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a b s t r a c t
Inﬂammation is associated with poorer vascular function, with evidence to suggest that inﬂammation can also
impair the vascular responses to mental stress. This study examined the effects of vaccine-induced inﬂammation
on vascular responses to mental stress in healthy participants. Eighteen male participants completed two stress
sessions: an inﬂammation condition having received a typhoid vaccination and a control (non-inﬂamed) condition. Tumor necrosis factor-alpha and interleukin-6 (p's b .001) increased following vaccination, conﬁrming
modest increases in inﬂammation. Mental stress increased blood ﬂow, blood pressure, heart rate, and cardiac
output in both conditions (all p's b .001), but the blood ﬂow response to stress was attenuated having received
the vaccination compared to the control condition (p's b .05). These results further implicate the interaction
between inﬂammation and the vasculature as a mechanism through which stress may trigger myocardial
infarction.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
There is converging evidence that acute mental stress can precipitate
myocardial infarction (MI). For example, survivors of MI have identiﬁed
emotional stress as a trigger for their MI (Strike and Steptoe, 2005) and
epidemiological studies have reported elevated MI incidence following
stressful events, such as earthquakes, onset of wars, and even
following international soccer matches (for review see Strike and
Steptoe (2005)). Even though the underlying mechanisms are not yet
fully understood, studies suggest that the effects of inﬂammation on
the vasculature may play a role in stress-induced MI (Paine et al.,
2012). Serological markers of inﬂammation and vasoconstriction were
elevated in patients admitted for MI during the Football World Cup,
compared to those admitted during a control period (Wilbert-Lampen
et al., 2010). Similarly, laboratory studies have revealed that cardiac
patients exhibiting mental stress-induced ischaemia (a laboratory
proxy for MI) have higher basal inﬂammatory levels (Shah et al.,
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2006), and poorer vascular responses to mental stress (Burg et al.,
2009; Goldberg et al., 1996; Jain et al., 1998).
Associations between inﬂammation and endothelial function have
been studied in vivo. Endothelial function is assessed by measuring
the vasodilatory response to a standardised stimulus (Sandoo et al.,
2010), such as increases in blood ﬂow. A reduced ability to vasodilate
to such stimuli, i.e., endothelial dysfunction (Sandoo et al., 2010), is an
indicator of atherosclerosis (Lerman and Zeiher, 2005), which is evident
in patients with increased levels of inﬂammation (e.g., coronary artery
disease (Fichtlscherer et al., 2004) and rheumatoid arthritis (Vaudo
et al., 2004)). Transient endothelial dysfunction can also manifest in apparently healthy populations where inﬂammation has been induced by
direct infusion of inﬂammatory cytokines (Bhagat and Vallance, 1997)
or vaccination (Clapp et al., 2004; Hingorani et al., 2000; Kharbanda,
2002). Interestingly, in people without proven endothelial dysfunction,
mental stress reliably causes vasodilation, indexed by increased blood
ﬂow (Joyner and Casey, 2009). However, stress-induced vasodilation
is attenuated in those at risk for CVD (Hamer et al., 2007) and in those
with heart failure (Middlekauff et al., 1997; Santos et al., 2005). Thus,
it is important to examine the role of inﬂammation on stress-induced
vasodilation, given that inﬂammation is evident in those with endothelial dysfunction and that endothelial dysfunction can lead to poorer
vascular responses to stress (Sherwood et al., 1999).
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To our knowledge only two studies have examined the inﬂuence of
inﬂammation on vascular responses to mental stress. Rheumatoid
arthritis patients with high-grade systemic inﬂammation displayed increased vascular resistance in response to mental stress, which was
not evident in patients with low-grade inﬂammation (Veldhuijzen van
Zanten et al., 2008). A second study, involving a healthy population,
observed that eccentric exercise-induced increases in IL-6 resulted in
reduced calf, but not forearm, blood ﬂow during mental stress (Paine
et al., 2013a), further suggesting a possible role for inﬂammation in
attenuating the vascular responses to mental stress.
However, one criticism of utilising an eccentric exercise protocol is
that it typically yields increases in IL-6, but not other inﬂammatory
markers (Febbraio and Pedersen, 2002; Steensberg et al., 2001, 2002).
Other experimental paradigms are available, such as typhoid vaccination, which can induce elevations in other pro-inﬂammatory markers
(e.g., TNF-α (Paine et al., 2013b)), which have been implicated in the
development of atherosclerosis and subsequent cardiovascular disease
(Anker and von Haehling, 2004; Blake and Ridker, 2002). Critically,
the typhoid vaccination does not induce changes in mood, physical
symptoms or sickness behaviour (Brydon et al., 2009; Paine et al.,
2013b). However, this ﬁnding is not universal, with others demonstrating a relationship between mood and vaccination (Harrison et al.,
2009a,b), as well as others demonstrating changes in mood as a result
of vaccination administration (Strike et al., 2004; Wright et al., 2005).
Therefore, the use of the typhoid vaccination allows us to use a vaccination paradigm whereby relatively substantial increases in inﬂammation
are observed without altering these other psychological factors,
allowing us to examine only the physiological alteration of blood ﬂow
in response to stress.
Therefore, the aim of the current study was to examine whether
vaccination-induced inﬂammation, induced by the administration of
the Salmonella typhi (typhoid) vaccination, inﬂuences the vascular responses to mental stress in healthy participants. It was hypothesised
that inﬂammation would attenuate the vasodilatory response to mental
stress.
2. Methods
2.1. Participants and study design
A total of 23 male university students were recruited, and
randomised into one of two intervention groups: vaccination and saline.
All participants completed two stress reactivity sessions scheduled at
least 7 days apart — one in a ‘control’ condition, the other in an ‘intervention’ condition (vaccination or saline). In the intervention condition,
participants completed a stress reactivity session having either received
a typhoid vaccination or a saline injection. These were administered 6 h
prior to the start of the stress reactivity session (Fig. 1). Eighteen male
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university students (mean age ± SD = 19.5 ± 0.9 years, mean body
mass index (BMI) ± SD = 24.6 ± 2.8 kg/m2) received the vaccination
intervention (referred to as the vaccination group). The remaining
ﬁve male students (mean age ± SD = 19.6 ± 1.34 years, mean BMI ±
SD = 25.3 ± 4.6 kg/m2) comprised a placebo (saline) group. A
between-subject design rather than a counterbalanced within-subject
design was chosen due to concerns regarding the length of time
needed between receiving a vaccination and returning to a ‘normalised’ physiological state post-vaccination. For example, given that
the peak antibody response to vaccination typically takes up to
28 days to occur and remain elevated for up to 20 weeks (Edwards
et al., 2008; Rastogi et al., 1995), and that mental stress can also increase the antibody response to vaccination (Edwards et al., 2006,
2008), retesting participants within these time frames could lead to
potential confounding. For this reason a between-subject design
was administered.
None of the participants were suffering from an acute illness or
infection, reported a history of inﬂammatory, cardiovascular or
auto-immune disorders, had taken any medication in the last
4 weeks, or had received a typhoid vaccination in the last 12 months.
Participants reported to the laboratory having refrained from vigorous exercise for at least 24 h, from alcohol for at least 12 h and food
or caffeine in the 2 h prior to testing. The study was approved by
the local research ethics committee and all participants gave written
informed consent.
2.2. Procedures
2.2.1. Stress reactivity session
All testing was performed in a temperature controlled laboratory
(18 °C). The stressor took place in the afternoon between 2:00 and
5:00 pm; the timing of the stressor was the same time for each participant for their two visits to the laboratory. Participants reported to the
laboratory having refrained from vigorous exercise for at least 24 h,
from alcohol for 12 h and food or caffeine in 2 h prior to testing. Upon
arrival at the laboratory, the participant's height and weight were recorded, and they were instrumented for the cardiovascular assessment.
The participant then assumed a supine position on a bed, where he
remained throughout the session. An 18 gauge cannula (Insyte, Becton
Dickinson) was inserted into an antecubital vein of each participant's
dominant arm. After instrumentation, they rested for 20 min (baseline)
and watched a nature documentary (Life; BBC). During minutes 13, 15,
17 and 19 blood ﬂow was measured. Continuous recordings of impedance cardiography and blood pressure were taken, and minutes 13,
15, 17 and 19 were assessed. A resting blood sample was taken at the
end of the baseline period. After practising the mental stress task, participants completed two 8 minute blocks of the mental stress task, with
1 minute rest in between. During minutes 1, 3, 5 and 7 of each block,

Fig. 1. Flow chart of the study protocol.
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blood ﬂow was measured, and impedance cardiography and blood
pressure were analysed for those minutes. The procedures conducted
during the stress reactivity session were identical in both conditions
(e.g., control and intervention), and both groups (vaccination and
placebo).

2.2.2. Vaccination/saline administration
Participants received either a 0.5 ml S. typhi capsular polysaccharide
vaccine (0.025 mg in 0.5 ml, Typhim Vi, Sanoﬁ Pasteur, UK) or a 0.5 ml
saline injection via intra-muscular injection into the deltoid muscle of
the non-dominant arm, by a registered nurse. All participants, who
were blinded to the intervention group allocation, remained in the
laboratory for 20 min post-injection for observation and then returned
to the laboratory 6 h later to complete the stress session. At the start
of this session, they rated the extent of any potential physical symptoms
related to receiving the earlier vaccination or saline injection using a
6-point Likert scale (0 = not at all, 5 = severe), as described previously
(Paine et al., 2013b). General reactions such as joint pain and pain at the
site of the injection were also assessed using a 10-point scale (1 = very
mild, 10 = very severe). The injection was administered 6 h before the
start of the stress task to coincide with the IL-6 response to the vaccine
(Padﬁeld et al., 2010; Paine et al., 2013b).

2.2.3. Mental stress task
The paced auditory serial addition task (PASAT) was used as
the mental stress task. The PASAT has been widely demonstrated to repeatedly produce a stressful stimulus, even when the task is repeated several times on separate days (Veldhuijzen van Zanten et al., 2005;
Willemsen et al., 1998). During the PASAT, participants were presented
with a series of single digit numbers, and were required to add each
new number to the number presented previously (Gronwall, 1977; Ring
et al., 2002). The task lasted a total of 16 min, split into two eight minute
tasks, separated by one minute rest, which aimed to maintain task
engagement and interest throughout the task. The numbers were
delivered in four 2-minute blocks, with the numbers respectively
presented every 3.2 s, 2.8 s, 2.4 s and 2.0 s for the ﬁrst task, and every
2.4 s, 2.0 s, 1.6 s and 1.2 s for the second task, which resulted in a
progressive increase in task difﬁculty. The experimenter, who sat 1 m adjacent to the participants, checked their responses against the correct answers. To enhance the stressfulness of the performance several features
were added that had shown to enhance stress responses in previous studies (Veldhuijzen van Zanten et al., 2004). Participants heard a loud aversive noise once in each block of 10 numbers, with the noise presented
after the participants' ﬁrst incorrect response, or if they had not made
an error, the noise was delivered at the end of the 10 number block. Participants were ﬁlmed with a video camera and were asked to look at their
faces displayed on a television screen whilst performing the task, which
they were told was to be analysed. If participants looked away from the
screen, they heard the aversive noise and were reminded to continue to
watch the screen. Each participant was told that a £10 gift voucher
would be awarded for the highest score recorded on the task. A leader
board with the highest ﬁve scores achieved by all the participants was
displayed, so that each participant could compare themselves to the
other participants' scores. An additional £10 voucher was awarded to
the participant who recorded the greatest improvement in score
between the two sessions. However, the latter of these rewards was
only revealed before the start of the test in the intervention condition,
to eliminate the risk of a poor performance in the control condition.
These elements of social evaluation, competition, punishment and
reward have been shown to enhance the provocativeness of the task
(Veldhuijzen van Zanten et al., 2004). At the end of the stress task, participants rated the task in terms of perceived performance, arousal,
stressfulness and engagement using a 7-point Likert scale (0 = not at
all and 6 = extremely).

2.3. Physiological measurements
2.3.1. Cardiovascular measures
Beat-to-beat arterial blood pressure was recorded continuously during both baseline and stress tasks using a Finometer (Finapres Medical
Systems; Amsterdam, The Netherlands). From this output, continuous
data were recorded (via a Power1401 connected to a computer programmed in Spike2 version 6). Mean systolic (SBP) and diastolic
(DBP) blood pressure were derived from the blood pressure waveform
and used to calculate mean arterial pressure (MAP) during the periods
of assessment. Indices of cardio-dynamic activity were recorded continuously by impedance cardiography using the Vrije Universiteit Ambulatory Monitoring System (VU-AMS, Amsterdam, The Netherlands)
(Willemsen et al., 1996), in line with published guidelines (Sherwood
et al., 1990). Ten second ensemble averages were calculated and used
to determine heart rate (HR, bpm), pre-ejection period (PEP; ms), root
mean of successive squared differences as a measure of heart rate
variability (r-MSSD, ms) and cardiac output (as a product of stroke
volume and HR) (CO; l/min).
2.3.2. Blood ﬂow
Venous occlusion plethysmography, using a mercury-in-silasticstrain gauge, was utilised to measure forearm blood ﬂow (FBF), with a
full description found elsewhere (Paine et al., 2013a). One strain
gauge (connected to a plethysmograph (EC6, Hokanson)) was ﬁtted
around the widest part of the non-dominant forearm, producing a calibrated output voltage proportional to limb circumference. Congestion
cuffs were placed around the brachial region of the upper arm (SC10,
Hokanson) and the wrist (TMC7, Hokanson). The brachial cuff was
inﬂated for 5 s to above venous pressure (40 mm Hg), using a rapid
cuff inﬂator (E20, Hokanson) attached to an automated air source
(AG101, Hokanson). After 15 s, the brachial cuff was inﬂated again.
This was repeated three times per minute, to give three measurements
of blood ﬂow which were averaged to give a mean estimate of blood
ﬂow per minute. Throughout the minute of assessment, the wrist cuff
was manually inﬂated by a Sphygmomanometer (S300, Hokanson) to
supra-systolic blood pressure (N 200 mm Hg). Calibration and blood
ﬂow analysis was undertaken ofﬂine using Spike2 (CED), as has been
described elsewhere (Paine et al., 2013a).
2.3.3. Blood sampling
Blood samples were taken at the end of the baseline period and were
collected into three 6 ml and one 2 ml vacutainers containing potassium
ethylene diaminetetraacetic acid (K3EDTA) (Becton-Dickinson, UK).
The 6 ml samples were stored on ice until centrifugation (1500 g for
10 min at 4 °C) and plasma was stored at −80 °C for later assessment
of IL-6 and TNF-α. The 2 ml samples were placed on a roller until analysis for full blood cell count (Coulter Analyser, Beckman Coulter, Inc.).
2.3.4. Assays
Plasma IL-6 and TNF-α were measured in duplicate using highsensitivity ELISA (Quantikine HS Human IL-6 ELISA and Quantikine HS
Human TNF-α ELISA, both R&D Systems, UK) in accordance with the
manufacturer's instructions. The reported limit of detection of the
assays was 0.039 and 0.106 pg/ml respectively, with recorded intraassay and inter-assay variations both b10% for IL-6 and TNF-α.
2.4. Data analysis
For all cardiovascular variables, the four measurements taken during
baseline, and the four measurements taken during each 8 minute block
of the stress task were averaged to establish a Baseline, Stress 1
(1st 8 min of stress) and Stress 2 (2nd 8 min of stress) value, respectively. For the participants receiving the vaccination intervention, analyses
of variance (ANOVAs) were conducted to examine differences between
baseline values in the control and intervention conditions. To assess the

N.J. Paine et al. / International Journal of Psychophysiology 93 (2014) 340–348

343

Table 1
Mean (SD) inﬂammatory markers for the vaccination group only (N = 18) during the control condition and the intervention condition.
Variable

Control condition

Intervention condition

IL-6 (pg/ml)
TNF-α (pg/ml)
Granulocytes (109/l)

0.90 (1.03)
4.93 (4.12)
3.92 (1.16)

2.97 (1.58)
16.94 (8.11)
6.89 (1.23)

effects of inﬂammation on the responses to mental stress, two Condition
(Control, Intervention) by three Time (Baseline, Stress 1, Stress 2) repeated measures ANOVAs were conducted on all physiological measurements for the vaccination and placebo groups separately. Post-hoc
analyses were undertaken through Newman–Keuls post-hoc comparisons. Where appropriate Greenhouse–Geisser correction was applied
(Vasey and Thayer, 1987) and for all ANOVAs, eta squared (η2) was
used as a measure of effect size. Reactivity scores for all cardiovascular
and vascular measures were calculated as the difference between the
average stress value and the baseline value. Subsequently, Pearson correlations were conducted to examine the associations between resting
inﬂammatory markers (IL-6, TNF-α, WBC) and vascular reactivity.
These analyses were conducted for the control and inﬂammation conditions separately. Occasional missing data are reﬂected in the reported
degrees of freedom.

3. Results
3.1. Manipulation checks
3.1.1. Inﬂammatory response to vaccination (S. typhi polysaccharide
vaccine)
Table 1 displays the measures of inﬂammation at baseline in the
intervention and control conditions in those who received the vaccination. A series of 2 Condition (Control, Intervention) ANOVAs conﬁrmed
that the vaccination induced an inﬂammatory response in those who
received the vaccination intervention: TNF-α, IL-6, and granulocytes
were all elevated during the vaccination intervention condition
compared to the control condition (Table 1). No increases in IL-6, TNFα or granulocytes would be expected in response to saline administration, given data from our laboratory which has demonstrated no significant increases in IL-6 after saline administration, which was in contrast
to the increases in these inﬂammatory markers following S. typhi
vaccination (Paine et al., 2013b). Finally, in comparison to those who
received placebo (saline) injection, participants subjected to the
vaccination intervention reported greater muscle ache (vaccination:
2.22 ± 1.35, placebo: 0.2 ± 0.48; F (1,21) = 13.04, p = .002, η2 =
.38), and localised pain at the site of the injection (vaccination: 3.17 ±
1.92, placebo: 0.2 ± 0.48; F (1,21) = 13.18, p = .002, η2 = .39) at the
start of the stress testing session, 6 h following the vaccination.

F (1,15) = 16.23, p = .001, η2 = .52
F (1,15) = 27.90, p b .001, η2 = .65
F (1,17) = 106.53, p b .001, η2 = .86

3.2. Task impact ratings
Table 2 presents the task self-report ratings for the control and intervention conditions for both the placebo and vaccination groups. There
were no condition differences in perceived levels of stress, arousal,
engagement or performance of the task, for either intervention group.
3.3. Physiological responses to mental stress in the vaccination group
3.3.1. Cardiovascular responses
Fig. 2 depicts the HR, CO, PEP, r-MSSD, SBP and DBP at rest and in
response to mental stress in the control and intervention conditions.
Two Condition (Control, Intervention) by three Time (Baseline, Stress
1, Stress 2) repeated measures ANOVA yielded main effects for time
for HR (F (2,13) = 28.21, p b .001, η2 = .81), CO (F (2,13) = 24.50,
p = .001, η2 = .79), PEP (F (2,13) = 4.85, p = .006, η2 = .43), r-MSSD
(F (2,13) = 8.76, p = .012, η2 = .57), SBP (F (2,13) = 22.22, p b .001,
η2 = .77) and DBP (F (2,13) = 15.02, p b .001, η2 = .70). Newman–
Keuls post-hoc analyses revealed that HR, CO, SBP, and DBP increased in
response to stress, whereas PEP and r-MSSD decreased in response to
stress. No Condition effects or Condition by Time interaction effects
were seen for CO, HR, PEP, r-MSSD, SBP and DBP (all p's N .05).
3.3.2. Vascular responses
The forearm blood ﬂow responses to mental stress are illustrated
in Fig. 3. A 2 Condition by 3 Time (Baseline, Stress 1, Stress 2) ANOVA
revealed a signiﬁcant Condition by Time interaction effect (F (2,16) =
3.43, p = .036, η2 = .30), whereby the stress-induced vasodilation
was attenuated in the intervention condition, when inﬂammatory levels
were elevated due to vaccination.
3.4. Physiological responses to mental stress in the placebo group
The HR, CO, PEP, r-MSSD, SBP and DBP responses to stress are
depicted in Fig. 4. A series of 2 Condition (Control, Intervention) by 3
Time (Baseline, Stress 1, Stress 2) repeated measures ANOVAs yielded
time effects for HR (F (2,2) = 45.12, p b .001, η2 = .94). Time effects
were also evident for FBF (Fig. 3) in response to stress (F (2,3) =
12.54, p = .011, η2 = .76). No other Condition, Time or Condition by
Time interaction effects were observed (p's N .05), indicating that stress
responses were similar during repeated stress testing.

Table 2
Mean (SD) task ratings of the mental stress task for the vaccination group (top; N = 18) and the placebo group (bottom; N = 5).
Control condition

Intervention condition

Vaccination group
Perceived stress
Perceived arousal
Perceived performance
Perceived engagement

4.56 (0.71)
3.22 (1.35)
2.28 (0.96)
3.78 (1.35)

4.44 (0.71)
3.39 (1.50)
2.44 (1.04)
3.67 (1.28)

F (1,17)
F (1,17)
F (1,17)
F (1,17)

Placebo group
Perceived stress
Perceived arousal
Perceived performance
Perceived engagement

4.80 (0.84)
2.60 (0.55)
2.40 (1.14)
3.60 (1.14)

4.60 (0.55)
2.60 (0.89)
3.00 (1.00)
3.80 (1.64)

F (1,4)
F (1,4)
F (1,4)
F (1,4)

Note: Ratings ranged from 0 (not at all) to 6 (extremely).

=
=
=
=

=
=
=
=

.49, p = .50, η2 = .03
1.00, p = .33, η2 = .06
.55, p = .55, η2 = .02
.21, p = .65, η2 = .01

.29, p = .62, η2 = .07
1.00, p = 1.00, η2 = .00
2.25, p = .21, η2 = .36
.17, p = .70, η2 = .04
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Fig. 2. Mean ± SE responses to mental stress for HR, CO, PEP, r-MSSD, SBP and DBP in the vaccination group (N = 18). Note: Time effects (for both conditions) are denoted with ⁎ indicating
signiﬁcantly different from baseline (p b .05).

4. Discussion
The aim of this study was to examine the impact of vaccine-induced
inﬂammation on the vascular responses to mental stress. The S. typhi
vaccination induced a systemic inﬂammatory response, evidenced by
increased TNF-α, IL-6 and granulocytes. Elevated inﬂammation attenuated the vasodilatory response to mental stress. These ﬁndings are in

line with previous ﬁndings where inﬂammation, induced through
eccentric exercise, also induced an attenuation in the vascular response
to mental stress (Paine et al., 2013a).
The vaccination model was chosen here to determine the inﬂuence
of inﬂammation on the vasculature in a group without any manifest pathologies, therefore assessing the unique impact of inﬂammation. Even
though the increases in IL-6 were modest, the levels are comparable to
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Fig. 3. Mean ± SE responses to mental stress for FBF in the vaccination group (left; N = 18) and the saline group (right; N = 5). Note: Time effects (for both conditions) are denoted with
⁎ indicating signiﬁcantly different from baseline (p b .05).

those reported in patients with CAD (Kop et al., 2008) and in men who
had suffered an MI (Ridker et al., 2000). In addition, the levels were similar to the inﬂammation induced through acute eccentric exercise task
utilised in the only other study that has explored the effects of inﬂammation on the vascular responses to mental stress in healthy participants (Paine et al., 2013a). However, this particular inﬂammatory
paradigm also yields increases in other pro-inﬂammatory markers
(Paine et al., 2013b). Therefore, the levels of inﬂammation induced by
the vaccination model used in this study are reﬂective of the inﬂammatory levels of individuals at risk for MI.
Stress-induced vasodilation has previously been shown to be dependent on nitric oxide (NO) bioavailability (Dietz et al., 1994; Joyner and
Casey, 2009). NO has been implicated as a potential mechanism through
which inﬂammation could cause endothelial dysfunction (Clapp et al.,
2004; Goodwin et al., 2007; Hingorani et al., 2000; Hung et al., 2010;
Kharbanda, 2002). Using the same vaccination protocol as the current
study, Clapp et al. (2004) found that inﬂammation induced basal endothelial dysfunction via reduced NO bioavailability (Clapp et al., 2004).
Inﬂammation can inﬂuence NO bioavailability through decreased
eNOS activation (Goodwin et al., 2007), eNOS uncoupling (Rabelink
and van Zonneveld, 2006), or increases in oxidative stress (Gao et al.,
2007). Given these previous ﬁndings, it can be speculated that the attenuated stress-induced vasodilation in the current study during inﬂammation is due to reduced NO bioavailability. However, as direct
measurement of NO in blood is difﬁcult and often unreliable (Wadley
et al., 2013), the reasons for a possible reduction in NO production
must remain speculative.
The reduced stress-induced vasodilation observed in the inﬂamed
state may have occurred via several mechanisms. Given the lack of
changes in sympathetic activation (assessed by a reduction in PEP) or
parasympathetic withdrawal (assessed by reduced r-MSSD) between
sessions or conditions, it is unlikely the attenuated vasodilation in the
current study can be attributed to the inﬂuence of inﬂammation on
sympathetic activation, which has been considered as a mechanism
for stress-induced vasodilation (Lindqvist et al., 1997).
In line with previous work, there were no correlations between
inﬂammation and cardiovascular parameters (Paine et al., 2013a).
Therefore, this suggests that increased TNF-α or IL-6 are not directly
or uniquely responsible for the attenuation in vascular responses to
stress, but might be indicative of an inﬂamed state. The only other
study that used a vaccination to assess the effects of inﬂammation on responses to mental stress, reported correlations between IL-6 responses

to a vaccine and blood pressure responses to a speech task (Brydon
et al., 2009). However, comparison with this study is not possible,
given the differences in time between vaccine administration and the
stress task between the two studies. Whereas the current study conducted the stress task at peak IL-6 levels (Paine et al., 2013b), Brydon
et al. (2009) completed the stress task at a time when IL-6 was still increasing. It is however, worth noting, that even at 2 h post-vaccination,
inﬂammation did not inﬂuence the HR and BP responses to mental
stress (Brydon et al., 2009), which is in line with the current study.
The ﬁnding that inﬂammation did not inﬂuence resting cardiovascular function seems to contradict previous ﬁndings (Brydon et al., 2009;
Harrison et al., 2009a,b, 2013), which is most likely due to the timing
of the assessments relative to the vaccine as described above. Changes
in blood pressure have been reported 3–4 h after administering the vaccine, whereas, in line with the ﬁndings in the current study, no changes
in blood pressure were found 6–8 h after the vaccine (Hingorani et al.,
2000). However, it is plausible that assessment of blood pressure at earlier time points (such as 3–4 h post-vaccination) may have yielded similar effects of inﬂammation on blood pressure.
One limitation of this study was that it did not utilise a
counterbalanced design. As the control and intervention conditions
were not counterbalanced, it is possible that the attenuated responses
to mental stress could be attributable to task habituation. Importantly,
as it has been shown that with this particular stress task the largest
cardiovascular and vascular responses to stress are observed during
the ﬁrst few minutes (Paine et al., 2013c), a reduction in blood ﬂow
during this period cannot be attributed to the stress task being at a
lower intensity at the beginning of the task. This is important as attenuated vascular responses were evident during the ﬁrst part of the stress
task, which is during the same time frame as the appearance of mental
stress-induced ischaemia has also been observed during the ﬁrst
minutes of a stress task (Blumenthal et al., 1995). The effect of inﬂammation was speciﬁc to the vasculature, as no effects of inﬂammation
were evident for any cardiac measure. Importantly, this ﬁnding was
apparent during the previous study which utilised an exercise protocol
to induce increases in inﬂammation; despite the fact that the previous
study adopted a counterbalanced design and the current one did not
(Paine et al., 2013a).
Previous studies have found no attenuation with this stress task
when or completed several times either within or between sessions
(Veldhuijzen van Zanten et al., 2005; Willemsen et al., 1998). Critically,
stress-induced vasodilation is not susceptible to task habituation and
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Fig. 4. Mean ± SE responses to mental stress for HR, CO, PEP, r-MSSD, SBP and DBP in the saline group (N = 5). Note: Time effects (for both conditions) are denoted with ⁎ indicating
signiﬁcantly different from baseline (p b .05).

that vasodilatory responses to repeated stress are robust, with signiﬁcant test–retest correlations observed for both FBF and HR reactivity
(Hamer et al., 2006). Here, there was no attenuating effect of inﬂammation on any of the other physiological responses, such as heart rate or
blood pressure, or psychological responses; a ﬁnding that has been previously demonstrated (Paine et al., 2013a). Only the vascular responses

to mental stress were affected during inﬂammation, and this high level
of physiological selectivity is not consistent with mere habituation. It is
noteworthy that for the placebo group who received the saline intervention there were no signiﬁcant differences in the responses of any
of the physiological parameters assessed. Therefore, the vascular attenuation observed in the inﬂammation intervention group is unlikely to

N.J. Paine et al. / International Journal of Psychophysiology 93 (2014) 340–348

be attributed to task habituation. Despite being outside of the scope of
the current study, future work may also wish to examine the inﬂammatory response to stress, and examine how the inﬂammatory response to
stress is linked to the vascular responses to stress.
In sum, we observed an attenuation of the vascular responses to
mental stress during a state of elevated inﬂammation which was
achieved by a vaccination. This builds on previous evidence of attenuated vascular responses to stress through an acute, transient increase in
inﬂammation in an otherwise healthy population. This interaction
between inﬂammation and the vascular responses to mental stress
might be one mechanism through which mental stress could trigger a
myocardial infarction. Future work is needed that focuses on the associations between different inﬂammatory markers, and how reductions in
inﬂammatory levels may reduce the potential risks associated with the
vascular responses to mental stress.
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