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A B S T R A C T

Illness is often accompanied by perceived cognitive sluggishness, a symptom that may stem from immune system
activation. The current study used electroencephalography (EEG) to assess how inflammation affected three
different distinct attentional processes: alerting, orienting and executive control. In a double-blinded placebo-
controlled within-subjects design (20 healthy males, mean age¼ 24.5, SD¼ 3.4), Salmonella typhoid vaccination
(0.025mg; Typhim Vi, Sanofi Pasteur) was used to induce transient mild inflammation, while a saline injection
served as a placebo-control. Participants completed the Attention Network Test with concurrent EEG recorded 6 h
post-injection. Analyses focused on behavioral task performance and on modulation of oscillatory EEG activity in
the alpha band (9–12 Hz) for alerting as well as orienting attention and frontal theta band (4–8 Hz) for executive
control. Vaccination induced mild systemic inflammation, as assessed by interleukin-6 (IL-6) levels. While no
behavioral task performance differences between the inflammation and placebo condition were evident,
inflammation caused significant alterations to task-related brain activity. Specifically, inflammation produced
greater cue-induced suppression of alpha power in the alerting aspect of attention and individual variation in the
inflammatory response was significantly correlated with the degree of alpha power suppression. Notably,
inflammation did not affect orienting (i.e., alpha lateralization) or executive control (i.e., frontal theta activity).
These results reveal a unique neurophysiological sensitivity to acute mild inflammation of the neural network that
underpins attentional alerting functions. Observed in the absence of performance decrements, these novel find-
ings suggest that acute inflammation requires individuals to exert greater cognitive effort when preparing for a
task in order to maintain adequate behavioral performance.
1. Introduction

Evidence is mounting to support the contention that immune system
activation (i.e., inflammation), both chronic and acute, may degrade
basic cognitive function (Allison and Ditor, 2014). Common complaints
of mild cognitive deficits in conditions associated with chronic inflam-
mation (e.g., aging, obesity, kidney disease, rheumatoid arthritis, virus
infection, and neurodegenerative diseases) or acute inflammation (e.g.,
injury or commonplace infections) include impaired concentration
(Vollmer-Conna et al., 2004), cognitive sluggishness (Smith, 2012), as
well as depression (Luppino et al., 2010) and anhedonia (Freed et al.,
2018). However, it remains unclear how inflammation impacts specific
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basic brain processes such as attention. The aim of the current study was
to investigate the impact of mild acute inflammation on the fundamental
cognitive function of visual attention.

Visual attention refers to the capacity to prioritize relevant informa-
tion from the ever changing visual sensory environment and is a critical
brain function that underpins many everyday activities (Broadbent,
1966; Posner and Rothbart, 2007). Three main roles of the attention
system have been identified: Preparing the brain for upcoming salient
events (alerting); preparing where to look for task relevant information
(orienting); and prioritizing task-relevant information (e.g., roads signs)
over concurrent, compelling but irrelevant distractions (executive con-
trol). These distinct, yet interacting, functions have been previously
, 1018 WD, NL, UK.
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assessed using the Attention Network Test (ANT) (Fan et al., 2007; Fan
et al., 2002; Posner and Rothbart, 2007).

In the current study, we utilized a variant of the ANT (Fig. 1) to
investigate inflammation-induced changes to the attention system. The
ANT requires participants to respond to different types of cue displays
that are each quickly followed by a standard target array. The latter
contains a target to which a fast, accurate manual response must be
made. Different cue types provide different information that can then be
used by the brain to prepare for the target array. Effective use of cues is
reflected by changes in brain activity that can be measured electro-
physiologically during the cue-target interval and by comparing speed
and accuracy of different cue-target conditions (Fan et al., 2002, 2007;
Posner and Rothbart, 2007).

Evidence that inflammation may cause degradation of cognitive
processes stems from two broad lines of enquiry. First, correlational an-
alyses examining cognitive performance in populations with chronic
inflammation (e.g., elderly, overweight, or patients with chronic in-
flammatory states due to disease or disorder) have generally revealed
negative correlations between inflammation and cognitive performance
(Lin et al., 2018; Marsland et al., 2006; but Singh-Manoux et al., 2014).
However, specific evidence for inflammation-related impairment of vi-
sual attention is scant (but see Kurella Tamura et al., 2017). Moreover,
these correlational studies only address effects of chronic inflammation
and cannot identify inflammation as the cause of cognitive deficits,
except perhaps in the rare case where appropriate mediation analyses are
used (Bourassa and Sbarra, 2016). Complicating this picture is evidence
that depression and poor cardiovascular health, conditions that are more
prevalent in inflammation-associated states (Dhar and Barton, 2016),
may themselves contribute to reduced cognitive function (e.g., Deckers
et al., 2017).

A second line of research linking inflammation and cognitive degra-
dation involves experimental induction of transient inflammation via
administration of immune-activating agents, such as bacterial endotoxin,
in otherwise healthy participants. However, previous studies using
Fig. 1. The sequence of displays presented in each trial of the lateralized ANT
task. The cue display had three equally likely conditions: No Cue, Double Cue
and Spatial Cue (100% valid). 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 center target arrow
as quickly and accurately as possible.
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endotoxin induced inflammation reported no effects on cognitive tests
presumed to evaluate attention processes (Grigoleit et al., 2010; Krabbe
et al., 2005; Reichenberg et al., 2001; van den Boogaard et al., 2010).
Similarly, Brydon et al. (2008) reported no effect on putative attention
measures using vaccination against Salmonella typhi as a low-grade in-
flammatory stimulus. Interestingly, while performance was not affected,
this study showed compared to a placebo condition, greater BOLD ac-
tivity during task performance, perhaps reflecting that increased effort
was needed. Moreover, these aforementioned studies used coarse
cognitive tests (e.g., digit span forward, digit symbol test, color-word
Stroop test) that more likely index memory, learning and other
high-level executive functions, leaving open the question of whether
inflammation disrupts the functions that support visual attention, per se.
Furthermore, previous work has focused almost exclusively on behav-
ioral measures of attention, leaving largely unexplored the effects of
acute inflammation on the underlying neurophysiological mechanisms.
However, knowledge of these effects is of value for at least two reasons.
First, absence of behavioral effects does not imply the absence of un-
derlying neurophysiological effects of inflammation. Second, under-
standing neurophysiological mechanisms that underpin
inflammation-associated cognitive changes may open up possibilities
for early markers for those at risk to develop cognitive dysfunction.
Experimental studies of inflammation have shown that inflammation
induced by means of interferon-alpha, typhoid vaccination, or endotoxin
was associated with increased task-relevant neural responses, while
behavioral performance was unaffected (Brydon et al., 2008; Capuron
et al., 2005; Kullmann et al., 2013). This combination of increased neural
recruitment and preserved behavioral performance has been interpreted
as reflecting increased effort needed to perform the task.

To address effects of inflammation on attention, the current study
experimentally induced acute mild inflammation and assessed visual
attention using the ANT paradigm. Typhoid vaccination was used to
induce mild inflammation without the concurrently inducting fever and
flu-like symptoms as typically occurs with endotoxin (e.g., nausea,
headache and extreme fatigue) that could directly degrade cognition
(Grigoleit et al., 2011; Lasselin et al., 2016). We used a randomized
double-blind crossover design with a saline injection as the placebo
condition. The analysis focused on injection condition-dependent
changes in oscillatory activity in the electroencephalogram (EEG) alpha
band to the onset of visual alerting cues, a measure reflecting mental
preparation effort (Fink et al., 2005; Keil et al., 2006; Sawaki et al.,
2015). Frontal-midline theta-band oscillations were assessed as a mea-
sure for executive control (Cavanagh and Frank, 2014). Activity in the
theta band has been associated with aspects of task monitoring and error
detection, that is linked to executive attention (Fan et al., 2007). Ac-
cording to the inhibition-timing hypothesis (Klimesch et al., 2007), alpha
selectively increases in a region that is task-irrelevant; when attention is
being cued to the left or right visual hemifield, higher occipital alpha
power is measured contralateral to the unattended side than contralateral
to the attended side. The ratio between left and right occipital alpha,
referred to as the Alpha Lateralization Index (ALI), was assessed as an
index of the efficiency of orienting attention (Haegens et al., 2011). The
primary prediction was that vaccine-induced inflammation would
degrade the brain’s ability to prepare for upcoming task-relevant events,
resulting in either reduced behavioral indices of attention functions
and/or neurophysiological evidence of enhanced preparatory effort
allowing behavioral performance to be maintained.

2. Methods & materials

2.1. Participants

Twenty healthy young male students from the University of Bir-
mingham (M age¼24.5, SD¼3.4 years) were enrolled via advertisement
and participated in exchange for course credits or £40. Individuals were
excluded if they reported being a smoker, having a history of or suspected
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vaccine-related allergy, food allergy or intolerance, inflammatory, car-
diovascular, neurological, mental health or immune-related disorder,
visual impairment (unless corrected to normal), and those on any
medication 7 days prior to the test days. Mean body mass index (BMI)
was 24.5 (SD¼3.4), 16.6–29.2 kg/m2. The study was conducted accord-
ing to the guidelines laid down in the Declaration of Helsinki and all
procedures were approved by the local Research Ethics Committee of the
National Health Service (NHS).

2.2. General procedures

Participants visited the behavioral immunology laboratory on three
separate occasions: one familiarization session, followed by two separate
test days (i.e., receiving vaccination or saline placebo, randomly
assigned) at least one week apart. The study was carried out in a double-
blind placebo-controlled crossover fashion. On arrival in the morning, a
blood sample was taken before participants received the vaccination or
placebo injection. After injection, participants had a 4-h break followed
by a standardized lunch and EEG set-up preparations. A second blood
sample was taken about 5h30 post-injection; then, the ANT was
completed while EEG recordings took place (about 6 h post-injection),
followed by a set of other cognitive tests. Other cognitive tests, not re-
ported here, included measures of emotion recognition, memory,
learning, and response inhibition. For a detailed description of the
complete study procedures, see Balter et al. (2018). The final blood
sample was taken about 8 h post-injection. Mood and sickness symptoms
and tympanic body temperature were assessed at several intervals during
the test day, including before injection, at 5h30m, and at 8 h
post-injection. Test timings were identical across visits, as were the
procedures, except for the type of injection (vaccine or saline placebo).

2.3. Randomization

Participants were randomly assigned to receive vaccine or saline
placebo on the first day of formal testing. Randomization was performed
by supporting staff who had no contact with the study participants. Only
the nurse administering the injections was aware of the order. A sealed
envelope containing information about the condition was handed to the
nurse before administering the injection. The nurse followed identical
procedures for placebo and vaccine injection ensuring participant’s
blindness to the condition. The researchers were not present when the
injection was administered. Results indicated that participants were
blind to their condition at the first visit: on test day 1, 62.5% of the
participants reported the condition correctly at the end of the test day,
which is near chance level (χ2(1)¼1, p¼.317). At the end of test day 2,
73.3% correctly guessed the condition they were in (χ2(1)¼ 3.27,
p¼.071).

2.4. Typhoid vaccination

Typhoid vaccine was selected as a low-grade inflammatory stimulus
as this vaccine is known to induce increases in circulating pro-
inflammatory cytokine levels without inducing significant effects on
sickness symptoms such as fever (e.g., Paine et al., 2013). Participants
received 0.5 mL Salmonella typhi capsular polysaccharide vaccine
(0.025mg in 0.5 mL, Typhim Vi, Sanofi Pasteur, UK) or a saline placebo
(0.5mL) via intra-muscular injection in the deltoid muscle of the
non-dominant arm by a certified nurse on each test day.

2.5. Mood and sickness symptom assessment

Current mood and presence of sickness symptoms was assessed using
a modified version of the Profile of Mood States – Short Form (POMS-SF;
Curran et al., 1995). The version used here comprised 38 items each
beginning with ‘How are you feeling right now’ followed by a word
descriptive of one of eight states (tension–anxiety, anger–hostility,
3

fatigue–inertia, vigor–activity, confusion–bewilderment, depres-
sion–dejection, physically well - physically ill, withdrawn-sociable).
Ratings were made using a five-point Likert scale (0¼ not at all, 1¼ a
little, 2¼moderately, 3¼ quite a bit, to 4¼ extremely). Scores for POMS
subscales were computed by summing ratings on individual items.

2.6. Blood sampling

Blood (6ml) was collected into a vacutainer containing ethyl-
enediaminetetraacetic acid (EDTA) as anticoagulant (Becton Dickinson
Diagnostics, Oxford, United Kingdom). Samples were immediately
centrifuged at 1500 g for 10min at 4 �C and plasma was aliquoted and
stored at �80 �C for later cytokine assessment of plasma interleukin-6
(IL-6). Plasma IL-6 was assessed in duplicate using high-sensitivity
enzyme-linked immunosorbent assay (ELISA; Quantikine HS Human IL-
6 ELISA, R&D Systems, UK) in accordance with the manufacturer’s in-
structions. The limit of detection of this assay was 0.11 pg/mL, with an
intra-assay coefficient of variation of 4.2%. All samples from the same
participant were assayed in the same run. Assessment of IL-6 primarily
acted as an inflammation check and no causal assumptions about the role
of IL-6 in the observed effects can be made.

2.7. Behavioral and electrophysiological data acquisition

Participants were seated at approximately 80 cm distance in front of a
high-resolution 1700 LCD color monitor. E-Prime 2.0 (Psychology Soft-
ware tools, Inc., Sharpsburg, PA, USA) was used to present stimuli and
record behavioral data. Task responses were recorded via a standard
computer keyboard. Electroencephalograms were obtained in a
temperature-controlled environment using a 64-channel Ag/AgCl elec-
trode 10-10 WaveGuard cap and eego™ sports amplifier from ANT
(https://www.ant-neuro.com). The data was acquired with a sampling
rate of 1024Hz with online Cpz reference. Electrodes impedance was
maintained below 20 kΩ as recommended by the manufacturers. Hori-
zontal eye movements were monitored via two bipolar electrodes placed
at the external canthi of each eye.

2.8. Attention Network Test

In the current study we utilized a lateralized variant of the ANT
commonly used in previous studies (Fan et al., 2002). Each trial began
with the presentation of a black central fixation cross (1� of visual angle
in diameter) that remained on the screen throughout the trial. See Fig. 1.
After a randomly jittered interval of 400–500ms, one of three cue con-
ditions occurred. (1) No Cue: A blank screen except for the fixation cross
until target array presentation occurred 1200ms later, providing no in-
formation regarding when or where the target would appear; (2) Double
Cue: Two asterisks (each 0.6� in diameter) presented 2.3� to the left and
right of the fixation cross along the horizontal meridian for 100ms,
providing certainty over when but not where the target would appear;
and (3) Spatial Cue: A single asterisk presented either 2.3� to the left or
right of the fixation cross for 100ms, signaled the target location on
100% of the trials (spatial cue) providing both temporal and spatial
certainty about the target’s appearance. The target array was presented
1200ms after cue onset and disappeared immediately upon response or
within 2000ms. The target stimulus was a central arrow (0.6� tall X 1.7�

wide) presented simultaneously with four similar (flanker) arrows
pointing in the same (congruent) or opposite (incongruent) direction as
the target. Flankers were positioned directly above and below the target;
all arrows were aligned vertically in a column (3.3� total height; arrows
separated by 0.1�) and could appear 2.3� to the left or right of fixation.
The participant’s task was to report the direction of the central target
arrow by pressing the “k” key for up or the “m” key for down using the
dominant hand as quickly and accurately as possible. Each trial lasted
2250ms on average.

Participants performed one practice block of 32 trials followed by six

https://www.ant-neuro.com
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experimental blocks. Within each block, each cue condition was pre-
sented 16 times in a pseudorandom order with each combination of
target array location and congruency being equally likely to occur within
each cue condition.

In this test, differences in response time (RT) and accuracy for
different cue and target flanker conditions were used to index the effi-
ciency of two different cueing effects: (1) "alerting", i.e., computing the
difference between trials with a double cue and trials with no cue; and (2)
"orienting", i.e., computing the difference between trials with spatial cues
that validly predicted the spatial location of the target and those with
double cues, offering no prediction. For EEG, orienting of attention was
calculated as the Alpha Lateralization Index (ALI) which is described in
the next section. In addition, flanker congruency effect referred to as (3)
“executive control” was determined by comparing congruent and
incongruent flanker trials regardless of cue condition. Psychomotor
speed was computed as the grand average RT across all cue and target-
flanker conditions.

2.9. Behavioral data analysis

Trials with incorrect responses or with RTs <150ms or >1500ms
were excluded from any further analysis, accounting for 1.1% of the data.
In addition, RTs >3 SDs from the mean for each combination of cue and
target flanker condition for each participant were also excluded, ac-
counting for an additional 1.2% of the data. All data for two participants
was excluded from analysis as a result of equipment failure (no behav-
ioral file was saved).

Mixed design repeated measures ANOVAs and paired samples t-tests
were used where appropriate. We analyzed both RT and accuracy for
testing order effects (Day 1 versus Day 2) and found neither main nor
interaction effects (all F’s< 1). To assess whether the inflammatory
response was associated with measures of interest (e.g., behavioral
measures, alpha power, frontal theta power, ALI), bivariate correlational
analyses were performed with the inflammatory response to the vaccine
and placebo. The inflammatory response was defined as the difference
between IL-6 level before injection (0h) and it highest post-injection level
(observed at either 5h30 or 8h post-injection). This was computed for the
vaccine and placebo conditions separately. A log10 transformation was
applied to IL-6 data due to the skewed distribution of raw values. In
addition to traditional null hypothesis significance testing, Bayes Factors
were calculated for nonsignificant effects via Bayesian ANOVAs and
correlation analyses using default prior probabilities in JASP version 0.9.
Bayes factors provide relative evidence of both the null (H0) and alter-
native hypothesis (HA), compared to the conclusions about the null hy-
pothesis proffered by traditional null hypothesis significance testing. To
allow for clear interpretation, the approximate classification scheme of
Wagenmakers et al. (2017) was used which states that an estimated
Bayes Factor (BF10; H0/HA) value< 1 supports evidence in favor of H0.
For example, a BF10 of 0.25 indicates that the H0 is 4 times (1:0.25) more
likely than the HA. Values close to 1 are not informative and a BF10 be-
tween 1 and 3 provides anecdotal evidence for the HA. A BF10 between 1
and 0.33 provides anecdotal evidence for the H0 (e.g., 1:3 probability in
favor of H0) and a BF10 between 0.33 and 0.10 provides moderate evi-
dence for H0. A BF10< 0.10 provides strong evidence for H0.

2.10. Time-frequency analysis

Offline processing and analyses were performed using the matlab
toolbox EEGLAB (Delorme and Makeig, 2004) and Fieldtrip (Oostenveld
et al., 2011). Continuous EEG data were offline re-referenced to the
average of all scalp electrodes, high-pass filtered at 0.1 Hz and low-pass
filtered below 40Hz using a two-way, fourth-order Butterworth filter. To
remove ocular and muscle artifacts, independent components analysis
(ICA) was performed using the EEGLAB toolbox (on average, 6 compo-
nents per participant were removed, SD¼ 2.0). There was no significant
difference between the number of components accepted in the vaccine
4

versus placebo condition, t(19)¼ 1.24, p¼ .230. Next, continuous EEG
data were epoched from �2000ms to 2000ms, time-locked to cue onset.
Only correct trials were included in the analyses. Time–frequency rep-
resentations of power were estimated per trial, using sliding Hanning
tapers having an adaptive time window of five cycles for each frequency
of interest (ΔT¼ 5/f).

We measured the absolute difference in oscillatory power in the alpha
and theta bands between the no cue and double cue conditions because
the ANT test provided a very limited baseline period, i.e., the pre-cue
interval. For the ‘alerting’ component of the ANT we focused on the
difference in modulation of alpha power (averaged across 9–12Hz) in the
interval between 200ms post-cue onset to target onset for double versus
no-cues. We chose to analyze activity 200ms after the onset of cues as to
avoid spectral contamination from the sensory evoked responses into the
alpha band. The difference in alpha modulation (over time and elec-
trodes) between ‘placebo vs vaccine‘ conditions was assessed by means of
cluster-based permutation procedure (Maris and Oostenveld, 2007)
implemented in the Fieldtrip toolbox (Oostenveld et al., 2011). This test
controls the Type I error rate involving multiple comparisons (e.g. mul-
tiple channels or time-frequency tiles). A probability value here is ob-
tained through the Monte Carlo estimate of the permutation p-value of
the cluster of channels by randomly swapping the labels (i.e., condition)
in participants 5000 times and calculating the maximum cluster-level test
statistic.

For the ‘executive control’ aspect of the ANT, we examined the post-
target differences in theta power between incongruent target flankers
and congruent target flankers in the interval 200–700ms post-target
onset (as to avoid spectral contamination from the sensory evoked re-
sponses). The difference in theta modulation related to congruency (over
time and electrodes) between ‘placebo vs vaccine‘ conditions was also
assessed by means of a cluster-based permutation procedure.

Lastly, for the ‘orienting’ aspect of the ANT, the alpha lateralization
index (ALI) was calculated for the left and right cue for early
(200–500ms post-cue) and late (500–800ms post-cue) intervals. The
region of interest (ROI) included posterior channels for the left (P3, P5,
P7, PO5, PO7) and right hemisphere (P4, P6, P8, PO6, PO8). The ALI was
calculated as follows:

ALIleft ¼
α power Left ROI

Right Cue � α power Right ROI
Right Cue

α power Leftt ROI
Right Cue þ α power Right ROI

Right Cue

(1.1)

ALIright ¼
α power Left ROI

Left Cue � α power Right ROI
Leftt Cue

α power Leftt ROI
Leftt Cue þ α power Right ROI

Left Cue

(1.2)

A repeated measures ANOVA with cue (left, right), time (early, late),
and injection condition (placebo, vaccine) was conducted to assess the
effect of injection condition on the ALI. Levene’s test of Equality of
Variances and Mauchly’s Test of Sphericity were used to test for
assumption violations with adjustments made using the Greenhouse-
Geisser corrections; Bonferroni corrections were applied to post-hoc
pairwise comparisons (two-tailed unless stated otherwise) to control
for type I error rate; and alpha was set at 0.05. As an additional explor-
atory analysis, rather than using a ROI and a time of interest (TOI)
approach, we compared the alpha activity at each time interval in each
electrode location and corrected for multiple comparison through a
random-cluster permutation test. (Results are reported in the Supple-
mentary Materials.)

3. Results

3.1. Physiological responses

Participants showed a significantly greater increase in plasma IL-6 to
typhoid vaccination (þ4.0 pg/mL, SD¼ 1.6) as compared to placebo
(�0.1 pg/mL, SD ¼ .3) (time (0h, peak at 5h30 or 8h) x injection



Table 1
Mean (SD) interleukin-6 (IL-6) concentrations (pg/mL) separated by injection
condition. Column labels represent time since injection.

0 h 5h30m 8 h

Placebo 0.9 (0.3) 0.8 (0.4) 0.8 (0.4)
Vaccine (Inflammation) 1.2 (0.5) 5.1 (1.4) 3.9 (1.3)

Fig. 2. Mean RT for placebo and inflammation condition. Error bars represent
standard error of the mean.

Fig. 3. Mean accuracy for placebo and inflammation condition. Error bars
represent standard error of the mean.
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condition) (F(1, 14)¼ 112.3, p< .001, ηp2 ¼ .89). The peak IL-6 response
(See Table 1) occurred at 5h30m post-injection for most participants. IL-6
remained elevated at 8 h post injection (þ2.3 pg/mL, SD ¼ 1.9)
(t(16)¼�7.03, p< .001). As such from this point on we will refer to the
vaccine condition as the inflammation condition for the remainder of the
text. Peak body temperature was similar across conditions (inflammation
M¼ 36.9 �C, SD¼ 0.3; placebo M¼ 36.8 �C, SD¼ 0.3), confirming
absence of fever.

3.2. Mood and sickness symptoms

No significant time by injection condition interactions were evident
for any of the POMS subscales or total mood score (all F’s< 1). POMS
data are summarized in Table 2.

3.3. Behavioral attention measures

ANOVA of individual condition means revealed no significant main
effect of injection condition on RT (placebo M¼ 480ms, SE¼ 11;
inflammationM¼ 486ms, SE¼ 11) (F(1, 16)¼ 1.00, p¼ .332, ηp2 ¼ .06).
However, as expected, main effects of Cue condition (F(2, 32)¼ 42,
p< .001, ηp2 ¼ .72) and Target Flanker condition (F(1, 16)¼ 123,
p< .001, ηp2 ¼ .89) were found. Injection condition did not interact with
Cue or Target Flanker condition (F’s< 1.1). Mean RTs and accuracy for
each cue and target flanker condition for the placebo and inflammation
condition are shown in Fig. 2 and Fig. 3, respectively. (See Supplemen-
tary Materials, Table S1, for a table of these data).

Subsequently, repeated measures ANOVAs were performed for each
cueing comparison. Across injection condition, RTs for No Cue trials were
20ms (SE¼ 3ms) slower as compared to Double Cue trials (alerting ef-
fect) (F(1, 16)¼ 55.73, p< .001, ηp2 ¼ .78). RTs for Double Cue trials
were 8ms (SE¼ 3ms) slower as compared to Spatial Cue trials (orienting
effects) (F(1, 16)¼ 9.38, p< .001, ηp2 ¼ .37). Lastly, RTs for trials with
incongruent target flankers were 38ms (SE¼ 3ms) slower as compared
to trials with congruent target flankers (executive control effects) (F(1,
16)¼ 124.84, p< .001, ηp2 ¼ .89). Injection condition did not signifi-
cantly affect alerting (F¼ 1.71, p¼ .209), orienting (F¼ 1.47, p¼ .243),
or executive control (F¼ 0.23, p¼ .883) performance. None of the cueing
comparisons significantly correlated with the inflammatory response
(p’s> 0.8). Bayesian repeated measures ANOVA showed anecdotal evi-
dence for the null hypothesis (H0; no effect of injection condition) against
the alternative hypothesis (HA) (RT alerting BF10¼ 0.40; RT orienting
BF10¼ 0.47; RT executive control BF10¼ 0.40). Furthermore, Bayesian
correlation analysis showed moderate evidence in favor of H0 for a
Table 2
Mean (SD) POMS subscales (mood and physical and behavioral symptoms) separated

0 h 5h

Placebo Inflammation Pl

Anger-Hostility 0.4 (1.0) 0.2 (0.5) 0.
Confusion-Bewilderment 3.4 (1.6) 3.3 (1.5) 3.
Depression-Dejection 0.4 (1.0) 0.4 (1.0) 0.
Fatigue-Inertia 2.6 (2.9) 2.7 (2.3) 2.
Tension-Anxiety 0.7 (1.1) 0.6 (0.9) 1.
Vigor-Activity 6.8 (5.5) 6.5 (3.4) 6.
Withdrawn-Sociable 2.2 (1.2) 2.2 (1.2) 2.
Physically well-Ill 0.6 (1.2) 0.7 (1.6) 0.
Total mood 0.7 (8.8) �0.2 (5.6) 1.
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correlation between IL-6 and cueing effects (alerting: BF10¼ 0.33; ori-
enting: BF10¼ 0.34; executive control: BF10¼ 0.33).

Similar to RT, accuracy was not significantly affected by injection
condition (placebo M¼ 96.8%, SE¼ 0.5; inflammation M¼ 97.0%,
SE¼ 0.6) (F(1, 16)¼ 0.165, p¼ .690, ηp2 ¼ .01). A main effect of Target
Flanker condition (F(1, 16)¼ 32, p< .001, ηp2 ¼ .67) was found and no
effect of Cue condition was evident (F (2, 32)¼ 1.42, p¼ .256, ηp2 ¼ .08).
Injection condition did not interact with Cue or Target Flanker condition
(F’s< 1). ANOVAs were performed for each cueing comparison. No sig-
nificant alerting (F< 1) and orienting effects (F(1, 16)¼ 3.83, p¼ .068)
of accuracy were found. Across injection condition, a significant execu-
tive control effect was found (M¼�3.8%, SE¼ 0.6%) (F(1, 16)¼ 35.36,
p< .001, ηp2 ¼ .69). No effects of injection condition were evident
(F’s< 1) and correlations between cueing comparisons and the inflam-
matory response were nonsignificant (p’s> 0.3). Bayesian repeated
measures ANOVA and correlation analysis showed anecdotal evidence
for H0 against HA (correlation alerting BF10¼ 0.51; correlation orienting:
by injection condition. Column labels represent time since injection.

30m 8 h

acebo Inflammation Placebo Inflammation

6 (1.4) 0.2 (0.4) 0.8 (2.0) 1.0 (2.0)
3 (1.7) 3.1 (1.0) 4.5 (2.1) 4.5 (1.9)
3 (0.6) 0.2 (0.6) 0.8 (2.2) 1.5 (2.6)
5 (3.2) 1.8 (2.5) 4.9 (3.2) 5.7 (3.8)
1 (2.2) 1.1 (1.6) 1.2 (2.4) 1.0 (1.9)
6 (3.9) 6.7 (3.5) 3.9 (4.2) 3.4 (3.2)
1 (1.3) 2.0 (1.0) 2.6 (1.3) 2.4 (1.3)
8 (2.0) 0.6 (1.5) 0.9 (1.8) 0.7 (1.4)
3 (9.9) �0.4 (6.2) 8.2 (12.1) 9.4 (11.4)



Fig. 4. Alpha modulation related to ‘alerting’ dimension of the ANT (A) Power-locked alpha activity cued to onset of Double versus No Cue across injection conditions
averaged over the significant cluster of electrodes and time interval (200–300ms) that was revealed with random-cluster permutation tests. (B) The random-cluster
permutation test revealed significantly greater alpha suppression in the inflammation compared to the placebo condition 200–300ms after cue onset. The dots
illustrate the clusters of electrodes that show the most pronounced difference between placebo and inflammation condition over the time interval in which a sig-
nificant difference was found using the random-cluster permutation test (200–300 after cue onset). (C) Scalp topography of alerting-related alpha activity for the
inflammation and placebo condition over the same interval. (D) Frequency spectra in the baseline period (1 s) for placebo (blue) and inflammation (red) condition
averaged over the cluster of electrodes showing a significant difference in alpha power between inflammation and placebo condition.

Fig. 5. Significant negative correlation between the IL-6 response to the vaccine
and alpha power to alerting cues in the inflammation conditions (black dots).
Participants with a larger IL-6 response showed greater alpha power suppres-
sion. No significant correlation was found between the IL-6 response to the
placebo and alpha power to altering cues in the placebo condition (gray dots).
Alpha power was averaged across the electrodes (see Fig. 4b) and the time
period in which placebo and inflammation showed the greatest difference
(200–300ms post-cue).
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BF10¼ 0.41; correlation executive control: BF10¼ 0.45; ANOVA alerting
BF10¼ 0.37; ANOVA orienting BF10¼ 0.36; ANOVA executive control
BF10¼ 0.36).

These results suggest that information of the cues was used to
improve performance to the same degree in the placebo and inflamma-
tion condition.
6

3.4. Inflammation extenuates alpha suppression related to ‘alerting’

The cue-inducedmodulation of alpha power in the alerting dimension
of the ANT (i.e. Double Cue - No Cue) can be seen in Fig. 4. Cue-induced
alpha suppression was significantly greater in the inflammation condi-
tion relative to placebo, in the interval 200–300ms after cue onset
(t(16)¼�46.84, p¼ .037, Monte Carlo p-value, corrected for multiple
comparisons). This effect was most pronounced over a central, frontal
and frontal-central cluster of electrodes. Individual variation in the log
IL-6 response to the vaccine was significantly negatively correlated with
alpha power (r(15)¼ -.613, p¼ .026) (Fig. 5). Bayesian correlation
analysis showed anecdotal evidence in favor of HA for a negative corre-
lation between IL-6 and alpha power (BF10¼ 1.95).

Our oscillatory findings are unlikely to be accounted for by differ-
ences in cue-evoked potentials. Time-frequency representations that are
time-locked to the onset of an experimental event capture activity that is
phase locked as well as changes that are non-phase locked. In order to
reduce the likelihood that our findings could simply be accounted for by
differences in the amplitude of evoked responses, we repeated all our
statistical analysis on time-frequency representations after the spectral
components of the average ERP were removed from the ‘total’ spectra
measures in each trial (Mazaheri and Picton, 2005; Mazaheri et al.,
2018). We found that removal of the ERP spectra had negligible effects
on our contrasts. For simplicity, we report here the statistics and scalp
topographies for time-frequency representations that were not subjected
to this subtraction.

In addition to investigating the modulation of alpha activity between
the baseline no-cues and alerting double cues, we examined if there was a
baseline difference in the frequency spectra between the inflammation
and placebo condition during the no-cue. The frequency spectra at the
baseline period, over the electrodes showing the most pronounced



Fig. 6. Frontal theta (Cz, Cpz) activity for executive control Time-frequency
representations of power-locked activity cued to the onset of targets (Incon-
gruent – Congruent target flankers) of the ANT for placebo and inflammation
condition. Scalp topography of target-related theta activity. The distribution of
theta power (4–7 Hz) from 300 to 500ms after target onset shown for the pla-
cebo and inflammation condition. Theta power is maximal over frontal midline
electrodes. Inflammation did not affect the alpha lateralization related
to orienting.
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difference between placebo and inflammation can be seen in Fig. 4D.
Qualitatively, there does not appear to be any difference in the spectra
between the placebo and inflammation. Nonetheless, to test for any
possible frequency power of 1/f difference between the inflammation
and placebo condition, rather than correcting for the broadband or 1/f
changes, we chose to look at every frequency in the spectra between 1
and 30 Hz, and apply a cluster-level randomization approach similar to
the one used by Segaert et al. (2018) to circumvent multiple compari-
sons. Here, the data was clustered spatially (across electrodes), as well as
across the frequency spectra. We did not observe any differences in the
frequency spectra of individuals receiving the placebo or vaccine injec-
tion during the baseline no-cue interval condition. In addition, we
repeated the analysis this time using pre-defined bands on interest delta
(1–2 Hz), theta (3–7), alpha (9–12Hz), yet we still failed to observe any
statistical differences between the placebo and inflammation condition in
the amplitude of these frequency bands at baseline. We believe that these
observations suggest that low-grade inflammation does not alter the
baseline level of alpha activity, but rather affects its modulation after the
onset of alerting cues.

3.5. Brain and performance interactions

Finally, we assessed the relationship between frontal-central alpha
suppression and behavioral performance. Across participants, a correla-
tion analysis was performed between alerting induced (double-cue – no-
cue) alpha activity over the frontal-central cluster of electrodes and
overall accuracy and overall RT. Interestingly, we found that greater
alpha suppression was correlated with lower accuracy both in the
inflammation (r(16) ¼ .699, p¼ .005) and placebo (r(16) ¼ .660,
p¼ .010) condition. This would suggest the more alpha suppression an
individual produced in response to the alerting cues, the more mistakes
they made.

We did not observe a relationship between alerting induced alpha
suppression and RT (inflammation: r(16)¼ .380, p¼ .163; placebo: r(16)
¼ .362, p¼ .185). We investigated this further by separating data from
experimental trials based on whether responses were slow or fast using a
median split. We then determined the power of alpha activity across the
significant cluster of electrodes as well as the time interval that was
revealed with cluster-based permutation tests for each RT category (fast,
slow). We performed a repeated measures ANOVA with Injection con-
dition (placebo, inflammation), RT category (slow, fast), and Cue type
(double, no) to assess the relationship of alpha power to RT. As expected
(given these were significant clusters obtained from a previous analysis,
the Injection condition x Cue condition interaction revealed a greater
cue-induced alpha suppression in the inflammation condition
F(1,17)¼ 8.19, p¼ .011, np2¼ 0.34. However, the main effect of RT
(slow, fast) (F¼ 2.24, p¼ .154) was nonsignificant. Moreover, the In-
jection condition x RT x Cue type interaction was also nonsignificant
(F¼ 2.37, p¼ .129), as were all other interaction effects (F’s< 1). We
conducted an additional trial-by-trial analysis examining a correlation
between the power of alpha activity across all electrodes at this time
interval and subsequent RT. This resulted in correlation topographies for
each participant for each condition. The statistical significance of these
topographies at the group level was assessed with a cluster-level
randomization test. Again, we did not observe a relationship between
post-cue alerting alpha and RTs. The same analysis using alpha laterali-
zation as an index also did not find a relationship between trial-by-trial
alpha activity across contra-lateral or ipsi-lateral hemispheres and sub-
sequent RT. These findings suggest that the pre-target alpha modulation
alerting or orienting related reported here is unlikely to be directly
related to trial-by-trial reaction times, or speed of processing.

3.6. Inflammation did not significantly affect the theta increase related to
executive control

While there is greater target-locked frontal theta oscillatory activity in
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the incongruent versus congruent target flanker condition (t(16)¼ 16.7,
p< .001), no significant difference in theta increase between placebo and
inflammation was found using cluster-based permutation analysis pro-
cedure (t(16)¼�18.03, p¼ .433). See Fig. 6. Individual variation in the
IL-6 response to the vaccine was not significantly correlated with theta
activity (averaged across the electrodes Cz, Cpz) in the executive control
domain of attention (r(16) ¼ .011, p¼ .969), with anecdotal (BF10 ¼
0.33) evidence in favor of H0.

The cue-induced alpha lateralization index (ALI) left and right for
early (200–500ms post-cue) and late (500–800ms post-cue) processing
was calculated (see Eq (1.1) and Eq (1.2)) and can be seen in Fig. 7. No
significant effect of injection condition on the ALI (F¼ .94, p¼ .347) was
found nor interactions between injection condition and cue (left, right) or
time (early, late) (F’s< 1.3). Interestingly, we found a relationship be-
tween the ALI and overall RT (ALI left early¼ r (16)¼ -.488, p¼ .055;
ALI right early¼ r (16)¼ -.538, p¼ .032; ALI left late¼ r (16)¼ -.554,
p¼ .026; ALI right late¼ r (16)¼ -.517, p¼ .040), suggesting that par-
ticipants who showed the greatest alpha to the cue also tend to be the
ones that were faster in the task. The IL-6 response was not significantly
correlated with the early or late ALIleft and ALIright (p’s> 0.1). Bayesian
correlation analysis showed anecdotal evidence in favor of H0 for a
correlation between IL-6 and alpha power (Early ALIleft BF10¼ 0.51; Late
ALIleft BF10¼ 0.36; Early ALIright BF10¼ 0.88; Late ALIright BF10¼ 0.34).

4. Discussion

The current study used the ANT to investigate how acute low-grade
inflammation affected the alerting, orienting and executive



Fig. 7. (A) The topography of the post-cue (200ms �800ms) of the alpha
power for the inflammation and placebo condition. Mean Alpha Lateralization
Index (ALI) 200–500ms post-cue (early) and 500–800ms post-cue (late) onset
for the left and right cue separately for the placebo and inflammation condition
(B). A more positive value of ALI is indicative of a shift in alpha power to the left
hemisphere, a more negative value of ALI means a shift to the right hemisphere.
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components of visual attention at a neurophysiological and behavioral
level. Typhoid vaccination given to the participants effectively induced
mild inflammation, as measured by IL-6, without evoking concurrent
fever or flu-like symptoms, a finding in line with results from a larger
cohort (Balter et al., 2018). The primary finding of the current study is
that transient, mild inflammation affected the alerting network, but left
the other attention components, orienting and executive, relatively un-
affected. Specifically, we observed that the alpha suppression response to
cues that provide temporal information about imminent targets stimuli
was significantly more pronounced in the inflammation compared to the
placebo condition. Importantly, this alteration in the brain’s preparation
for a target display did not result in any overt behavioral change in
performance and baseline alpha activity remained unaltered. The results
demonstrate for the first time that a sub-process of attention, i.e., alert-
ing, is selectively sensitive to the effects of acute mild inflammation.

The degree to which alpha power is suppressed is thought to reflect
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the level of cognitive effort required by an upcoming task (reviewed in
Van Diepen et al., 2019). Greater alpha power suppression is associated
with higher task demands (Fink et al., 2005), greater subjective task
difficulty (Wostmann et al., 2015), increased memory load (Stipacek
et al., 2003), and greater discrimination difficulty (Roberts et al., 2014).
Observing greater alpha suppression with no corresponding decrement in
performance after inflammation induction in the current study suggests
that inflammation may require greater cognitive effort to perform an
attentionally demanding task. This explanation seems in apparent
contrast with the suggestion that motivational changes are a character-
istic of inflammation (Felger and Treadway, 2016; Draper et al., 2017).
However, careful inspection of the literature suggests that inflammation
may result in a recalibration of reward-effort trade-offs, i.e., greater effort
is invested when the behavior is regarded as especially rewarding (Las-
selin et al., 2016; Vichaya et al., 2014). Although the current task was not
designed to assess reward-effort trade-offs, the observed pattern of re-
sults extends the notion of a reward-effort recalibration to attentional
performance and suggests that increased effort is invested to maintain a
high level of attentional performance. Arguing against this idea is the
possibility that inflammation might degrade low-level visual sensory
processing and thereby demand greater higher level processing that
consequently leads to greater alpha power suppression (Roberts et al.,
2014). However, such an explanation cannot account for effects based on
difference scores between cue conditions. If inflammation degraded vi-
sual sensory processes, then greater alpha suppression would have been
found for all cue conditions, resulting in no effect on attention difference
scores.

In line with previous experimental studies using diverse tasks sub-
sumed under attention, inflammation exhibited no overt behavioral
attention effects (Brydon et al., 2008; Grigoleit et al., 2010; Krabbe et al.,
2005; Reichenberg et al., 2001; van den Boogaard et al., 2010). However,
absence of behavioral effects does not imply the absence of an underlying
neurophysiological effect of inflammation. It has been shown that EEG
can identify early signs of cognitive decline in pathological states, such as
mild cognitive impairment (Mazaheri et al., 2018) and dementia in
Parkinson’s disease (Bonanni et al., 2015; Klassen et al., 2011). EEG
methods, as compared to most behavioral measures, are able to detect
subtle aspects of cognitive function, making this method highly suitable
for probing neural effects of mild inflammation. Indeed, the current re-
sults further underline the need for caution when drawing conclusions
from nonsignificant behavioral results. Nevertheless, it remains unclear
why behavior is unaffected by inflammation when underlying neuro-
physiological processes indicate significant alterations. One reason may
be that overt behavioral effects of inflammation on attention require
persistent (i.e., chronic) or severe inflammation before compensatory
mechanisms that maintain performance fail to cope with weakened
preparatory attention mechanisms. Typhoid vaccination, as used here,
elicited only a 4-fold increase in IL-6 levels, whereas the endotoxin
model, often used to experimentally study high inflammation, generally
raises IL-6 levels 100-fold up to roughly 1000-fold (e.g., Draper et al.,
2017; Eisenberger et al., 2009; Grigoleit et al., 2011; Lasselin et al., 2016;
Muscatell et al., 2016). Yet such studies fail to show evidence supporting
the possibility that inflammation affects overt attentional processes
(reviewed in Bollen et al., 2017), suggesting that higher inflammation
levels alone are not sufficient to induce overt attentional changes. The
modest but reliable elevation of IL-6 observed in the current study is akin
to the inflammation levels seen in subsets of depressed individuals, as
well as in medical conditions such as diabetes and atherosclerosis (e.g.,
Dowlati et al., 2010; Maes et al., 1995; O’Brien et al., 2007). However, a
difference between experimental models of inflammation and the
aforementioned medical conditions is the duration of inflammation. Here
it was up to 8 h compared to the weeks, months or even years of elevated
inflammation in these medical conditions. Considering that patients with
chronic inflammation, such as those with cystic fibrosis and inflamma-
tory bowel disease, show reduced attention performance as compared to
healthy controls (Piasecki et al., 2017) raises the possibility that overt
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behavioral effects of inflammation on attention only occur when
inflammation is persistent. Perhaps, with chronic inflammation neural
compensatory mechanisms eventually fail, allowing behavioral indices
dependent on attentional preparation processes to become sensitive to
inflammatory states.

A potential pathway by which mild inflammation may modulate
alerting attention processes is through modulation of the locus coeruleus
(LC). Locus coeruleus-norepinephrinergic (LC-NE) activity has been
notoriously involved in alerting of attention (Kane et al., 2017; Raj-
kowski et al., 1994). The LC is especially vulnerable to toxins and
infection due to a few factors. First, the LC has high energetic demands
and may be more susceptible to mitochondrial oxidative stress (San-
chez-Padilla et al., 2014). Second, the LC has a high exposure to blood
circulation making LC neurons more likely to take up toxicants (Pam-
phlett, 2014). Third, the LC’s close proximity to the fourth ventricle may
also expose it to toxins in cerebrospinal fluid (Mravec et al., 2014). In-
direct support for a role of altered LC-NE activity in
inflammation-associated cognitive change is the finding that aging is
associated with selective reductions in the alerting component of atten-
tion (Gamboz et al., 2010; Jennings et al., 2007). Aging is also charac-
terized by elevated inflammatory activity as well as reduced LC integrity
(Capuron et al., 2014; Mather and Harley, 2016). While these data are in
support of the hypothesis that altered LC-NE activity may play a role in
inflammation-associated changes in alerting, the current study did not
directly assess this nor did it allow for localization of the origin of the
effect as no structural MRI of the individual was acquired. Future studies,
perhaps usingMEG or EEG in combination with an individual’s structural
MRI, could inform the localization of this alpha difference. Unfortu-
nately, we are not able to investigate the role gamma activity plays in our
task since we recorded our EEG with a 30 Hz low-pass filter. Our rational
for this setting was that it is difficult to disentangle broadband scalp
muscle activity from neuronal cortical activity in the high frequency
range with EEG (see review: Muthukumaraswamy, 2013). In addition,
the data was collected in an unshielded room, a setting with lots of
electrical noise. Therefore, we filtered the data to remove these high
frequency signals. That being said, the role that inflammation might play
in modulating gamma activity would indeed be a worthwhile aim for
future studies using MEG, and techniques that could reduce muscle
artefacts.

The current findings suggest that EEG correlates of attention may be
used to detect subtle neurophysiological changes accompanying inflam-
mation. Future research may assess whether preparatory alpha suppres-
sion can be used as a pre-clinical predictive marker to identify those at
risk to develop inflammation-associated changes. The current findings
are also important in light of the high prevalence of mild cases of flu,
colds or minor infections that cause mild, acute inflammation. Previous
research has found that high alpha power is a sensitive measure of
reduced arousal, sleepiness, and mental fatigue (K€athner et al., 2014).
However, we did not observe an overall difference in alpha activity at the
baseline period between the placebo and inflammation condition, which
suggests that the degree of modulation of alpha from baseline to an
alerting state appears to be a key feature. It also provides no support for
the notion that fatigue is a contributor to the alpha power effects we
observed. As such, mild inflammatory states may enhance feelings of
mental fatigue or cognitive stress due to the increased effort needed to
perform otherwise effortless tasks.

In sum, the present study showed, for the first time, that transient
low-grade inflammation triggers enhanced cognitive efforts to reinstate
performance in attention. Future studies may explore the potential of
neurophysiological outcomes as a marker for early detection of
inflammation-associated cognitive changes.
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