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Abstract
Objective: Dysregulation of stress- reactive neuroendocrine measures, as well 
as subjective stress, have been found to worsen epilepsy. Transcutaneous vagus 
nerve stimulation (tVNS) is a relatively new treatment option for epilepsy. We 
were interested in its effect on the activity of the hypothalamic– pituitary– adrenal 
(HPA) axis and autonomic nervous system (ANS) as well as subjective stress and 
tiredness in patients with temporal lobe epilepsy (TLE).
Methods: Twenty patients (age 44 ± 11 years, 13 women) were enrolled in the 
study. They were free of seizures for more than 1 year. All took part in two ses-
sions with 4 h of stimulation (tVNS vs. sham) in a randomized order. Saliva sam-
ples and subjective stress and tiredness levels were measured at five time points 
each session (before and after stimulation and three time points every hour in 
between). Data were analyzed using repeated measures analysis of variance as 
well as paired t- tests.
Results: There was a dampened salivary cortisol (sCort) decrease during 
tVNS (time × condition effect: F[2.38, 38.15] = 6.50, P = 0.002, partial η2 = 0.29). 
Furthermore, we detected a dampened increase in salivary flow rate during tVNS 
(time × condition effect: F[3.28, 55.67] = 2.82, P = 0.043, partial η2 = 0.14). There was 
neither a difference in overall sCort or salivary alpha- amylase (sAA) levels nor 
in subjective stress or tiredness levels between conditions. sAA levels at the last 
measurement point were slightly higher during tVNS (t(19) = 2.26, P = 0.035, 
d = 0.51), but this effect failed to reach significance when controlled for multiple 
comparisons.
Significance: Our results partially support that tVNS influences the regulation 
of stress- reactive neuroendocrine systems (namely the HPA axis and ANS) in 
epilepsy. More research with larger samples is needed on the difference between 
short- term and repeated long- term stimulation.
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1 |  INTRODUCTION

Subjective stress has been reported to be the most promi-
nent trigger of epileptic seizures reported by patients.1– 3 
The influence of stress on negative health outcomes is 
hypothesized to be caused by dysregulation of the stress- 
reactive hypothalamic– pituitary– adrenal (HPA) axis or 
the autonomic nervous system (ANS).4

Patients with epilepsy display higher basal levels of 
serum and salivary cortisol (sCort), which is a measure 
of HPA axis activity.5– 7 Moreover, a flattened cortisol re-
covery after stress, which is also associated with seizure 
frequency,5 has been found. It seems likely that the oc-
currence of seizures is at least partly mediated by HPA 
axis dysfunction (for an overview see Ref.8), which might 
be caused by structural changes in the temporal lobe 
(including the limbic system) and prefrontal structures. 
Difficulties in psychobiological stress regulation facilitate 
the occurrence of seizures, which in turn, cause recur-
ring psychobiological stress reactions as part of a vicious 
cycle.9

Next to HPA axis dysregulation, ANS dysregulation 
has been found in patients with epilepsy.10 Studies show 
a higher interictal sympathetic tone and lower parasym-
pathetic tone in cardiovascular measures as well as im-
paired vagal cardiovascular control.11,12 However, studies 
on endocrine markers of ANS activity are rare. One study 
found a stronger increase of salivary alpha- amylase (sAA, 
a surrogate marker of sympathetic ANS activity13) due to 
blood sampling (venipuncture) in children with epilepsy 
compared with healthy children.14

Thus, there is a need for treatment options that influ-
ence subjective stress as well as HPA axis and ANS activity 
in patients with epilepsy. There is some research show-
ing an influence of vagus nerve stimulation (VNS15) on 
measures in both the HPA axis and ANS. The influence 
of VNS on HPA axis functioning likely originates in af-
ferent fibers that transfer signals to the brainstem. In the 
nucleus coeruleus of the brain stem, central norepineph-
rine is released, which, in turn, binds to α2 receptors in 
the hypothalamus. Through these connections, VNS can 
activate a hypothalamic– pituitary– adrenal (HPA) axis as 
well as an autonomic nervous system (ANS) response via 
the hypothalamus.16,17 O'Keane et al,18 for instance, found 
normalization in the form of reductions in both adreno-
corticotropic hormone (ACTH) and serum cortisol levels 

in response to corticotropin- releasing hormone (CRH) 
challenge after 3 months of VNS in chronic depression. 
Similarly, Majoie et al7 found a normalization of formerly 
heightened cortisol levels in the peripheral blood of per-
sons with epilepsy compared with a healthy control group 
after 27 weeks of VNS. We are aware of only one study that 
investigated the acute effect of VNS on sCort in a within- 
subject controlled design. This study found an attenuated 
sCort decline with tVNS (transcutaneous VNS, which acti-
vates afferent fibers from the ear to the brain stem19) com-
pared with sham stimulation in a healthy sample.20 tVNS 
might be preferable to VNS as a treatment because of its 
less invasive nature.

Concerning ANS measures, research suggests a de-
crease in sympathetic control and an increase in parasym-
pathetic control, that is, an overall reduced activity, during 
tVNS, using cardiovascular measures.21 There are, how-
ever, also two studies that found increased sAA levels due 
to tVNS stimulation using laboratory designs.20,22

Taken together, tVNS might be able to influence the 
HPA axis as well as ANS functioning in patients with epi-
lepsy, which should reflect in changes in both salivary and 
subjective stress measures. However, this has not been 
shown in a randomized controlled design under labora-
tory conditions. We hypothesized that tVNS will regulate 
(i.e., decrease) subjective stress measures and the activi-
ties of both the HPA axis and ANS (reflected in reduced 
sCort and sAA levels) in patients with temporal lobe ep-
ilepsy (TLE).

K E Y W O R D S

autonomic nervous system, cortisol, epilepsy, HPA axis, stress, transcutaneous vagus nerve 
stimulation, VNS

Key Points

• Transcutaneous vagus nerve stimulation 
(tVNS) influences endocrine stress measures in 
persons with epilepsy in a design with several 
hours of intermitted tVNS.

• tVNS flattens the decrease in hypothalamic– 
pituitary– adrenal axis activity.

• tVNS augments autonomous activity (salivary 
flow rate and alpha- amylase activity).

• tVNS does not influence subjective stress meas-
ures in this design.
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2 |  METHODS

Participants were recruited via the Epilepsy Center Hessen, 
University Hospital Marburg, Germany. Inclusion criteria 
comprised a neurologist- confirmed diagnosis of TLE, free 
of seizures for at least 1 year, age ≥18 years, being cogni-
tively and physically able to give written informed con-
sent, being willing and physically able to receive tVNS. 
Exclusion criteria comprised neurological diseases other 
than epilepsy, any current psychiatric disorder, taking 
medication (other than antiseizure drugs) known to af-
fect neuroendocrine measures, severe endocrinological 
diseases, cardiovascular diseases or abnormal ECG, preg-
nancy or breast- feeding, chronic alcohol or drug misuse, 
and enrollment in other studies. Criteria were assessed 
via interview and medical history data as well as an 
ECG recording. The study was approved by the local IRB 
(Medical Department of the University of Marburg). All 
participants gave written informed consent. The STROBE 
guidelines were followed to minimize methodical bias.

2.1 | Experimental design

Participants completed two (tVNS vs. sham stimulation) 
4- h stimulation sessions (5- h laboratory visits) in a ran-
domized condition order with at least 2 weeks (range 14- 
56 days, mean ± SD: 27 ± 15 days) between sessions. They 
did not eat or drink anything but water during the study 
visits. Several measures and paradigms were completed 
during the sessions, which are reported elsewhere.23 For 
the current analyses, we report data on salivary measures 
and subjective stress and tiredness ratings taken at five 
time points each session (before and after stimulation and 
on three time points every hour in between). Participants 
were naïve to VNS. They were told that two different stim-
ulation strategies of VNS were compared, and thus una-
ware of the study condition. Furthermore, an independent 
clinician attached the stimulation device and concealed 

it with a headband covering the entire ear, resulting in a 
double- blind design.

2.2 | tVNS

Patients were stimulated in intervals of 30 seconds (30 sec-
onds off and 30 seconds on) via auricular tVNS (Cerbomed, 
Nemos, Cerbomed GmbH) for 4 hours (Figure  1). 
Stimulation amplitude was set in between the individual 
sensory and the individual pain threshold of each patient 
(mean ± SD stimulation amplitude: tVNS 1.20 ± 0.52 mV; 
sham: 1.09 ± 0.41 mV).24 In the tVNS condition, the probe 
was applied to the left cymba conchae according to the 
guidelines of the manufacturer in order to stimulate the 
auricular branch of the vagus nerve.25 In the sham condi-
tion, the probe was applied to the center of the left earlobe, 
an area known not to evoke potentials in the auricular 
branch of the vagus nerve26 and not to elicit vagus sensory 
evoked potentials in the brain stem.27

2.3 | Salivary measures

Saliva samples were collected using the SaliCap® system 
(IBL- Tecan). Participants accumulated saliva in their 
mouths for 2 minutes and subsequently salivated into a 
prelabeled polypropylene tube via a straw. Samples were 
kept frozen at −30°C, and with an uninterrupted cool-
ing chain, shipped frozen (dry ice) to the Biochemical 
Laboratory of the Department of Clinical and Health 
Psychology at the University of Vienna, Austria, for 
biochemical analysis. sCort levels were measured using 
a commercially available enzyme- linked immunoas-
say (IBL- Tecan). Cortisol is seen as the gold standard 
marker of HPA axis activity, with salivary cortisol being 
of special relevance in psychoneuroendocrine research 
due to its ability to capture shorter- term dynamics of 
HPA axis activity.28 As a measure of ANS activity, sAA 

F I G U R E  1  Laboratory protocol of relevant measurements.
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was extracted from saliva samples using a kinetic colori-
metric test and reagents from DiaSys (DiaSys Diagnostic 
Systems). SAA reflects ANS activity because of noradr-
energic binding to the adrenergic receptors on the aci-
nar cells of the salivary glands, which stimulates the 
production and release of sAA into the oral cavity. It 
has become a well- established marker used in behav-
ioral medical research during the past two decades.29 
The inter-  and intra- assay variance for both assays was 
below 10%. Additionally, salivary flow rate (difference 
of pre-  to post- weight of saliva samples in mg/2 minutes 
of saliva accumulation) was assessed as a measure of 
parasympathetic ANS activity.30

2.4 | Subjective stress measures

Momentary stress levels were measured using the item 
“At the moment, I feel stressed out” from 0 (not at all) to 
100 (very) on a visual analog scale, an item that has suc-
cessfully been used in previous studies.31 There is also evi-
dence that VNS improves daytime sleepiness and arousal 
in persons with epilepsy after several weeks or months of 
stimulation.32,33 As feelings of tiredness are closely related 
to feelings of stress,34 this might be another important 
subjective stress outcome in the tVNS research. To assess 
changes in feelings of tiredness, participants therefore 
equivalently rated their tiredness on a scale from 0 (not at 
all) to 100 (very much) on a visual analog scale.35

2.5 | Statistical analysis

Statistical analyses were performed using SPSS version 
22.0 (IBM). We used repeated measures analyses of vari-
ances (ANOVAs) for the assessment of differences in the 
levels of sCort and sAA, salivary flow rate, and subjective 
stress and tiredness ratings between conditions (tVNS vs. 
sham). For the analyses of differences in the slopes of sCort 
and sAA activities and between single time points, paired 
t- tests and univariate ANOVAs were calculated. Analyses 
were controlled for age (in years) and gender (1 = men, 
2 = women). We report the results after Greenhouse- 
Geiser correction and used partial eta square as a measure 
of effect size in statistically significant results. For t- tests, 
we report Cohen's d as an effect size measure.

3 |  RESULTS

Twenty persons with TLE (mean ± SD age: 44 ± 11 years, 
13 women, and 12 with left TLE) were enrolled in the 
study. Five measurement time points in two conditions 

in 20 persons led to a possible maximum of 200 meas-
urements. There were no missing values with regard 
to both sCort and sAA levels. One cortisol value in one 
person was, however, deleted post hoc because of an 
intra- individually implausibly high value (28.5 nmol/L 
compared with the mean of 1.71 nmol/L for the remaining 
time points). Furthermore, one subjective stress and tired-
ness rating was missing. This led to 0.05% missing values 
in the sCort and subjective ratings. For descriptive values 
of the outcome variables, see Table 1.

3.1 | Differences between tVNS and 
sham stimulation

Cortisol levels did not differ between conditions (F[1.00, 

16.00] = 1.79, P = 0.46). There was, however, a significant 
time × condition effect on cortisol (F[2.38, 38.15] = 6.50, 
P = 0.002, partial η2 = 0.29 [large effect]), suggesting a dif-
ference in the trajectory of cortisol output throughout the 
two sessions. This effect was based on a dampening of the 
decrease from time point 3 to 5 in the tVNS condition, 
whereas sCort steadily decreased during sham stimula-
tion (Figure 2). However, the overall decline (i.e., slope) 
in sCort throughout the sessions did not differ between 
conditions (F(1, 36) = 0.07, P = 0.79).

There was no difference in overall sAA activity be-
tween tVNS and the sham condition (F[1.00, 17.00] = 0.04, 
P = 0.84) and no time × condition interaction (F[1.00, 

47.73] = 0.09, P = 0.96). When each measurement point was 
compared directly, values at the last measurement point 
(after stimulation) differed between conditions with lower 
values in the tVNS condition, with mean (SD) sAA activity 

T A B L E  1  Descriptive values of salivary and subjective 
measures.

Condition

tVNS Sham

M (SD) M (SD)

sCort in nmol/L 2.48 (1.03) 2.32 (1.09)

sCort slope −0.005 (0.01) −0.004 (0.01)

sAA activity in U/mL 129.91 (120.80) 145.58 (129.37)

sAA activity slope 0.05 (0.25) 0.15 (0.36)

Salivary flow rate in 
mg/min

0.88 (0.43) 0.91 (0.42)

Salivary flow rate slope −0.0004 (0.001) 0.0004 (0.002)

Subjective stress 21.49 (20.26) 22.15 (21.56)

Subjective tiredness 49.85 (25.14) 50.34 (25.43)

Note: Stress and tiredness were measured on a scale from 0 to 100; M 
(SD) = mean and standard deviation across all time points.
Abbreviations: sAA, salivary alpha- amylase; sCort, salivary cortisol; tVNS, 
transcutaneous vagus nerve stimulation.
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at the last measurement point: tVNS 110.84 (106.72) U/
mL, sham 158.80 (152.52) U/mL and t(19) = 2.26, P = 0.035, 
(95% CI [3.62; 92.29]), d = 0.51 (medium effect), and 
paired t- test (Figure 2). This difference, however, failed to 
reach statistical significance when controlled for age and 
gender (F[1.00, 36.00] = 1.46, P = 0.24), as well as when cor-
rected for multiple comparisons (then P = 0.175). Again, 
the sAA activity slope did not differ between conditions 
(F[1.00, 36.00] = 1.21, P = 0.28).

There was also no difference in the overall salivary 
flow rate (F[1.00, 17.00] = 0.06, P = 0.81). Results did, how-
ever, show a significant time × condition (tVNS vs. sham) 
effect (F[3.28, 55.67] = 2.82, P = 0.04, partial η2 = 0.14 [large 
effect]) on the salivary flow rate. This effect is based on a 
steeper increase in salivary flow rate from time point 4 to 
time point 5 during the sham condition compared with 
that during the tVNS condition (Figure  2). The slope of 
the salivary flow rate did not differ significantly between 
conditions, but analyses showed a trend toward signifi-
cance (F[1.00, 36.00] = 3.39, P = 0.07).

Controlling sAA activity for the salivary flow rate, 
as has been suggested in previous research,36,37 did not 
change the results (i.e., there was no main effect of con-
dition, but there was a significant difference in sAA [U/
min] between conditions at the last measurement time 
point, which failed to reach statistical significance when 
controlled for age and gender as well as for multiple com-
parisons [data not shown]).

There was no difference in subjective stress ratings 
between tVNS and the sham condition (F[1.00, 16.00] = 0.20, 
P = 0.66) and no time × condition interaction (F[1.00, 

41.63] = 0.20, P = 0.85) on subjective stress ratings (Figure 2). 
Furthermore, there was no difference in subjective tired-
ness ratings between tVNS and the sham condition (F[1.00, 

16.00] = 0.47, P = 0.50) and no time × condition interaction 
(F[2.70, 43.13] = 1.44, P = 0.23).

4 |  DISCUSSION

As data acquisition took place in the afternoon, a decrease 
in sCort (as seen during the sham condition) reflects 
the regular diurnal rhythm of HPA axis activity.38,39 The 
dampening of the sCort decrease during the tVNS con-
dition is in line with results reported by Warren et al,20 
using a similar design in healthy participants. Therefore, 
this effect does not seem to differ between patients with 
TLE and healthy participants. On the other hand, studies 
using a design of long- term (several months) VNS report 
a reduction, not an increase, in cortisol levels in epilepsy 
and chronic depression.7,18 This possibly reflects a differ-
ence between the acute effects and long- term effects of 
VNS and as such an adaptive response of the HPA axis 
to VNS. However, differences might also be due to differ-
ent study designs and measurement methods (repeated 
saliva sampling vs. pre−/postblood sampling, laboratory 

F I G U R E  2  Values (M ± SD) of the outcomes by time point during transcutaneous vagus nerve stimulation (black) and sham (gray) 
conditions.
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vs. ambulatory, and tVNS vs. VNS). As studies generally 
suggest that the effect of VNS treatment becomes optimal 
after repeated stimulation for about 6 months (for review 
see Ref.40), studies are now needed that investigate acute 
and long- term changes in HPA axis activity due to tVNS. 
These studies should use a long- term design and ideally 
multiple time points per day with several measurement 
periods spread across several months.

Similar to sCort, the increases in sAA activity and in 
salivary flow rate during the sham condition reflect the 
regular diurnal rhythm of ANS activity.41,42 The finding 
that tVNS did not influence sAA activity (and, by trend, 
reduced sAA activity at the last measurement time point) 
contradicts studies that showed an increase in sAA activ-
ity during tVNS in similar designs.20,22 As these studies 
included healthy participants, the different results might 
be due to the fact that sympathetic control is reduced in 
persons suffering from epilepsy. This has been found con-
cerning cardiovascular control,43 but it might also hold 
true for sympathetic control of the salivary glands. On 
the other hand, a dampened increase in the salivary flow 
rate, which suggests dampened parasympathetic activity, 
can be seen in our results. This is in contradiction to stud-
ies showing higher parasympathetic activity due to VNS, 
which is mainly based on research using heart rate vari-
ability (HRV) measures.44 Results on this matter are, how-
ever, mixed.17 We are not aware of any study investigating 
the influence of tVNS on the salivary flow rate. Clearly, 
more research is needed that investigates if sAA activity 
and salivary flow rate parallel changes in cardiovascular 
ANS measures during tVNS.

Our finding that tVNS did not influence stress and 
tiredness is in line with the results reported by Tona et al.45 
It is, however, contradictory to other studies showing pos-
itive effects on mood (including arousal levels) in short- 
term46 and longer- term33,47 designs. Again, the difference 
between our results and those of the longer- term studies 
might stem from differences in the duration and setting. 
As mentioned before, tVNS likely exerts its influence on 
the HPA axis as well as autonomous functioning via the 
brain stem (more specifically: via the release of central 
norepinephrine from the locus coeruleus and noradren-
ergic influence on the HPA axis and ANS).16,17 Therefore, 
it is perceivable that biological alterations can be seen be-
fore they influence mood. Additionally, in comparison to 
Kraus et al,46 where participants lay still during stimula-
tion, they participated in several psychophysiological tasks 
in our study and in the study by Tona et al.45 Therefore, we 
might suspect that the ability of tVNS to improve mood 
is not very strong while performing distracting tasks, and 
increases with days of stimulation.

This study is the first to investigate the short- term in-
fluence of tVNS on psychoneuroendocrinological stress 

measures in patients with epilepsy using a randomized 
within- subject study design. Further strengths are the 
use of sham stimulation (instead of no stimulation) and 
having the participant and the examiner blind to the con-
dition (double- blind design). Therefore, we are confident 
that differences between conditions are attributable to 
tVNS.

The first limitation of our study is the small sample 
size of 20 participants. We did, however, find large effect 
sizes in our repeated measures analyses and, therefore, 
achieved statistical power between 70% and 99%,48 which 
is satisfactory. Still, smaller effects might have stayed un-
detected, which warrants a repetition of the study using a 
larger sample size. Furthermore, we exclusively included 
persons with TLE that were free of seizures for at least 
1 year to minimize the effect of seizures. Therefore, re-
sults are not necessarily applicable to patients with other 
forms of epilepsy and those with higher seizure frequency. 
Furthermore, the missing healthy control group does im-
pede direct conclusions on differences between persons 
with epilepsy and those without. We tried to minimize 
the influence of the different tasks performed by using the 
same tasks in both conditions. Furthermore, each param-
eter (including stress34 as well as tiredness49,50) showed 
a regular diurnal pattern during the sham condition. 
Therefore, we assumed that the tasks did not influence 
our results. It would, however, be of great interest to in-
vestigate how the measures used in the present study are 
influenced by a laboratory stress task while tVNS (not only 
to investigate the activities of stress systems but also to in-
vestigate their reactivities). This kind of design should be 
considered in future research.

In summary, we found some indication that a 4- h- long 
tVNS dampens the decrease in HPA axis activity and re-
duces ANS activity in patients with TLE. As changes in 
these parameters were not in the expected direction, there 
is now need for microlongitudinal studies to further inves-
tigate adaptive processes to prolonged tVNS and, as such, 
its potential to reverse adverse effects of the dysregulation 
of these systems. However, tVNS did not influence sub-
jective stress or tiredness levels. Results differ in their di-
rection from those of studies using repeated longer- term 
(daily stimulation for weeks to months) tVNS as discussed 
above. Therefore, the influence of tVNS on the activities 
of both the HPA axis and ANS might change over time, 
with beneficial health effects (including influences on 
subjective stress and tiredness) being achieved across 
longer periods of stimulation. To further investigate the 
mechanisms behind the positive effect of tVNS in epilepsy 
patients, studies are now needed to track the dynamic of 
these associations across time. Furthermore, the influ-
ence of tVNS on the stress- reactive capacity of both the 
HPA axis and ANS in persons with epilepsy should be 
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investigated using standardized stress- inducing laboratory 
protocols.
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