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ABSTRACT
Objectives: Fatigue is one of the most important symptoms needing improvement in Primary Sjögren’s syndrome (PSS). Previous
data from our group suggest that noninvasive stimulation of the vagus nerve (nVNS) may improve symptoms of fatigue. This
experimental medicine study uses the gammaCore device (electroCore) and a sham device to investigate the relationship
between nVNS and fatigue in PSS, and to explore potential mechanisms involved.

Materials and Methods: Forty participants with PSS were randomly assigned to use active (n = 20) or sham (n = 20) nVNS
devices twice daily for 54 days in a double-blind manner. Patient-reported measures of fatigue were collected at baseline and day
56: Profile of Fatigue (PRO-F)-Physical, PRO-F-Mental and Visual Analogue Scale of abnormal fatigue (fVAS). Neurocognitive tests,
immunologic responses, electroencephalography alpha reactivity, muscle acidosis, and heart rate variability were compared
between devices from baseline to day 56 using analysis of covariance.

Results: PRO-F-Physical, PRO-F-Mental, and fVAS scores were significantly reduced at day 56 in the active group only (p = 0.02,
0.02, and 0.04, respectively). Muscle bioenergetics and heart rate variability showed no change between arms. There were
significant improvements in digit span and a neurocognitive test (p = 0.03), and upon acute nVNS stimulation, frontal region
alpha reactivity showed a significant negative relationship with fatigue scores in the active group (p < 0.01).

Conclusions: We observed significant improvements in three measures of fatigue at day 56 with the active device but not the
sham device. Directly after device use, fatigue levels correlate with measures of alpha reactivity, suggesting modulation of
cholinergic system integrity as a mechanism of action for nVNS.
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INTRODUCTION

Primary Sjögren’s syndrome (PSS) is a chronic autoimmune dis-
ease associated with a significant negative impact on quality of life.
PSS is characterized primarily by ocular and oral dryness, muscu-
loskeletal pain, and profound fatigue.1–4 Fatigue is a key indepen-
dent predictor of poor health-related quality of life (QoL) and loss
of work productivity, and patients have described fatigue as one of
the most important symptoms requiring improvement.5,6 Patients
with PSS often describe physical and mental components of
fatigue. Physical fatigue is frequently characterized by muscle pain
or perceived lack of energy, resulting in difficulty in sustaining
muscle activity. Patients reporting mental fatigue often describe
symptoms such as poor concentration, memory loss, inability to
retain information, and reduced cognitive ability. Indeed, we have
shown that patients with PSS have more cognitive symptoms than
do age-matched healthy controls as measured by the Cognitive
Failures Questionnaire (CFQ). Furthermore, CFQ scores correlate
with mental fatigue in PSS.7,8

The mechanisms underpinning fatigue in PSS are unclear. Auto-
nomic dysfunction and immune dysregulation have been implicated.
For instance, symptoms of autonomic dysfunction are common in
PSS and associated with increased levels of fatigue and disease
activity.9,10 Furthermore, other factors including sleep disturbance,
higher body mass index, polypharmacy, psychosocial factors, mental
health conditions including anxiety and depression, pain, and
circulating levels of peripheral inflammatory cytokines were reported
to be predictors of fatigue in PSS.11,12 The level of comorbidity
between PSS and Chronic Fatigue Syndrome (CFS) has not been
extensively studied, and it is not known whether the mechanisms
underpinning symptoms of fatigue in both conditions are shared.
The autonomic nervous system (ANS) plays a key role in regulating

the function of internal organs and adaptive responses to stressors.
The vagus nerve is the primary parasympathetic nerve of the ANS
and is a prominent component of several homeostatic axes,
including the brain-gut axis, the hypothalamic-pituitary-adrenergic
axis and the cholinergic antiinflammatory pathway.13 The para-
sympathetic system has been linked to the regulation of a broad
range of immune responses that have been well characterized in
animal models. The sickness behavior model (eg, simulated in animal
models using lipopolysaccharide [LPS]) is one of the strongest links
between fatigue and the immune system.14 Moreover, vagus nerve
stimulation (VNS) reduces LPS-induced production of inflammatory
cytokines (interleukin [IL]-1, IL-6, tumor necrosis factor alpha [TNF-α])
in mice.15 Therefore, it is plausible that the vagus nerve may be an
attractive therapeutic target for PSS.
VNS, delivered using an implanted device, was first approved for

treatment-resistant epilepsy in 1994.16 Improvements in mood
were noted in the original experimental cohort, which led to the
investigation of VNS as a therapy for psychiatric disorders,
including depression and schizophrenia.17–19 Since their first use,
.neuromodulationjournal.org © 2022 The Authors. Published b
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implanted VNS devices have been trialed in several conditions,
including drug-resistant depression, anxiety, and stroke.17,20,21 VNS
can be delivered noninvasively (nVNS), providing a safer, cheaper,
and more accessible approach to explore the role of autonomic
dysfunction in the pathogenesis of fatigue in PSS. Recently, a sham
controlled study of auricular nVNS in systemic lupus erythemato-
sus, conducted over 12 days, showed significant improvements in
pain and fatigue in the active device group. In addition, this study
showed a significant reduction in plasma levels of substance P, a
proinflammatory neuropeptide involved in nociceptive signalling.22

nVNS was also associated with fatigue improvement in 15 women
with PSS.23 Several studies have shown that nVNS may successfully
alleviate symptoms in epilepsy, migraine, and cluster headache.24

Despite mounting evidence to suggest that nVNS can modulate
symptoms of pain and fatigue in these conditions, the mechanism of
action is still unclear. Because the vagus nerve modulates multiple
systems within the brain and body, several possible mechanisms of
action for nVNS have been explored. Several studies have shown
that nVNS can mediate a reduction in inflammation; some detected
neurochemical changes after nVNS; and others observed changes in
vagal tone. Human studies have shown that nVNS induces a
reduction in inflammatory mediators in whole blood.25 However, in
rat models of hypertension, it has been shown that nVNS attenuates
neuron-derived IL-1B production.26 It is possible that VNS targets the
brain-gut axis by the modulation of inflammatory mediators. Alter-
natively, VNS may alter neurochemical responses; for example, in
migraine, nVNS has been shown to reduce extracellular glutamate
levels in rats and to reduce sensitivity to cortical spreading depres-
sion (CSD), the phenomena responsible for migraine aura and
headache.27 Neurophysiological responses may also be a factor;
human studies have shown increased parasympathetic activity after
nVNS measured by increased cardiac vagal tone, which would be
expected if nVNS was stimulating the vagus nerve effectively.28 It has
also been suggested that VNS can result in improvement of sleep
patterns, which could also explain the improvements in fatigue
observed in our previous work.29

All these mechanisms could be implicated in the mechanism of
action for the alleviation of fatigue, and it is possible that alternative
mechanisms may be responsible in different individuals. In addition,
overlap and interplay among these systems may contribute to the
complex mechanisms underpinning the mechanism of action of
nVNS in inflammatory and pain conditions in addition to fatigue. This
study explores the relationship between nVNS and fatigue by
comparing the effects of nVNS with those of a sham device in
patients with PSS and exploring potential mechanisms involved.
MATERIALS AND METHODS
Study Participants

Forty subjects with PSS were recruited from the Newcastle
Sjögren’s syndrome clinic after providing written informed consent
y Elsevier Inc. on behalf of the
iety. This is an open access article
ivecommons.org/licenses/by/4.0/).
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according to the principles of the Declaration of Helsinki. Partici-
pants fulfilled the American European Consensus Group Classifi-
cation criteria30 and reported symptoms of fatigue (defined as
having Profile of fatigue score > 2 of 7). After double-blind
randomization to the study arms, the participants received either
a noninvasive VNS device (n = 20) or a sham device (n = 20)
(gammaCore®). The full inclusion and exclusion criteria and
demographics are listed in Supplementary Data Supplementary
Methods and Supplementary Data Tables S1 and S2.
Study Assessments
The entire assessment package, including the completion of

questionnaires, 31P-magnetic resonance spectroscopy (31P-MRS),
neuropsychologic tests, heart rate variability (HRV) measurements,
electroencephalography (EEG), and venesection, were performed in
the same sequence and at the same time of day for each partici-
pant. Figure 1 illustrates the study schedule.
At each scheduled visit, the following assessments were per-

formed: European Alliance of Associations for Rheumatology
(EULAR) Patient reported Outcome Index,31 Profile of Fatigue (PRO-
F),32 Visual Analogue Scale of abnormal fatigue (fVAS), and the
Multidimensional Fatigue Inventory.33 The CFQ8 was used to
quantify subjective neurocognitive symptoms. Mood was assessed
using Beck’s Depression Inventory (BDI)34 and Bond and Lader
Visual Analogue Scale (BLVAS).35 Cardiac dysautonomic symptoms
were assessed through the Composite Autonomic Symptom Scale
(COMPASS 31)36 and using the Orthostatic Grading Scale (OGS).37

In addition, the number of discharges from the nVNS device was
also recorded.
All participants completed the neurocognitive assessments at

baseline and at follow-up visits 2 and 3. The assessments included
both paper and computer-based tests. Paper questions included
Figure 1. Study assessment schedule. Participants were trained to use the nVNS
protocol (120 seconds over each carotid artery morning and evening). At Day 56, th
Thus, data collected from these scheduled visits represented baseline values, change
viewed at www.neuromodulationjournal.org]
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Pre-morbid IQ National Adult Reading Test38 (only completed at
baseline), trail making test, digit symbol tests, Rey-Auditory Verbal
Learning Test,39 Stroop, digit span, and verbal fluency tests. The
computer-based assessments included a psychomotor vigilance
test.

Noninvasive Vagus Nerve Stimulation
VNS was delivered through the gammaCore nVNS device. The

gammaCore signal consists of five 5000-Hz pulses repeated at a
rate of 25 Hz for a maximum of 120 seconds per dose. The wave-
form of the electric pulses approximates a sine wave with peak
voltage limited to ± 30 Volts and a maximum output current of 60
mA, which is well tolerated by participants. The amplitude of the
stimulation is adjusted by the patient using buttons located on the
device. The gammaCore nVNS device has been shown in several
studies to effectively stimulate the vagus nerve.40–42 Data from
studies in migraine, cluster headache, and airway reactivity show
the benefits of nVNS are similar to those reported for implantable
VNS and noninvasive auricular stimulation.43–45

After a 2-minute stimulation with gammaCore, Brock et al
showed a sustained elevation of cardiac vagal tone that lasted up
to 24 hours.28 A recent study of CSD in a rat model of migraine
showed that chronic nVNS stimulation was not superior to a single
dose.27 The sham device appears identical to the gammaCore in
look, weight, visual and audible feedback, and user controls. It
delivers a similar buzzing sensation to the skin without stimulating
the vagus nerve.

Electroencephalography
Eyes-closed and eyes-open resting-state EEG recordings were

performed. Further details of electrode placement and data
acquisition are available in Supplementary Data Supplementary
device during visit 2 and instructed to use it twice daily as per manufacturer’s
e subjects were asked to use the device 90 minutes before attending the unit.
s after “acute” nVNS, and changes after “prolonged” nVNS. [Color figure can be

y Elsevier Inc. on behalf of the
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Materials. In healthy individuals, opening the eyes results in a
decrease in alpha power, particularly in the occipital lobe.46 Alpha
reactivity was calculated as the relative reduction in alpha power
when changing from an eyes-closed to eyes-open state. Alpha
reactivity represents the integrity of the cholinergic system, with a
lower value representing a cholinergic deficit. Reduced alpha
reactivity is associated with cognitive impairment and mental
fatigue.47

Muscle Bioenergetics
31P-MRS provides a useful objective measure to distinguish

patient-reported physical fatigue from mental fatigue. Previously,
we have shown that ~50% of patients with CFS experience pro-
found acidosis within their muscles when undertaking moderate
exercise and a significant delay in recovery of muscle pH to base-
line levels.48 The cumulative acid exposure, as determined by the
“area under the curve” for pH change during exercise testing, was
almost 50-fold higher than in sedentary healthy controls. Analysis
of 31P-MRS muscle bioenergetics and acid homeostasis was per-
formed in 32 participants (14 active, 18 sham) as previously
described,49 and the phosphocreatine (PCr) recovery interval was
calculated. The PCr recovery interval is the recovery time between
the maximum drop in absolute pH values (acidosis) after moderate
exercise and the time at which muscle acidosis returns to baseline.

Ex vivo Immune Response
Blood samples were drawn at baseline, visit 2 (90 minutes after

directly observed nVNS), and visit 3 (90 minutes after self-
administered nVNS). EDTA-treated whole-blood samples were
stimulated with LPS (2ng/mL) for 24 hours. Serum levels of proin-
flammatory (IL-1, IL-6, TNF-α, interferon gamma) and antiin-
flammatory (IL-10, transforming growth factor beta) cytokines in
response to LPS stimulation were measured in all 40 participants.
Cytokine levels in the supernatant were measured using enzyme-
linked immunosorbent assay. Whole-blood immune cell subsets
at baseline and day 56 were measured using flow cytometric
analysis.

Heart Rate Variability
In 24 participants (11 active, 13 sham), we assessed HRV using

the Task Force® Monitor (TFM), which provides noninvasive beat-to-
beat hemodynamics measurements.50 In addition, the TFM derives
power spectra of HRV. HRV power spectra are calculated in two
frequency bands: high frequency (HF) (0.15–0.40 Hz) and low fre-
quency (LF) (0.04–0.15 Hz), which are used along with LF/HF ratio
to provide indices of cardiovascular autonomic balance. Broadly,
the LF bands are mediated predominantly by sympathetic modu-
lation of sinoatrial node and vasomotor function, whereas HF
bands are mediated by the vagal (parasympathetic) modulation of
cardiovascular activity. LF and HF are therefore potentially quanti-
tative indicators of autonomic tone, and the LF/HF ratio reflects
sympatho-vagal balance.51,52

Statistical Analysis
Ten participants (seven active, three sham) were excluded from

analysis (Supplementary Data Table S2 shows details). Of these,
seven participants (six active, one sham) either withdrew or were lost
to follow-up. Each device is loaded with a predetermined number of
nVNS doses, and the number of doses discharged can be observed
on the device. Three participants (one active, two sham) were
www.neuromodulationjournal.org © 2022 The Authors. Published b
International Neuromodulation Soc
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excluded because their devices recorded very few discharges (fewer
than 50) at the end of the study, indicating improper device appli-
cation throughout the study. One participant (active device) devel-
oped polymyalgia rheumatica during the study period and was
therefore excluded from the remainder of the study. One participant
(active device) withdrew from the study owing to unwanted side
effects of the device (the sensation when using the device). The
primary aim of this study is to analyze the effects of nVNS on
changes in fatigue, so the study was powered to detect these
changes. The sample size estimation was based on the comparison
of fatigue scores in the active and sham device, to give a power of
>80% to detect a difference of one standard deviation in fatigue
scores on a two-tailed test at the 5% level of significance. This
equates to a difference in fatigue scores of 1.0 unit on the ProF-
physical fatigue and 1.1 units for the slightly more variable mental
fatigue scores. We judged the magnitude of these detectable dif-
ferences to be clinically useful. At the 5% level of significance on a
two-tailed test, this gives a recommended sample size of n = 17 per
group. The sample size was increased to 20 for pragmatic reasons to
accommodate potential participant withdrawal or other losses from
the study. In addition, exploratory analyses were performed to
identify candidate mechanism(s) involved. Because this study is not a
medical device intervention study, an “intention-to-treat” statistical
approach is not considered appropriate.

Preprocessing of the EEG recordings was performed after
acquisition, using the EEGLAB toolbox version 13 (MATLAB 8.5; The
MathWorks Inc, Natick, MA).53 Further details of alpha reactivity
calculations are available in Supplementary Data Supplementary
Methods. Alpha reactivity was calculated at each time point: at
baseline, at visit 2 after first stimulation (acute), and at visit 3 after
daily nVNS including the morning of the visit (prolonged). To
compare alpha reactivity between the two groups for each of three
conditions (baseline, acute nVNS, and prolonged nVNS), repeated-
measures ANOVA analysis was used. Pearson’s product moment
correlation analysis was performed between three measures of
fatigue (PRO-F-Physical, PRO-F-Mental, and fVAS scores) and alpha
reactivity, for each of the three cortical regions (frontal, central,
posterior) and for each condition (baseline, acute VNS stimulation,
chronic VNS stimulation). This analysis was performed separately
for the active and sham groups. Bonferroni correction was applied
for multiple comparisons between the three stimulation conditions
(α = 0.017).

All other statistical analysis was performed in R Statistical Software
Version 4.0.3 or JMP Pro Statistical Visualization Software (version 15;
SAS Institute Inc, Cary, NC).54 Changes in fatigue scores (fVAS, PRO-F-
Physical, and PRO-F-Mental) were analyzed by analysis of covariance
(ANCOVA) testing for differences between sham and active VNS
groups after adjustment for baseline fatigue scores. Similarly, changes
in TNF-α and IL-6 levels were analyzed, testing for differences between
the two groups after batch correction and adjustment for baseline
levels by ANCOVA. To perform amanipulation check for the two arms
of the study, we asked the participants the question ‘Which device do
you think youhave?’ Therewasno significant difference inexpectation
between the active and sham arms.

RESULTS
Effects of nVNS
Fatigue

There were statistically significant reductions in the PRO-F-
Physical, PRO-F-Mental, and fVAS scores between baseline and
y Elsevier Inc. on behalf of the
iety. This is an open access article
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Figure 2. Box plots showing the changes in PRO-F-Physical (a), PRO-F-Mental (b), and fVAS (c) between baseline and day 56 for active and sham experimental arms.
p Values are for the effect of experimental arm in an ANCOVA with baseline measures as a covariate. PRO-F measures have a maximum score of 7; fVAS has a
maximum score of 100.
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day 56 in the active device group (p = 0.02, p = 0.02, and p = 0.04,
respectively). No reduction in fatigue was observed in the sham
device group for any fatigue measure (Fig. 2a–c). For the active
arm, the median reductions in PRO-F-Physical, PRO-F-Mental, and
fVAS scores were 28%, 25%, and 20%, respectively, further sum-
mary statistics are provided in Supplementary Data Table S3.

Other Patient-Reported Outcome Measures
Other patient-reported outcome measures (PROMs) studied did

not change significantly between baseline and the end of the study
or between the active and sham groups. COMPASS 31 and OGS are
tools for evaluating symptoms of autonomic dysfunction. COM-
PASS 31 provides a broad assessment of dysautonomic symptoms,
whereas OGS assesses orthostatic hypotension only. COMPASS 31
and OGS showed nonsignificant changes from baseline to day 56
between study arms (p = 0.08 and 0.28, respectively). BLVAS
showed no significant change from baseline to day 56 between
arms (alertness p = 0.61, calmness p = 0.79, contentment p = 0.92).
Similarly, CFQ showed no change from baseline to day 56 between
study arms (p = 0.29). Individuals who fulfilled The Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) diag-
nostic criteria for depression were excluded from recruitment to
this study; however, 38% of baseline BDI scores indicated mild-to-
moderate severity of depressive symptoms (median scores of 12 for
both active and sham groups). There was no difference in baseline
BDI between groups (Supplementary Data Fig. S1, p = 0.59).

Neurocognitive Tests
We observed a small significant improvement in backwards digit

span in the active group compared with the sham group (p = 0.03)
and trends toward improvement in total digit span (p = 0.06). We
observed no significant changes in any other cognitive tests before
and after device use in either group. Supplementary Data Tables S4
and S5 and Supplementary Data Figure S2 provide further details of
the results.

Muscle Bioenergetics
PCr recovery interval can be measured using 31P-magnetic

resonance spectroscopy during and after dynamic exercise.
Impairment of PCr recovery may suggest metabolic changes to
energy production in muscle fibers. These data showed no signif-
icant changes in PCr recovery interval between arms (median PCr/
ADP ratio: active = 1.20, sham = 1.24, p = 0.59), and recovery
www.neuromodulationjournal.org © 2022 The Authors. Published b
International Neuromodulation Soc
under the CC BY license (http://creat
interval did not change after device use (p = 0.47, Supplementary
Data Fig. S3). In addition, these data suggest that PCr recovery in
individuals with PSS from both groups are within the healthy range;
therefore, physical fatigue in PSS is unlikely to be due to metabolic
defect.

Ex Vivo Immune Response
After stimulation of whole blood with LPS, we observed signifi-

cant differences in IL-6 production between the active and sham
arms of the study (Supplementary Data Fig. S4). The change in IL-6
levels between day 1 and day 56 was significantly different
between the sham arm and the active arm (p = 0.02), the sham arm
showing a trend toward increased IL-6 (active group median
decrease -168 pg/mL, sham group median increase 452 pg/mL). No
differences were observed in TNF-α production (p = 0.80). There
were no significant changes in whole-blood immune cell subset
response between the active and sham groups, as determined by
ANCOVA after adjustment for baseline levels (Supplementary Data
Fig. S5).

Evidence of Active nVNS
Electroencepholgraphy

We did not find any significant differences in alpha reactivity
between the two groups after acute or chronic nVNS. However, in
the active group after acute stimulation, we found a significant
negative correlation between fVAS score and alpha reactivity in the
frontal (Fig. 3, r = −0.91 p < 0.01) and central regions
(Supplementary Data Table S6.2, r = −0.79, p = 0.02), with a similar
trend in the posterior cortical region (Supplementary Data
Table S6.2, r = −0.71, p = 0.05). In contrast, no correlation was
found between the measures of fatigue and alpha reactivity for any
regions in the sham group.

Heart Rate Variability
We observed no significant changes in measures of HRV before

and after device use in either group.

DISCUSSION

In line with our pilot study,23 the key analyses in this study
showed a significant reduction in three patient-reported measures
of fatigue with the active device but not the sham device. Physical
and mental fatigue based on the PRO-F measures were improved
y Elsevier Inc. on behalf of the
iety. This is an open access article
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Figure 3. Alpha reactivity, frontal cortical region. A significant negative correlation was observed between fVAS and alpha reactivity after acute stimulation at visit 2
in the active group (p < 0.01). A significant negative correlation was also observed in the central region, and a similar strong trend was observed in the posterior
region in the active group (Supplementary Data Table S6.2). No significant correlations were observed in the sham arm. Sham group n = 9, active group n = 8.
Seventeen study participants completed EEG recordings at visit 2; nine from the sham device group and eight from the active device group. [Color figure can be
viewed at www.neuromodulationjournal.org]
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by the end of the study period, as was fVAS. Although there are no
consensus definitions on clinically meaningful improvement in
fatigue, we observed a greater than 20% decrease in each fatigue
score in the active device group. In contrast, we saw no significant
improvement in any other outcome measure. Although one
participant withdrew from the study owing to unwanted side
effects, there were no serious device-related adverse events.
We explored several biophysiological variables to identify

candidate mechanisms of action for future follow-up studies. We
observed weak associations between self-reported mental fatigue
and neurocognitive test scores (Supplementary Data Fig. S6) and
we found small improvements in digit span associated with active
device use. Owing to the ten excluded participants, the power to
detect differences in neuropsychologic assessments in this study
may be limited. Formal neurocognitive assessments in PSS have
yielded mixed data, but several studies reported impaired perfor-
mance in various neurocognitive domains, particularly verbal
memory, which strongly associates with mental fatigue scores. A
previous study showed objective evaluation did not corroborate
self-assessment of memory difficulties. Such discordance reflects
the individual differences in subjective “metacognitive” awareness
(ie, perception of one’s own cognitive ability and performance)
relative to objective neurocognitive functioning—an important
predictor of QoL and general functioning. In this study, many of the
participants performed well at baseline, and it is possible that
potential improvements related to a reduction in fatigue would be
minimal owing to a ceiling effect. Therefore, further investigation is
required to determine whether the neuropsychologic assessments
used in this study are sufficiently sensitive to reflect changes in
mental fatigue state.
BDI has utility in assessment and monitoring of the severity of

depressive symptoms; it is not a diagnostic tool, so clinical
depression was excluded on the basis of DSM-5 criteria.55 Analysis
of BDI showed no significant improvement in depressive symptoms
for either device. This supports the assertion that improvements in
www.neuromodulationjournal.org © 2022 The Authors. Published b
International Neuromodulation Soc
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fatigue observed in other PROMs are not secondary to improve-
ments in mood state.

The exact mechanism of action of nVNS upon self-reported
fatigue and potentially the immune system is unclear. Previ-
ously, we have described a reduction in inflammatory cytokine
release upon LPS stimulation of whole blood after VNS device use.
These changes in stimulated cytokine release did not correlate
with improvements in fatigue, however. In this study, we were not
able to replicate reduction of proinflammatory cytokines in the
nVNS arm. Instead, we observed a slight increase in IL-6 pro-
duction after LPS stimulation in the sham group, which was not
observed in the active group. We did not observe these differ-
ences in unstimulated samples. It is worth noting that the rela-
tionship between systemic proinflammatory cytokines and
fatigue is complex,10,56 and further investigations into the
connection between nVNS, fatigue and inflammatory cytokines
are warranted.

It has been hypothesized that changes in muscle bioenergetics
may play a role in fatigue in PSS, as has been observed in CFS.48

However, we observed no differences in PCr recovery intervals in
the active or sham groups before or after nVNS, which suggests
that dysregulation of muscle bioenergetics is not responsible for
the symptoms of fatigue observed in PSS.

We also evaluate the effect of nVNS on cardiovascular autonomic
systems and neurophysiology. More specifically, we assessed sur-
rogate measures of autonomic tone and cholinergic drive by
measuring HRV and alpha reactivity, respectively. Although
increased HRV has been associated with parasympathetic influ-
ence,57 we saw no differences in HRV measures over time or
between study arms. The association between HRV and vagus
nerve activity is widely disputed, and these results were consistent
with the manufacturer’s expectations. Confounding factors influ-
encing this association could include the location of VNS; for
example, stimulation of the auricular branch of the vagus nerve has
been shown to affect HRV in some studies; however, others show
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no effect.58,59 We did, however, observe a relationship between
alpha reactivity and fatigue scores after acute nVNS stimulation,
which was in line with our expectations. The relationship between
fatigue and alpha reactivity was not observed after acute stimula-
tion with the sham device, suggesting that this effect was related
to nVNS. Indeed, it has been established that VNS including nVNS
modulates EEG microstates and brain activity60; therefore, the
relationship between fatigue and alpha reactivity observed
deserves further investigation in the future.
This study has limitations. Firstly, not all participants completed

the study, and a significant proportion of study participants did not
complete all the investigations owing tovarious reasons, including
patient choice (mostly because of the study intensity), noncom-
pliance, and staff or equipment availability. The resultant data set
available for analysis has reduced our statistical power, so we took
care to avoid overinterpretation of results. Future studies would
benefit from a much larger sample size because the variability in
the participants’ neck physiology may also result in variable VNS. It
is possible that the participants could perceive whether they had
been equipped with an active or sham device, which would not be
possible with surgically implanted devices because they would be
completely indistinguishable. However, the sham device is identical
to the active device in appearance and user controls, and we found
no evidence of “unblinding” from the participants’ answers to the
manipulation check question.
CONCLUSIONS

In conclusion, we observed reduction of self-reported fatigue
among patients with PSS after nVNS; the mechanisms underpin-
ning the association are not clear but may involve changes in
neurocognitive performance and neurophysiology parameters. Our
data support further investigation into the role of nVNS as a
treatment for fatigue in patients with PSS.
KEY MESSAGES
What Is Already Known About This Subject?
• The vagus nerve has been implicated in pathological fatigue in

the context of immune-mediated diseases and chronic fatigue
syndrome

• Preliminary work shows improvements in fatigue symptoms
after twice-daily noninvasive vagal nerve stimulation (nVNS) over
a 26-day period.
What Does This Study Add?
• The findings in this study corroborate previous evidence that

nVNS may improve symptoms of fatigue in PSS.
• After acute nVNS stimulation, apparent cholinergic activity,

measured by alpha reactivity, is found at a high level in partici-
pants with low levels of fatigue.
7

How Might This Impact on Clinical Practice or Future
Developments?
Vagus nerve stimulation may be a useful strategy to improve

fatigue in PSS.
www.neuromodulationjournal.org © 2022 The Authors. Published b
International Neuromodulation Soc
under the CC BY license (http://creat
Patient and Public Involvement
Patients have been involved at all stages of the research, including

identifying research topics, study design, research participation, and
dissemination. The results of our pilot study were presented at the
Northeast Sjögren’s Syndrome Association meeting to discuss study
design and collect feedback. Patients also participated in the review
of the main summary of the grant application.

Acknowledgements

The authors thank all the participants with Sjögren’s syndrome
who took part in this study. The authors also thank Sarah Legg,
Sheryl Mitchell, Robert Wilson, Andrea Powell, Claire Humphreys,
and Jade Walton for supporting the execution of this study. This
study received contribution-in-kind from electroCore, which pro-
vided the gammaCore device and sham device free of charge, and
scientific input to the data interpretation. This study also received
infrastructure support by the National Institute for Health and Care
Research (NIHR) Newcastle Clinical Research Facility and the NIHR
Newcastle Biomedical Research Centre.

Authorship Statements

Emmanuella Traianos performed ex vivo experiments using the
blood samples. Jessica Tarn, Evelyn Evans, Mryto Stylianou, and
Alexis Collins performed data analysis. Jessica Tarn, Evelyn Evans,
and Wan-Fai Ng drafted the manuscript. Victoria Macrae organized
the execution of the study, including conduct of the study visits.
Wan-Fai Ng, Julia Newton, John Paul Taylor, Andrew Blamire, Mark
R. Baker, Peter Gallagher, and Stuart Watson conceptualized the
study. All authors contributed to the interpretation of the data and
reviewed the manuscript. All authors approved the final version of
the manuscript.
� �How to Cite This Article
Tarn J., Evans E., Traianos E., Collins A., Stylianou M.,
Parikh J., Bai Y., Guan Y., Frith J., Lendrem D., Macrae V.,
McKinnon I., Simon B.S., Blake J., Baker M.R., Taylor J.P.,
Watson S., Gallagher P., Blamire A., Newton J., Ng W.-F.
2022. The Effects of Noninvasive Vagus Nerve Stimulation
on Fatigue in Participants With Primary Sjögren’s
Syndrome.
Neuromodulation 2022; -: 1–9.

� �

SUPPLEMENTARY DATA

To access the supplementary material accompanying this article,
visit the online version of Neuromodulation: Technology at the
Neural Interface at www.neuromodulationjournal.org and at https://
doi.org/10.1016/j.neurom.2022.08.461.

REFERENCES

1. Ng WF, Bowman SJ. Primary Sjogren’s syndrome: too dry and too tired. Rheu-
matology (Oxford). 2010;49:844–853. https://doi.org/10.1093/rheumatology/
keq009.
y Elsevier Inc. on behalf of the
iety. This is an open access article
ivecommons.org/licenses/by/4.0/).

Neuromodulation 2022; -: 1–9

http://www.neuromodulationjournal.org
https://doi.org/10.1016/j.neurom.2022.08.461
https://doi.org/10.1016/j.neurom.2022.08.461
https://doi.org/10.1093/rheumatology/keq009
https://doi.org/10.1093/rheumatology/keq009
http://creativecommons.org/licenses/by/4.0/


TARN ET AL

8

2. Lendrem D, Mitchell S, McMeekin P, et al. Health-related utility values of patients
with primary Sjögren’s syndrome and its predictors. Ann Rheum Dis. 2014;73:1362–
1368. https://doi.org/10.1136/annrheumdis-2012-202863.

3. Meijer JM, Meiners PM, Huddleston Slater JJR, et al. Health-related quality of life,
employment and disability in patients with Sjogren’s syndrome. Rheumatology
(Oxford). 2009;48:1077–1082. https://doi.org/10.1093/rheumatology/kep141.

4. Westhoff G, Dörner T, Zink A. Fatigue and depression predict physician visits and
work disability in women with primary Sjögren’s syndrome: results from a cohort
study. Rheumatology (Oxford). 2012;51:262–269. https://doi.org/10.1093/rheuma-
tology/ker208.

5. Arends S, Meiners PM, Moerman RV, et al. Physical fatigue characterises patient
experience of primary Sjögren’s syndrome. Clin Exp Rheumatol. 2017;35:255–261.

6. Hackett KL, Deary V, Deane KH, Newton JL, Ng WF, Rapley T. Experience of sleep
disruption in primary Sjögren’s syndrome: a focus group study. Br J Occup Ther.
2018;81:218–226. https://doi.org/10.1177/0308022617745006.

7. Lewis I, Hackett KL, Ng WF, Ellis J, Newton JL. A two-phase cohort study of the
sleep phenotype within primary Sjögren’s syndrome and its clinical correlates. Clin
Exp Rheumatol. 2019;37(suppl 118):78–82.

8. Broadbent DE, Cooper PF, FitzGerald P, Parkes KR. The Cognitive Failures Ques-
tionnaire (CFQ) and its correlates. Br J Clin Psychol. 1982;21:1–16. https://doi.org/10.
1111/j.2044-8260.1982.tb01421.x.

9. Newton JL, Frith J, Powell D, et al. Autonomic symptoms are common and are
associated with overall symptom burden and disease activity in primary Sjogren’s
syndrome. Ann Rheum Dis. 2012;71:1973–1979. https://doi.org/10.1136/annr-
heumdis-2011-201009.

10. Davies K, Dures E, Ng WF. Fatigue in inflammatory rheumatic diseases: current
knowledge and areas for future research. Nat Rev Rheumatol. 2021;17:651–664.
https://doi.org/10.1038/s41584-021-00692-1.

11. Howard Tripp N, Tarn J, Natasari A, et al. Fatigue in primary Sjögren’s syndrome is
associated with lower levels of proinflammatory cytokines. RMD Open. 2016;2:
e000282. https://doi.org/10.1136/rmdopen-2016-000282.

12. Davies K, Mirza K, Tarn J, et al. Fatigue in primary Sjögren’s syndrome (pSS) is
associated with lower levels of proinflammatory cytokines: a validation study.
Rheumatol Int. 2019;39:1867–1873. https://doi.org/10.1007/s00296-019-04354-0.

13. Tracey KJ. The inflammatory reflex. Nature. 2002;420:853–859. https://doi.org/10.
1038/nature01321.

14. Dantzer R. Cytokine-induced sickness behavior: mechanisms and implications. Ann N
Y Acad Sci. 2001;933:222–234. https://doi.org/10.1111/j.1749-6632.2001.tb05827.x.

15. Meneses G, Bautista M, Florentino A, et al. Electric stimulation of the vagus nerve
reduced mouse neuroinflammation induced by lipopolysaccharide. J Inflamm
(Lond). 2016;13:33. https://doi.org/10.1186/s12950-016-0140-5.

16. Ben-Menachem E, Revesz D, Simon BJ, Silberstein S. Surgically implanted and non-
invasive vagus nerve stimulation: a review of efficacy, safety and tolerability. Eur J
Neurol. 2015;22:1260–1268. https://doi.org/10.1111/ene.12629.

17. George MS, Rush AJ, Sackeim HA, Marangell LB. Vagus nerve stimulation (VNS):
utility in neuropsychiatric disorders. Int J Neuropsychopharmacol. 2003;6:73–83.
https://doi.org/10.1017/S1461145703003250.

18. Nemeroff CB, Mayberg HS, Krahl SE, et al. VNS therapy in treatment-resistant
depression: clinical evidence and putative neurobiological mechanisms. Neuro-
psychopharmacology. 2006;31:1345–1355. https://doi.org/10.1038/sj.npp.1301082.

19. Cimpianu CL, Strube W, Falkai P, Palm U, Hasan A. Vagus nerve stimulation in
psychiatry: a systematic review of the available evidence. J Neural Transm (Vienna).
2017;124:145–158. https://doi.org/10.1007/s00702-016-1642-2.

20. Bottomley JM, LeReun C, Diamantopoulos A, Mitchell S, Gaynes BN. Vagus nerve
stimulation (VNS) therapy in patients with treatment resistant depression: a sys-
tematic review and meta-analysis. Compr Psychiatry. 2019;98:152156. https://doi.
org/10.1016/j.comppsych.2019.152156.

21. Dawson J, Pierce D, Dixit A, et al. Safety, feasibility, and efficacy of vagus nerve
stimulation paired with upper-limb rehabilitation after ischemic stroke. Stroke.
2016;47:143–150. https://doi.org/10.1161/STROKEAHA.115.010477.

22. Aranow C, Atish-Fregoso Y, Lesser M, et al. Transcutaneous auricular vagus nerve
stimulation reduces pain and fatigue in patients with systemic lupus erythema-
tosus: a randomised, double-blind, sham-controlled pilot trial. Ann Rheum Dis.
2021;80:203–208. https://doi.org/10.1136/annrheumdis-2020-217872.

23. Tarn J, Legg S, Mitchell S, Simon B, Ng WF. The effects of noninvasive vagus nerve
stimulation on fatigue and immune responses in patients with primary Sjögren’s
syndrome. Neuromodulation. 2019;22:580–585. https://doi.org/10.1111/ner.12879.

24. Simon B, Blake J. Mechanism of action of non-invasive cervical vagus nerve
stimulation for the treatment of primary headaches. Am J Manag Care. 2017;23(17
suppl):S312–S316.

25. Lerman I, Hauger R, Sorkin L, et al. Noninvasive transcutaneous vagus nerve
stimulation decreases whole blood culture-derived cytokines and chemokines: a
randomized, blinded, healthy control pilot trial. Neuromodulation. 2016;19:283–
290. https://doi.org/10.1111/ner.12398.

26. Yang Y, Yang LY, Orban L, et al. Non-invasive vagus nerve stimulation reduces
blood-brain barrier disruption in a rat model of ischemic stroke. Brain Stimul.
2018;11:689–698. https://doi.org/10.1016/j.brs.2018.01.034.

27. Liu TT, Morais A, Takizawa T, et al. Efficacy profile of noninvasive vagus nerve stim-
ulation on cortical spreading depression susceptibility and the tissue response in a rat
model. J Headache Pain. 2022;23:12. https://doi.org/10.1186/s10194-022-01384-1.

28. Brock C, Brock B, Aziz Q, et al. Transcutaneous cervical vagal nerve stimulation
modulates cardiac vagal tone and tumor necrosis factor-alpha. Neurogastroenterol
Motil. 2017;29(5). https://doi.org/10.1111/nmo.12999.
www.neuromodulationjournal.org © 2022 The Authors. Published b
International Neuromodulation Soc
under the CC BY license (http://creat
29. Schachter SC. Vagus nerve stimulation: mood and cognitive effects. Epilepsy Behav.
2004;5(suppl 1):S56–S59. https://doi.org/10.1016/j.yebeh.2003.11.007.

30. Vitali C, Bombardieri S, Jonsson R, et al. Classification criteria for Sjögren’s syn-
drome: a revised version of the European criteria proposed by the American-
European Consensus Group. Ann Rheum Dis. 2002;61:554–558. https://doi.org/10.
1136/ard.61.6.554.

31. Seror R, Ravaud P, Mariette X, et al. EULAR Sjogren’s Syndrome Patient Reported
Index (ESSPRI): development of a consensus patient index for primary Sjogren’s
syndrome. Ann Rheum Dis. 2011;70:968–972. https://doi.org/10.1136/ard.2010.
143743.

32. Bowman SJ, Hamburger J, Richards A, Barry RJ, Rauz S. Patient-reported outcomes
in primary Sjogren’s syndrome: comparison of the long and short versions of the
Profile of Fatigue and Discomfort–Sicca Symptoms Inventory. Rheumatology
(Oxford). 2009;48:140–143. https://doi.org/10.1093/rheumatology/ken426.

33. Smets EM, Garssen B, Bonke B, De Haes JC. The Multidimensional Fatigue Inven-
tory (MFI) psychometric qualities of an instrument to assess fatigue. J Psychosom
Res. 1995;39:315–325. https://doi.org/10.1016/0022-3999(94)00125-o.

34. Wideman TH, Sullivan MJL, Inada S, et al. Beck Depression Inventory (BDI). In:
Gellman MD, Turner JR, eds. Encyclopedia of Behavioral Medicine. Springer;
2013:178–179. https://doi.org/10.1007/978-1-4419-1005-9_441.

35. Bond A, Lader M. The use of analogue scales in rating subjective feelings. Br J Med
Psychol. 1974;47:211–218. https://doi.org/10.1111/j.2044-8341.1974.tb02285.x.

36. Sletten DM, Suarez GA, Low PA, Mandrekar J, Singer W. COMPASS 31: a refined and
abbreviated Composite Autonomic Symptom Score. Mayo Clin Proc. 2012;87:1196–
1201. https://doi.org/10.1016/j.mayocp.2012.10.013.

37. Schrezenmaier C, Gehrking JA, Hines SM, Low PA, Benrud-Larson LM, Sandroni P.
Evaluation of orthostatic hypotension: relationship of a new self-report instrument
to laboratory-based measures. Mayo Clin Proc. 2005;80:330–334. https://doi.org/10.
4065/80.3.330.

38. Venegas J, Clark E. National adult reading test. In: Kreutzer JS, DeLuca J, Caplan B,
eds. Encyclopedia of Clinical Neuropsychology. Springer; 2011:1705. https://doi.
org/10.1007/978-0-387-79948-3_1467.

39. Bean J. Rey auditory verbal learning test, Rey AVLT. In: Kreutzer JS, DeLuca J,
Caplan B, eds. Encyclopedia of Clinical Neuropsychology. Springer; 2011:2174–2175.
https://doi.org/10.1007/978-0-387-79948-3_1153.

40. Frangos E, Komisaruk BR. Access to vagal projections via cutaneous electrical
stimulation of the neck: fMRI evidence in healthy humans. Brain Stimul.
2017;10:19–27. https://doi.org/10.1016/j.brs.2016.10.008.

41. Mourdoukoutas AP, Truong DQ, Adair DK, Simon BJ, Bikson M. High-resolution
multi-scale computational model for non-invasive cervical vagus nerve stimula-
tion. Neuromodulation. 2018;21:261–268. https://doi.org/10.1111/ner.12706.

42. Nonis R, D’Ostilio K, Schoenen J, Magis D. Evidence of activation of vagal afferents
by non-invasive vagus nerve stimulation: an electrophysiological study in healthy
volunteers. Cephalalgia. 2017;37:1285–1293. https://doi.org/10.1177/
0333102417717470.

43. Reuter U, McClure C, Liebler E, Pozo-Rosich P. Non-invasive neuromodulation for
migraine and cluster headache: a systematic review of clinical trials. J Neurol
Neurosurg Psychiatry. 2019;90:796–804. https://doi.org/10.1136/jnnp-2018-320113.

44. Miner JR, Lewis LM, Mosnaim GS, Varon J, Theodoro D, Hoffmann TJ. Feasibility of
percutaneous vagus nerve stimulation for the treatment of acute asthma exac-
erbations. Acad Emerg Med. 2012;19:421–429. https://doi.org/10.1111/j.1553-2712.
2012.01329.x.

45. Steyn E, Mohamed Z, Husselman C. Non-invasive vagus nerve stimulation for the
treatment of acute asthma exacerbations-results from an initial case series. Int J
Emerg Med. 2013;6:7. https://doi.org/10.1186/1865-1380-6-7.

46. Könönen M, Partanen JV. Blocking of EEG alpha activity during visual performance
in healthy adults. A quantitative study. Electroencephalogr Clin Neurophysiol.
1993;87:164–166. https://doi.org/10.1016/0013-4694(93)90122-c.

47. Tran Y, Craig A, Craig R, Chai R, Nguyen H. The influence of mental fatigue on brain
activity: evidence from a systematic review with meta-analyses. Psychophysiology.
2020;57:e13554. https://doi.org/10.1111/psyp.13554.

48. Jones DEJ, Hollingsworth KG, Jakovljevic DG, et al. Loss of capacity to recover from
acidosis on repeat exercise in chronic fatigue syndrome: a case-control study. Eur J
Clin Investig. 2012;42:186–194. https://doi.org/10.1111/j.1365-2362.2011.02567.x.

49. Jones DEJ, Hollingsworth KG, Taylor R, Blamire AM, Newton JL. Abnormalities in pH
handling by peripheral muscle and potential regulation by the autonomic nervous
system in chronic fatigue syndrome. J Intern Med. 2010;267:394–401. https://doi.
org/10.1111/j.1365-2796.2009.02160.x.

50. Bianchi AM, Mainardi LT, Meloni C, Chierchia S, Cerutti S. Continuous monitoring of
the sympatho-vagal balance through spectral analysis. IEEE Eng Med Biol Mag.
1997;16:64–73. https://doi.org/10.1109/51.620497.

51. Stauss HM. Heart rate variability. Am J Physiol Regul Integr Comp Physiol.
2003;285:R927–R931. https://doi.org/10.1152/ajpregu.00452.2003.

52. Akselrod S, Gordon D, Madwed JB, Snidman NC, Shannon DC, Cohen RJ. Hemo-
dynamic regulation: investigation by spectral analysis. Am J Physiol.
1985;249:H867–H875. https://doi.org/10.1152/ajpheart.1985.249.4.H867.

53. Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of single-trial
EEG dynamics including independent component analysis. J Neurosci Methods.
2004;134:9–21. https://doi.org/10.1016/j.jneumeth.2003.10.009.

54. R Core Team. R: A Language and Environment for Statistical Computing. R Foun-
dation for Statistical Computing; 2021.

55. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Dis-
orders. 5th ed. American Psychiatric Association; 2013.
y Elsevier Inc. on behalf of the
iety. This is an open access article
ivecommons.org/licenses/by/4.0/).

Neuromodulation 2022; -: 1–9

https://doi.org/10.1136/annrheumdis-2012-202863
https://doi.org/10.1093/rheumatology/kep141
https://doi.org/10.1093/rheumatology/ker208
https://doi.org/10.1093/rheumatology/ker208
http://refhub.elsevier.com/S1094-7159(22)01263-6/sref5
http://refhub.elsevier.com/S1094-7159(22)01263-6/sref5
https://doi.org/10.1177/0308022617745006
http://refhub.elsevier.com/S1094-7159(22)01263-6/sref7
http://refhub.elsevier.com/S1094-7159(22)01263-6/sref7
http://refhub.elsevier.com/S1094-7159(22)01263-6/sref7
https://doi.org/10.1111/j.2044-8260.1982.tb01421.x
https://doi.org/10.1111/j.2044-8260.1982.tb01421.x
https://doi.org/10.1136/annrheumdis-2011-201009
https://doi.org/10.1136/annrheumdis-2011-201009
https://doi.org/10.1038/s41584-021-00692-1
https://doi.org/10.1136/rmdopen-2016-000282
https://doi.org/10.1007/s00296-019-04354-0
https://doi.org/10.1038/nature01321
https://doi.org/10.1038/nature01321
https://doi.org/10.1111/j.1749-6632.2001.tb05827.x
https://doi.org/10.1186/s12950-016-0140-5
https://doi.org/10.1111/ene.12629
https://doi.org/10.1017/S1461145703003250
https://doi.org/10.1038/sj.npp.1301082
https://doi.org/10.1007/s00702-016-1642-2
https://doi.org/10.1016/j.comppsych.2019.152156
https://doi.org/10.1016/j.comppsych.2019.152156
https://doi.org/10.1161/STROKEAHA.115.010477
https://doi.org/10.1136/annrheumdis-2020-217872
https://doi.org/10.1111/ner.12879
http://refhub.elsevier.com/S1094-7159(22)01263-6/sref24
http://refhub.elsevier.com/S1094-7159(22)01263-6/sref24
http://refhub.elsevier.com/S1094-7159(22)01263-6/sref24
https://doi.org/10.1111/ner.12398
https://doi.org/10.1016/j.brs.2018.01.034
https://doi.org/10.1186/s10194-022-01384-1
https://doi.org/10.1111/nmo.12999
https://doi.org/10.1016/j.yebeh.2003.11.007
https://doi.org/10.1136/ard.61.6.554
https://doi.org/10.1136/ard.61.6.554
https://doi.org/10.1136/ard.2010.143743
https://doi.org/10.1136/ard.2010.143743
https://doi.org/10.1093/rheumatology/ken426
https://doi.org/10.1016/0022-3999(94)00125-o
https://doi.org/10.1007/978-1-4419-1005-9_441
https://doi.org/10.1111/j.2044-8341.1974.tb02285.x
https://doi.org/10.1016/j.mayocp.2012.10.013
https://doi.org/10.4065/80.3.330
https://doi.org/10.4065/80.3.330
https://doi.org/10.1007/978-0-387-79948-3_1467
https://doi.org/10.1007/978-0-387-79948-3_1467
https://doi.org/10.1007/978-0-387-79948-3_1153
https://doi.org/10.1016/j.brs.2016.10.008
https://doi.org/10.1111/ner.12706
https://doi.org/10.1177/0333102417717470
https://doi.org/10.1177/0333102417717470
https://doi.org/10.1136/jnnp-2018-320113
https://doi.org/10.1111/j.1553-2712.2012.01329.x
https://doi.org/10.1111/j.1553-2712.2012.01329.x
https://doi.org/10.1186/1865-1380-6-7
https://doi.org/10.1016/0013-4694(93)90122-c
https://doi.org/10.1111/psyp.13554
https://doi.org/10.1111/j.1365-2362.2011.02567.x
https://doi.org/10.1111/j.1365-2796.2009.02160.x
https://doi.org/10.1111/j.1365-2796.2009.02160.x
https://doi.org/10.1109/51.620497
https://doi.org/10.1152/ajpregu.00452.2003
https://doi.org/10.1152/ajpheart.1985.249.4.H867
https://doi.org/10.1016/j.jneumeth.2003.10.009
http://refhub.elsevier.com/S1094-7159(22)01263-6/sref54
http://refhub.elsevier.com/S1094-7159(22)01263-6/sref54
http://refhub.elsevier.com/S1094-7159(22)01263-6/sref55
http://refhub.elsevier.com/S1094-7159(22)01263-6/sref55
http://creativecommons.org/licenses/by/4.0/


NVNS AND FATIGUE IN SJÖGREN’S SYNDROME
56. Hornig M, Montoya JG, Klimas NG, et al. Distinct plasma immune signatures in ME/
CFS are present early in the course of illness. Sci Adv. 2015;1, e1400121. https://doi.
org/10.1126/sciadv.1400121.

57. Malliani A, Pagani M, Lombardi F, Cerutti S. Cardiovascular neural regulation
explored in the frequency domain. Circulation. 1991;84:482–492. https://doi.org/
10.1161/01.cir.84.2.482.

58. Wolf V, Kühnel A, Teckentrup V, Koenig J, Kroemer NB. Does transcutaneous
auricular vagus nerve stimulation affect vagally mediated heart rate variability? A
living and interactive Bayesian meta-analysis. Psychophysiology. 2021;58:e13933.
https://doi.org/10.1111/psyp.13933.

59. Kaniusas E, Kampusch S, Tittgemeyer M, et al. Current directions in the auricular
vagus nerve stimulation I - a physiological perspective. Front Neurosci. 2019;13:854.
https://doi.org/10.3389/fnins.2019.00854.

60. Ricci L, Croce P, Lanzone J, et al. Transcutaneous vagus nerve stimulation modu-
lates EEG microstates and delta activity in healthy subjects. Brain Sci. 2020;10:E668.
https://doi.org/10.3390/brainsci10100668.

COMMENT

The vagus nerve is an important component of the neuro-endocrine-
immune axis. It plays a pivotal role in maintaining the homeostatic
regulation of the visceral functions through its efferent connections that
constitute the cholinergic anti-inflammatory pathway. There are several
mechanisms through which stimulation of the vagus nerve leads to
reduction in inflammation (1. Bonaz B, Picq C, Sinniger V, Mayol JF,
Clarençon D. Vagus nerve stimulation: from epilepsy to the cholinergic
anti-inflammatory pathway. Neurogastroenterol Motil. 2013;25(3):208-
221.). The idea that stimulating the vagus nervemay increase cholinergic
activity, dampen the inflammatory response and decrease fatigue in
rheumatological diseases/chronic musculoskeletal diseases (including
Sjogren’s syndrome) has beendocumented in prior studies (2. Courties A,
Berenbaum F, Sellam J. Vagus nerve stimulation in musculoskeletal dis-
eases. Joint Bone Spine. 2021;8.8(3):105149.). There is evidence for anti-
inflammatory effect of noninvasive vagus nerve stimulation in rheuma-
toid arthritis (3. Drewes AM, Brock C, Rasmussen SE, et al. Short-term
transcutaneous non-invasive vagus nerve stimulation may reduce
www.neuromodulationjournal.org © 2022 The Authors. Published b
International Neuromodulation Soc
under the CC BY license (http://creat
disease activity and pro-inflammatory cytokines in rheumatoid arthritis:
results of a pilot study. Scand J Rheumatol. 2021;50(1):20-27). Trans-
cutaneous auricular vagus nerve stimulation has been shown to have a
positive effect on the cognitive reappraisal of emotions and has been
proposed as a potential tool in the treatment of a major depressive
disorder (4. De Smet S, Baeken C, Seminck N, et al. Non-invasive vagal
nerve stimulation enhances cognitive emotion regulation. Behav Res
Ther. 2021;145:103933). Noninvasive VNS as a therapeutic tool is
increasingly being studied in other conditions including epilepsy,
chronic headaches, chronic fatigue syndrome, chronic pain and,
gastrointestinal disorders including irritable bowel syndrome. This study
does have a soundmethodology and looks at several variables including
heart rate variability, pro and anti-inflammatory cytokine levels, alpha
reactivity in EEG, performance on cognitive tasks such as trail making test,
digit symbol tests, Rey-Auditory Verbal Learning Test, Stroop, digit span,
verbal fluency tests, and psychomotor vigilance test. Interestingly small
improvements in digit span were noted in the study that could reflect
positive changes in cognitive processing. Since there is a close associa-
tion between mood and cognition, excluding patients with clinical
depression certainly provided more validity to the finding by reducing
confounding. It needs tobe ascertained if longer duration of treatment or
changes in frequency of stimulation has any added cognitive benefits.
Improvements in alpha reactivity (which is a marker of cholinergic
integrity) together with the marked reduction in self-reported fatigue
underscores the potential therapeutic benefits of using (noninvasive
vagus nerve stimulation) to address fatigue in Sjogren’s syndrome. As
rightly pointed out by the authors, a larger study population and dataset
would help in further improving the statistical power and the validity of
the findings.
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