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A B S T R A C T

While the impact of chronic, low-grade inflammation on cognitive functioning is documented in the context of
neurodegenerative disease, less is known about the association between acute increases in inflammation and
cognitive functioning in daily life. This study investigated how changes in interleukin-6 (IL-6) levels were
associated with performance on an inhibitory control task, the go/no-go task. We further examined whether the
opportunity to earn different incentive types (social or monetary) and magnitudes (high or low) was associated
with differential performance on the task, depending on IL-6 levels. Using a within-participant design, in-
dividuals completed an incentivized go/no-go task before and after receiving the annual influenza vaccine.
Multilevel logistic regressions were performed on the trial-level data (Nobs = 30,528). For no-go trials, we did not
find significant associations in IL-6 reactivity and changes in trial accuracy between sessions. For go trials, we
found significant differences in the associations between IL-6 reactivity and changes in accuracy as a function of
the incentive condition. Notably, greater IL-6 reactivity was consistently associated with fewer omission errors
(i.e., greater accuracy on go trials) on high-magnitude social incentives (i.e., viewing a picture of a close-other)
when compared to both low-magnitude social and high-magnitude monetary incentives. Together, these results
suggest that mild fluctuations in inflammation might alter the valuation of an incentive, and possibly a shift
toward devoting greater attentional resources when a large social incentive is on the line. Overall, this study
sheds light on how everyday, low-grade fluctuations in inflammation may influence cognitive abilities essential
for daily life and effective inhibitory control.

Over recent decades, mounting evidence in both animal models and
clinical studies has demonstrated that low-grade levels of inflammation
are significantly associated with cognitive impairments (Lai et al., 2017;
Su et al., 2019; Saleem et al., 2015). Indeed, chronic inflammation may
expedite age-related neurodegenerative diseases (Gorelick, 2010;
Bettcher & Kramer, 2014; Beydoun et al., 2019; Long et al., 2023), with
one study demonstrating that increased levels of peripheral inflamma-
tion account for a 45 % increased risk for all-cause dementia (Koyama
et al., 2013). While the association between chronic inflammation and
cognitive impairment has received much attention in cross-sectional
studies (Leonardo & Fregni, 2023), fewer studies have explored how
acute increases in inflammation are related to changes in cognitive

performance in humans. Of the few laboratory-based studies exploring
these associations, there are mixed findings regarding whether acute
increases in inflammation impair (Capuron et al., 2001; Meyers &
Abbruzzese, 1992) or improve (Cohen et al., 2003; Grigoleit et al., 2011)
performance on cognitive tasks. Thus, more mechanistic work is needed
to delineate the effects of short-term, acute increases in inflammation on
cognitive function.

One potential reason for the mixed findings in experimental studies
exploring links between acute inflammation and cognitive function may
be due to variability in the specific cognitive tasks employed. Within this
literature, neuropsychological batteries are the most frequently used
measures of cognitive function (for reviews see Fard et al., 2022; Bollen
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et al., 2017). These tests have the advantage of being well-validated and
reliable, providing a comprehensive overview of an individual’s cogni-
tive profile across a variety of domains, including memory, attention,
language, and executive functions. However, these tests are optimized to
identify broad pathological impairments in cognition (e.g., following
stroke, after a traumatic brain injury; Belleville et al., 2017), and they
are consequently less effective at detecting more subtle or specific
changes in cognitive functioning (Chaytor & Schmitter-Edgecombe,
2003) of the sort that are likely to accompany mild, acute increases in
inflammation. This limitation is partly because neuropsychological
batteries are designed with a focus on pathology, diagnosis, and
assessment, relying on standardization and norm-based comparisons
that may not be sensitive enough to capture minor within-person vari-
ations or subtle cognitive shifts associated with transient biological
changes such as acute inflammation. While neuropsychological tests are
important in aiding in more general clinical assessment, there is a need
for studies that explore links between acute increases in inflammation
and more fine-grained changes in cognitive function that may happen in
everyday life.

One key facet of everyday cognitive function is executive func-
tioning, or the ability to plan, adapt, maintain, and manipulate infor-
mation to achieve goal-directed behaviors (Miyake et al., 2000; Miyake
& Friedman, 2012; Gilbert & Burgess, 2008). Executive function in-
volves several cognitive processes that help an individual navigate daily
life such as planning a course of action, attending to relevant task de-
mands while ignoring irrelevant information, adapting to unforeseen
situations, or controlling impulsive behaviors that may not be appro-
priate in a given context. A core sub-component of executive functioning
is inhibitory control (Diamond, 2013). Like the ability to brake suddenly
if an animal runs in front of a car or suppress a response to electronic
notifications while focusing on work, inhibitory control is important for
completing everyday tasks. Specifically, it involves the suppression of
prepotent but unwanted actions that may interfere with higher-order
cognitive or motor goals. Deficits in inhibitory control are implicated
in several neuropsychiatric disorders (Mostofsky & Simmonds, 2008),
such as attention-deficit hyperactivity disorder (ADHD) and dementia
(Migliaccio et al., 2020), and effective inhibitory control facilitates self-
regulatory health behaviors related to diet, exercise, and stress man-
agement (Papies et al., 2008; Nederkoorn et al., 2010). As a sub-
component of executive function that has important implications for
daily functioning, health, and well-being, inhibitory control is thus a
critical cognitive processes to examine when exploring the links between
inflammation and cognitive function.

There are several prior studies that have examined the association
between acute increases in inflammation, specifically the inflammatory
cytokine interleukin-6 (IL-6), and inhibitory control. The first few
studies in this area explored whether inducing inflammation using the
typhoid vaccine (Brydon et al., 2008) or a lipopolysaccharide (LPS) in-
jection (Grigoleit et al., 2010; van den Boogaard et al., 2010) was
associated with changes in performance on the Stroop color-word
naming test, a task commonly employed to probe inhibitory control.
Generally, these studies reported no significant changes in accuracy on
the Stroop task following inflammatory challenge. In a more recent
study, Handke et al. (2020) explored whether an inflammatory chal-
lenge modulated performance on another inhibitory control task, the
go/no-go task. Similar to studies using the Stroop task, this study did not
find a significant difference in accuracy on a three-minute go/no-go task
by injection type (i.e., LPS vs placebo), or as a function of IL-6 concen-
trations within the LPS condition. The lack of significant findings in
these studies may be due to factors such as small sample sizes, a low
number of trials probing inhibition (i.e., incongruent or no-go trials), or
a low error rate on the tasks (i.e., ceiling effects). Recent work by
Madison et al. (2023) overcame some of these limitations in a ran-
domized crossover trial using the typhoid vaccine in a larger sample of
women (N=171) who were postmenopausal breast cancer survivors. In
this study, participants completed several inhibitory control tasks,

including a 15-minute continuous performance task, similar to a go/no-
go task. This study found no significant differences in task accuracy in
the typhoid versus placebo condition. Thus far, the accumulated data
provides no strong evidence to support a link between acute increases in
inflammation and inhibitory control.

This absence of robust evidence from human studies contrasts with
preclinical findings, which consistently suggest a connection between
acute inflammation and cognitive impairments (Kaiser et al., 2014;
Cunningham & Hennesey, 2015; Skelly et al., 2019; Savi et al., 2021).
While the differences may be due to cross-species translational chal-
lenges, there may be other factors explaining the lack of evidence in
human research. For example, the lack of significant findings in Madison
et al. (2023) may be due to unique sample characteristics, such as the
complex physiological and cognitive changes resulting from cancer
treatment among the sample of breast cancer survivors (Janelsins et al.,
2014). Or it could be that there are secondary factors that influence
executive functioning indirectly. For example, as described below, the
potential influence of motivation and incentives on task performance
were not directly manipulated or measured in these studies, but could
play a critical role in modulating inhibitory control (Kouneiher et al.,
2009; Botvinick & Braver, 2015; Chiew & Braver, 2011; Padmala &
Pessoa, 2010). Thus, while the current human literature does not find a
consistent relationship between increases in inflammation and inhibi-
tory control, sample characteristics and a failure to consider the role of
motivation and incentive in contributing to task performance may be
masking significant relationships.

Inhibitory control processes do not operate in isolation; motivational
states can significantly influence inhibitory control performance via the
modulation of effort allocation (e.g., how much effort one decides to
expend on a task; Botvinick & Braver, 2015, Madan, 2017). Further,
incentive type (e.g., food, money, social cues) and incentive magnitude
(e.g., a larger or smaller sum of money) can significantly impact
response inhibition and attentional mechanisms that may contribute to
inhibitory control performance. While a recent meta-analysis reported
that incentives generally improve inhibitory control (Burton et al.,
2021), individual studies have also found that the balance and charac-
teristics of an incentive differentially alters performance on inhibitory
control tasks (e.g., Asci et al., 2019). For example, performance on
inhibitory control tasks may decrease as the magnitude of the incentive
increases (Freeman & Aron, 2016). At higher magnitudes, incentives
may intensify difficulty in inhibiting a prepotent response, suggesting a
conflict between a natural tendency to approach incentives and the task
demands of withholding such approach responses (Verbruggen &
McLaren, 2018). Overall, incentives can enhance or impair inhibitory
control based on the context and nature of the incentives involved
(Chiew et al., 2016; Geier & Luna, 2012; Wang et al., 2018).

Expanding upon the complexities of incentivized inhibitory control,
physiological factors including inflammation may also shift the valua-
tion of incentives (Vichaya & Dantzer, 2018) and thus influence incen-
tivized inhibitory control. Inflammation is generally associated with
reductions in motivation (Frenois et al., 2007; Shen et al., 1999;
Eisenberger et al., 2010; for review see Boyle et al., 2023). These re-
ductions in motivation are well-supported by preclinical literature
demonstrating that inflammation in the periphery can access the brain
to influence neural processes associated with motivated behavior (see
Haroon et al., 2012 & Dooley et al., 2018 for reviews), particularly via
changes in the dopaminergic system (see Felger & Treadway, 2017).
However, mounting evidence provides more nuance regarding the
relationship between inflammation and motivation (Draper et al.,
2018), suggesting that both incentive magnitude and incentive type may
modulate the link between acute inflammation and motivated behavior.
For example, one pre-clinical study found that following an endotoxin
challenge, rodents only chose to expend effort to obtain food incentives
only when it was highly advantageous (i.e., when the magnitude of the
potential gain was greatest; Vichaya et al., 2014). This was demon-
strated by an overall reduction in energy expenditure among rodents
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exposed to an inflammatory challenge (compared to those exposed to
placebo), including less effort made to obtain “typical” food, but a
relative increase in effort to obtain more calorie-rich food. These results
have been recapitulated in humans (Lasselin et al., 2017), such that
individuals exposed to an inflammatory challenge were more motivated
to expend effort to obtain an incentive when the probability to win was
greater. These experimental findings suggest that inflammation may
alter the perceived value of an incentive, which could in-turn shift
behavior.

Inflammation has also been demonstrated to alter sensitivity to in-
centives depending on whether the incentive is non-social (e.g., winning
money) or social (e.g., receiving positive feedback from a stranger). For
example, inflammation may decrease neural sensitivity to monetary
incentives (Eisenberger et al., 2010; Burrows et al., 2021) but enhance
incentive-related neural sensitivity to positive social cues (Inagaki et al.,
2015; Muscatell et al., 2016; for review see Eisenberger et al., 2017).
Furthermore, inflammation may motivate different behavior depending
on the social relationship one has with the target (Hennessy et al., 2014;
Eisenberger et al., 2017; Muscatell& Inagaki, 2021). Specifically, recent
work suggests that higher levels of inflammation may incentivize affil-
iating with a close other (i.e., a high magnitude social incentive), more
so than with a stranger (i.e., a low magnitude social incentive, Inagaki
et al., 2015; Jolink et al., 2022). Altogether, this work prompts the
question: does the magnitude and type of incentive interact with levels
of inflammation to modulate inhibitory control?

Given these nuances in links between inflammation, cognitive
function, and motivation, the current study examined whether increases
in the inflammatory cytokine interleukin-6 (IL-6) in response to a mild
inflammatory challenge were associated with change in performance on
an incentivized inhibitory control task. To test this, participants were
exposed to the influenza vaccine and completed a novel go/no-go task
immediately before and one day after the vaccine. The influenza vaccine
has been shown to reliably elicit a mild inflammatory response
(Christian et al., 2013; Radin et al., 2021) and to drive subtle within-
participant changes in affective processes, including mood and social
behaviors (Kuhlman et al., 2018; Jolink et al., 2022; Feldman et al.,
2023). In the current study, participants provided blood samples to
measure circulating levels of IL-6 before and 24 h after the influenza
vaccine. In this adaptation of the go/no-go task, we manipulated
incentive magnitude and type by specifying at the start of each block of
the task whether participants could earn one of four incentives: high
social (i.e., time viewing a picture of their close other), low social (i.e.,
time viewing a picture of a stranger), high monetary (i.e., large
magnitude monetary incentive), and low monetary (i.e., lower magni-
tude monetary incentive). In our analysis, we examined whether greater
IL-6 reactivity to the influenza vaccine was associated with accuracy on
the go/no-go task and whether the association was modulated by
incentive type (social versus non-social) and incentive magnitude (low
versus high).

1. Methods

1.1. Participants

Fifty-five undergraduate students (37 assigned female at birth; Mage
= 20.06 years, SDage = 1.34) at a southeastern university in the United
States participated in the Inflammation and Cognitive, Affective, and
Social Processes Project-2 (ICASP-2), a larger study examining the
relationship between inflammatory reactivity to the influenza vaccine
and cognitive, affective, and social processes. Participants primarily
identified as White American (43 %), 30% identified as Asian American,
9 % as Latinx or Latin American, 2 % as Black American, and 16 %
identified as multiracial. Participants were recruited via postings to class
listservs and on social media, in which they were first directed to an
online eligibility questionnaire. Inclusion criteria were similar to prior
studies using the influenza vaccine paradigm (Jolink et al., 2024; Jolink

et al., 2022; Boyle et al., 2019; Kuhlman et al., 2018).
Participants were eligible for the study if they were between 18 and

25 years of age and had a non-familial close other in their lives whom
they saw every day. To participate in the study, participants were asked
to choose and provide four smiling photos of a close other who “is not a
family member and who you see almost every day (close friend, room-
mate or romantic partner); this is someone in your life you can go to for
help or for comfort.” They were told that they would be asked questions
about this person throughout the study. Individuals who reported that
they did not have a non-familial close other that they saw daily in the
pre-screening questionnaire were not eligible to participate in the study
(N=34). Interested individuals were also excluded if they (a) had
already received the annual influenza vaccine or had had influenza that
season, (b) used tobacco products, (c) used mood or immune-altering
medications (e.g., anti-depressants, antihistamines), (d) had a current
psychiatric diagnosis or reported history of depression or anxiety, (e)
had any major medical condition (e.g., diabetes, asthma), (f) had had
Guillain-Barre Syndrome (GBS), (g) were allergic to the influenza vac-
cine or ingredients present in the vaccine (e.g., eggs), or (h) had a cur-
rent illness. Because the study was conducted during the COVID-19
pandemic, participants were also screened for self-reported exposure to
COVID-19 or any current respiratory symptoms. Among 268 individuals
who expressed interest in our study, 127 were deemed ineligible, while
131 met the eligibility criteria. Of the eligible participants, 57were
successfully enrolled and participated before the depletion of the flu
vaccine supply. Of these participants, 55 advanced to the post-vaccine
session, though two only completed the pre-vaccine session.

1.2. Experimental design

ICASP-2 data were collected in 2022 (see also Jolink et al., 2024).
Eligible participants provided written informed consent and were
scheduled for two consecutive morning in-lab study sessions, one the
day of receiving the annual influenza vaccine and one the day after.
Given evidence that IL-6 levels peak approximately 24 h after influenza
vaccination (Radin et a., 2021), the post-vaccine session was scheduled
to take place approximately 24 h after the pre-vaccine session. Before
the pre-vaccine session, participants provided photos of one close other
who they identified as a consistent support figure for them (see photo
details below in the section titled “Measures”). Both sessions were
similar in that participants completed several computer tasks and sur-
veys and provided a blood sample to be assayed for levels of IL-6. The
distinguishing feature between sessions was that at the end of the pre-
vaccine session, participants received the 2022 influenza vaccine. The
vaccine was a 0.5 mL single-dose of GSK’s Flulaval Quadrivalent and
included the following virus strains: A/California/07/2009 (H1N1), A/
Texas/50/2012 (H3N2), B/Massachusetts/02/2012 (Yamagata line-
age), B/Brisbane/60/2008 (Victoria lineage).

To compute the sample size for the ICASP-2 study, we conducted a
power analysis using the ‘mixedpower‘ package in R (Kumle et al.,
2021), as outlined in Feldman et al. (2022). This analysis, based on ef-
fect sizes from similar influenza vaccine studies, allowed us to estimate
several fixed effects and their interactions simultaneously. We based
simulations on linear mixed model from Inflammation and Cognitive,
Affective, and Social Processes Project-1 (ICASP-1) data, focusing on
simulating power for 2- and 3-way interactions across various sample
sizes. In addition, simple power analyses were conducted using G*power
(Faul et al., 2007) to evaluate power for a regression model with the
same predictors. These analyses suggested that a total sample size of 126
was needed to detect an effect size of f̂2 = 0.05, and a size of 79 to detect
an effect size of f̂2 = 0.08, both with an alpha of 0.05 at 80 % power.
Given that data for the ICASP-2 study are nested within participant,
these sample sizes were considered conservative estimates. Despite
aiming to recruit 100 participants, data collection was limited when
university’s student pharmacy ran out of influenza vaccines in April
2022. Within this timeframe, we collected complete data from 55

G.M. Alvarez et al. Brain Behavior and Immunity 123 (2025) 950–964 

952 



subjects. We believe this sample size is sufficient to detect small to
medium effects, as supported by post-hoc power analyses on similar data
(Feldman et al., 2023).

1.3. Materials and measures

1.3.1. Close other and stranger photos
We focused on non-familial relationships such as friends, roommates,

and romantic partners for our study due to their relevance in the college-
bound social circles of participants, all of whom were students, and the
practical consideration that these peer relationships are volitionally
formed and more likely to provide in-person support during the study.
To ensure that participants selected individuals who were a supportive
close other, two questions about the person selected were assessed in the
lab: (1) “can you rely on this person for help if you have a serious
problem?” and 2) “can you really count on this person to help you feel
better when you are feeling generally down-in-the dumps?” On a 7-point
response scale, responses to these two items ranged from 4.5 to 7 with a
mean of 6.4. These data suggest participants selected highly-supportive
close others. Because participants could select their choice of a support
figure, the selections spanned various relationship types, with the ma-
jority choosing a close friend (N=41) or romantic partner (N=14). Prior
to participant arrival, a photo of a smiling stranger was selected by the
researcher that matched the close other’s gender and ethnic presenta-
tion. This photo was selected to be used as the low-magnitude social
incentive.

1.3.2. Inflammation
As described in further detail in Jolink et al., 2024, interleukin-6 (IL-

6) was chosen as the primary inflammatory cytokine for our study
because it has been consistently linked to behavioral and neural changes
following immune challenge (DellaGioia & Hannestad, 2010; Inagaki
et al., 2012; Kuhlman et al., 2018; Jolink et al., 2022; Lacourt et al.,
2015; Madison et al., 2023; Wright et al., 2005) and is known to
significantly increase around 24 h after the influenza vaccine (Christian
et al., 2013; Tsai et al., 2005; Radin et al., 2021). Given the established
focus on IL-6 in similar studies involving mild inflammatory challenges
(Carty et al., 2006; Christian et al., 2011; Edwards et al., 2006; Seger-
strom et al., 2012; Tsai et al., 2005), we aligned our research with
existing literature to maintain continuity.

We examined inflammatory reactivity by comparing levels of IL-6 in
dried blood spots before and after the vaccine. In previous studies
examining within-subject variations in inflammation in response to the
influenza vaccine, IL-6 exhibits consistent increases after vaccination
(Jolink et al., 2022; Christian et al., 2013; Segerstrom et al., 2012; Tsai
et al., 2005; Boyle et al., 2019; Kuhlman et al., 2018; 2020; Radin et al.,
2021). Additionally, dried blood spot assays for IL-6 have been validated
against venipuncture blood serum samples (McDade et al., 2021; Miller
& McDade, 2012). At both dried blood spot collections, approximately
20uL of blood was collected by finger prick using Neoteryx’s Mitra
Clamshell devices (https://www.neoteryx.com/mitra-clamshell-bloo
d-collection-device). Samples were dried overnight and stored in a
− 80 freezer until study completion. Assays were conducted in triplicate
using a high-sensitivity ELLA immunoassay platform to assess IL-6
levels. All samples contained detectable concentrations of IL-6 ranging
from 0.56–2.37 pg/mL pre-vaccine and 0.59–2.4 pg/mL post-vaccine.
Across all assay plates, the intra-assay coefficient of variation (CV)
was 5.8 % and the inter-assay coefficient of variation was< 12 %. Three
IL-6 values were more than 3 SDs above the mean; those values were
winsorized and retained in the data for analyses. All IL-6 values were
log-transformed to adjust for a positive skew in the data.

1.3.3. Go/no-go task
We used a novel version of the well-validated go/no-go task to

measure executive function, specifically response inhibition and atten-
tion (Iaboni et al., 1995; Nosek & Banaji, 2001, Laurenson et al., 2015).

In this task, participants are instructed to respond to a more frequently
presented stimulus (go trials) while withholding a response to a less
frequently presented stimulus (no-go trials). The task thus evaluates an
individual’s ability to inhibit the automatic tendency to press a button (i.
e., the prepotent response) when encountering a no-go cue, as well as
their ability to quickly and accurately respond when encountering a go
cue. In the present study, participants completed an incentivized go/no-
go task wherein they were instructed to press the ’J’ key using their
dominant hand as fast as possible when a blue circle appeared on the
screen (go trials). However, they had to inhibit the pre-potent “go”
response and NOT press the key when an orange circle appeared on the
screen (no-go trials). Each participant completed 288 trials per session,
of which 83.33 % (N=240) were go trials and 16.67 % (N=48) were no-
go trials. To promote sustained attention and effort throughout the task,
trial length varied between 250–500 ms by 50 ms intervals (Benikos
et al., 2013) such that the trials advanced on their own if participants did
not respond in time.

There were 36 trials per block, and each of the four block types (i.e.,
high monetary, low monetary, high social, low social) was administered
twice (see Fig. 1 for task diagram). Blocks were presented in randomized
order across participants and sessions. At the start of each block of the
task, participants were informed whether accurate performance on that
block would earn them money (i.e., monetary condition) or time
viewing an image of a person (i.e., social condition). The magnitude of
the incentive to be earned also varied across blocks. For the monetary
incentive blocks, participants could either win $0.08 (high-monetary
block) or $0.01 (low-monetary block) for correctly pressing for go cues
or $0.25 (high-monetary block) or $0.03 (low-monetary block) for
correctly withholding a response for no-go cues. For the social incentive
blocks, participants could win time viewing a photo of their close other
(high-social block) or a stranger (low-social block). For correctly
pressing during go cues, participants earned 150 ms of photo viewing,
and for correctly withholding a response for no-go cues, participants
earned 500 ms of photo viewing. Participants received feedback on their
performance at the end of each incentive block; they were shown the
total money they earned for that block or the total time they could view
the picture of the close other or stranger. Participants could earn a
maximum of $0.96 (M=0.72, SD=0.08) for the low money condition, a
maximum of $7.80 (M=6.05, SD=0.63) for the high money condition, a
maximum of 13.75 s (M=11.25, SD=1.24) viewing an image of a
stranger, or a maximum of 13.75 s (M=11.25, SD=1.04) viewing an
image of their close other. At the end of the study, all participants
received the same monetary bonus for participation on the incentivized
go/no-go task. Following prior data cleaning practices (e.g., Freeman &
Aron, 2016), trials for which responses were made in less than 100 ms
were removed from analyses (Nno-go = 105; Ngo = 793; from N=55
participants). To assess task compliance, we also examined whether
participants performed worse than chance on the task. We found that no
participant performed lower than 50 % on the task during either session,
with mean accuracies significantly above chance (p < 0.001, mean = 78
%, SD=5.80 %).

To assess the reliability of our incentivized go/no-go task, we con-
ducted a split-half reliability analysis. Based on recommendations for
robust estimates of reliabilities (Pronk et al., 2022), the task was divided
into two halves based on odd and even numbered trials within each
session and incentive condition, for go and no-go trials separately. We
aggregated the scores to create a consolidated dataset where each row
represented the mean accuracy scores for the odd and even halves for
each participant, trial type, and session. This was then used to compute
the Spearman correlation between the two halves for each task and
session combination utilizing the Spearman-Brown prophecy formula
(for discussion see de Vet et al., 2017). We found that reliabilities ranged
from 0.76 to 0.90 for the task (see Supplemental Table S1), suggesting
that there was moderate to high reliability.
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1.4. Analytic strategy

Data were analyzed to explore the association between IL-6 and
within-person changes in go/no-go task accuracy before and after the
influenza vaccine. Multilevel models were employed to assess these re-
lationships using the ‘lme4‘ package (Bates et al., 2015), and hypothesis
testing for the fixed effects was performed using the ‘lmerTest‘ package
(Kuznetsova et al., 2017) in R (Version 4.3.3; R Core Team, 2024) with
level for significance set at p < 0.05. To harness the full potential of our
data, multilevel logistic regression models were performed to compute
the likelihood of a correct response on each trial (Nobs = 30,528). This
approach avoids aggregation and allows us to model trial performance
nested within the same participant to maximize power. Given that our
outcomes of interest were binary (i.e., accuracy on no-go trials, accuracy
on go trials), logistic regressions were run using the ‘glmer‘ function,
while the ‘performance‘ and ‘DHARMa‘ packages were utilized to assess
model fit and diagnostics. Our models were fit using a binomial distri-
bution to accommodate the binary outcome (i.e., trial accuracy), with
the bobyqa optimizer for parameter estimation. As recommended for
logistic regression (Bauer & Sterba, 2011), numerical integration was
approximated using an adaptive Gauss-Hermite quadrature (i.e.,
nAGQ=1) to derive robust estimates for complex models with multiple
random effects and interactions. Our main analyses focused on exam-
ining whether IL-6 reactivity was associated with differences in trial
accuracy as a function of incentive type (i.e., monetary or social) or
incentive magnitude (i.e., high or low) between the two time points.
Additionally, we also assessed whether IL-6 reactivity was associated
with differences in trial accuracy by magnitude within incentive type (i.
e., high social versus low social; high money versus lowmoney) between
the two sessions.

For our two primary outcomes, no-go trial accuracy and go trial
accuracy, we completed the following series of steps (see Supplemental
Table S2 for full model details). We began analyses by computing an
unconditional mean model1 to assess the average accuracy across par-
ticipants, excluding the influence of time. The intraclass correlation
coefficient (ICC) was calculated on the unconditional model to partition
the variance into between-person (level-2) and within-person (level-1)

components and to assess the degree of clustering (ICCno-go = 0.12;
ICCgo= 0.05). An unconditional linear model followed2 where we tested
a model that added a random slope for session. The first session (pre-
vaccine) served as the referent condition and was coded as 0. This model
adjustment provided a better fit to the data than a model with only a
random intercept, as indicated by a significant chi-square test (χ2 =

48.527, df = 2, p < 0.001).
Next, we incorporated incentive-related factors as level-1 predictors,

given that each participant completed all incentive conditions.3 Factor
variables indicating incentive type (i.e., social or monetary) and
incentive magnitude (i.e., low or high) were added as fixed effects and
interacted with the session variable time to examine their potential ef-
fects on individual baseline performance and change between sessions.
Including the incentive condition variables and their interaction with
session provided a better fit to the data than the unconditional model
with random intercept and random slope for session (χ2 = 22.906, df =
6, p< 0.001). Given recommendations to include random effects for task
conditions to mitigate the risks of type 1 error (Barr et al., 2013), we also
added random slopes of incentive condition to our model.4 This addition
provided a better fit to the data (χ2 = 94.945, df= 7, p< 0.001) than the
previous model, which only included random slope for session. Thus,
our final models included random intercepts for participant ID and
random slopes for session and the relevant incentive condition.

Finally, we incorporated the time-varying covariate—namely, IL-6
values at each session (Curran & Bauer, 2011). IL-6 values were ses-
sion mean-centered to more precisely assess how deviations before and
after the vaccine were associated with changes in task accuracy. This
approach (Biesanz et al., 2004) accounts for and isolates the effects of IL-
6 in light of its expected overall increase following vaccination. The key
aspect of our model is the interaction between session and session mean-
centered IL-6, which helps us discern whether variations in IL-6 levels,
above or below the session norm, are associated with change in task
accuracy from Session 1 to Session 2. This interaction term can be
interpreted as representing a significant association between change in

Fig. 1. Incentivized go/no-go task diagram. This diagram depicts an example sequence for one block of the incentivized go/no-go task. In each session (i.e., pre-
and post-vaccine), there were 36 trials per block, and each of the four block types (i.e., high monetary, low monetary, high social, low social) were administered
twice. Trials were timed and the duration ranged from 250 to 500 ms. Blocks were presented in randomized order for participants. Each participant completed 288
trials per session, of which 83.33 % (N=240) were go trials and 16.67 % (N=48) were no-go trials.

1 Model 1: Trial Accuracy ~ (1|ID).

2 Model 2: Trial Accuracy ~ Session + (1+Session|ID).
3 Model 3: Trial Accuracy ~ Sociality*Magnitude*Session + (1+Session|ID).
4 Model 4: Trial Accuracy ~ Sociality*Magnitude*Session + (1+Session+

Sociality+Magnitude|ID).
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task performance and change in IL-6 insofar as a significant and positive
effect would represent an increase in IL-6 from session 1 to session 2
greater than 0. Thus, while we report all effects, the discussion of our
findings will center on probing interactions between session and session
mean-centered IL-6.

Given the complexity of the interactive effects (i.e., cross-level, four-
way interactions) and to facilitate interpretation, we computed separate
models for each incentive dimension. For example, we first report as-
sociations for low magnitude trials to explore differences between low
social incentives (picture of stranger) and low monetary (less than $1).
The same was conducted among high magnitude trials. In follow-up
analyses, we investigated the influence of incentive magnitude within
social and monetary incentive types. For example, we explored the ef-
fects of magnitude within social trials (i.e., high social vs low social) and
within monetary trials (i.e., high money vs low money). Significant 2-
and 3-way interactions were probed using the ‘interactions‘ package
using simple slopes analyses. Additionally, relationship type, body mass
index (BMI),5 and sex assigned at birth6 were included as covariates, as
recommended by O’Connor et al. (2009). Continuous predictors were
grand mean-centered to facilitate the interpretation of fixed effects.

2. Results

2.1. Assessing IL-6 reactivity to the influenza vaccine

First, we assessed whether there was a significant increase in IL-6
from before to after the vaccine. As reported in Jolink et al., (2024),
we found that there was a significant difference in IL-6 between the pre-
and post-vaccine sessions. Concentrations of log-transformed IL-6 (pg/
mL) were significantly higher after compared to before the influenza
vaccine; t(54) = 2.435, p = 0.018, 95 % CI [0.008, 0.088].

2.2. Effects of IL-6 reactivity on No-Go trial accuracy

2.2.1. Time-varying IL-6 effect on low incentive magnitude no-go trials
To compare whether no-go accuracy changed between sessions as a

function of IL-6 among low magnitude trials, we examined the in-
teractions between session, IL-6, and incentive type (i.e., low social vs
low monetary). There was no main effect or interaction effects with IL-6
on low incentive magnitude no-go trials (p > 0.05; see Table 1 for full
model details).

2.2.2. Time-varying IL-6 effect on high incentive magnitude no-go trials
Next, to compare whether no-go accuracy changed between sessions

and as a function of IL-6 among high magnitude trials, we examined the
interactions between session, IL-6, and incentive type (i.e., high social vs
high monetary). There was nomain effect or interaction effects with IL-6
on high incentive magnitude no-go trials (p > 0.05; see Table 1 for full
model details).

2.2.3. Time-varying IL-6 effect on social incentive no-go trials
To compare whether no-go accuracy changed between sessions and

as a function of IL-6 among social trials, we examined the interactions
between session, IL-6, and social incentive magnitude (i.e., high social vs
low social). This model showed no significant main or interaction effects
with IL-6 (p > 0.05; see Table 1 for full model details).

2.2.4. Time-varying IL-6 effect on monetary incentive no-go trials
To compare whether no-go accuracy changed between sessions and

as a function of IL-6 among monetary trials, we examined the in-
teractions between session, IL-6, and incentive magnitude (i.e., high
monetary vs. low monetary). This model showed no significant main or
interaction effects with IL-6 (p> 0.05; see Table 1 for full model details).

2.3. Effects of IL-6 reactivity on go trial accuracy

2.3.1. Time-varying IL-6 effect on low incentive magnitude go trials
Paralleling the approach for no-go trials, we conducted a series of

analyses subset by incentive types for go trial accuracy. First, we focused
on the low magnitude trials and examined the interactions between
session, IL-6, and incentive type (i.e., low social vs lowmonetary). There
was no main effect of IL-6 on go trial accuracy (p > 0.05; see Table 2 for
full model details). However, there was a significant interaction between
session and IL-6 and incentive type (log odds = -2.06, SE=0.832, p =

0.013); see Fig. 2.
For low monetary trials, simple slopes analyses revealed that the

slope of session was significantly positive for those with average (log
odds = 0.31, SE=0.08, p < 0.001) and higher than average levels of IL-6
at session 2 (log odds = 0.40, SE=0.12, p < 0.001), but not among those
with lower than average session 2 IL-6 levels (log odds= 0.21, SE=0.12,
p = 0.12). These results suggest that participants with greater IL-6
reactivity were more likely to correctly respond on low monetary
incentive go trials (see Fig. 2).

In contrast, on low social trials, simple slopes analyses did not find
significant differences between sessions for lower than average (log
odds = 0.16, SE=0.12, p = 0.20), average (log odds < -0.001, SE=0.08,
p = 0.96), or higher than average levels of IL-6 at session 2 (log odds =
-0.17, SE=0.12, p = 0.17). These findings indicate that, unlike the low
monetary condition, accuracy during the low social incentive condition
remained stable across sessions regardless of IL-6 reactivity.

2.3.2. Time-varying IL-6 effect on high incentive magnitude go trials
Next, to compare whether go accuracy changed between sessions and

with IL-6 among high magnitude trials, we examined the interactions
between session, IL-6, and incentive type (i.e., high social vs high
monetary). There was no main effect of IL-6 on go trial accuracy (p >

0.05; see Table 2 for full model details). However, there was a significant
interaction between session and IL-6 and incentive type (log odds =

1.64, SE=0.819, p = 0.046).
For high monetary trials, simple slopes analyses revealed that the

slope of session was significantly positive for those with average (log
odds= 0.17, SE=0.08, p= 0.04) and lower than average levels of IL-6 at
session 2 (log odds = 0.25, SE=0.12, p = 0.04), but there was no sig-
nificant effect of session at high levels of IL-6 (log odds= 0.08, SE=0.12,
p= 0.48). These results suggest that participants with average and lower
than average IL-6 reactivity were more likely to respond correctly on
high monetary incentive go trials (see fig. 3), whereas those with higher-
than-average IL-6 reactivity were not.

For high social trials, simple slopes analyses revealed that the slope
of session was significantly positive for those with average (log odds =
0.23, SE=0.08, p = 0.01) and higher than average levels of IL-6 at ses-
sion 2 (log odds = 0.36, SE=0.12, p < 0.001), but not among those with
lower than average levels of IL-6 (log odds = 0.11, SE=0.13, p = 0.39).
These results suggest that participants with average and higher than
average IL-6 reactivity were more likely to respond correctly on high
social incentive go trials.

5 The accuracy of BMI measurement can be influenced by many factors
including age, sex, race/ethnicity, muscle mass, and readers should interpret
this measure with caution. For more information on considerations of BMI
metrics, see Stanford et al. (2019) or Heymsfield et al. (2016).

6 The assessment of sex and gender in this study were not consistent with
current guidelines and recommendations on bias-free language on gender from
the American Psychological Association (2020). Participants were asked “What
is your biological sex? Please respond based on anatomy as your answer
prompts questions relevant to biological processes (e.g., menstrual cycle).”
Response options included “Male”, “Female”, and “Let me specify.” Given the
phrasing of this question, we interpret participants’ response as best reflecting
their sex assigned at birth (predicated on their genitalia, chromosomes,
anatomical structures, or phenotype) which is different from their gender. Thus,
we cannot identify whether individuals in this sample identified as cisgender,
transgender, or non-binary. None of our participants self-specified “intersex.”.
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Table 1
Predicted Accuracy for No-Go Trials by Incentive Condition.

Low Incentive Trials High Incentive Trials Social Incentive Trials Monetary Incentive Trials
Predictors Odds

Ratios
Statistic CI p Odds

Ratios
Statistic CI p Odds

Ratios
Statistic CI p Odds

Ratios
Statistic CI p

(Intercept) 3.73 3.61 1.826 – 7.632 0.00 2.80 3.50 1.575 – 4.984 0.00 2.46 2.98 1.360 – 4.455 0.00 2.89 3.04 1.458 – 5.743 0.00
Session 0.92 − 0.56 0.679 – 1.240 0.58 1.02 0.15 0.767 – 1.362 0.88 0.81 − 1.46 0.616 – 1.073 0.14 0.97 − 0.20 0.730 – 1.292 0.84
IL-6 1.41 0.34 0.194 – 10.282 0.73 1.05 0.06 0.211 – 5.195 0.95 1.27 0.29 0.256 – 6.316 0.77 1.29 0.28 0.213 – 7.791 0.78
Session:IL-6 3.41 0.92 0.249 – 46.881 0.36 1.28 0.20 0.108 – 15.161 0.84 1.45 0.29 0.118 – 17.777 0.77 3.53 0.97 0.275 – 45.227 0.33
Sociality 0.81 − 1.55 0.616 – 1.058 0.12 0.80 − 1.73 0.614 – 1.030 0.08 ​ ​ ​ ​ ​ ​ ​ ​
Sociality:Session 0.84 − 0.93 0.584 – 1.211 0.35 1.02 0.11 0.710 – 1.467 0.91 ​ ​ ​ ​ ​ ​ ​ ​
Sociality:IL-6 1.10 0.10 0.160 – 7.619 0.92 1.10 0.10 0.165 – 7.375 0.92 ​ ​ ​ ​ ​ ​ ​ ​
Sociality:Session:IL-6 0.54 − 0.41 0.028 – 10.442 0.68 3.20 0.77 0.164 – 62.693 0.44 ​ ​ ​ ​ ​ ​ ​ ​
Magnitude ​ ​ ​ ​ ​ ​ ​ ​ 1.03 0.25 0.799 – 1.335 0.80 1.07 0.48 0.811 – 1.412 0.63
Magnitude:Session ​ ​ ​ ​ ​ ​ ​ ​ 1.24 1.19 0.870 – 1.771 0.23 1.00 − 0.01 0.689 – 1.447 0.99
Magnitude:IL-6 ​ ​ ​ ​ ​ ​ ​ ​ 1.01 0.01 0.156 – 6.495 1.00 0.94 − 0.06 0.131 – 6.815 0.96
Magnitude:Session:IL-
6

​ ​ ​ ​ ​ ​ ​ ​ 2.81 0.69 0.149 – 52.809 0.49 0.53 − 0.41 0.025 – 11.226 0.68

Relationship Type 0.75 − 1.11 0.458 – 1.243 0.27 0.89 − 0.55 0.586 – 1.349 0.58 0.90 − 0.47 0.573 – 1.405 0.64 0.85 − 0.71 0.530 – 1.347 0.48
BMI 1.00 − 0.07 0.938 – 1.061 0.95 0.99 − 0.31 0.942 – 1.044 0.75 0.99 − 0.56 0.934 – 1.039 0.58 1.00 − 0.02 0.943 – 1.059 0.98
Age 1.05 0.56 0.891 – 1.229 0.58 1.04 0.56 0.904 – 1.198 0.58 1.00 − 0.05 0.865 – 1.147 0.96 1.13 1.59 0.972 – 1.319 0.11
Sex 0.87 − 0.60 0.546 – 1.378 0.55 1.06 0.29 0.722 – 1.546 0.78 0.96 − 0.19 0.652 – 1.422 0.85 1.01 0.03 0.640 – 1.582 0.98

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
Random Effects
σ2 3.29 3.29 3.29 3.29
τ00 0.81 ID 0.24 ID 0.35 ID 0.66 ID

τ11 0.21 ID.session 0.13 ID.session 0.16 ID.session 0.09 ID.session
​ 0.03 ID.Sociality 0.01 ID.Sociality 0.02 ID.Magnitude 0.06 ID.Magnitude
ρ01 − 0.62 0.25 0.13 − 0.26
​ − 0.93 − 0.29 − 0.64 − 0.88
Observations 2431.00 2457.00 2432.00 2456.00
Marginal R2 0.02 0.01 0.01 0.01
AIC 2903.96 2899.68 3004.21 2809.89
log-Likelihood − 1433.98 − 1431.84 − 1484.11 − 1386.95
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Table 2
Predicted Accuracy for Go Trials by Incentive Condition.

Low Incentive Trials High Incentive Trials Social Incentive Trials Monetary Incentive Trials
Predictors Odds

Ratios
Statistic CI p Odds

Ratios
Statistic CI p Odds

Ratios
Statistic CI p Odds

Ratios
Statistic CI p

(Intercept) 2.78 4.50 1.782 – 4.343 <0.001 3.22 6.00 2.199 – 4.722 <0.001 3.17 4.85 1.988 – 5.043 <0.001 2.66 5.02 1.817 – 3.902 <0.001
Session 1.36 3.76 1.158 – 1.593 <0.001 1.18 2.03 1.005 – 1.387 0.04 1.03 0.33 0.881 – 1.194 0.74 1.40 4.15 1.196 – 1.648 <0.001
IL-6 0.40 − 1.66 0.136 – 1.180 0.10 1.16 0.28 0.402 – 3.367 0.78 0.96 − 0.09 0.352 – 2.594 0.93 0.49 − 1.38 0.178 – 1.346 0.17
Session:IL-6 2.13 1.08 0.539 – 8.437 0.28 0.52 − 0.92 0.132 – 2.070 0.36 0.26 − 1.94 0.065 – 1.015 0.05 2.09 1.05 0.524 – 8.338 0.30
Sociality 1.17 1.57 0.962 – 1.422 0.12 0.99 − 0.09 0.839 – 1.174 0.93 ​ ​ ​ ​ ​ ​ ​ ​
Sociality:Session 0.73 ¡3.25 0.607 – 0.884 0.00 1.07 0.71 0.886 – 1.292 0.48 ​ ​ ​ ​ ​ ​ ​ ​
Sociality:IL-6 2.45 1.46 0.735 – 8.189 0.14 0.38 − 1.71 0.123 – 1.154 0.09 ​ ​ ​ ​ ​ ​ ​ ​
Sociality:Session:
IL-6

0.13 ¡2.47 0.025 – 0.652 0.01 5.13 1.97 1.008 – 26.135 0.05 ​ ​ ​ ​ ​ ​ ​ ​

Magnitude ​ ​ ​ ​ ​ ​ ​ ​ 0.96 − 0.40 0.803 – 1.156 0.69 1.13 1.58 0.971 – 1.322 0.11
Magnitude:Session ​ ​ ​ ​ ​ ​ ​ ​ 1.24 2.26 1.029 – 1.500 0.02 0.85 − 1.67 0.709 – 1.028 0.10
Magnitude:IL-6 ​ ​ ​ ​ ​ ​ ​ ​ 0.36 − 1.73 0.112 – 1.148 0.08 2.28 1.51 0.781 – 6.646 0.13
Magnitude:
Session:IL-6

​ ​ ​ ​ ​ ​ ​ ​ 8.98 2.64 1.764 – 45.664 0.01 0.25 − 1.72 0.053 – 1.208 0.09

Relationship Type 1.15 0.83 0.830 – 1.587 0.41 1.01 0.04 0.754 – 1.340 0.97 1.21 1.08 0.859 – 1.689 0.28 1.03 0.19 0.770 – 1.373 0.85
BMI 0.98 − 0.77 0.946 – 1.025 0.44 0.99 − 0.40 0.956 – 1.030 0.69 0.96 ¡2.12 0.917 – 0.997 0.03 1.00 0.23 0.970 – 1.039 0.82
Age 1.05 0.86 0.944 – 1.158 0.39 1.04 0.76 0.945 – 1.135 0.45 1.02 0.37 0.917 – 1.136 0.71 1.05 1.05 0.959 – 1.149 0.29
Sex 1.20 1.22 0.894 – 1.615 0.22 1.21 1.43 0.933 – 1.557 0.15 1.20 1.15 0.879 – 1.639 0.25 1.26 1.80 0.979 – 1.622 0.07
Random Effects
σ2 3.29 3.29 3.29 3.29
τ00 0.27 ID 0.22 ID 0.34 ID 0.24 ID

τ11 0.10 ID.Session 0.11 ID.Session 0.10 ID.Session 0.10 ID.Session
​ 0.30 ID.Sociality 0.16 ID.Sociality 0.22 ID.Magnitude 0.11 ID.Magnitude
ρ01 − 0.56 − 0.60 0.07 − 0.33
​ − 0.27 − 0.24 − 0.61 − 0.45
Observations 12,057 12,120 12,057 12,120
Marginal R2 0.01 0.01 0.02 0.01
AIC 11752.48 11588.47 11570.51 11762.51
log-Likelihood − 5858.24 − 5776.24 − 5767.25 − 5863.25
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Fig. 2. Accuracy on Low Incentive Magnitude Go Trials. The graph displays the probability of correct responses among all low incentive magnitude go trials.
Results are plotted for the two incentive types, monetary (green) and social (orange), and are stratified by levels of IL-6 reactivity (lower than average, average, and
higher than average). Data are shown for both pre-vaccination and post-vaccination sessions. The asterisks represent a significant change in accuracy from the pre-
vaccine session to the post-vaccine session.

Fig. 3. Accuracy on High Incentive Magnitude Go Trials. The graph displays the probability of correct responses among all high incentive magnitude go trials.
Results are plotted for the two incentive types, monetary (green) and social (orange), and are stratified by levels of IL-6 reactivity (lower than average, average, and
higher than average). Data are shown for both pre-vaccination and post-vaccination sessions. The asterisks represent a significant change in accuracy from the pre-
vaccine session to the post-vaccine session.
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2.3.3. Time-varying IL-6 effect on social incentive go trials
To compare whether go accuracy changed between sessions and with

IL-6 reactivity among social incentives, we examined the interactions
between session, IL-6, and incentive magnitude (i.e., high vs low). There
was no main effect of IL-6 reactivity on overall task accuracy (p > 0.05;
see Table 2 for full model details). However, there was a significant
session x IL-6 x magnitude interaction (log odds= 2.176, SE=0.840, p =
0.010).

For high social incentive trials, simple slopes analyses revealed that
the slope of session was significant at average (log odds = 0.24,
SE=0.08, p < 0.001) and higher than average levels of IL-6 (log odds =
0.35, SE=0.11, p < 0.001), but not at lower than average levels of IL-6
(log odds = 0.13, SE=0.12, p = 0.26). These results suggest that par-
ticipants with average and higher than average IL-6 reactivity were
more likely to correctly respond on high social incentive go trials (see
fig. 4).

Conversely, simple slopes analyses for the low social incentive trials
did not find significant differences between sessions for lower than
average (log odds= 0.20, SE=0.12, p = 0.09), average (log odds= 0.03,
SE=0.08, p = 0.74), or higher than average levels of IL-6 (log odds =

-0.15, SE=0.12, p = 0.21). These findings indicate that, unlike the high
social incentive condition, performance in the low social condition
remained stable across sessions regardless of IL-6 reactivity.

2.3.4. Time-varying IL-6 effect on monetary incentive go trials
Finally, we examined the interactions between session, IL-6, and

incentive magnitude (i.e., high vs low) among monetary trials. There
was nomain or interaction effects with IL-6 (p> 0.12; see Table 2 for full
model details).

3. Discussion

While the association between chronic low-grade inflammation and
cognition has received attention, comparatively fewer studies have
explored the effect of acute increases in inflammation on cognitive

function in humans. In the current study, we examined how acute
changes in the inflammatory cytokine interleukin-6 (IL-6), following a
mild inflammatory challenge (i.e., the influenza vaccine), were associ-
ated with inhibitory control. Utilizing a within-subjects design, we
assessed whether accuracy on an incentivized go/no-go task differed
after receiving the influenza vaccine, and whether this effect varied by
IL-6 reactivity to the vaccine, incentive magnitude (low versus high) and
incentive type (social versus monetary). We did not find evidence that
IL-6 reactivity to the vaccine was significantly associated with change in
errors of commission (i.e., failure to omit response on no-go trials).
However, we did find that individuals with higher IL-6 reactivity
demonstrated fewer errors of omission (i.e., failures to respond on go
trials) after the vaccine, specifically in the high-magnitude, social
incentive condition (i.e., viewing an image of a smiling close other) as
compared to both low-magnitude, social (i.e., viewing an image of a
smiling stranger) and high-magnitude, monetary conditions. Together,
these results suggest that greater IL-6 reactivity to the vaccine is asso-
ciated with improved performance in specific incentive contexts on an
inhibitory control task. To our knowledge, this is the first laboratory-
based demonstration of inflammation-related changes in performance
on an incentivized inhibitory control task. This is important given that
inhibitory control is a critical skill for navigating daily life with impli-
cations for self-regulatory health behaviors (Hall et al., 2008; Daly et al.,
2014; Reimann et al., 2020).

Theoretical assertations suggest that inflammation is associated with
self-regulation difficulties (Shields et al., 2017, cf. Madison & Kiecolt-
Glaser, 2022), in part because of empirical research demonstrating that
higher levels of inflammation are associated with more present-focused
and impulsive decisions (Gassen et al., 2019a, Gassen et al., 2019b).
However, we did not find evidence to support that hypothesis. Specif-
ically, we did not observe that acute increases in IL-6 following the
vaccine were associated with a change in errors of commission, or fail-
ures to inhibit a prepotent response to no-go trials. This finding is
aligned with previous studies that also report a null relationship be-
tween acute increases in IL-6 and response inhibition (Brydon et al.,

Fig. 4. Accuracy on Social Incentive Go Trials. The graph displays the probability of correct responses in go trials featuring social incentives. Low magnitude
incentives (time viewing a picture of a stranger) is denoted in blue, while the high magnitude incentive (time viewing a picture of a close-others) is in orange. Results
are also stratified by IL-6 reactivity (lower than average, average, higher than average). Data are shown for both pre-vaccination and post-vaccination sessions. The
asterisks represent a significant change in accuracy from the pre-vaccine session to the post-vaccine session.
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2008; Grigoleit et al., 2010; van den Boogaard et al., 2010; Handke et al.,
2020; Madison et al., 2023). This discrepancy suggests that the associ-
ation between inflammation and cognitive function may differ by
domain, perhaps with decision-making processes being more susceptible
than those involved in response inhibition. Alternatively, the null as-
sociation observed here and in other studies might be due to methodo-
logical choices. Indeed, a recent paper notes that there are several
aspects of task design that may influence participants’ performance on
inhibitory control paradigms (Chiew, 2021). Specifically, task difficulty
and task length are both found to moderate the association between
incentives and response inhibition. A follow-up study should explore
whether lengthening the task, decreasing the ratio between go- and no-
go trials, enhancing the incentives, and varying the reaction time win-
dow are associated with a different pattern of associations with acute
inflammation.

Our next set of findings demonstrated that acute increases in IL-6
were associated with fewer errors of omission (i.e., failures to respond
on go trials) during particular incentive conditions. Specifically, we
found that higher IL-6 after the vaccine was associated with fewer errors
of omission on trials where a high-magnitude social incentive could be
earned (i.e., viewing an image of a smiling close other), as compared to
both low-magnitude social (i.e., viewing an image of a smiling stranger)
and high-magnitude monetary incentives. These findings align with
prior work suggesting that inflammation may differentially alter sensi-
tivity to social versus non-social incentives (Inagaki et al., 2015; Mus-
catell et al., 2016a). Furthermore, prior work has found that increases in
inflammation may be associated with faster automatic approach
behavior toward a close other; these approach effects were not found
towards strangers (Jolink et al., 2022). Such findings are supported by
non-human animal research indicating that inflammatory challenges
that increase IL-6 levels (e.g., LPS) encourage approach behavior to-
wards familiar social partners (Willette et al., 2007; Yee & Prendergast,
2010).

Omission errors are particularly informative as they could indicate
lapses in sustained attention in contexts where people must manage the
dual demands of rapid and precise responses to a primary task coupled
with intermittent response inhibition requirements (Wright et al., 2014).
They have further been linked to difficulties in managing attention
(Bezdijan et al., 2009). These findings suggest that participants with
greater IL-6 reactivity experienced enhanced sustained attention to high
social incentives, resulting in fewer omission errors. This implies that
inflammation may increase the saliency of close others, thereby facili-
tating better performance on trials when such stimuli are used as an
incentive. Relatedly, prior work suggests that inflammation might be
associated with subtle shifts in motivational and attentional dynamics,
as evidenced by significant decreases in subjective effort (Handke et al.,
2020) and increases in reaction time and reaction time variability
(Handke et al., 2020; Brydon et al., 2008) as a function of an inflam-
matory challenge. Our study explored how IL-6 fluctuations vary with
incentivized inhibitory control, thereby broadening our understanding
of how inflammation could influence the dynamics between motivation
and cognitive function.

Building on the interplay between inflammation-induced attentional
shifts and inhibitory control, there is substantial neurobiological evi-
dence suggesting that pro-inflammatory cytokines such as IL-6
contribute significantly to cognitive dynamics. Pro-inflammatory cyto-
kines, such as IL-6, can alter molecular and cellular aspects of cognition
(McAfoose & Baune, 2009) via neuron-to-glia communication (Jurgens
& Johnson, 2012; Wohleb et al., 2013), neurogenesis (Hueston et al.,
2017; McKim et al., 2016), neuroplasticity (Delpech et al., 2015; Cal-
abrese et al., 2014), long-term potentiation (Wohleb & Delpech, 2017),
and neurotransmitter systems (Dantzer et al., 2008; Zhu et al., 2006).
Mounting evidence suggests that alterations in the dopaminergic
neurotransmitter system due to pro-inflammatory cytokines might be
one critical pathway linking motivated behavior and cognitive processes
(see Haroon et al., 2012& Dooley et al., 2018 for reviews). Interestingly,

dopaminergic signaling has also been implicated in inhibitory control
through well-established effects in the striatum and cortex (Westbrook
et al., 2021). The basal ganglia, a region within the striatum supplied
with high levels of dopamine, has been found to regulate the cognitive
proactive and reactive processes needed during the go/no-go task (Beste
et al., 2010; Criaud et al., 2021). While the bulk of the evidence,
including that from acute models of inflammation using agents like LPS,
supports immediate and transient changes in dopamine levels, chronic
inflammation is also known to cause sustained alterations in dopami-
nergic signaling that can affect these same neural circuits over time
(Hunter et al., 2007). Together, these findings suggest a possible
neurobiological pathway for the observed link between inflammation,
incentives, and inhibitory control. Although the dopaminergic system
was not explicitly measured in the present study, future neuroimaging
research should examine these possibilities to establish the neurobio-
logical pathways through which peripheral fluctuations in inflammation
may influence attention and inhibitory control as a function of incentive
in humans.

These results expand upon the cross-sectional studies linking
inflammation to cognitive impairment among those with Alzheimer’s
and dementia-related diseases. While the majority of research exploring
links between inflammation and cognition has been limited to aging and
dementia-related cognitive changes (Schmidt et al., 2002; Kuo et al.,
2005; Koyama et al., 2013), the present results suggest that even mild,
acute increases in inflammation may be relevant to subtle changes in
cognitive functioning during daily life in young adulthood. One strength
of the current study is that we used the well-validated go/no-go task to
measure inhibitory control. Unlike previous research that has examined
broad cognitive impairments using neuropsychological batteries (Fard
et al., 2022), utilizing the go/no-go task allowed us to uncover associ-
ations between subtle changes in IL-6 reactivity and both inhibition and
attentional aspects of inhibitory control. Furthermore, our study used an
innovative approach in adapting the go/no-go paradigm to explore how
the sociality and magnitude of incentives modulated the association
between inflammation and inhibitory control. This unique approach
allowed us to assess the impact of different types of incentives on
cognitive functioning, providing a more detailed understanding of this
interaction.

The present findings should be interpreted in light of the study’s
limitations. First, the lack of a placebo/sham vaccine control group
limits the ability to make any causal inferences from our data. While we
leveraged multilevel logistic regression at a trial-by-trial level to assess
within person changes before and after the vaccine, future experimental
work including a placebo control and/or a non-incentivized task con-
dition is needed to delineate the causal relationships between IL-6
reactivity and incentivized inhibitory control. Second, it is possible that
the sample size was too small to be generalizable, particularly consid-
ering that our sample was comprised of undergraduate students under
the age of 25. It is also likely that this sample size limited our power to
detect smaller effects of interest, including the three-way interactions of
interest (i.e., incentive condition x session x IL-6) on the no-go trials.
Despite each participant contributing up to 576 observations, only 96 of
these were no-go trials. Additionally, the overall sample size of 55 may
not have provided sufficient power to detect all relevant between-person
interactive effects. Although model diagnostics were conducted to
ensure that the effects were not driven by the undue influence of out-
liers, there is the potential for high values to disproportionately influ-
ence results in smaller samples and caution is warranted when
interpreting the current effects. Third, it is also important to consider
that this study only focused on changes in one inflammatory cytokine,
IL-6, and there may be other cytokines that relate to inhibitory control.
As such, the results of this study should be interpreted only for the in-
flammatory cytokine interleukin-6. Fourth, while the go/no-go task
primarily assesses inhibitory control, the influence of cytokines on
memory processes (Bollen et al., 2017), which may indirectly affect task
performance (Criaud & Boulinguez, 2013), was not directly assessed.
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Future studies ought to disentangle the specific effects of cytokines on
various cognitive functions to clarify their effects on cognition more
broadly. In conclusion, while these limitations suggest a need for careful
interpretation of our findings, they also highlight opportunities for
future studies to explore these complexities more thoroughly.

Although large-scale epidemiological studies suggest an association
between inflammation and cognitive impairments, there was a need for
laboratory-based studies to clarify the link between acute increases in
inflammation and cognitive functioning. The current study specifically
examined whether inhibitory control changes following a mild inflam-
matory challenge and whether that change varied as a function of
different incentive conditions. We did not observe any significant effects
between IL-6 reactivity and change in errors of commission (i.e., failure
to omit response on no-go trials), but we did find differential effects
related to social versus monetary incentives on errors of omission (i.e.,
failures to respond on go trials). Notably, IL-6 reactivity was positively
associated with fewer errors of omission when a large social incentive
was on the line (i.e., time viewing a smiling close other). These results
suggest that IL-6 reactivity may enhance cognitive performance under
specific conditions, indicating that even mild fluctuations in inflam-
mation may selectively influence the valuation of incentives, depending
on their social significance and magnitude. To our knowledge, this study
is the first to demonstrate a link between IL-6 reactivity and perfor-
mance on an incentivized inhibitory control task, calling for further
research to elucidate the mechanistic pathways linking inflammation-
related changes in motivation and cognition across the lifespan.
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