammation (Pearson
et al., 2003).

2.4. Measurement of fluid intelligence

Participants completed the Fluid Intelligence Test (FIT) as part of the touch-screen
questionnaire at three separate assessments (2008, 2012, and 2014). Fl is described as the
capacity to solve problems that require logic and FI, independent of acquired knowledge.
The FIT score, operationalized as Fl, is quantified by how many numerical, logic, and
syntactic questions, out of 13 total, participants were able to answer correctly within two
minutes (Lyall et al., 2016).
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2.5. Covariates

Covariates included age, education, socioeconomic status, APOE4 allele status, tobacco
smoking, and weekly alcohol consumption. Age was measured in years at baseline. A
categorical variable was used to capture education levels. Categories included the following:
College or other higher level qualification; post-secondary or vocational; secondary; or none
of the previous education levels listed. Socioeconomic status was based on the participant’s
average total household income between 2008 and 2014. Responses were recorded as one of
five ordinal categories in British Pounds (“Less than 18,0007, 18,000 to 30,999, “31,000
t0 51,999”, “52,000 to 100,000”, “Greater than 100,000”), where the lowest two categories
were classified as lower class, the next two categories were classified as middle class, and
the greatest category was classified as upper class. All UK Biobank GWAS data has been
processed as described (UK Biobank, 2007; Sudlow et al., 2015). Briefly, APOE haplotype
was determined using allele variation on rs429358 and rs7412 (Davies et al., 2014). £3/e3
participants were designated the reference group and compared to: 1) a e2/e2 and £2/e3
group; or 2) a e2/ed, e3/ed, and ed/e4 group. Tobacco smoking responses were recorded as
whether the subject had “Never smoked”, “Previously smoked”, or “Currently smokes”.
Alcohol consumption responses were recorded as average weekly intake (in pints for beer
and cider, glasses for wine and champagne, and measures for liquor).

2.6. Considerations of medical exclusion criteria

Many conditions, particularly in obese midlife to late-life adults, are related to chronic
systemic inflammation that could influence leukocyte mobilization and cognitive function.
Consequently, to explore if these conditions influenced initial model fitting, we excluded
participants with ICD-10 codes reflecting a systemic inflammatory condition in their
medical record during any hospital stay since 2007. Examples included most diseases of the
digestive system (XI) such as ulcerative colitis (K51), inflammatory bowel disease (K52.3),
or diverticulitis (K57); chronic lower respiratory diseases (J40-J47); rheumatoid arthritis
(MO05); multiple sclerosis (G35); systemic lupus erythematosus (M32); and malignant
neoplasms of the digestive organs (C15-C26). Our results did not significantly differ based
on these exclusion criteria. For instance, among women we observed that visceral adipose
mass was still associated with lymphocyte counts (Final Model: f=.190, p<.001; Medical
Exclusion Model: $=.193, p<.001) and this also held true among men (Final Model: p=.104,
p=.010; Medical Exclusion Model: p=.103, p=.011). Overall, no associations changed in
their significance status. Thus, data from these participants remained in the final models.

Neurological disorders are also characterized by neuroinflammation that might influence
cognitive function (Swanson et al., 2018). Thus, on an exploratory basis we also excluded
participants who had any cerebrovascular disease (160-169) or disorder of the nervous system
(G00-G99). Again, our pattern of results did not significantly differ based on these excluded
participants. Therefore, data from these participants were included in final models.

2.7. Statistical analysis

2.7.1. Longitudinal modeling—Compared to cross-sectional models, longitudinal
computations made from observing variables over time enhance predictive performance and
correlation with study outcomes (Shaw et al., 2006). Accordingly, for longitudinally-
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observed variables, we computed individual, across-time averages and non-linear changes
over time. We then integrated these values to derive average levels and the sum of changes
for each longitudinally assessed variable (Pruessner et al., 2003). This method has
demonstrated superior goodness-of-fits, while minimizing type 1 error, and elucidates
relationships between variables more robustly by capturing both within- (Hu and Bentler,
1999; Klinedinst, 2017) and between-subject variation over time (Duncan and Duncan,
2004; Klinedinst, 2017; Preacher et al., 2008).

2.7.2. Structural equation models—Structural equation modelling (SEM) was done
using R (3.4.1; R Core Team, 2013). Graphs were prepared in ggplot2 (3.1.1; Wickham,
2016). SEM-based mediation has more statistical power than the standard regression
procedure (MacKinnon, 2008). SEM has the additional benefit of easily extending to
longitudinal data within a single framework (Preacher et al., 2008), as done in this report.

2.7.3. Variable selection—An empirical model-building approach was employed to
select the most salient variables that predicted leukocyte counts and FI. In this backward
elimination approach a full, “all variables in” model was built, and the least significant
variable was removed one at a time until all variables remaining reached p<.200.

2.7.4. Parameter estimation, ANOVA, uncertainty analysis, and mediation—
Two separate group-wise SEMs for women and men were built to comprehensively model
the mean and covariance structure (Rosseel, 2012) of body composition, leukocyte sub-
population counts, and FI scores. See Figure 1 for a conceptual representation of the model.
Standardized parameter estimates (), which were interpreted as the average potential effects
of a variable, were estimated using maximum likelihood. ANOVA is reported as the overall
portion of variation in FI scores that is explained (R2). Uncertainty analysis relied upon
standard errors and p-values, where results were considered significant at p<.001 (***),
p<.010 (**), p<.050 (*), and trending at p<.100 (#). Mediation tested if leukocyte sub-
populations due to body composition variation affected FI. Specifically, parameter
decomposition was used to distinguish indirect (A) from direct (B) effects (Gunzler et al.,
2013). Mediation results via indirect effects (1) are reported in Results as the additional
effect as a percentage of the direct effect, and in Supplementary Table 2 as unstandardized
and standardized beta coefficients. A chi-square difference test was conducted to establish
whether the association between LMM and FI among women and men had a meaningfully
different effect size. In order to maintain a data-driven analysis and ensure robustness, only
participants with all available data were considered. In follow-up analyses, full information
maximum likelihood (FIML) missingness imputation for leukocyte or demographic values
was tested among participants who had DEXA imaging, to ensure that results were not
biased by listwise exclusion. Imputation of DEXA imaging data was not possible, as FIML
models would be composed of over 99% imputed data due to the relatively small sample
size of participants that underwent DEXA imaging.
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3. Results

3.1. Demographics and data summaries

There were a total of 4,431 eligible UK Biobank participants. Supplementary Figure 1
outlines the eligibility criteria used for arriving at the total sample. Table 1 shows baseline
sample characteristics stratified by sex. A basic description of the variables used in the
models, including their respective ranges, are included in Supplementary Table 1.

3.2. Path analysis regression outcomes

3.2.1. Main effects of demographics—Within the model, education and social class
were associated with higher FI over 6 years among women and men (Figure 2; Figure 3).
Age, APOE4 allele status, tobacco smoking, and total alcohol consumption did not
significantly load as model covariates and thus were not included in subsequent analyses.
The unstandardized and standardized betas, 95% confidence intervals, and p-values for
demographics, body composition, and leukocyte measures are reported in Supplementary
Table 2 for women and men.

3.2.2. Main effects of body composition—We first regressed changes over 6 years in
FIT scores on LMM, NVAM, and VAM while controlling for changes over 6 years in serum
counts of leukocyte sub-populations. We observed that LMM predicted better FI among
women (B=.130, R2=.37, p<.001) and among men ($=.089, R?=.23, p<.001) (Figure 2a and
3a), while NVAM predicted worse FI among both sexes (women: B=-.082, R2=.15, p<.001;
men: B=-.076, R2=.20, p<.001) (Figure 2b and 3b). All of VAM’s direct effects were fully
mediated by leukocyte sub-populations (see below).

3.2.3. Main effects of leukocyte sub-populations—Independent of body
composition, we simultaneously regressed six-year FI changes on six-year changes in serum
counts of basophil, eosinophil, neutrophil, lymphocyte, and monocyte populations. Higher
lymphocyte counts were related to worse FI in women (=-.048, p=.016) and marginally in
men (B=-.040, p=.057) (Figure 2c and 3c). However, protective-like associations were seen
among different leukocyte sub-populations between women and men. Among women,
eosinophil counts were positively associated with FI (=.058, p=.003) (Figure 2d). A similar
association was observed among men, but involving basophils instead (f=.054, p=.008)
(Figure 3d).

3.2.4. Immune system-related mediation of body composition effects—Lastly,
leukocyte sub-population counts were tested as potential mediators of body composition and
FI associations. The negative effect of VAM on FI among women was fully mediated by 6-
year increases in eosinophils (A=30.8% of direct effect, R?=.21, p=.028) (Figure 2e) and
lymphocyte counts (A=69.2% of direct effect, R?=.21, p=.020) (Figure 2f). Among men, the
negative impact of VAM was partially mediated by increased basophil counts (A=50% of
direct effect, R2=.22, p=.037) (Figure 3e). Basophils also partially mediated LMM and FI
associations among men (A=4.5% of direct effect, p=.042) (Figure 3f).
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Figure 4 graphically summarizes, for men and women separately, the relative contributions
of predictors and covariates to FI. For example, consider the relationships between VAM,
leukocyte counts, and FI among women. Increases in VAM were associated with increased
lymphocyte and eosinophil counts, which respectively predicted worse and better FI scores.
Thus, VAM appears to influence Fl in a dual, mechanistically immunologic manner.
However, the overall VAM effect on Fl is deleterious due to the influence of higher
lymphocyte counts on decreased FI scores (A=69.2%) vs. higher eosinophil counts on
increased FI scores (A=30.8%).

3.2.5 Follow-up analyses—To establish whether leukocyte associations were simply
representing background inflammatory status, we examined the statistical effects of CRP in
two follow-up models for each sex. Given the final models presented above, we first tested if
CRP levels predicted FI scores. CRP was not a significant predictor among women (p=
-.009, p=.675) nor men (p=-.018, p=.415). It also did not influence final model fit in
previously detailed analyses.

In women and men separately, we next examined whether CRP was related to body
composition values or leukocyte counts, and if it mediated or moderated associations
between these factors and FI scores. Among women, higher CRP was seen with less LMM
(B=-.066, p=.005) and more adiposity, including NVAM (p=.248, p<.001), and VAM
(B=.214, p<.001). CRP levels were not associated with FI (B=—.009, p=.675). Among men,
higher CRP was similarly associated with less LMM (B=-.054, p=.024) and more adiposity
such as NVAM (p=.154, p<.001) and VAM (B=.197, p<.001). CRP levels were also not
related to FI (B=-.018, p=.414). Importantly, the body composition and leukocyte results
remained unchanged when including CRP in models as a covariate or mediator.

To determine whether the effect size for LMM and FI significantly differed between women
(B =.130) and men (p=.089), a second model among women was built with the
unstandardized p value constrained to the value among men. A chi-squre difference test
detected a significant difference (AXZ(l) =7.651, p =.005), suggesting that the effect size
was larger among women than men.

To establish that results were not biased by listwise exclusion of participants, another
follow-up model tested the influence of FIML missingness imputation. Among women who
had DEXA imaging, the proportion of missingness was 9.1% and one change in significance
status was detected. A trending effect between LMM and eosinophil counts (p=.039,
p=.078) became non-significant in the imputed model ($=.036, p=.103). No changes in
significance status were detected among men, who had 5.5% proportion of missingness.

4. Discussion

Using longitudinal data from the UK Biobank cohort, the current study tested associations
between FI and both DEXA body composition measures and leukocyte sub-populations, as
well as independent mediation of FI-body composition association via leukocyte counts.
Main effects of total non-visceral adipose mass (i.e., NVAM) on FI were roughly similar for
both men and women, while LMM appeared to be a stronger predictor among women versus
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men. Higher LMM and NVAM were respectively associated with better and worse Fl
performance over time. Further, leukocyte sub-populations fully mediated VAM associations
among women and partially mediated VAM and LMM associations among men.

Body composition and fluid intelligence

Few studies have directly tested the relationship between LMM and neuropsychological test
performance, with one study finding beneficial effects of greater LMM for episodic memory
(Sohrabi et al., 2015). Recent work by Spauwen and colleagues (2017) suggests that greater
thigh muscle mass may be protective against developing dementia. LMM may be
particularly beneficial for preserving cognition among women (Noh et al., 2017). Our results
further substantiate these findings, as the effect size observed for LMM was significantly
larger for women in comparison to men. Several mechanisms could explain this direct
relationship. For example, calorie restricted aged rhesus monkeys maintain more lean
muscle mass and evince better set-shifting executive function (Sridharan et al., 2012). The
positive relationship between musculature and FI may also reflect more physical activity,
which can benefit executive and global cognitive function in aging (Colcombe et al., 2004;
Jonasson et al., 2017).

In contrast to the beneficial associations of LMM, more NVAM and VAM were
independently related to worse FI scores over six years. Similar findings have implicated
greater BMI with deficits in executive function among aged subjects (Stanek et al., 2013), as
well as more regional adiposity and poorer global cognition among men (Kanaya et al.,
2009). Conversely, reducing total body adipose improves executive function in older adult
women (Dao et al., 2013). Adiposity may influence the brain and thus FI due to a number of
factors, although we emphasize that our study was correlational in nature. Examples in
obese vs. lean rats include increased microglial length, decreased synaptogenesis, and
decreased prefrontal cortical volume (Bocarsly et al., 2015).

Finally, we found that adiposity was related to more systemic inflammation, using CRP as a
marker, corroborating previous findings fo CRP and IL-6 (Maachi et al., 2004; Murray et al.,
2015; Pou et al., 2007). When examining leukocyte sub-populations, we found that
lymphocytes, responsible for adaptive immunity, were negatively associated with FI among
both sexes. Similarly, cognitive decline in Alzheimer’s and Parkinson’s disease is aligned
with changes in lymphocytes, including cytogenetic alterations and elevations in mTOR and
PKR kinases (Paccalin et al., 2006; Petrozzi et al., 2002).

Leukocyte sub-populations and fluid intelligence

Different sub-populations of leukocytes, specific to each sex, were associated with FI, VAM,
and LMM. For innate immunity, among women, increased eosinophil populations over 6-
years coincided with increased FI. Eosinophils play a role in glucose homeostasis by
mediating alternatively activated macrophages, as described in mice (Wu et al., 2011).
Similarly, in our study, increased basophil count corresponded to increased FI scores among
men. Reduced basophil count has been associated with negative affect (Baek et al., 2016) via
the histaminergic system, which could also modulate cognitive domains such as memory
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(Dere et al., 2010). Additionally, basophils can prevent blood clotting due to their production
of heparin (Stone et al., 2010), suggesting less vascular dysfunction may be a viable target.

There are several potential pathways that may underlie our observations. Classically, vagal
afferents from the gut can induce neuroinflammation. This pathway seems unlikely,
however, because CRP did not mediate tissue mass and FI associations but rather was only
related to higher leukocyte counts. Alternatively, leukocytes may more directly impact FI by
accessing the brain via circumventricular organs, active transport across the blood-brain
barrier, or the blood-brain barrier endothelium. For example, mild systemic inflammation
induced by lipopolysaccharide injection has been shown to further activate microglial
immune activity in the circumventricular organs (Furube et al., 2018). Peripheral monocytes
may also be transported across the blood-brain barrier by the NMDA receptor subunit 1
(Reijerkerk et al., 2010), although monocyte subpopulations were not related to fluid
intelligence scores in our study. Changes in blood-brain barrier endothelium and entry of
leukocytes could also be affected in part by proinflammatory cytokines such as IL-1p and
TNF-a (O’Carroll et al., 2015; Wong et al., 2007). Further, blood-brain barrier integrity is
believed to be compromised among individuals with obesity (Gustafson et al., 2007; Ouyang
etal., 2014) and type |l diabetes (Geng et al., 2018; Janelidze et al., 2017), which may lend
credence to some of our leukocyte mediation results observed for visceral adiposity and FI.

4.3. Leukocyte sub-population mediation effects

Leukocyte counts also mediated associations between body morphometry and FI over time.
Prior research has indicated proinflammatory markers, specifically CRP, act as mediators
between higher BMI and poorer cognitive outcomes (Bourassa and Sbarra, 2017,
Gunathilake et al., 2016). However, when we analyzed tissue mass in a compartment-wise
manner and controlled for differentiated leukocyte counts, we did not replicate these CRP
findings with respect to FI. Among women, we observed that the statistical effect of VAM
was fully mediated through changes in eosinophil and lymphocyte populations. Interestingly,
VAM was correlated with increased eosinophils and lymphocytes, which respectively
predicted better and worse FI, suggesting that VAM is related to mostly deleterious
immunologic processes via lymphocytes that may affect FI. Among men, VAM was
positively associated with basophil populations, which mediated 50% of VAM’s association
with FI.

Other plausible explanations for how leukocytes mediate body composition and FI may
implicate the gut-brain axis. Obesity has been associated with lower gut microbial diversity,
and the latter has been associated with higher leukocyte counts (Le Chatelier et al., 2013;
Turnbaugh et al., 2009) and reduced metabolic capacity (Petersen et al., 2019). Due to
communication links between the gut and central nervous system via the vagus nerve
(Mayer, 2011), compromised gut microbiota have also been implicated in neurological
disorders such as schizophrenia, multiple sclerosis, and Alzheimer’s disease (Cattaneo et al.,
2017; Jangi et al., 2016; Nguyen et al., 2019). Future work should examine if specific gut
microbial genera and species modulate leukocyte and FI associations, or if gut microbiota
separately or synergistically influence cognitive function through vagal afferents.

Brain Behav Immun. Author manuscript; available in PMC 2020 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Klinedinst et al. Page 11

4.4 Age and fluid intelligence

It is also important to note that the statistical effect of age was non-significant in our models.
Kievit and colleagues (2018) and Cornelis et al.(2019) similarly reported weak associations
with age and Fl in the UK Biobank cohort, despite this link being consistently found in
many other cross-sectional and longitudinal studies (Hartshorne and Germine, 2015; Kievit
et al., 2014; Ronnlund and Nilsson, 2006). It is plausible that the lack of findings are due to
measurements issues, such as practice effects or the follow-up period. Further, our sub-
cohort sample was approximately 64 years of age. It may be that more robust effects of age-
related decline in FI are observed at earlier points in life. Finally, aging itself may not be
deleterious, but rather age-related changes in body morphometry that are related to cognitive
decline.

4.5. Strengths and limitations

Several strengths of the study should be noted. First, DEXA partitioned body mass into
LMM, NVAM, and VAM, which for the first time gauged their relative associations with FI
in the same model. A potential mechanism of action was also tested in this study via the
leukocyte sub-population and CRP mediation models. Our findings also did not change after
excluding participants with potentially confounding inflammatory or neurological
conditions. Lastly, there was adequate sample size to examine the effects of LMM and
NVAM on FI among males and females separately.

There are also limitations that should be addressed. For instance, body composition was only
measured at one time point and we did not control for ethnicity. At the time of this study,
UK Biobank had leukocyte counts and QCed CRP data, where additional cytokine or
chemokine markers may have suggested more specific immunologic mechanisms. Listwise
deletion was also used for our analytic sample. However, our results followed a similar
pattern when using imputation methods. Finally, future research should explore if
eosinophils and basophils perform differential functions between women and men relevant
or in animal models with regard to FI or other executive function processes.

5. Conclusion

The detrimental relationship between adiposity, health, and cognition has been extensively
explored (Abraham et al., 2015; Bocarsly et al., 2015; Kanaya et al., 2009; Stanek et al.,
2013) and several studies have established the relationship between LMM and cognition
(Sohrabi et al., 2015; Spauwen et al., 2017). However, there is a paucity of research
examining how VAM might influence cognition, if LMM may mitigate VAM or NVAM
statistical effects, the relative effect sizes of tissue mass in different body compartments
when tested simultaneously, or the degree to which body compartment and cognition
associations are mediated or moderated by leukocyte sub-populations or a general index of
systemic inflammation like CRP. The proportion of adipose and lean mass may be
modifiable factors that can elucidate why FI changes with normal aging. Finally, the
immune system, both independently as well due to masses of lean muscle and visceral
adiposity, may have deleterious and beneficial effects on FI that should be further
investigated as potential targets for therapeutics to ameliorate age-related cognitive decline.
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Figurel.

A conceptual diagram of associations and their directionality between body composition,
standard differential leukocyte count, and fluid intelligence indices.
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Figure2.
Among women, the structural equation model estimates which factors explain fluid

intelligence scores changes over 6 years. The final model simultaneously examined: 1) the
direct effects of body composition indices, total lymphocyte count, and total eosinophil
count; and 2) the indirect effects of total lymphocytes and eosinophils influencing the
associations between body composition and fluid intelligence scores. The Delta symbol (A)
is defined as the average level and totality of changes in that variable observed over 6 years.
The standardized p reflects the average effect size of each path and each path is denoted
with a subscript. Each A reflects the mediation effect resulting from the path analysis and is
subscripted to illustrate the paths which compose it. The R2 in each sub-plot represents
variance explained in fluid intelligence scores by lean muscle mass (LMM), non-visceral
adipose mass (NVAM), and visceral adipose mass (VAM). Mediation percentages are
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computed with respect to the direct effects. p<.001=*** p<.010 =**, p<.050="*, and
p<.100=#.
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Figure 3.
Among men, this structural equation model estimates which factors explain fluid

intelligence score changes over 6 years. The final model simultaneously examined: 1) the
direct effects of body composition, total lymphocyte count, and total basophil count; and 2)
the indirect effects of total lymphocyte count and total basophil count influencing the
associations between body composition and fluid intelligence scores. The Delta symbol (4)
is defined as the average level and totality of changes in that variable observed over 6 years.
The standardized p reflects the average effect size of each path and each path is denoted
with a subscript. Each A reflects the mediation effect resulting from the path analysis and is
subscripted to illustrate the paths which compose it. The R2 in each sub-plot represents
variance explained in fluid intellect scores by lean muscle mass (LMM), non-visceral
adipose mass (NVAM), and visceral adipose mass (VAM). Mediation percentages are
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computed with respect to the direct effects. p<.001=*** p<.010 =**, p<.050="*, and
p<.100=#.
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Figure 4.

These graphical equations algebraically summarize the models illustrated in Figures 1 and 2.
Because the immunologic variables are outcomes that are also nested within the prediction
of fluid intelligence, the equation among both women and men that describes fluid
intelligence is computed sequentially after the immunology-related equations. The Delta
symbol (A) is defined as the average level and totality of changes in that variable observed
over 6 years. Each coefficient represents the change expected in the outcome if an individual
progressed approximately halfway (1.5 standard deviations) along the distribution of that
predictor. To offer context for each coefficient, the range of each outcome is listed below the
left-hand side of the equation.
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Data Summary of UK Biobank Sub-Cohort

Data, measurement unit Women Men
Sample Size, n 2298 2133
Age, y 63.70+7.42 65.32+7.46

Education Level, No. (%)
College/other higher level
Post-secondary/vocational
Secondary
Other

Social Class, No. (%)
Lower
Middle
Upper

Lean Muscle Mass, kg

Non-Visceral Adipose Mass, kg

Visceral Adipose Mass, kg

Leukocyte Count, billion cells/L

Fluid Intelligence, total FIT score

1439 (62.62)
368 (16.01)
369 (16.06)
122 (5.31)

1164 (50.65)
1051 (45.74)
83 (3.61)
39.75 + 4.67
26.62+9.20
0.76 + 0.57
6.65 +1.63
6.72 +2.08

1427 (66.90)
415 (19.45)
173 (8.11)
118 (5.53)

877 (41.11)
1155 (54.15)
101 (4.74)
55.47 + 6.49
24.62+8.44
1.67+£0.93
6.75 +1.63
7.06 +2.14

Abbreviations: FIT, Fluid Intellect Test.

Values are Mean + SD unless stated otherwise.
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