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Inflammation Mediates Body
Weight and Ageing Effects on
Psychomotor Slowing

Leonie J. T. Balter*", Suzanne Higgs?, Sarah Aldred?, Jos A. Bosch** & Jane E. Raymond ®*

Inflammation (immune system activation) affects neuronal function and may have consequences for
the efficiency and speed of functional brain processes. Indeed, unusually slow psychomotor speed, a
measure predictive of behavioural performance and health outcomes, is found with obesity and ageing,
two conditions also associated with chronic inflammation. Yet whether inflammation is the mediating
factor remains unclear. Here, we assessed inflammation by indexing interleukin-6 level in blood and
measured psychomotor speed as well as indices of selective visual attention in young (mean =26 years)
or old (mean =71 years) adults (N =83) who were either lean or currently significantly overweight
(mean body mass index=22.4 and 33.8, respectively). Inflammation was positively and significantly
correlated with psychomotor speed, age, and body mass index but not with attention measures. Using
mediation analyses we show for the first time that inflammation fully accounts for the significant
psychomotor slowing found in those with high BMI. Moreover, we further show that age-related
psychomotor slowing is partially mediated by inflammation. These findings support the proposal that
reducing inflammation may mitigate weight- and age-related cognitive decline and thereby improve
performance on daily tasks and health outcomes more generally.

Inflammation, a biological process that results from immune system activation, is a well-established character-
istic of advanced age"? and obesity®. At the cellular level, inflammation is known to cause neuronal dysfunction
via alterations to microglia*®, but how such alterations affect overt brain function remains less well studied.
Nevertheless, emerging evidence tentatively links inflammatory states with subtle cognitive deficits, including
slowed psychomotor speed, i.e., the minimum time required to make accurate, well-learned motor responses to
obvious sensory stimuli’, slowed decision processes®, and memory deficits*!°, but see!’; also!2. Importantly, many
of these same behavioural deficits are also found in individuals with obesity'*!* as well as in those in advanced
age’®. Taken together, the parallel relationships of both age and weight with cognitive function and inflammation
raise the possibility that inflammation may be the underlying mechanism by which advanced age and excessive
body weight lead to suboptimal cognitive capacity. Yet no study to date has examined how inflammation, age, and
obesity interact to determine human cognitive performance using a participant sample that varies substantially
on these dimensions. Not only does it remain unclear whether age and body weight are additive or multiplicative
in their impact on performance, the hypothesis that inflammation may be the mediating mechanism remains
untested.

A fundamental brain function that underpins many everyday activities is the capacity to respond rapidly and
appropriately to new or changing visual information in a manner consistent with ongoing and future goals'®. This
requires appropriate selection of relevant information from the everchanging complex visual sensory environ-
ment, as well as the capacity to quickly activate appropriate motor responses as soon as cognitive decisions, e.g.,
object identification, have been reached. The former set of processes are known as selective visual attention!” and
the latter as psychomotor speed (e.g.'®). A typical example of the importance of these functions is fast braking in
the face of a sudden, unexpected road obstacle. Selective attention directs processing towards the obstacle; psych-
omotor speed reflects the time needed to press the brake pedal. To efficiently select relevant information (targets)
from a scene, discrete cognitive sub-functions subserved by different but overlapping brain networks are used'*-22.
One network function, Alerting, promotes selection by reacting to sensory cues that signal when a target might
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Figure 1. Experimental task design. The sequence of displays presented in each trial of the ANT task. The cue
display had four equally likely conditions: no cue, spatial cue (80% valid), double cue, and centre cue. The target
array comprised a central arrow and four identical flankers that were either congruent or incongruent with the
target arrow. The task was to report the direction (up, down) of the centre target arrow as quickly and accurately
as possible.

appear; another, Orienting, reacts to cues signalling where a target might appear; and a third, Executive Control,
promotes high level processing of task relevant information and suppresses processing of concurrent distracting
information. Such functions can be assessed using the Attention Network Test (ANT) which requires participants
to respond as quickly and accurately as possible to a series of simple computer-based trials, each comprised of a
cue display that is quickly followed by a target array. See Fig. 1. The speed and accuracy of key press responses to
targets are measured and compared across different cue-target conditions**-22. In addition to comprehensively
assessing attention, this test provides a robust measure of psychomotor speed (overall mean response time, RT,
across all cue conditions). Although psychomotor speed in everyday scenarios depends on the nature of the infor-
mation being presented and the complexity of the action decisions required?, its measurement when based on
simple manual motor responses, such as required in the ANT, is nevertheless predictive of a range of performance
outcomes, e.g., driving?4, health outcomes, e.g., response to depression treatment®, and even mortality risk?.

Decline in attention and slowing of psychomotor speed has long been linked to ageing?” and has been
well-studied using the ANT?"-!, Such deficits are thought to contribute to frailty, risk of falling, depression,
and poor health®?-%°. Several studies report weaker alerting benefits and/or diminished distractor suppression,
an index of executive control*-*2. However, after adjusting for the effects of generalised psychomotor slowing®,
age-related attentional deficits disappear or become weaker?***3¢. Hence, ageing may have only modest effects on
attention beyond generalised slowing, an issue we probe here.

The notion that age-related cognitive decline may be mediated by inflammation®”*® has received modest
attention. Lin ef al.® for lean adults, inflammation only partially mediated the association between age and com-
plex cognitive processing speed and did not mediate links between age and short-term memory. Other studies
show clear negative correlations between complex cognitive performance and inflammation in midlife** and
in older participants®, but did not conduct mediation analyses nor consider the role of body weight. Indeed,
recent evidence provides strong support for the contention that age-related cognitive decline may be accelerated
by excessive body weight, causing pre-senescent cognitive deficits*®*#. A high BMI across the life span is asso-
ciated with lower performance across several cognitive domains that are characteristically degraded in ageing,
including verbal memory*"*?, executive functioning®-** and, complex visual-motor coordination?’. However,
studies on the effects of excessive body weight on psychomotor slowing and selective visual attention are less
clear. Some report weight-related deficits*>*”*%, others find none*****; one reported better performance with
higher BMI*!. Complicating this picture is evidence that depression and poor cardiovascular health, conditions
that are co-morbid with obesity, may themselves contribute to reduced cognitive function®>*. Indeed, Prickett
et al.'*, reviewed findings that linked obesity with cognitive deficit and concluded that evidence was equivocal
as to whether cognitive problems stem from obesity or from other co-morbid health and demographic factors.
Nevertheless, using a very large sample of exclusively older adults and adjusting for other co-morbid factors in
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a mediation analysis, Bourassa & Sbarra'? report support for a causal role of inflammation in weight-associated
deficits on a delayed recall measure of memory.

Support for the possibility that inflammation may be a driving mechanism of psychomotor slowing is found in
studies that acutely or experimentally induced inflammation and measured cognitive function with and without
inflammation. For example, the common cold, a condition that produces an acute inflammatory response, leads to
psychomotor slowing®*** and translates to slower responses in a simulated driving task®*’. Experimentally induced
inflammation via administration of immune-activating agents, such as bacterial endotoxin or vaccination, also
causes psychomotor slowing’, memory deficits'® and alterations of social cognition®®*. However, the extant litera-
ture using experimental induction of inflammation so far provides little evidence of degraded selective attention®
(reviewed in®'), suggesting the possibility of domain-specificity in the inflammation-cognition link.

Taken together these findings support the notion that psychomotor slowing, shown clearly to be associated
with advanced age and possibly with excessive body weight, may be mediated by chronic inflammation. The aim
of the current study was to test this hypothesis by determining whether inflammation (as indexed by a generic
marker of systemic inflammation; IL-6) is a mediator of age- and BMI-related psychomotor slowing. Additionally,
we aimed to determine whether age and body weight are independent®>® or interactive®! predictors of psycho-
motor speed and visual attention. We predicted that individuals with high BMI and advanced age would show
higher levels of inflammation and slower psychomotor speed compared to their leaner and younger counterparts.
The association between BMI, age, and psychomotor speed was expected to be at least partially mediated by
inflammation. Furthermore, attentional processing was not expected to be reduced by either older age or high
BMI when psychomotor speed was taken into account (e.g.”).

Results

Inflammation. The study was conducted on four participant groups who differed in age (young, old) and
BMI (low, high), but not in education level. The sample characteristics are presented in Table 1. To assess the
effects of age and BMI on inflammation, an analysis of variance (ANOVA) was conducted on IL-6. Confirming
expectations, IL-6 levels were higher in the high versus low BMI groups (F(1, 79) =49.25, p <0.001, ,>=0.37),
and also higher in the old versus young groups (F(1, 79) =4.55, p=0.036, npz =0.03). The interaction of age and
BMI was non-significant (F(1, 79) = 1.62, p=0.207, n,>= 0.01). Mutual adjustment (i.e., BMI adjusted for age
(F(1, 80)=49.00, p <0.001, npz =0.38), and age adjusted for BMI (F(1, 80) =4.06, p=0.047, npz =0.05) yielded
a comparable pattern of results. IL-6 significantly correlated with BMI (r¢(81) = 0.655, p < 0.001) and with age
(r¢(81)=0.320, p=0.003). See Fig. 2a.

Behavioural measures. The ANT task was used to measure psychomotor speed (overall RT computed
using all task conditions) and visual attention. Participants were shown one of four warning cues followed by a
target arrow flanked by four similar arrows pointing in the same (congruent) or opposite (incongruent) direction
as the target arrow. As illustrated in Fig. 1, the participant’s task was to report the direction of the central target
as quickly and accurately as possible. The four different warning cue conditions were: (1) no cue, (2) double
alerting cue (one cue appearing simultaneously at each possible target location), (3) central alerting cue (appear-
ing in place of the fixation cross), and (4) spatial cue (a single cue appearing at one of the two possible target
locations). The spatial cue predicted the target location correctly on 80% of trials (valid trials) and incorrectly
on 20% of trials (invalid trials). Differences in RT for the different cue and target-flanker conditions were used
to index the efficiency of separate components of attention in each individual. As is conventional®!, the alert-
ing network was assessed by comparing performance on double-cue versus no-cue trials; the orienting network
was assessed by comparing performance on valid spatial cue trials versus double-cue trials; validity effects were
indexed by comparing performance on valid versus invalid spatial cue trials; and lastly, the executive control
network was assessed by differences in performance for congruent versus incongruent flanker trials, regardless
of cue condition.

ANOVA of individual condition mean RTs obtained in the ANT task revealed main effects of Age group (F(1,
79) = 68.36, p < 0.001, 1,> = 0.46), BMI group (F(1, 79) = 6.62, p=0.012, 1),>= 0.08), Target Flanker condition
(F(1,79)=89.42, p < 0.001, npz =0.53), and Cue condition,(F(4, 316) =20.08, p < 0.001, nP2 =0.20). As expected
the interaction of Cue X Target Flanker condition was also significant (F(4, 316) =2.69, p=0.031, npz =0.03), but
neither this effect nor any other effect of target flanker or cue condition interacted with Age or BMI group (all
Fs < 1.2). Critically, Age and BMI group did not significantly interact (F(1, 79) = 0.68, p =0.412, n,>=0.01). The
group mean RTs and accuracy for each target flanker and warning cue condition for each age and BMI group are
shown in Tables 2 and 3.

Psychomotor speed (overall RT). Main effects of Age and BMI describe group effects on psychomotor
slowing (overall RT), a point of primary interest for the current study, and therefore merit further examination.
Contrasting with some previous studies*, we found that individuals with high BMI were 53 ms (s.e. =20 ms)
slower than lean individuals (adjusted for age: F(1, 79) = 6.90, p=0.010, ,>=0.08) and that BMI was positively
correlated with overall RT (r4(81) =0.334, p=0.002). See Fig. 2b. Confirming previous reports*’, psychomotor
speed for older adults was on average 169 ms (s.e. =20 ms) slower than that for young adults (adjusted for weight:
F(1,79)=170.98, p < 0.001, npz =0.47) and age and overall RT were highly correlated (r5(81) = 0.659, p < 0.001)
(see Fig. 2). Adjustments for relevant demographic and health-related variables listed in Table 1 did not alter any
of these results related to psychomotor speed or attention (all F’s < 1). Additionally, body fat percentage (BF%)
and BMI were highly correlated in the current sample (males r(48) =0.902, p < 0.001; females r(33) =0.860,
p <0.001), suggesting that BF% and BMI measure similar aspects of body mass. Moreover, the correlation
between BMI and RT (r,(81) =0.334, p=0.002) and BF% and RT were very similar (r,(81) =0.360, p < 0.001).
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Young Low | Young High | Old Low Old High LGS
Characteristic BMI BMI BMI BMI Age BMI
N 20 18 20 25
Age (years)
Mean 24.9 27.3 722 69.5 Age*HE
Range 21-32 21-35 66-79 63-76
Sex (% Female) 45 39 40 40
IL-6 (pg/ml) 1.04(0.44) [2.13(0.67) |1.44(0.61) [2.32(1.01) |Age* BMI##:
Range 0.3-2.1 1.1-6.0 0.8-3.2 1.1-6.0
Weight Status
BMI (kg/mz) 21.7 (2.5) 33.2(3.7) 23.1(1.8) 32.5(3.9) BMI*#*
BMI when young (21-35) (kg/m?) 21.8 (1.6) 25.9 (4.5)
Body fat %
Females 27.9(3.9) 45.3 (4.8) 33.6(5.8) 44.9 (4.8) BMI*#*
Males 15.7 (4.4) 28.9 (3.8) 22.4(5.0) 31.6 (5.1) BMI##
Time of day tested (start time) (111}}112;1) (111}}1121% (111}}:5311) (111}1111252)
Education level %
Higher 100 72 75 72
Middle 0 17 25 28
Lower 0 11 0 0
Self-reported health (scale 1-10) 8.4(0.9) 7.6 (1.4) 8.7(0.9) 8.0(1.2) BMI*#*
Illness symptoms (SCQ) 0.7 (1.0) 1.3(2.0) 2.7(2.0) 49(3.2) Age*#* | BMI**
History of illness symptoms (SCQ) 2(1.7) 2.6(3.2)
Sum of medication 0.1(0.3) 0(0) 0.9(1.4) 1.7 (1.6) Age**
Range 0-1 0-1 0-4 0-5
Occupation status*%
Employed 10 22 10 0
Student 90 50 0 0 Age*** | BMI*
Retired 0 0 85 100 AgetH*
Voluntary work 0 0 10 20 Age*
Unemployed 0 28 5 0
Smoking %
Current smoker 0 6 0 0
Ex-smoker 5 18 25 44 Age*
Never smoker 95 76 75 56 BMI**
Alcohol intake in units 1.6 (3.3) 1.7 (3.3) 6.3 (4.5) 7.7 (10.2) Ageik
Emotional health
Depression 4.7 (6.1) 7.4 (7.5) 1.1(2.0) 2.8(3.7) AgeiE
Anxiety 4.7 (5.0) 6.0 (5.8) 0.6 (1.3) 1.5 (2.0) Ager
Stress 10.3 (7.5) 10.4 (7.0) 4.8 (4.5) 5(4.8) AgeFFE
Loneliness 37.2(7.9) 37.4(7.5) 35.3(6.0) 36.5(6.5)

Table 1. Descriptive statistics of participant characteristics. Numbers in parenthesis indicate s.d.; Statistical
significance of main effects are indicated as follows; *p < 0.05, **p < 0.01, ***p < 0.001. All interactions
involving Age or BMI group were non-significant; APlease note that percentage may add up to more than 100%
due to multiple answer possibilities.

As shown in Table 3, accuracy across all groups was high (M =97.7%, s.e. =0.3%), although accuracy was 1.8
percentage points better for old versus young participants (F(1, 78) = 20.52, p=0.002, n),> = 0.12), suggesting that
speed accuracy trade-offs may have contributed to age-related slowing. Accuracy did not differ between the two
BMI groups (F< 1).

As shown in Fig. 3a-d, psychomotor speed was significantly correlated with inflammation for the low
(r4(40) =0.304, p = 0.047) and high BMI (r4(43) = 0.422, p =0.007) groups; a similar effect was also found for the
young group (r(38) =0.612, p < 0.001) but was absent in the old group (r5(45) =0.179, p=0.238). This supports
the idea that performance in ageing is affected by multiple factors. To investigate the hypothesis that inflamma-
tion mediated the relationship between overall RT and either BMI or age, mediation analyses were performed on
overall RT scores. As shown in Fig. 3e, when IL-6 was entered as a mediating variable, BMI group was no longer a
significant predictor of RT (3 =0.00, 95% CI = —0.26-0.25) indicating that inflammation level fully mediated the
relationship between BMI and RT (3 =0.26, 95% CI=0.09-0.46). As a further test, individuals were divided into
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Figure 2. Correlations of BMI with IL-6 and psychomotor speed (RT), and RT differences between groups.
(a) Individual Log IL-6 level or (b) psychomotor speed plotted as a function of BMI. Each dot represents a
single participant and dot gray scale reflects the participant’s age. Log IL-6 significantly correlated with BMI
(r¢(81)=0.655, p < 0.001) and Age (r5(81) =0.320, p =0.003). Overall RT significantly correlated with BMI
(rs(81)=0.334, p=0.002) and Age (r5(81) =0.659, p < 0.001) (c). Mean psychomotor speed for each group.
Error bars represent standard error of the mean (s.e.).

Target Flanker condition ‘Warning Cue condition
Mean-

Congruent | Incongruent | No Centre | Double | Valid Invalid | RT
Young 490 550 524 519 523 502 552 518
Low BMI (11) (14) (12) |11 (14) (12) (17) (12)
Young 556 625 601 591 602 571 (26) 606 590
High BMI (18) (31) (22) | (24) (29) (19) (25)
Old 678 740 708 705 723 693 (19) 734 708
Low BMI (15) (29) (17) | (25) (20) (23) (20)
Old 707 778 749 739 753 722 (21) 787 742
High BMI | (21) (23) (22) | (1) (22) (33) (21)

Table 2. Mean RTs (s.e.) as a function of target flanker condition and warning cue condition for each Age and
BMI group.

two groups based solely on inflammation level (using a median split), and the group’s overall RTs were compared.
The high inflammation group was on average 90 ms (s.e. = 2.7 ms) slower compared to the low inflammation
group (#(81) = —3.40, p=0.001; d= — 0.747, independent 2-tailed).

The mediation analysis also showed a significant indirect effect of inflammation on the association between
age and overall RT (3=10.06, 95% CI=0.01-0.15). However, age remained a significant predictor of RT after
accounting for the mediating effect of IL-6 (3 =0.62, 95% CI = 0.46-0.77), indicating that IL-6 only partially
mediated the effect of age on RT (see Fig. 3f). Adjusting for sex, education level, time of day, perceived health
status, depression, anxiety, stress, illness symptoms, smoking status, and alcohol intake and repeating the above

SCIENTIFIC REPORTS |

(2019) 9:15727 | https://doi.org/10.1038/s41598-019-52062-3


https://doi.org/10.1038/s41598-019-52062-3

www.nature.com/scientificreports/

Target Flanker condition ‘Warning Cue condition
Mean-

Congruent | Incongruent | No Centre | Double | Valid |Invalid | %
Young 98.1 93.8 959 |955 95.6 96.7 94.7 95.9
Low BMI (0.6) (1.5) (14) | (1.1) (1.1) (0.9) (2.1) (1.0)
Young 98.6 94.8 96.9 |96.3 95.8 97.4 96.5 96.7
High BMI | (0.4) (1.3) (1.0) |(11) (1.1) 0.6) | (1.4) (0.8)
Old 99.0 97.7 98.1 98.0 98.5 98.6 98.1 98.3
LowBMI | (0.3) (0.8) 0.9) | (0.5) (0.6) 04) |0.7) 0.4)
Old 99.0 98.1 98.1 99.0 98.6 98.9 97.5 98.6
High BMI | (0.4) (0.6) 0.7) |(0.4) (0.5) (0.5) (1.0) (0.4)

Table 3. Mean accuracy scores in % (s.e.) as a function of target flanker condition and warning cue condition
for each Age and BMI group.

mediation analyses using hierarchical regression analysis did not significantly alter results (see Supplementary
information Tables S1 and S2).

Visual attention. Results of the main ANOVA showed only main effects of Age and BMI group on RT.
Although neither Age nor BMI group significantly interacted with cue or target flanker condition, we redid the
analysis using Z-transformed RT data®’ to assess age, BMI, and inflammation effects on visual attention, inde-
pendently of psychomotor slowing (RT) (see the Statistical methods).

The group mean Z-scores for each network comparison are shown in Table 4. Analyses revealed that alerting
(double) cues enhanced performance relative to the no cue condition more in young (M =0.14, s.e.=0.17) than
in old (M= —0.40, s.e. =0.15) adults (F(1, 79) =5.73, p=0.019, npz =0.07). Young adults were more distracted by
incongruent trials (M =2.30, s.e.=0.15) compared to old adults (M =1.80, s.e.=0.14; F(1, 79) = 6.44, p=0.013,
n,>=0.08). No significant age effects were observed for orienting or validity measures (Fs < 1). Effects of BMI on
all attention measure were non-significant (F’s < 1, except for Conflicting, F=1.53, p=0.220). Furthermore, no
correlation between any network measure and IL-6 reached significance (p’s > 0.5). Hence, no further analyses
were performed to test possible mediating effects of IL-6.

Bayesian correlation analyses showed moderate evidence for H,, for a correlation between IL-6 and Z-score
alerting (BF,;,=0.16), orienting (BF,,=0.17), executive control (BF,,=0.14) and validity effects (BF,,=0.14).
Furthermore, Bayesian ANOVAs showed moderate evidence for the null hypothesis (H,) against the alternative
hypothesis (H,) for Z-scores alerting (BMI BF,,=0.32), orienting (BMI BF,,=0.25; ageing BF,,=0.29), and
validity (BMI BF,,=0.24) and anecdotal evidence for the H, for executive control in BMI (BF,,=0.47) and
validity effect in ageing (BF,,=0.36). The significant effect between age and alerting was supported by Bayesian
ANOVA showing moderate evidence for the H, (BF;,=3.10). Anecdotal evidence was found for the age effect on
executive control (BF,,=2.42).

Discussion

The current study examined the relative contributions of inflammation, body weight, and ageing to psychomo-
tor speed and visual attentional processing. As inflammation has been implicated as a putative mechanism for
both ageing and BMI associated cognitive decline, the current analyses examined whether these associations,
if present, were mediated by inflammation. Although our results confirm earlier findings showing that age and
BMI are each associated with psychomotor slowing and inflammation, we show here, for the first time, that
inflammation fully mediates BMI-related psychomotor slowing (regardless of age) and that inflammation only
partially mediates age-related psychomotor slowing (regardless of body weight). These results partly explain why
studies show conflicting results between BMI and psychomotor speed (e.g.***?), since it is not BMI but rather
the level of inflammation that is predictive of psychomotor speed. Our results further show that inflammation
partially accounts for age-related psychomotor slowing. With regard to visual attention processes, our results
show reduced performance benefits of alerting cues (“alerting”) in older adults (after adjusting for psychomotor
speed), yet intact, efficient use of spatial information (“orienting”) (e.g.2#*%*6%). No relationships were observed
between visual attention measures and BMI or inflammation. Together, these results strongly support the con-
tention that inflammation is a significant biological predictor of psychomotor slowing, especially in individuals
with high BMI.

A putative pathway by which inflammation might exert cognitive effects is through modulating dopamine
pathways®. The nigrostriatal dopamine pathway is pivotal in the facilitation of movement, signalling stimulus
salience, and motivated behaviours, and it has been demonstrated that inflammation modulates this system”*°.
Consistent with this speculation, lower levels of striatal dopamine transporter are associated with psychomotor
slowing in healthy older adults®® and altered function of the dopamine system in individuals with obesity has
also been reported®”. Dopamine function may possibly be altered, directly or indirectly, via microglia. Activated
microglia, the brain’s most prominent immune cells, have the capacity to significantly interfere with synaptic
turnover, architecture, and function®. The substania nigra has a very high density of microglia®-"! and activating
nigral microglia, for example via local injection of lipopolysaccharides, results in permanent and selective deple-
tion of nigral dopamine’? Further indirect support for a role of activated microglia in inflammation-associated
psychomotor slowing in humans is the finding that induced acute inflammation in humans, via injection of
typhoid vaccination, altered the functional integrity of the microglial-rich substania nigra and was accompanied
by psychomotor slowing’. Furthermore, in ageing and obesity as well as in certain neurodegenerative conditions,
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Figure 3. Spearman’s correlations between IL-6 and psychomotor speed (RT), and standardised regression
coeflicients of the mediation analyses. Spearman’s correlations between IL-6 levels and psychomotor speed

(RT) in the low BMI (a), high BMI (b), young (c), and old (d) groups. Standardised regression coeflicients

of the mediation analyses for the BMI and age groups are shown in (e,f), respectively. Age and BMI group
significantly predicted RT and IL-6 level. IL-6 level still significantly predicted RT once the effect of BMI/Age on
RT was taken into account. However, the effect between BMI and RT became non-significant after accounting
for differences in IL-6, suggesting that IL-6 fully mediates the effect between BMI and RT. The effect between
Age and RT became weaker but remained significant after taking into account IL-6, suggesting that IL-6 (only)
partly mediates the effect of Age on RT. Indirect effects after taking mediation into account are presented in
parentheses. *p < 0.05, ¥*p < 0.01, ¥¥¥p < 0.001.

e.g., Alzheimer’s and Parkinson’s disease, microglia shift from a state of relative quiescence to one of activation”>”*.

This results in an enhanced inflammatory response that in turn promotes neural damage and leads to cogni-
tive degradation®”>. It is tempting to speculate that disturbance of these functions within brain regions that are
involved in psychomotor speed may represent an etiological factor in the onset or progression of psychomotor
slowing in inflammatory states. However, considering that age-related psychomotor slowing is not fully explained
by elevated inflammation, other mechanisms that are not directly related to inflammation, such as synaptic alter-
ations, white matter lesions, oxidative damage, hormonal changes, and neurochemical changes (e.g.”®””) may
contribute to psychomotor slowing in advanced age. Moreover, it remains to be determined how peripherally
produced inflammatory mediators communicate with the brain to exert its effects on these aforementioned struc-
tures and systems. Candidate mechanisms via which cytokines can access the brain include dysfunction of the
blood brain barrier (BBB), leaky sections in the circumventricular organs, and retrograde transport via afferent
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Alerting Orienting | Conflicting | Validity
Young Low BMI 0.09 (0.24) | 0.76 (0.21) 2.31(0.21) 1.63 (0.28)
Young High BMI 024(024) | 1.01(0.22) |2.30(021) |1.39(0.28)
Old Low BMI —0.50(0.23) | 1.17(0.21) 1.54 (0.20) 1.27 (0.27)
0Old High BMI —030(021) |0.93(0.19) |2.10(0.18) | 1.35(0.24)

Table 4. Mean Z-score transformed RT attention network scores (s.e.) shown for each Age and BMI group.

nerves such as the vagus nerve (reviewed in’®). The current findings are in support of the proposal that reducing
inflammation may be useful for mitigating age-related cognitive impairment”, and, as suggested by the current
data, this benefit may be particularly relevant to individuals with a high BMI. Since psychomotor demands under-
lie the performance of many routine activities, such as using motorised vehicles, counting out change, and social
discourse, means to improve psychomotor speed or delay its age-related degradation are critically. Factors that
may partially ameliorate inflammation include modifiable health behaviours such as body weight reduction and
improvement of lifestyle (e.g., better diet, more physical activity)®*®!. Lifestyle adjustments that decrease inflam-
mation may improve cognitive and emotional processes that in turn enhance the ability to engage in and adhere
to such lifestyle changes. Not only might this further support a positive cycle of improved health behaviours, such
lifestyle adjustments are also relevant to healthy ageing, by reducing risk of diabetes, cardiovascular diseases, and
depression®>%3.

Despite the fact that being overweight or obese is recognised as a major risk factor in the development of
health issues and cognitive decline, there is an ongoing debate about possible protective effects of being over-
weight or obese in old age, referred to as the “obesity paradox”. The obesity paradox has mostly been described
in terms of advantageous effects of being overweight or obese for chronic diseases and health outcomes such as
coronary heart disease, stroke, high blood pressure, and osteoporosis®***, and has more recently been extended to
cognitive processes. The literature on the obesity paradox for cognition is less straightforward compared to that
for cardiovascular-associated conditions. Whereas some studies report that higher BMI in midlife is associated
with greater cognitive decline in late life'>*%, others report that high mid-life BMI is predictive of better cogni-
tive performance in late life (e.g.%,) or is non-predictive®. These contrasting observations expose the need for
greater research in this area and for the development of clarity on mechanisms by which high mid-life BMI might
affect central nervous system ageing®. Although not longitudinal in design, the current study points towards neg-
ative cognitive effects of high BMI-associated inflammation across adulthood, thus arguing against the possibility
of cognitive benefits bestowed via the obesity paradox.

The present study has several limitations that warrant consideration. First, the data is correlational in nature.
Experimental studies that test whether lowering inflammation, for example through reducing fat mass, restores
psychomotor speed may be able to assess a causal role of inflammation and specific mediators. Likewise, it
remains to be determined whether chronic inflammation results in permanent disruption of psychomotor func-
tions or whether effects can be restored when inflammation resolves. Lastly, IL-6 was used as a generic index of
inflammation but no causal assumptions about the role of IL-6 in the observed effects can be made. Future studies
may perhaps incorporate additional markers that may have a proximal role in the effects observed here. At cur-
rent it is not known which these might be.

In sum, the present study showed that individual differences in psychomotor speed can be accounted for
by elevated inflammation linked to being either excessively overweight or older, with effects of each condition
being additive, not interactive. Further research focusing on central pathways may help enhance mechanistic
understanding of inflammatory effects on cognition. This and other experimental work could help more firmly
establish a causal role of inflammation in determining psychomotor speed and reveal whether periods of chronic
inflammation result in temporary versus permanent psychomotor slowing.

Method

Participants. Eighty-nine participants with a BMI (weight(kg)/height(m)?) between 17 and 25 (low BMI)
or greater than 27 (high BMI) and aged between 21 and 35 years (young) or between 63 and 80 years (old) were
recruited through a database held by the University of Birmingham and via (online) advertisements. Individuals
who reported a history of gastric banding, eating disorders, neurological or inflammatory disorders (e.g., rheu-
matoid arthritis, inflammatory bowel disease, multiple sclerosis, periodontitis) or use of anti-depressant, anti-his-
tamine, or anti-inflammatory (e.g., antibiotics) medication during the past 7 days were excluded. Participants
reported normal or corrected-to-normal vision and stable body weight for at least six months (i.e., fluctuations
<7.5kg for individuals with high BMI, <5kg for low BMI individuals). All data from 6 individuals were excluded
from all analyses as their overall behavioural accuracy was on worse than 2.5 s.d’s below the group average (N=2)
or because their overall RT was identified by CooK’s distance as being influential (N=4). Table 1 shows descrip-
tive statistics of the remaining participants’ characteristics. Power analysis calculated using a power of 0.8 and an
alpha of 0.05 suggests that a total sample size of 74 is adequate to detect medium to large effect sizes (d = 0.6)*>%.
The study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures
were approved by the University of Birmingham Research Ethics Committee.

Procedures. Test sessions started between 8:30 and 15:30 hours. Start times of test sessions were matched
across groups to control for minor diurnal variations in IL-6°. However, such variations were not observed in
the current study (Spearman’s correlation of IL-6 and time of day (r5(81) =0.044, p =0.696). Participants were
instructed to have breakfast/lunch as usual but avoid consumption of high-fat products (e.g., bacon, fries),
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because these foods may induce a short-lived inflammatory response’, and to refrain from eating, drinking
(except for water), and smoking for 1 hour before the start of the test session. Participants were also asked not to
engage in strenuous physical exercise or consume alcohol within 12 hours before the test session, and reschedule
their appointment if they had suspected infection symptoms on the day of testing. On arrival, written informed
consent was obtained and it was verified via self-report whether all had complied with instructions. A blood
sample was taken by venipuncture and questionnaires and cognitive tests including the ANT were completed
(see further below). Other tests included measures of memory, reward-based learning, and emotion recognition
(results not reported here). Lastly, a measure of height and body composition was taken.

Materials
Questionnaires were completed on a touch screen tablet. A desktop running PsychoPy v1.83.01° was used to
record data and present cognitive tests including the ANT.

Attention network test.  Stimuli. A fixation cross (1° of visual angle in diameter) was continuously pres-
ent at the screen’s centre. Warning cues comprised one or two asterisks, each 0.6° in diameter, that appeared
either 2.3° left and/or right of the central fixation cross. The test display comprised of a vertical row of five arrows
centred horizontally within the screen and appearing either 2.3° left or right of the fixation. The entire row of
arrows subtended 3.3° of visual angle; each individual arrow was identical in size (0.6° tall x 1.7° wide) with the
space between each being 0.1°. Each arrow could point up or down. In all conditions, the target stimulus was the
middle arrow. The two arrows appearing above and below the target (flankers; four in total) always had the same
orientation but this could differ from the orientation of the target.

Procedure. Each trial began with one of four different warning cues (asterisks; (1) no cue, (2) double cue, (3)
central alerting cue, (4) spatial cue), each lasting 100 ms. Regardless of warning cue condition, the cue’s offset
preceded the target display by a variable and randomly determined interval of 500-1000 ms. This display com-
prised the target and flanker arrows; it disappeared immediately upon response or within 2000 ms. The partici-
pant’s task was to indicate the direction of the arrow in the centre of the target display by pressing a corresponding
key on the keyboard using the index and middle finger of the dominant hand as quickly and accurately as pos-
sible. Response time (RT) was defined as the interval between the onset of the arrow display and the associated
keyboard response (in ms). There were 50 trials per participant per warning cue condition; half of all trials per
warning cue condition had congruent flankers and half had incongruent flankers. For the spatial cue condition,
80% of trial were valid, 20% invalid.

Every combination of target orientation (up/down) and location (left/right) and distractor compatibility (con-
gruent, incongruent) was equally likely for each warning cue condition. The order of all the various trial types
was pseudo-randomly determined for each participant. Participants performed one practice block of 15 trials
followed by one experimental block of 200 trials.

Blood sampling. Blood was collected into one 6 ml vacutainer containing EDTA as anticoagulant (Becton
Dickinson Diagnostics, Oxford, United Kingdom). Samples were immediately centrifuged at 1500 x g for 10 min
at 4 °C and plasma was aliquoted and stored at —80 °C for later assessment of IL-6, a generic marker of systemic
inflammation. Plasma level of IL-6 was measured in duplicate using high-sensitivity enzyme-linked immuno-
sorbent assay (ELISA) (Quantikine HS Human IL-6 ELISA, R&D Systems, UK) in accordance with the manufac-
turer’s instructions. In brief, standards and diluted experimental samples were transferred to a 96-well microplate
pre-coated with a monoclonal antibody specific for human IL-6. The IL-6 present was bound by the immobilized
antibody. After washing away the unbound substances, the enzyme-linked polyclonal antibody was added to the
wells. Following a wash to remove any unbound antibody enzyme reagent, the substrate solution (Iyophilized
NADPH with stabilizers) was added to the wells. Upon incubation with the experimental samples for 120 min,
the amplifier solution (lyophilized amplifier enzymes with stabilizers) was added to the wells for visualization.
Readings were subsequently performed using a microplate reader. Data were expressed as pg/mL. The limit of
detection of these assays was 0.11 pg/mL, with intra- and interassay coefficients of variation (CVs) of 0.7-11.6%.
IL-6 was used as the primary generic index of inflammation and no causal assumptions about the role of IL-6 in
the observed effects are made. No other inflammatory markers were assessed.

Questionnaires and anthropomorphic measures. Participants completed health and demographic question-
naires for two reasons. Firstly, to describe the groups and secondly, to adjust for health and demographic factors
previously shown to be associated with inflammation, i.e., illness symptoms (Self-Administered Comorbidity
Questionnaire (SCQ)?, depression, anxiety and stress (Depression Anxiety and Stress-21 (DASS-21)%*), loneliness
(UCLA Loneliness Scale®®) and demographic variables, i.e., age, education level (low-, middle-, high-educated),
perceived health status (rated from ‘I very poor’ to ‘10 excellent’), alcohol intake (units per week), and smoking
status (never-, ex-, current-smoker).

Statistical analysis. RT data. As is conventional (e.g.?!), RTs were excluded from the statistical analyses
if the response was incorrect or too fast (RT < 150 ms), accounting for 3.6% of the data. Also excluded were data
from participants who disproportionally bias mean estimates (N =4; using CooK’s distance, 2 young high BMI, 1
old low BMI, 1 old high BMI) and those who had accuracy scores 2.5s.d’s lower than the mean (N =2; 2 young
high BMI), indicative of poor engagement or inadequate understanding of the task. Individual condition mean
RTs and accuracy scores were then subjected to a mixed design repeated measures ANOVA using cue condition
(no, double, valid, invalid, and centre cue) and target flanker (congruent and incongruent) as within-subjects

SCIENTIFIC REPORTS |

(2019) 9:15727 | https://doi.org/10.1038/s41598-019-52062-3


https://doi.org/10.1038/s41598-019-52062-3

www.nature.com/scientificreports/

factor and Age group and BMI group as between-subjects factors. Psychomotor speed (overall RT) data were
then analysed using ANCOVA with age group and BMI group as between-subjects factors and mutual adjust-
ment for age and BMI was applied (i.e., BMI adjusted for age, and age adjusted for BMI). For these analyses and
all subsequent analyses where appropriate, Levene’s test of Equality of Variances and Mauchly’s Test of Sphericity
were used to test for assumption violations; adjustments were made as needed using the Greenhouse-Geisser
correction. Spearman correlations were used to test relationships between age, BMI, IL-6 and RT. Alpha values
were set at 0.05 throughout. All analyses were conducted using SPSS v.24.0 (IBM-SPSS Inc., Chicago, IL, USA).

To assess effects of age, BMI and inflammation on attention independent of psychomotor slowing, RT cue
and target flanker conditions were z-score transformed by taking the individual’s mean score for the condition of
interest (e.g., RT double cue trials), subtracting his/her grand average (of all cue and target flanker conditions),
and dividing this difference by the standard deviation associated with his/her grand average.

In addition to traditional null hypothesis significance testing, Bayes Factors were calculated for non-significant
effects via Bayesian ANOVA using default prior probabilities in JASP version 0.9. Non-significant effects can be
the result of absence of differences or because of a lack of statistical power to detect differences. Bayesian analyses
can be used to distinguish between these two options®. Bayes factors provide relative evidence of both null (H,)
and alternative hypotheses (H,), compared to the conclusions about the null hypothesis proffered by traditional
null hypothesis significance testing. To allow for clear interpretation, the approximate classification scheme of”’
was used which states that an estimated Bayes Factor (BF,; Hy/H,) value <1 supports evidence in favour of the
H,. For example, a BF,, of 0.25 indicates that the Hy is 4 times (1:0.25) more likely than the H,. Values close to
1 are not informative and a BF,, between 1 and 3 provides anecdotal evidence for the H,. A BF,, between 1 and
0.33 provides anecdotal evidence for the H, (e.g., 1:3 probability in favour of Hy) and a BF,, between 0.33 and 0.10
provides moderate evidence for Hy. A BF}, < 0.10 provides strong evidence for H,,.

Mediation effects.  PROCESS software®® was used to test mediation effects of inflammation (Model 4 with 5000
bootstrap samples). Cook’s distance was used to identify influential data points, which disproportionally bias
mean estimates (N =4). Sex, education level (low-, middle-, high-educated), perceived health status (self-report
on a scale from 1-10), depression, anxiety, stress (DASS-21), illness symptoms (SCQ), smoking status (never-,
ex-, current-smoker) and alcohol intake (units per week) were included as covariates and yielded virtually identi-
cal results. Variables were Z-transformed before analysis yielding standardised regression coefficients.

IL-6 analysis.  Alog,, transformation was applied to IL-6 data due to the skewed distribution of raw values; correla-
tional and partial correlation analyses were used to adjust for effects of other variables (for example, when assessing
the relation between BMI and inflammation, we adjusted for age). Missing values (N =5, 4 =young high BMI,
1 = old high BMI) and extreme plasma IL-6 concentrations (>6 pg/ml) (N=4, 3 = old low BMI, 1 =young high
BMI) were replaced by group mean values. Repeating the main IL-6 analyses (Spearman correlations and ANOVAs)
without replacement of IL-6 values produced similar results (see Supplementary information Table S3)*°.

Data availability

The dataset of this article is accessible on reasonable request from the corresponding author.

Received: 23 January 2019; Accepted: 7 October 2019;
Published online: 31 October 2019

References
1. Capuron, L. et al. Activated Immune System and Inflammation in Healthy Ageing: Relevance for Tryptophan and Neopterin
Metabolism. Curr. Pharm. Des. 24641220, https://doi.org/10.2174/1381612820666140317110217 (2014).
2. Singh, T. & Newman, A. B. Inflammatory markers in population studies of aging. Ageing Research Reviews 10, 319-329 (2011).
3. Nguyen, J. C. D, Killcross, A. S. & Jenkins, T. A. Obesity and cognitive decline: Role of inflammation and vascular changes. Front.
Neurosci., https://doi.org/10.3389/fnins.2014.00375 (2014).
4. Cope, E. C. et al. Microglia play an active role in obesity-associated cognitive decline. J. Neurosci., https://doi.org/10.1523/
JNEUROSCL0789-18.2018 (2018).
5. Herz, ., Filiano, A. J., Smith, A., Yogev, N. & Kipnis, J. Myeloid Cells in the Central Nervous System. Immunity, https://doi.
org/10.1016/j.immuni.2017.06.007 (2017).
6. Marin, I. A. & Kipnis, J. Central Nervous System: (Immunological) Ivory Tower or Not. Neuropsychopharmacology, https://doi.
0rg/10.1038/npp.2016.122 (2017).
7. Brydon, L., Harrison, N. A., Walker, C,, Steptoe, A. & Critchley, H. D. Peripheral Inflammation is Associated with Altered Substantia
Nigra Activity and Psychomotor Slowing in Humans. Biol. Psychiatry 63, 1022-1029 (2008).
8. Lin, T. et al. Systemic Inflammation Mediates Age-Related Cognitive Deficits. Front. Aging Neurosci. 10, 1-9 (2018).
9. Marsland, A. L. et al. Brain morphology links systemic inflammation to cognitive function in midlife adults. Brain. Behav. Immun.
48, 195-204 (2015).
10. Reichenberg, A. et al. Cytokine-associated emotional and cognitive disturbances in humans. Archives of general psychiatry 58 (2001).
11. Grigoleit, J. S. et al. Lipopolysaccharide-induced experimental immune activation does not impair memory functions in humans.
Neurobiol. Learn. Mem., https://doi.org/10.1016/j.nlm.2010.09.011 (2010).
12. Bourassa, K. & Sbarra, D. A. Body mass and cognitive decline are indirectly associated via inflammation among aging adults. Brain.
Behav. Immun., https://doi.org/10.1016/j.bbi.2016.09.023 (2016).
13. Gunstad, ], Paul, R. H., Cohen, R. A,, Tate, D. E. & Gordon, E. Obesity is associated with memory deficits in young and middle-aged
adults. Eat. Weight Disord., https://doi.org/10.1007/BF03327747 (2006).
14. Prickett, C., Brennan, L. & Stolwyk, R. Examining the relationship between obesity and cognitive function: a systematic literature
review. Obes. Res. Clin. Pract. 9,93-113 (2015).
15. Salthouse, T. A. The processing-speed theory of adult age differences in cognition. Psychol. Rev. 103, 403-428 (1996).
16. Posner, M. I. & Petersen, S. E. The attention system of the human brain. Annu. Rev. Neurosci. 13, 25-42 (1990).
17. Broadbent, D. Perception and communication. Educ. + Train, https://doi.org/10.1108/eb015727 (1966).

SCIENTIFIC REPORTS |

(2019) 9:15727 | https://doi.org/10.1038/s41598-019-52062-3


https://doi.org/10.1038/s41598-019-52062-3
https://doi.org/10.2174/1381612820666140317110217
https://doi.org/10.3389/fnins.2014.00375
https://doi.org/10.1523/JNEUROSCI.0789-18.2018
https://doi.org/10.1523/JNEUROSCI.0789-18.2018
https://doi.org/10.1016/j.immuni.2017.06.007
https://doi.org/10.1016/j.immuni.2017.06.007
https://doi.org/10.1038/npp.2016.122
https://doi.org/10.1038/npp.2016.122
https://doi.org/10.1016/j.nlm.2010.09.011
https://doi.org/10.1016/j.bbi.2016.09.023
https://doi.org/10.1007/BF03327747
https://doi.org/10.1108/eb015727

www.nature.com/scientificreports/

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.
36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

Devita, M. et al. Cognitive and motor reaction times in obstructive sleep apnea syndrome: A study based on computerized measures.
Brain Cogn., https://doi.org/10.1016/j.bandc.2017.07.002 (2017).

Fan, J., McCandliss, B. D., Fossella, J., Flombaum, J. I. & Posner, M. I. The activation of attentional networks. Neuroimage 26,
471-479 (2005).

Fan, J., McCandliss, B. D., Sommer, T., Raz, A. & Posner, M. I. Testing the efficiency and independence of attentional networks. J.
Cogn. Neurosci. 14, 340-347 (2002).

Ishigami, Y. & Klein, R. M. Repeated measurement of the components of attention of older adults using the two versions of the
attention network test: Stability, isolability, robustness, and reliability. Front. Aging Neurosci., https://doi.org/10.3389/
fnagi.2011.00017 (2011).

Posner, M. I. & Petersen, S. E. The attention system of the human brain. Annu. Rev. Neurosci. 13, 25-42 (1990).

Cepeda, N. J., Blackwell, K. A. & Munakata, Y. Speed isn’t everything: Complex processing speed measures mask individual
differences and developmental changes in executive control. Dev. Sci., https://doi.org/10.1111/desc.12024 (2013).

Niewoehner, P. M. et al. Predicting road test performance in adults with cognitive or visual impairment referred to a veterans affairs
medical center driving clinic. J. Am. Geriatr. Soc., https://doi.org/10.1111/j.1532-5415.2012.04201.x (2012).

Frank, E. et al. Predictors and moderators of time to remission of major depression with interpersonal psychotherapy and SSRI
pharmacotherapy. Psychol. Med., https://doi.org/10.1017/S0033291710000553 (2011).

Tabue-Teguo, M. et al. Walking and psychomotor speed in the elderly: Concordance, correlates and prediction of death. J. Nutr. Heal.
Aging, https://doi.org/10.1007/s12603-014-0560-y (2015).

Salthouse, T. A. When does age-related cognitive decline begin? Neurobiol. Aging, https://doi.org/10.1016/j.
neurobiolaging.2008.09.023 (2009).

Gamboz, N., Zamarian, S. & Cavallero, C. Age-Related Differences in the Attention Network Test (ANT). Exp. Aging Res. 36,
287-305 (2010).

Jennings, J. M., Dagenbach, D., Engle, C. M. & Funke, L. J. Age-Related Changes and the Attention Network Task: An Examination
of Alerting, Orienting, and Executive Function. Aging, Neuropsychol. Cogn. 14, 353-369 (2007).

Noh, S. R, Larcom, M. ], Liu, X. & Isaacowitz, D. M. The role of affect in attentional functioning for younger and older adults. Front.
Psychol. 3, 1-11 (2012).

Zhou, S., Fan, ], Lee, T. M. C., Wang, C. & Wang, K. Age-related differences in attentional networks of alerting and executive control
in young, middle-aged, and older Chinese adults. Brain Cogn. 75, 205-210 (2011).

Feil, D. G., Zhu, C. W. & Sultzer, D. L. The relationship between cognitive impairment and diabetes self-management in a
population-based community sample of older adults with Type 2 diabetes. J. Behav. Med. 35, 190-199 (2012).

Rosano, C., Newman, A. B., Katz, R., Hirsch, C. H. & Kuller, L. H. Association between lower digit symbol substitution test score and
slower gait and greater risk of mortality and of developing incident disability in well-functioning older adults. J. Am. Geriatr. Soc. 56,
1618-1625 (2008).

Beheydt, L. L. et al. Psychomotor retardation in elderly untreated depressed patients. Front. Psychiatry, https://doi.org/10.3389/
fpsyt.2014.00196 (2015).

Turcu, A. et al. Falls and depression in older people. Gerontology, https://doi.org/10.1159/000079128 (2004).

Williams, R. S. et al. Age differences in the Attention Network Test: Evidence from behavior and event-related potentials. Brain
Cogn. 102, 65-79 (2016).

Schram, M. T. et al. Systemic markers of inflammation and cognitive decline in old age. J. Am. Geriatr. Soc., https://doi.org/10.1111/
j.1532-5415.2007.01159.x (2007).

Dahl, A. et al. Being overweight in midlife is associated with lower cognitive ability and steeper cognitive decline in late life. Journals
Gerontol. - Ser. A Biol. Sci. Med. Sci., https://doi.org/10.1093/gerona/glp035 (2010).

Marsland, A. L. et al. Interleukin-6 covaries inversely with cognitive performance among middle-aged community volunteers.
Psychosom. Med. 68, 895-903 (2006).

Walther, K., Birdsill, A. C., Glisky, E. L. & Ryan, L. Structural brain differences and cognitive functioning related to body mass index
in older females. Hum. Brain Mapp. 31, 1052-1064 (2009).

Isaac, V. et al. Adverse associations between visceral adiposity, brain structure, and cognitive performance in healthy elderly. Front.
Aging Neurosci. 3, 1-6 (2011).

Prickett, C., Stolwyk, R., O’Brien, P. & Brennan, L. Neuropsychological Functioning in Mid-life Treatment-Seeking Adults with
Obesity: a Cross-sectional Study. Obes. Surg., https://doi.org/10.1007/s11695-017-2894-0 (2018).

Smith, E., Hay, P, Campbell, L. & Trollor, J. N. A review of the association between obesity and cognitive function across the lifespan:
Implications for novel approaches to prevention and treatment. Obes. Rev. 12, 740-755 (2011).

Higgs, S. & Spetter, M. S. Cognitive Control of Eating: the Role of Memory in Appetite and Weight Gain. Current obesity reports,
https://doi.org/10.1007/s13679-018-0296-9 (2018).

Walther, K., Birdsill, A. C., Glisky, E. L. & Ryan, L. Structural brain differences and cognitive functioning related to body mass index
in older females. Hum. Brain Mapp. 31, 1052-1064 (2010).

Waldstein, S. R. & Katzel, L. I. Interactive relations of central versus total obesity and blood pressure to cognitive function. Int. J.
Obes. 30, 201-207 (2006).

Tsai, C. L., Huang, T. H. & Tsai, M. C. Neurocognitive performances of visuospatial attention and the correlations with metabolic
and inflammatory biomarkers in adults with obesity. Exp. Physiol., https://doi.org/10.1113/EP086624 (2017).

Benito-Leén, J., Mitchell, A. J., Herndndez-Gallego, ]. & Bermejo-Pareja, F. Obesity and impaired cognitive functioning in the
elderly: A population-based cross-sectional study (NEDICES). Eur. J. Neurol. 20, 899-906 (2013).

Gonzales, M. M. et al. Insulin sensitivity as a mediator of the relationship between BMI and working memory-related brain
activation. Obesity, https://doi.org/10.1038/0by.2010.183 (2010).

Gunstad, J. et al. Elevated body mass index is associated with executive dysfunction in otherwise healthy adults. Compr. Psychiatry
48, 57-61 (2007).

Gunstad, J., Lhotsky, A., Wendell, C. R., Ferrucci, L. & Zonderman, A. B. Longitudinal examination of obesity and cognitive
function: Results from the baltimore longitudinal study of aging. Neuroepidemiology 34, 222-229 (2010).

Restivo, M. R. et al. The impact of obesity on neuropsychological functioning in adults with and without major depressive disorder.
PLoS One, https://doi.org/10.1371/journal.pone.0176898 (2017).

Anstey, K. J., Cherbuin, N., Budge, M. & Young, J. Body mass index in midlife and late-life as a risk factor for dementia: A meta-
analysis of prospective studies. Obes. Rev., https://doi.org/10.1111/j.1467-789X.2010.00825.x (2011).

Matthews, G., Warm, J. S., Dember, W. N., Mizoguchi, H. & Smith, A. P. The common cold impairs visual attention, psychomotor
performance and task engagement. Proc. Hum. Factors Ergon. Soc. 1377-1381, https://doi.org/10.1177/154193120104501813 (2001).
Smith, A. P. Effects of the common cold on mood, psychomotor performance, the encoding of new information, speed of working
memory and semantic processing. Brain. Behav. Immun. 26, 1072-1076 (2012).

Smith, A. P. & Jamson, S. An investigation of the effects of the common cold on simulated driving performance and detection of
collisions: A laboratory study. BMJ Open 2, 1-7 (2012).

Smith, A. P. Twenty-five years of research on the behavioural malaise associated with influenza and the common cold.
Psychoneuroendocrinology, https://doi.org/10.1016/j.psyneuen.2012.09.002 (2013).

SCIENTIFIC REPORTS |

(2019) 9:15727 | https://doi.org/10.1038/s41598-019-52062-3


https://doi.org/10.1038/s41598-019-52062-3
https://doi.org/10.1016/j.bandc.2017.07.002
https://doi.org/10.3389/fnagi.2011.00017
https://doi.org/10.3389/fnagi.2011.00017
https://doi.org/10.1111/desc.12024
https://doi.org/10.1111/j.1532-5415.2012.04201.x
https://doi.org/10.1017/S0033291710000553
https://doi.org/10.1007/s12603-014-0560-y
https://doi.org/10.1016/j.neurobiolaging.2008.09.023
https://doi.org/10.1016/j.neurobiolaging.2008.09.023
https://doi.org/10.3389/fpsyt.2014.00196
https://doi.org/10.3389/fpsyt.2014.00196
https://doi.org/10.1159/000079128
https://doi.org/10.1111/j.1532-5415.2007.01159.x
https://doi.org/10.1111/j.1532-5415.2007.01159.x
https://doi.org/10.1093/gerona/glp035
https://doi.org/10.1007/s11695-017-2894-0
https://doi.org/10.1007/s13679-018-0296-9
https://doi.org/10.1113/EP086624
https://doi.org/10.1038/oby.2010.183
https://doi.org/10.1371/journal.pone.0176898
https://doi.org/10.1111/j.1467-789X.2010.00825.x
https://doi.org/10.1177/154193120104501813
https://doi.org/10.1016/j.psyneuen.2012.09.002

www.nature.com/scientificreports/

58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.

76.
77.

78.
79.
80.
81.

82.
. HawKkley, L. C. & Cacioppo, J. T. Loneliness matters: A theoretical and empirical review of consequences and mechanisms. Ann.

84.
85.
86.

87.
88.

89.
90.
91.

92.
93.

94.

95.
96.

97.
98.

99.

Harrison, N. A. et al. Inflammation Causes Mood Changes Through Alterations in Subgenual Cingulate Activity and Mesolimbic
Connectivity. Biol. Psychiatry 66, 407-414 (2009).

Balter, L. J. T. et al. Low-grade inflammation decreases emotion recognition — Evidence from the vaccination model of inflammation.
Brain, Behavior, and Immunity, https://doi.org/10.1016/j.bbi.2018.05.006 (2018).

Balter, L. J. et al. Selective effects of acute low-grade inflammation on human visual attention. Neurolmage, 202, 116098, https://doi.
org/10.1016/j.neuroimage.2019.116098 (2019).

Bollen, J., Trick, L., Llewellyn, D. & Dickens, C. The effects of acute inflammation on cognitive functioning and emotional processing
in humans: A systematic review of experimental studies. Journal of Psychosomatic Research 94, 47-55 (2017).

Gunstad, J. et al. C-reactive protein, but not homocysteine, is related to cognitive dysfunction in older adults with cardiovascular
disease. J. Clin. Neurosci. 13, 540-6 (2006).

Mahoney, J. R., Verghese, ]., Goldin, Y., Lipton, R. & Holtzer, R. Alerting, orienting, and executive attention in older adults. J. Int.
Neuropsychol. Soc. 16, 877-889 (2010).

Fernandez-Duque, D. & Black, S. E. Attentional networks in normal aging and Alzheimer’s disease. Neuropsychology 20, 133-143
(2006).

Felger, J. C. & Treadway, M. T. Inflammation Effects on Motivation and Motor Activity: Role of Dopamine. Neuropsychopharmacology
42,1-88 (2016).

van Dyck, C. H. et al. Striatal dopamine transporters correlate with simple reaction time in elderly subjects. Neurobiol. Aging 29,
1237-1246 (2008).

Volkow, N. D., Wise, R. A. & Baler, R. The dopamine motive system: Implications for drug and food addiction. Nature Reviews
Neuroscience, https://doi.org/10.1038/nrn.2017.130 (2017).

Hanisch, U. K. & Kettenmann, H. Microglia: Active sensor and versatile effector cells in the normal and pathologic brain. Nature
Neuroscience, https://doi.org/10.1038/n1n1997 (2007).

McCarthy, M. M. Location, Location, Location: Microglia Are Where They Live. Neuron, https://doi.org/10.1016/j.
neuron.2017.07.005 (2017).

Mittelbronn, M., Dietz, K., Schluesener, H. J. & Meyermann, R. Local distribution of microglia in the normal adult human central
nervous system differs by up to one order of magnitude. Acta Neuropathol., https://doi.org/10.1007/s004010000284 (2001).

Wang, Q., Oyarzabal, E., Wilson, B., Qian, L. & Hong, J.-S. Substance P enhances microglial density in the substantia nigra through
neurokinin-1 receptor/NADPH oxidase-mediated chemotaxis in mice. Clin. Sci., https://doi.org/10.1042/CS20150008 (2015).
Flores-Martinez, Y. M. et al. Acute Neuroinflammatory Response in the Substantia Nigra Pars Compacta of Rats after a Local
Injection of Lipopolysaccharide. J. Immunol. Res., https://doi.org/10.1155/2018/1838921 (2018).

Mosher, K. I. & Wyss-Coray, T. Microglial dysfunction in brain aging and Alzheimer’s disease. Biochemical Pharmacology, https://
doi.org/10.1016/j.bcp.2014.01.008 (2014).

Miller, K. R. & Streit, W. J. The effects of aging, injury and disease on microglial function: A case for cellular senescence. In Neuron
Glia Biology, https://doi.org/10.1017/S1740925X08000136 (2007).

Perry, V. H., Cunningham, C. & Holmes, C. Systemic infections and inflammation affect chronic neurodegeneration. Nature Reviews
Immunology, https://doi.org/10.1038/nri2015 (2007).

Hedden, T. & Gabrieli, J. D. E. Insights into the ageing mind: a view from cognitive neuroscience. Nat. Rev. Neurosci. 5, 87-96 (2004).
Morrison, J. H. & Baxter, M. G. The ageing cortical synapse: hallmarks and implications for cognitive decline. Nat. Rev. Neurosci.,
https://doi.org/10.1038/nrn3200 (2012).

Dantzer, R. & Kelley, K. W. Twenty years of research on cytokine-induced sickness behavior. Brain, Behavior, and Immunity 21(2),
153-160, https://doi.org/10.1016/j.bbi.2006.09.006 (2007).

Sartori, A. C., Vance, D. E,, Slater, L. Z. & Crowe, M. The impact of inflammation on cognitive function in older adults: implications
for healthcare practice and research. J. Neurosci. Nurs. 44, 206-17 (2012).

Forsythe, L. K., Wallace, ]. M. W. & Livingstone, M. B. E. Obesity and inflammation: The effects of weight loss. Nutr. Res. Rev., https://
doi.org/10.1017/50954422408138732 (2008).

Nicklas, B. J. et al. Diet-induced weight loss, exercise, and chronic inflammation in older, obese adults: A randomized controlled
clinical trial. Am. J. Clin. Nutr., https://doi.org/10.1093/ajcn/79.4.544 (2004).

Frasca, D., Blomberg, B. B. & Paganelli, R. Aging, obesity, and inflammatory age-related diseases. Front. Immunol. 8 (2017).

Behav. Med. 40, 218-227 (2010).

Gruberg, L. et al. The impact of obesity on the short-term and long-term outcomes after percutaneous coronary intervention: The
obesity paradox? J. Am. Coll. Cardiol., https://doi.org/10.1016/S0735-1097(01)01802-2 (2002).

Oga, E. A. & Eseyin, O. R. The Obesity Paradox and Heart Failure: A Systematic Review of a Decade of Evidence. Journal of Obesity,
https://doi.org/10.1155/2016/9040248 (2016).

Dahl, A. K. et al. Body mass index across midlife and cognitive change in late life. Int. J. Obes., https://doi.org/10.1038/ij0.2012.37
(2013).

Nilsson, L. G. & Nilsson, E. Overweight and cognition. Scand. J. Psychol., https://doi.org/10.1111/j.1467-9450.2009.00777 x (2009).
Van Den Berg, E., Biessels, G. J., De Craen, A. J. M., Gussekloo, J. & Westendorp, R. G. J. The metabolic syndrome is associated with
decelerated cognitive decline in the oldest old. Neurology, https://doi.org/10.1212/01.wnl.0000271381.30143.75 (2007).

Hsu, C. L. et al. Elevated body mass index and maintenance of cognitive function in late life: Exploring underlying neural
mechanisms. Front. Aging Neurosci., https://doi.org/10.3389/fnagi.2015.00155 (2015).

Nilsonne, G., Lekander, M., Akerstedt, T., Axelsson, J. & Ingre, M. Diurnal variation of circulating interleukin-6 in humans: A meta-
analysis. PLoS One 11 (2016).

Herieka, M. & Erridge, C. High-fat meal induced postprandial inflammation. Molecular Nutrition and Food Research 58, 136-146
(2014).

Peirce, J. W. PsychoPy-Psychophysics software in Python. J. Neurosci. Methods 162, 8-13 (2007).

Sangha, O,, Stucki, G., Liang, M. H., Fossel, A. H. & Katz, J. N. The self-administered comorbidity questionnaire: A new method to
assess comorbidity for clinical and health services research. Arthritis Rheum. 49, 156-163 (2003).

Henry, J. D. & Crawford, J. R. The short-form version of the Depression Anxiety Stress Scales (DASS-21): construct validity and
normative data in a large non-clinical sample. Br. J. Clin. Psychol. 44, 227-239 (2005).

Russell, D. W. UCLA Loneliness Scale (Version 3): Reliability, Validity, and Factor Structure. J. Pers. Assess. 66, 20-40 (1996).
Dienes, Z. Using Bayes to get the most out of non-significant results. Front. Psychol. https://doi.org/10.3389/fpsyg.2014.00781
(2014).

Wagenmakers, E.-]. et al. Bayesian inference for psychology. Part II: Example applications with JASP. Psychon. Bull. Rev., https://doi.
org/10.3758/s13423-017-1323-7 (2017).

Hayes, A. Introduction to mediation, moderation, and conditional process analysis. New York, NY Guilford 3-4, doi:978-1-60918-
230-4 (2013).

Balter, L.J.T. et al. Selective effects of acute low-grade inflammation on human visual attention. Neurolmage 202, 116098 (2019).

SCIENTIFIC REPORTS |

(2019) 9:15727 | https://doi.org/10.1038/s41598-019-52062-3


https://doi.org/10.1038/s41598-019-52062-3
https://doi.org/10.1016/j.bbi.2018.05.006
https://doi.org/10.1016/j.neuroimage.2019.116098
https://doi.org/10.1016/j.neuroimage.2019.116098
https://doi.org/10.1038/nrn.2017.130
https://doi.org/10.1038/nn1997
https://doi.org/10.1016/j.neuron.2017.07.005
https://doi.org/10.1016/j.neuron.2017.07.005
https://doi.org/10.1007/s004010000284
https://doi.org/10.1042/CS20150008
https://doi.org/10.1155/2018/1838921
https://doi.org/10.1016/j.bcp.2014.01.008
https://doi.org/10.1016/j.bcp.2014.01.008
https://doi.org/10.1017/S1740925X08000136
https://doi.org/10.1038/nri2015
https://doi.org/10.1038/nrn3200
https://doi.org/10.1016/j.bbi.2006.09.006
https://doi.org/10.1017/S0954422408138732
https://doi.org/10.1017/S0954422408138732
https://doi.org/10.1093/ajcn/79.4.544
https://doi.org/10.1016/S0735-1097(01)01802-2
https://doi.org/10.1155/2016/9040248
https://doi.org/10.1038/ijo.2012.37
https://doi.org/10.1111/j.1467-9450.2009.00777.x
https://doi.org/10.1212/01.wnl.0000271381.30143.75
https://doi.org/10.3389/fnagi.2015.00155
https://doi.org/10.3389/fpsyg.2014.00781
https://doi.org/10.3758/s13423-017-1323-7
https://doi.org/10.3758/s13423-017-1323-7

www.nature.com/scientificreports/

Acknowledgements
The authors would like to thank Anne Clemens, Greta Ontrup, and Marina Wissink for their valuable
contribution in recruiting and testing participants.

Author contributions

Conceived the experiment: L.B., ].B., J.R., S.H. and S.A ; Software: L.B. (experimental paradigm and data analysis);
Data collection: L.B.; Blood analysis: L.B. and J.B.; Writing: L.B., ].B., J.R. and S.H. All authors reviewed the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52062-3.

Correspondence and requests for materials should be addressed to L.J.T.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:15727 | https://doi.org/10.1038/s41598-019-52062-3


https://doi.org/10.1038/s41598-019-52062-3
https://doi.org/10.1038/s41598-019-52062-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Inflammation Mediates Body Weight and Ageing Effects on Psychomotor Slowing

	Results

	Inflammation. 
	Behavioural measures. 
	Psychomotor speed (overall RT). 
	Visual attention. 

	Discussion

	Method

	Participants. 
	Procedures. 

	Materials

	Attention network test. 
	Stimuli. 
	Procedure. 
	Blood sampling. 
	Questionnaires and anthropomorphic measures. 

	Statistical analysis. 
	RT data. 
	Mediation effects. 
	IL-6 analysis. 


	Acknowledgements

	﻿Figure 1 Experimental task design.
	Figure 2 Correlations of BMI with IL-6 and psychomotor speed (RT), and RT differences between groups.
	Figure 3 Spearman’s correlations between IL-6 and psychomotor speed (RT), and standardised regression coefficients of the mediation analyses.
	Table 1 Descriptive statistics of participant characteristics.
	Table 2 Mean RTs (s.
	Table 3 Mean accuracy scores in % (s.
	Table 4 Mean Z-score transformed RT attention network scores (s.




