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Microneurography, a technique used to detect postganglionic sympathetic nerve traffic in humans, is
increasingly used to further the understanding of autonomic regulation in health and disease. The tech-
nique involves the transcutaneous insertion of a microelectrode into a peripheral nerve, following which,
a variety of adverse acute responses; after-effect and chronic complications have been documented. Here,
we comprehensively review the potential adverse outcomes of microneurography and provide updated
quantifiable incidence rates of their occurrence within a general population. We also present recommen-
dations for risk assessment and management of such outcomes, as well as recommendations to improve
future reporting. This review aims to use objective evidence to improve the understanding of the rare, but
present, adverse outcomes of microneurography.
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1. Introduction

Microneurography is a technique used in the study of human
neurophysiology that allows the assessment of skin and muscle
blood flow, neural control of movement and central mechanisms
involved in pain (Hagbarth and Vallbo, 1968a, 1968b; Vallbo and
Hagbarth, 1968a, 1968b; Vallbo et al., 2004). Of particular patho-
physiological relevance, the measurement of efferent discharges
in postganglionic sympathetic C fibers innervating vascular
smooth muscle, known as muscle sympathetic nerve activity
(MSNA), provides insight into the autonomic regulation of blood
pressure (Joyner et al., 2008, 2010; Wallin, 1989; Sundlof and
Wallin, 1978a, 1978b). Research using microneurography has
shown that sympathetic hyperactivity of MSNA is evident in many
clinical disorders, for example hypertension, obesity, hypertensive
pregnancy (Reyes et al., 2018; Malpas, 2010; Grassi et al., 2018),
may be observed prior to the development of overt disease
(Fischer et al., 2004), and is associated with elevated cardiovascu-
lar morbidity and mortality (Malpas, 2010). As such, this technique
is increasingly used to further the understanding of health and dis-
ease and this is reflected in the rising number of research studies
using microneurography.

Consequently, assessment of sympathetic nerve activity using
microneurography is an important and growing area of both phys-
iological and pathophysiological research. However, the technique
does have potential short- and long-term risks to the individual.
With no formal training or certification, the onus is on practition-
ers to maintain best practice and reporting of adverse outcomes to
inform ongoing and new assessments of risk. Adverse events fol-
lowing microneurography with various methodologies, nerves
and populations have been previously reported (Anderson et al.,
1989; Burg et al., 1973; Eckberg et al., 1989; Hagbarth, 1979b;
Knutsson and Widen, 1967; Littell, 1981; Rice et al., 1994;
Donadio et al., 2007; Dunham et al., 2018) and cited within review
literature (Mano et al., 2006). These previous reports helped to
guide best practice recommendations for practitioners, however,
there has been a considerable lack of objectively reported data
regarding adverse outcomes over the past 20-30 years, although
much anecdotal evidence is shared between practitioners. The
aims of this review were to: firstly, summarize the acute responses,
after-effects and chronic complications related to microneurogra-
phy reported within the literature; secondly, present quantified
incidence rates of these adverse events; and thirdly, to provide rec-
ommendations for risk assessment and reporting of outcomes
within future research.

2. Methods

Many researchers using the microneurography technique refer
to key publications (Anderson et al., 1989; Burg et al, 1973;
Eckberg et al., 1989; Hagbarth, 1979a; Knutsson and Widen,
1967; Littell, 1981; Rice et al., 1994; Vallbo, 1976; Wall and
McMahon, 1985) to identify the potential harms of microneurogra-
phy; however, these data were never amalgamated. In the present
review, we synthesized previously published data from nine

papers reporting acute responses, after-effects and chronic compli-
cations of microneurography and combined the values to create
incidence rates. Within these calculations, we also included data
from our own laboratory where appropriate. To do so, data from
all laboratory investigations including microneurography were
identified and participant characteristics, ambient conditions, and
details of microneurography (signal obtained, nerve site, number
of sites, search time, signal quality if obtained) were extracted.
Our dataset included 428 assessments of MSNA from the peroneal
nerve in 303 individuals (125 repeat assessments). There were 93
males, 82 non-pregnant women (including women in the postpar-
tum period) and 128 pregnant women (ranging from 16 to 40
weeks gestation) in our cohort. Files were screened for acute
effects of microneurography, including (but not limited to) partic-
ipant discomfort (dysesthesia, local pain), pre-syncopal symptoms
and syncope. Within our dataset, we reported an ‘event’ of dyses-
thesia or local pain when the investigation was terminated (by
the researcher and/or participant) specifically as a result of these
sensations. We reported an ‘event’ of pre-syncope when the inves-
tigation was paused until relief of symptoms, or terminated as a
result of symptoms. Data for after-effects or chronic complications
following microneurography was primarily acquired through
participant-initiated feedback, and as such, we did not systemati-
cally assess the incidence of such outcomes in our cohort. The com-
bined incidence rate for each of the acute responses, after-effects
and chronic complications of microneurography was then calcu-
lated using the sum of all investigations (including relevant previ-
ously published data and our own data if available) and the sum of
events (as previous). Data (including source, number of investiga-
tions, number of events and incidence rate) are presented in
Table 1.

3. Acute responses

Microneurography involves the insertion of a reference micro-
electrode, positioned subcutaneously, and a recording microelec-
trode positioned transcutaneously into a peripheral nerve. For a
comprehensive explanation of the technical aspects of recording,
refer to Hart et al. (2017). In brief, after insertion, the recording
microelectrode is manipulated into position to obtain a sympa-
thetic nerve signal using audio and physical feedback. During
insertion and manipulation of the microelectrode, a number of
acute responses may become apparent.

3.1. Dysesthesia

The search for an appropriate recording site can result in tran-
sient sensations of dysesthesia, muscle tension/cramp, paresthesia
(“pins and needles”) or apparent changes in local temperature that
occur as the tip of the electrode reaches the nerve fascicle. Mild
sensations are an anticipated response to intraneural investiga-
tion; however, these sensations lessen and are typically relieved
when the microelectrode is no longer manipulated or is with-
drawn. In our laboratory, we experienced a small number of inves-
tigations (n = 8/428, 1.9%) that were terminated by the researcher
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Table 1

Incidence of acute responses, after-effects and chronic complications following microneurography.

Source Number of assessments Number of events Incidence rate
Acute responses
Dysesthesia
Burg et al. (1973) 100 1 1.0%
Knutsson and Widen (1967)" 6 “a few” -
Littell (1981) 22 10 45.4%
Unpublished data 428 8 1.9%
Combined totals 550 21 3.8%
Pain
Dunham et al., 2018 32 1 0.3%
Rice et al.,, 1994 32 4 12.5%
Unpublished data 428 2 0.5%
Combined totals 492 7 1.4%
Pre-syncope
Dunham et al. (2018) 32 1 0.3%
Donadio et al. (2007) 36 10 27.8%
Unpublished data 428 33 7.7%
‘Males 93 3 32%
"Non-pregnant females 82 6 7.3%
‘Pregnant females 128 24 18.8
Combined totals 496 44 8.9%
Syncope
Unpublished data 428 1 0.2%
After-effects
Paresthesia
Anderson et al. (1989) 963 36 3.7%
Burg et al. (1973) 100 1 1.0%
Dunham et al. (2018) 32 0 0.0%
Eckberg et al. (1989) 708 30 4.2%
Knutsson and Widen (1967)' 6 0 0.0%
Littell (1981) 22 16 72.7%
Rice et al. (1994) 32 2 6.3%
Combined totals 1863 85 4.6%
Pain
Anderson et al. (1989) 963 28 2.9%
Dunham et al. (2018) 32 0 0.0%
Eckberg et al. (1989) 708 17 2.4%
Knutsson and Widen (1967)' 6 0 0.0%
Rice et al. (1994) 32 4 12.5%
Combined totals 1741 49 2.8%
Muscle weakness
Anderson et al. (1989) 963 13 1.3%
Knutsson and Widen (1967)' 6 0.0%
Littell (1981) 22 2 9.1%
Combined totals 991 15 1.5%
Infection No available data
Chronic complications
Eckberg et al. (1989) 708 1 0.1%
Hagbarth (1979b) 1000 3 0.3%
Littell (1981) 22 1 4.5%
Unpublished data 428 1 0.2%
Combined totals 2158 6 0.3%

N.B. Number of assessments and events was extracted from specified studies. The incidence rate for each study was then calculated. The total number of assessments and
events reported for each outcome were then calculated, and an incidence rate was calculated using the combined total. Unpublished data refers to the assessments and events

observed in our laboratory.

No available data shows that reports of infection following microneurography were not identified within previous literature.
" Indicates that data presented is a breakdown of population data included within the Unpublished data of pre-syncopal symptoms.

" Indicates data were collected with glass-coated wire electrodes.

and/or participant as a result of a participant’s inability to tolerate
the sensation of dysesthesia. Additionally, previous researchers
have reported moderate-to-significant dysesthesia during
microneurography (Table 1), however it is unclear if this impacted
upon data collection (Burg et al., 1973; Knutsson and Widen, 1967;
Littell, 1981).

3.2. Pain

Microelectrode placement can result in sensations of pain in
some participants (Knutsson and Widen, 1967) and the combined
incidence of pain reported during microneurography was 1.4%
(Table 1) (Dunham et al., 2018; Rice et al., 1994). Acute, superficial
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pain is a typical response to the insertion of any needle across the
skin and therefore, is a widely accepted consequence of microneu-
rography (Dunham et al., 2018). The application of topical anaes-
thetic can decrease a participant’s perception of pain during
microelectrode insertion (Cooke, 2000), however, prolonged sensa-
tions of pain increase sympathetic activity and therefore, could
affect data if participants are in considerable discomfort (Schobel
et al., 1996). In particular, intraneural electrical stimulation can
result in a radiating sharp or burning pain in the innervation terri-
tory of a cutaneous fascicle or a diffuse dull ache in the muscle
innervated by a muscle fascicle if the current applied is too high.
Additionally, deeper local pain as the tip penetrates the nerve
sheath or fascicle can also cause considerable discomfort for some
individuals. Most typically, such pain can be relieved through
avoidance of further manipulation, very minor adjustments or
complete withdrawal of the microelectrode from the nerve and/
or site. Within our investigations, we have chosen to terminate a
very small number of tests due to persistent participant discomfort
or pain during the search for SNA (n =2/428, 0.5%). It is unclear if
the previous reports of pain during microneurography used this
operational definition to record a pain ‘event. Future reports
should state the nature and impact of the pain experienced during
microneurography in order to improve our understanding of this
outcome. Current evidence on participant’s perception of pain dur-
ing microneurography is lacking.

3.3. Nerve block

The insertion of a microelectrode into a peripheral nerve, as in
microneurography, has been shown to a result in a transient pres-
sure block. The pressure block may be induced by the space occu-
pied by the microelectrode (Wall and McMahon, 1985). The
pressure block causes a temporary impairment in function most
likely reducing the number of afferents activated by electrical
activity, but is not necessarily indicative of structural damage
(Rice et al., 1993; Vallbo, 1976). A previous experiment demon-
strated that after insertion of a microelectrode, fibers from a rat
sciatic nerve either: were unable to transmit electrical activity,
but upon removal of the microelectrode, regained the ability to
relay impulses; or had reduced transmission across multiple fibers
that were not fully restored following microelectrode removal
(Wall and McMahon, 1985). The latter outcome may be reflective
of acute nerve damage that could lead to transient paresthesia,
pain or muscle weakness. It should be considered that these obser-
vations were made in animal models, and that application to
humans may be flawed at least due to the differences in fascicle
dimensions. In contrast to the rat model, data collected from the
radial and peroneal nerve in humans by Inglis et al. (1998) showed
that conduction of electrical activity across the site of impalement
was secure, but conduction time was markedly prolonged. In some
axons, increasing activity resulted in conduction failure but the
ability to conduct across the site of impalement was restored after
rest.

3.4. (Pre)syncope

Syncope refers to a transient loss of consciousness caused by
systemic hypotension and or cerebral hypoperfusion (Moya et al.,
2009). Prodromal symptoms, such as lightheadedness, nausea,
cold/hot sweats or pallor, are warning signs that syncope is immi-
nent, and are collectively termed “pre-syncope.” Vasovagal syn-
cope is a response that occurs because of a paradoxical reflex arc,
known as the Bezold-Jarisch reflex, and is triggered in response

to inadequate ventricular filling from reduced venous return. The
syncopal reflex arc is stimulated by a drop in cardiac output and/
or blood pressure, which is subsequently countered by an increase
in cardiac inotropy. Vigorous contraction of volume-depleted
ventricles enables a compensatory rise in heart rate to maintain
cardiac output. However, this contraction activates mechanorecep-
tors and C-fibers in the heart that paradoxically stimulate the vagal
nucleus in the medulla, signaling a drop in sympathetic activity
and increase in vagal tone. Consequently, there is a rapid drop in
both blood pressure and heart rate, during which, syncope may
occur (Moya et al., 2009). Vasovagal syncope is neurally mediated
and can be precipitated by various situational factors including
emotional responses, for example to medical instruments such as
needles, overheating, gastrointestinal stimulation, micturition,
medication use, postural change and post-exercise or post-
prandial redistribution of blood (Moya et al., 2009).

In our laboratory, we have documented symptoms of pre-
syncope and syncope during microneurography, that have only
recently been reported recently within the literature (Dunham
et al., 2018; Donadio et al., 2007). Our dataset included 428 assess-
ments of MSNA from the peroneal nerve in 303 individuals (125
repeat assessments). Out of 428 assessments conducted in our lab-
oratory, 33 individuals (7.7%) experienced pre-syncopal symptoms
during microneurography. The majority of individuals experienc-
ing pre-syncope were pregnant females (ranging from 16 to
40 weeks gestation), with lower incidence rates in non-pregnant
females and males (Table 1). In all individuals, symptoms were
alleviated after withdrawal of the recording microelectrode, move-
ment into a supine position and/or ingestion of water or juice. In
combination with previous reports of pre-syncopal symptoms dur-
ing microneurography (Dunham et al., 2018; Donadio et al., 2007),
the combined incidence rate was 8.9%. We also observed a single
case of syncope during microneurography in which the participant
was a pregnant female (incidence rate of 0.2%, Table 1). After
recovery from transient loss of consciousness the participant was
medically assessed, and the incident was confirmed as vasovagal
syncope with no further symptoms or negative health outcomes.

There are a number of controllable factors that increase the risk
of (pre)syncope in the general population. Fear of blood or medical
instruments, such as needles, is known to induce vasovagal syn-
cope (Moya et al., 2009). Therefore, the technique of microneurog-
raphy may result in (pre)syncope in phobic patients, as
demonstrated previously by Donadio et al. (2007). In contrast to
this, our standard practice is to screen for an aversion to needles
prior to enrolment and additionally, we collect blood samples via
an intravenous (IV) catheter inserted prior to instrumentation.
Thus far, we observed no adverse symptoms related to IV place-
ment but have observed symptoms during the microneurography
search. As such, we do not believe the (pre)syncopal symptoms
observed in our cohort were emotionally mediated. Anecdotally,
we have observed the onset of pre-syncopal symptoms following
the insertion of the electrode into a nerve fascicle, and this is also
noted within Dunham et al. (2018). It is possible that dysesthesia
experienced at this point may result in a centrally mediated vaso-
vagal reflex; however, we did not identify a clear association
between such sensations and symptom development. Finally, we
complete the majority of our investigations in the semi-
recumbent position in order to avoid potential inferior vena cava
compression that may be experienced by pregnant women in the
supine position. Sub-diaphragmatic blood pooling in the upright
posture, combined with an absence of muscular movement, may
reduce venous return and induce (pre)syncopal symptoms
(Stewart et al., 2017). As such, both the population and position
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should be considered when determining the risk of (pre)syncope
during microneurography.

4. After-effects
4.1. Paresthesia and muscle weakness

Following microneurography, there is a generally accepted low
incidence of ongoing neural symptoms, including paresthesia; pain
or tenderness at, or distal to, the site of insertion; and muscle
weakness (Anderson et al., 1989; Eckberg et al., 1989; Hagbarth,
1979a; Littell, 1981; Rice et al., 1994). With data from previous
publications, we calculated the incidence of paresthesia, pain and
muscle weakness following microneurography as 4.6, 2.8 and
1.5%, respectively (Table 1). These symptoms were reported to
manifest a few hours to days following microneurography and to
persist for a period of 1 day up to several weeks. Due to the latency
time of symptom development, a delayed process following neural
injury, such as inflammatory edema, has been suggested to be the
cause (Gandevia and Hales, 1997).

Previous work in animal models has demonstrated that the
insertion of a microelectrode into an exposed nerve results in
anatomical lesions that have a transient impact on function. Pene-
tration with a microneurography electrode results in damage to
the endo-/perineurium, myelinated and unmyelinated axons that
can be detected with electron microscopy. However, undamaged
fibers within the ‘zone of injury’ are also present (Fried et al.,
1989). In the post-operative period following microelectrode pen-
etration in rodent models there were no overt behavioural indica-
tions of pain or discomfort (Fried et al., 1989). However, there was
a transient period of hypoalgesia, assessed by hind limb with-
drawal latency, that fully resolved within 2-weeks following the
procedure. As such, investigations in a rat model indicate that
microneurography results in a limited and isolated degeneration
of nerves that is followed by regenerative processes. The injury
caused by insertion of a tungsten microelectrode, now used as
standard in microneurography, may be result of pressure caused
by the electrode itself, mechanical disruption of neural tissue dur-
ing insertion and the resultant inflammatory responses. Such dis-
ruptions to the nerve structure may be the cause of paresthesia
and/or muscle weakness following microneurography in humans.

The fascicular lesions following microneurography observed in
animal models provide valuable insight into the acute neural
impact of the technique; yet, the direct application to human
investigations may be limited. Fried et al. (1989) identified that
microelectrode impalement in a rat typically requires short single
or double insertions into a dissected nerve, whereas in humans, the
search for an appropriate signal may require repeated insertions
through the skin over longer periods of time. Previous work has
demonstrated that advancement of a microelectrode repeatedly
placed into a cell tissue culture results in distortion and fragment-
ing of cells (Wall and McMahon, 1985). It may therefore be sug-
gested that neural disruption as a result of microneurography in
humans could be greater than that observed in animal models. In
support of this, Eckberg et al. (1989) demonstrated that microneu-
rography investigations lasting over 45 min were associated with a
greater incidence of after-effects, and therefore, could be indicative
of greater negative impact to the nerve. Based on these data, the
authors suggested limiting searches to 60 min, using slow, con-
trolled movement during microelectrode manipulation and keep-
ing intraneural insertion to a minimum where possible (Eckberg
et al,, 1989). In light of this, the use of ultrasound guidance or elec-
trical stimulation may speed up the placement of the microelec-
trode within a fascicle and reduce search time. However, neither
technique will provide any advantage to finding a robust signal.

Additionally, electrical stimulation has deleterious effects on the
impedance of commercially available electrodes and can affect
the signal-to-noise quality of a recording. As such, there are differ-
ent advantages and challenges with varying search methods and as
such, the technique used is usually the preference of the
practitioner.

Participants should also be encouraged to restrict physical
activity for 24 h following the procedure, as symptoms may be
worsened by exercise (Eckberg et al., 1989). It has also been sug-
gested that the after-effects of microneurography may be more sig-
nificant in patients with diagnosed peripheral nerve damage such
as neuropathies (Rice et al., 1994), however, no difference in the
incidence of paresthesia or muscle weakness symptoms between
patient groups and healthy participants has been observed
(Anderson et al., 1989; Eckberg et al., 1989; Gandevia and Hales,
1997).

4.2. Infection

It is somewhat surprising that there are no reports of infection
following microneurography reported within the literature, as this
is recognized as an adverse outcome following any invasive proce-
dure. As a relative comparison, acupuncture is a common tech-
nique that includes the transcutaneous insertion of a
microneedle. A recent analysis by the World Health Organization
identified a low but present risk of bacterial and viral infection that
was rated as probable to certainly related the to the acupuncture
technique (Zhang et al., 2010). In all cases, individuals recovered
fully. Other authors (Ernst et al., 2011; Park et al., 2016) supported
these findings and the incidence of infection following acupunc-
ture was attributed to poor hygiene and sterilization techniques
(Zhang et al., 2010; Park et al., 2016). Considering the popularity
of this technique, the incidence of infection-related complications
following acupuncture is very low and is further reduced by appro-
priate training and use of universal aseptic precautionary measures
(Walsh, 2001). These control measures are also recommended for
researchers completing microneurography. Microelectrodes may
be sterilized and re-used, similar to other surgical equipment,
however practitioners should consider that considerable degrada-
tion of the recording electrode occurs during a standard search,
and this may render the impedance of the electrode ineffective.
Additionally, as with any other invasive technique (e.g. IV place-
ment), microneurography may pose a greater risk of infection in
immunosuppressed individuals. As such, researchers should con-
sider the population and/or individual risk of infection and detail
this clearly within their informed consent. It should also be noted
that investigations have previously been conducted in theoretically
(not proven) immunosuppressed populations without adverse
reports (Haarmann et al., 2015; Jordan et al., 2017; Strom et al.,
2011).

5. Chronic complications

Persistent effects of microneurography have previously been
reported within the literature. Specifically, three different authors
have identified complications following microneurography includ-
ing ongoing paresthesia (Littell, 1981; Hagbarth, 1979b) and sus-
pected thin-fiber neuropathy with symptoms of persistent right
lower leg pain and numbness, without weakness (Eckberg et al.,
1989). Such complications of microneurography may have signifi-
cant impacts on the individual that are prolonged (lasting up to
6 months) (Hagbarth, 1979b) or ever-lasting (Eckberg et al,,
1989). We have identified one case of prolonged (>6 months)
symptoms including lower leg pain and weakness. These complica-
tions are likely the result of significant fascicular injury during
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intraneural recording. In cases where symptoms were resolved by
6 months, it is possible that the lesions caused by microelectrode
insertion (see above) required a prolonged regenerative process
in order to regain normal nerve function. However, in the case of
neuropathy, the fascicular injury may have been too great for
repair. While these chronic complications following microneurog-
raphy have significant impact to an individual, it must be rein-
forced that the reported incidence remains extremely low (0.2%),
as shown in Table 1 (Anderson et al., 1989; Knutsson and Widen,
1967; Littell, 1981).

In rare circumstances, chronic complications following
microneurography can occur, however, control measures have
been suggested to manage this risk. Eckberg et al. (1989) provided
recommendations for human microneurography that have been
adopted as best practice in the majority of laboratories. These mea-
sures aim to reduce the risk of both after-effects and chronic com-
plications, and include precautions such as: limiting the search to
60 min, technique completed by a suitably trained investigator,
and investigations should not be repeated at the same site within
1 month (Eckberg et al., 1989). It should be noted that no reports
of chronic complications following microneurography were identi-
fied after the publication of these recommendations by Eckberg
et al. 1989. The reduction in the number of subsequent cases could
be attributed to both the adoption of best practice techniques in
microneurography, but also a considerable lack of reporting of
outcomes.

6. Recommendations for the assessment, management and
reporting of adverse outcomes to microneurography

6.1. Risk assessment

Risks associated with microneurography are well known by
researchers in the field, yet these risks are only addressed inciden-
tally within a limited number of publications. Consequently,
improved transparency and reporting of adverse outcomes is
needed, so that researchers are able to complete informed and ade-
quate risk assessment prior to conducting microneurographic
investigations.

The nerve selected for microneurography is determined by the
experimental question, as well as practical considerations such as
easy identification of the nerve, proximity (depth) in relation to
skin, proximity to other anatomical structure (e.g. blood vessels),
the ability to stabilize the limb during recording and finally, the
size, and therefore potential, of the nerve to support the needle
when a signal is obtained. As such, the peripheral nerves of the
lower extremities, including the deep and superficial peroneal,
sural and tibial nerves, as well as the upper extremities, including
the radial, median and ulnar nerves, are commonly used in
microneurography. The choice of nerve determines the location
of acute afferent responses to microneurography, but also the site
of potential after-effects and chronic complications. As such,
researchers using the microneurography technique should con-
sider the nerve in terms of feasibility of their experiment, their
experience of obtaining a signal from the nerve, but also the distal
innervation of the nerve in question. The latter is important for
identifying anticipated zones of dysesthesia and the functional
consequences of any after effects. Of the nine papers included in
this review, investigations were completed in the peroneal
(n=3), median (n=1), ulnar (n=1) and ‘peripheral’ nerves
(n = 4). Additionally, our data were collected exclusively in the per-
oneal nerve. The incidence of adverse events during and following
microneurography may vary according to nerve site, but with the
current extent of reporting, it is impossible to determine these
differences.

As detailed previously, the risk of after-effects following
microneurography may be increased with longer search times
and repeated intraneural insertion of the microelectrode. In nerves
that are less easily palpated or stimulated, researchers should con-
sider additional methods, such as ultrasound guidance, to improve
accuracy and decrease the duration of the microneurography
search (Curry and Charkoudian, 2011; Dunham et al., 2018). Sup-
porting techniques that guide microelectrode placement may
reduce the requirement for searching within the nerve, and there-
fore could reduce the extent of nerve lesions, resulting in less
symptoms following microneurography. However, it should be
noted that this practice does not guarantee an appropriate signal
will be obtained (Curry and Charkoudian, 2011).

Pre-syncope and syncope in response to microneurography is
not well established within previous microneurography literature,
however, the combined evidence from recent work (Dunham et al.,
2018; Donadio et al., 2007) and our dataset highlight that this is an
adverse response to the technique. While the mechanisms for (pre)
syncope during microneurography remain to be elucidated, the
risk of such events should be carefully considered on an individual
and population basis. The increased incidence of (pre)syncopal
events in pregnant women within our dataset was unsurprising,
as this group are at greater risk compared to the general popula-
tion, with over a quarter of women experiencing at least one
pre-syncopal episode during gestation (Gibson et al., 2001). Preg-
nancy is just one example of a population with a higher risk of syn-
copal events however; patients with cardiovascular disease, the
elderly and individuals experiencing orthostatic hypertension also
have an increased risk (Moya et al., 2009). Additionally, syncope is
common side effect of many common medications. As such, these
predisposing factors could result in an increased incidence of (pre)
syncopal events in clinical populations during microneurography.
Researchers should identify the risk of syncope associated with
their population of interest (e.g. incidence rates of syncopal events
in habitual activity) and in the individual (e.g. prior history of syn-
cope and precipitating factors, disease status, medication use) prior
to completing microneurography.

6.2. Informed consent

All individuals undergoing microneurography should be
informed of the potential adverse outcomes of microneurography.
Indeed, the incidence rates of acute responses, after-effects and
chronic complications following the technique are relatively low
(Table 1), yet this information, especially for less reported out-
comes like (pre)syncope, is poorly documented within research.
As such, the incidence of adverse responses to microneurography
may also be poorly represented on participant information sheets
and within ethical approval applications. In addition to clear infor-
mation regarding potential outcomes, researchers are encouraged
to detail control measures used to reduce the risks of such out-
comes (i.e. limited search time, avoidance of exercise following
technique, etc.) and recovery procedures that would be employed
should an adverse event occur as a result of microneurography.
The following are examples of evidence-based statements we have
incorporated within ethics and information documents:

e As we search for a suitable location to record your sympathetic ner-
vous system activity, you may feel odd or new sensations. This may
include change in temperature, tingling, mild cramping, or pressure
in your lower leg. These are all normal and may help us to know if
we are recording from the right location within the nerve. These
sensations occur only briefly and go away quickly if searching is
paused or if the needle is pulled back from the spot that caused
the sensation. You will be asked to indicate the presence of any
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of these feelings to the person looking for the signal. Between one
and four people out of 100 may find these sensations intolerable,
if that is the case, we will stop searching for your nervous system
activity.

Approximately 9 out of 100 people may start to feel faint, dizzy or
nauseous during the search for your nervous system activity. Faint-
ing can occur in extremely rare circumstances (less than 1 out of
100), however if you should start to feel any symptoms, we will
stop the search, will recline you and/or elevate your legs, and give
you some water. This should stop you feeling faint and prevent
fainting.

Following the experiment, there is a minimal risk that you may
experience lasting effects of the procedure (up to two weeks).
Between 1 and 5 out of 100 people report mild tenderness, numb-
ness, increased sensitivity, and redness around the location of the
needles. In extremely rare circumstances (less than 1 out of 100),
there is also the risk of persistent muscle weakness (lasting up to
6 months). This can affect how you move and can result in numb-
ness or tingling of the area associated with the experiment. To min-
imize the risk of any persistent effects, we limit the amount of time
for which we search for a suitable signal (10 min in one spot and no
more than 45 min in total). We also recommend that you do not
take part in any physical activity greater than walking in the
24 h after the protocol is complete to help reduce any inflammation
that may result following the procedure.

6.3. Reporting

The majority of data concerning acute responses, after-effects
and chronic complications of microneurography arises from data
published over 20 years ago. Much anecdotal evidence is shared
between researchers, yet there is a considerable lack of empirical
published data regarding the safety of microneurography, however
rare adverse outcomes may be. This aim of this review is to provide
an update to the safety of microneurography, but also to encourage
researchers using the technique to improve the practice of report-
ing outcomes. Such information is invaluable in the planning of
efficient and effective microneurographic investigations. With the
current lack of reporting within microneurography studies, it is
not possible to determine if there are any differences in the inci-
dence of adverse outcomes when using different methodologies
(i.e. palpation, electrical stimulation, and ultrasound guidance),
different nerves or between different populations. The latter is of
particular relevance, as microneurography assessments are
increasingly utilized and important in individuals with various dis-
ease states and it is imperative to understand if safety is compro-
mised in certain clinical populations, especially those with pre-
existing neuropathy. There have also been considerable changes
in the methodology of microneurography (as with the findings
from Knutsson and Widen (1967) in which glass-coated wire elec-
trodes were used for recording) which may challenge the relevance
of our calculated incidence rates.

Regardless of positive or negative outcomes, we believe addi-
tional reporting of acute responses, after-effects and chronic com-
plications are invaluable in determining incidence rates for such
events. As shown in Table 1, the incidence for these various out-
comes is relatively low (between 0.2 and 8.9%); however, this
may be substantially lower if all authors documented the presence,
or lack, of adverse events during and following microneurography.
In addition to recording events during the search, practitioners
should follow up with participants after microneurographic inves-
tigations. This may in the form of a questionnaire or telephone call
completed within 7-14 days of the study. Any participant that
identifies ongoing symptoms at this point should be followed up
routinely until the cessation or treatment of complications.

At present, there is no standardized method or registry for prac-
titioners to report adverse outcomes, which creates some difficulty
in determining incidence rates of acute responses, after-effects and
chronic complications following current practices of microneurog-
raphy. We suggest that practitioners publishing their research
should consider including 1-2 sentences within the results section
of their manuscript detailing the incidence of outcomes during or
following microneurography in their study cohort. Operational
definitions of an adverse event as a result of the technique should
be established. We suggest the following:

Acute responses

e Participant experienced significant sensations of pain and/or
dysesthesia that prevented or impaired data collection. It
should be identified if these sensations were on going or
evoked by the practitioner (e.g., when the nerve was tapped
or stretched, during microelectrode placement).

e Participant experienced pre-syncopal symptoms during data
collection.

e Participant experienced syncope.

After effects

e Participant experienced significant pain, muscle weakness
and/or paresthesia that affected daily activity for up to one
month following microneurography. Specifically, it should
be identified if these sensations were on going or evoked
by the participant or practitioner (e.g., when the nerve was
tapped or stretched).

e Participant developed an infection at the site of microneu-
rography investigation following microneurography.

Chronic complications

e Participant experienced persistent muscle weakness, pares-
thesia or neuropathy lasting for 1 to 6 months following
microneurography.

e Participant experienced chronic muscle weakness, paresthe-
sia or neuropathy following microneurography (>6 months).

e Where possible, information from clinical assessment should
also be collected for any chronic complications.

7. Conclusions and specific recommendations

In summary, in the current paper we provide updated quantifi-
able incidence rates for acute and chronic outcomes associated
with the technique of microneurography. We also include new
data that specifically identify the risk of (pre)syncope during
microneurography. Using this evidence we provide recommenda-
tions regarding the dissemination of risks associated with
microneurography (e.g. to ethics boards, patients, etc.) and recom-
mendations regarding documentation of adverse outcomes. We
believe this information is relevant and important for conducting
risk assessments or expressing known risks to others; this
includes: individuals learning and initiating the technique, current
practitioners/researchers, ethics boards, and patient/participant
groups.

e Participants should be adequately informed about the acute
responses, after-effects and chronic complications previously doc-
umented following microneurography.

Researchers should identify the risk associated with the popula-
tion (e.g. incidence rates of syncopal events, infection risk) and
the individual (e.g. prior history of syncope, diagnosis of neu-
ropathy, medication use) prior to completing
microneurography.

In individuals with higher risk of syncopal events, we recommend
continuous heart rate and blood pressure monitoring during the
search for sympathetic activity. Monitoring of hemodynamic
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changes prior to symptom development may provide additional
physiological indications of syncope and may elucidate the
mechanisms underlying these responses to microneurography.
We suggest that authors should always document the presence
of, or lack of, adverse events during and following microneurogra-
phy within manuscripts. Standard reporting would help to
address gaps in the literature regarding symptoms, but also
continue to objectively support the safety of the technique if
no adverse outcomes are identified.

Specifically to improve the understanding of the incidence of
after-effects of microneurography, researchers should ask par-
ticipants to complete a follow-up questionnaire approximately
1 week after the study visit. If participants are still experiencing
symptoms after 1 week, contact should be maintained until
resolution.

Sources of funding

This research has been funded by the Natural Sciences and Engi-
neering Research Council of Canada (NSERC, RGPIN 06637; CDS)
and the Heart and Stroke Foundation of Canada (HSFC G-16-
00014033; MHD, CDS). VLM is funded by a Women and Children’s
Health Research Institute Postdoctoral Fellowship. CDS is funded
by a HSFC Joint National and Alberta New Investigator Award
(HSFC NNIA Steinback) and MHD is funded by an HSFC Joint
National and Alberta Improving Hearth Health for Women New
Investigator Award (HSFC NNIA Davenport).

Declaration of Competing Interest

The authors declared that there is no conflict of interest.

References

Anderson EA, Sinkey CA, Clary MP, Kempf ]S, Mark AL. Survey of symptoms
experienced after microneurographic recording. Circulation 1989;80:11291.
Burg D, Szumski A], Struppler A, Velho F. Afferent and efferent activation of human
muscle receptors involved in reflex and voluntary contraction. Exp Neurol

1973;41:754-68.

Cooke WH. Topical anesthetic before microneurography decreases pain without
affecting sympathetic traffic. Auton Neurosci 2000;86:120-6.

Curry TB, Charkoudian N. The use of real-time ultrasound in microneurography.
Auton Neurosci 2011;162:89-93.

Donadio V, Liguori R, Elam M, Karlsson T, Montagna P, Cortelli P, Baruzzi A, Wallin
BG. Arousal elicits exaggerated inhibition of sympathetic nerve activity in
phobic syncope patients. Brain 2007;130:1653-62.

Dunham JP, Sales AC, Pickering AE. Ultrasound-guided, open-source
microneurography: approaches to improve recordings from peripheral nerves
in man. Clin Neurophysiol 2018;129:2475-81.

Eckberg DL, Wallin BG, Fagius ], Lundberg L, Torebjork HE. Prospective study of
symptoms after human microneurography. Acta Physiol Scand
1989;137:567-9.

Ernst E, Lee MS, Choi TY. Acupuncture: does it alleviate pain and are there serious
risks? A review of reviews. Pain 2011;152:755-64.

Fischer T, Schobel HP, Frank H, Andreae M, Schneider KT, Heusser K. Pregnancy-
induced sympathetic overactivity: a precursor of preeclampsia. Eur ] Clin Invest
2004;34:443-8.

Fried K, Frisen J, Mozart M. De- and regeneration of axons after minor lesions in the
rat sciatic nerve. Effects of microneurography electrode penetrations. Pain
1989;36:93-102.

Gandevia SC, Hales JP. The methodology and scope of human microneurography. ]
Neurosci Methods 1997;74:123-36.

Gibson PS, Powrie R, Peipert ]. Prevalence of syncope and recurrent presyncope
during pregnancy. Obstet Gynecol 2001;97:541-2.

Grassi G, Pisano A, Bolignano D, Seravalle G, D’Arrigo G, Quarti-Trevano F,
Mallamaci F, Zoccali C, Mancia G. Sympathetic nerve traffic activation in
essential hypertension and its correlates: systematic reviews and meta-
analyses. Hypertension 2018;72:483-91.

Haarmann H, Mohrlang C, Tschiesner U, Rubin DB, Bornemann T, Ruter K, Bonev S,
Raupach T, Hasenfuss G, Andreas S. Inhaled beta-agonist does not modify
sympathetic activity in patients with COPD. BMC Pulm Med 2015;15:46.

Hagbarth KE. Exteroceptive, proprioceptive, and sympathetic activity recorded with
microelectrodes from human peripheral nerves. Mayo Clin Proc
1979a;54:353-65.

Hagbarth KE. Microneurography technique. In: Persson A, editor. Sixth international
congress of electromyography, Stockholm. p. 11-3.

Hagbarth KE, Vallbo AB. Discharge characteristics of human muscle afferents during
muscle stretch and contraction. Exp Neurol 1968a;22:674-94.

Hagbarth KE, Vallbo AB. Pulse and respiratory grouping of sympathetic impulses in
human muscle-nerves. Acta Physiol Scand 1968b;74:96-108.

Hart EC, Head GA, Carter JR, Wallin BG, May CN, Hamza SM, Hall JE, Charkoudian N,
Osborn JW. Recording sympathetic nerve activity in conscious humans and
other mammals: guidelines and the road to standardization. Am ] Physiol Heart
Circ Physiol 2017;312:H1031-51.

Inglis JT, Leeper ]B, Wilson LR, Gandevia SC, Burke D. The development of
conduction block in single human axons following a focal nerve injury. ]
Physiol 1998;513(Pt 1):127-33.

Jordan J, Tank J, Heusser K, Heise T, Wanner C, Heer M, Macha S, Mattheus M, Lund
SS, Woerle HJ, Broedl UC. The effect of empagliflozin on muscle sympathetic
nerve activity in patients with type II diabetes mellitus. ] Am Soc Hypertens
2017;11:604-12.

Joyner MJ, Charkoudian N, Wallin BG. A sympathetic view of the sympathetic
nervous system and human blood pressure regulation. Exp Physiol
2008;93:715-24.

Joyner M], Charkoudian N, Wallin BG. Sympathetic nervous system and blood
pressure in humans: individualized patterns of regulation and their
implications. Hypertension 2010;56:10-6.

Knutsson E, Widen L. Impulses from single nerve fibres recorded in man using
microelectrodes. Nature 1967;213:606-7.

Littell EH. After-effect of microneurography in humans. Part IV. Phys Ther
1981;61:1585-6.

Malpas SC. Sympathetic nervous system overactivity and its role in the
development of cardiovascular disease. Physiol Rev 2010;90:513-57.

Mano T, Iwase S, Toma S. Microneurography as a tool in clinical neurophysiology to
investigate peripheral neural traffic in humans. Clin Neurophysiol
2006;117:2357-84.

Moya A, Sutton R, Ammirati F, Blanc ], Brignole M, Dahm ]B, et al. The task force for
the diagnosis and management of syncope of the European Society of
Cardiology (ESC) developed in collaboration with European Heart Rhythm
Association (EHRA), Heart Failure Association (HFA) and Heart Rhythm Society
(HRS): Guidelines for the diagnosis and management of syncope. Eur Heart ]
2009;30:2631-71.

Park SM, Kim WJ, Mun JH, Kim HS, Ko HC, Kim BS, Kim MB, Song M. Adverse events
associated with acupuncture: a clinicopathologic review. Int ] Dermatol
2016;55:757-63.

Reyes LM, Usselman CW, Davenport MH, Steinback CD. Sympathetic nervous
system regulation in human normotensive and hypertensive pregnancies.
Hypertension 2018;71:793-803.

Rice AS, Andreev NY, McMahon SB. The consequences of microneurography
electrode-induced injury of peripheral nerves observed in the rat and man.
Pain 1994;59:385-93.

Rice AS, McMahon SB, Wall PD. The electrophysiological consequences of electrode
impalement of peripheral nerves in the rat. Brain Res 1993;631:221-6.

Schobel HP, Ringkamp M, Behrmann A, Forster C, Schmieder RE, Handwerker HO.
Hemodynamic and sympathetic nerve responses to painful stimuli in
normotensive and borderline hypertensive subjects. Pain 1996;66:117-24.

Stewart JM, Medow MS, Sutton R, Visintainer P, Jardine DL, Wieling W. Mechanisms
of vasovagal syncope in the young: reduced systemic vascular resistance versus
reduced cardiac output. ] Am Heart Assoc 2017:6.

Strom NA, Meuchel LW, Mundy DW, Sawyer JR, Roberts SK, Kingsley-Berg SM,
Charkoudian N. Cutaneous sympathetic neural responses to body cooling in
type 2 diabetes mellitus. Auton Neurosci 2011;159:15-9.

Sundlof G, Wallin BG. Human muscle nerve sympathetic activity at rest.
Relationship to blood pressure and age. ] Physiol 1978a;274:621-37.

Sundlof G, Wallin BG. Muscle-nerve sympathetic activity in man. Relationship to
blood pressure in resting normo- and hyper-tensive subjects. Clin Sci Mol Med
Suppl 1978b;4:3875-9s.

Vallbo AB. Prediction of propagation block on the basis of impulse shape in single
unit recordings from human nerves. Acta Physiol Scand 1976;97:66-74.

Vallbo AB, Hagbarth KE. Activity from skin mechanoreceptors recorded
percutaneously in awake human subjects. Exp Neurol 1968a;21:270-89.

Vallbo AB, Hagbarth KE. Mechnoreceptor activity recorded from human peripheral
nerves. Electroencephalogr Clin Neurophysiol 1968b;25:407.

Vallbo AB, Hagbarth KE, Wallin BG. Microneurography: how the technique
developed and its role in the investigation of the sympathetic nervous
system. ] Appl Physiol 2004;1985(96):1262-9.

Wall PD, McMahon SB. Microneuronography and its relation to perceived sensation.
A critical review. Pain 1985;21:209-29.

Wallin BG. Human sympathetic nerve activity and blood pressure regulation. Clin
Exp Hypertens A 1989;11(Suppl 1):91-101.

Walsh B. Control of infection in acupuncture. Acupunct Med 2001;19:109-11.

Zhang J, Shang H, Gao X, Ernst E. Acupuncture-related adverse events: a systematic
review of the Chinese literature. Bull World Health Org 2010;88:915-921C.


http://refhub.elsevier.com/S1388-2457(19)31142-3/h0005
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0005
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0010
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0010
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0010
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0015
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0015
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0020
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0020
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0025
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0025
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0025
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0030
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0030
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0030
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0035
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0035
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0035
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0040
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0040
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0045
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0045
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0045
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0050
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0050
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0050
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0055
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0055
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0060
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0060
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0065
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0065
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0065
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0065
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0070
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0070
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0070
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0075
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0075
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0075
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0080
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0080
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0085
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0085
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0090
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0090
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0095
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0095
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0095
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0095
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0100
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0100
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0100
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0105
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0105
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0105
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0105
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0110
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0110
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0110
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0115
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0115
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0115
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0120
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0120
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0125
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0125
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0130
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0130
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0135
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0135
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0135
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0140
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0140
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0140
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0140
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0140
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0140
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0145
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0145
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0145
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0150
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0150
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0150
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0155
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0155
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0155
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0160
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0160
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0165
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0165
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0165
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0170
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0170
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0170
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0175
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0175
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0175
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0180
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0180
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0185
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0185
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0185
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0190
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0190
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0195
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0195
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0200
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0200
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0205
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0205
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0205
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0210
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0210
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0215
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0215
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0220
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0225
http://refhub.elsevier.com/S1388-2457(19)31142-3/h0225

	A review of acute responses, after-effects and chronic complications related to microneurography
	Introduction
	Methods
	Acute responses
	Dysesthesia
	Pain
	Nerve block
	(Pre)syncope

	After-effects
	Paresthesia and muscle weakness
	Infection

	Chronic complications
	Recommendations for the assessment, management and reporting of adverse outcomes to microneurography
	Risk assessment
	Informed consent
	Reporting

	Conclusions and specific recommendations
	Sources of funding
	Declaration of Competing Interest
	References


