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Carter JR. Microneurography and sympathetic nerve activity: a decade-by-
decade journey across 50 years. J Neurophysiol 121: 1183-1194, 2019. First
published January 23, 2019; doi:10.1152/jn.00570.2018.—The technique of micro-
neurography has advanced the field of neuroscience for the past 50 years. While
there have been a number of reviews on microneurography, this paper takes an
objective approach to exploring the impact of microneurography studies. Briefly,
Web of Science (Thomson Reuters) was used to identify the highest citation articles
over the past 50 years, and key findings are presented in a decade-by-decade
highlight. This includes the establishment of microneurography in the 1960s, the
acceleration of the technique by Gunnar Wallin in the 1970s, the international
collaborations of the 1980s and 1990s, and finally the highest impact studies from
2000 to present. This journey through 50 years of microneurographic research
related to peripheral sympathetic nerve activity includes a historical context for
several of the laboratory interventions commonly used today (e.g., cold pressor test,
mental stress, lower body negative pressure, isometric handgrip, etc.) and how
these interventions and experimental approaches have advanced our knowledge of
cardiovascular, cardiometabolic, and other human diseases and conditions.
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INTRODUCTION

The Journal of Neurophysiology (JN) recently celebrated 80
years of publishing ground-breaking studies related to the
nervous system (Yates 2018). As outlined by Yates (2018), in
1938 JN became only the second journal devoted to the study
of the nervous system in human and animal models, and over
the past eight decades the journal has featured 122 publications
from 15 recipients of the Nobel Prize of Physiology or Medi-
cine.

Given the journal’s preeminent stature within the field of
neuroscience, it was fitting that the Editorial Board ap-
proved a special call for papers entitled “50 Years of
Microneurography: Insights into Neural Mechanisms in Hu-
mans.” In recent years, there have been a number of out-
standing reviews that have focused on microneurography
from historical (Vallbo et al. 2004), methodological (Chark-
oudian and Wallin 2014; Hart et al. 2017; Macefield 2013),
and disease perspectives (Charkoudian and Wallin 2014;
Macefield 2013), including two reviews in the current issue
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thus far (Macefield and Wallin 2018; Shoemaker et al.
2018). Moreover, a multidisciplinary team of scientists were
recently commissioned to develop a Guidelines Paper on
sympathetic neural recordings in conscious humans and
other mammals that prominently featured the microneuro-
graphic technique and related analyses (Hart et al. 2017).

I have attempted to take the present review in a different
direction by providing a decade-by-decade highlight on key
accomplishments within the field of microneurography. To
add a level of objectivity to the process, Web of Science
(Thomson Reuters) was used to identify high citation arti-
cles within each decade. However, number of citations is not
the only marker of impact; thus some subjectivity was
necessary to include studies with a lower citation index
when appropriate (particularly with more recent publica-
tions that represent emerging areas). As such, the studies
highlighted within each decade are not meant to be all
inclusive; instead, they are intended to represent a limited,
yet appropriate, sampling of 50 years of progressive ad-
vancement within the field of microneurography as it relates
to peripheral sympathetic nerve activity (and where the field
may be headed over the next 50 years).
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1960s: WHERE IT ALL BEGAN

The decade of the 1960s belonged to Karl-Erik Hagbarth and
Ake Vallbo, who together established the technique of micro-
neurography to record peripheral sympathetic neural record-
ings in humans (Vallbo and Hagbarth 1967). They systemati-
cally utilized microneurography to document muscle afferent
(Hagbarth and Vallbo 1968a), muscle efferent (Hagbarth
and Vallbo 1968b), skin afferent (Vallbo and Hagbarth 1968),
and skin efferent (Delius et al. 1972c¢) fibers.

To appreciate how far the technique has advanced, one has
to appreciate the risk these two investigators took back at a
time when Institutional Review Boards did not exist as they do
today. Hagbarth was the first to attempt the microneurographic
procedure when he inserted a needle into his own ulnar nerve
(Vallbo et al. 2004). At the time, there was considerable risk,
as it was debated if it would cause nerve damage through
mechanical trauma and/or intraneural bleeding. The two inves-
tigators continued to “self-experiment” and troubleshoot the
technique with various electrode metals and designs and
worked to improve the amplification process to visibly observe
the neural recordings on an oscilloscope screen. Interestingly,
the original aim of microneurography was to mechanistically
study the fusimotor system, and initial recordings of sympa-
thetic neural activity were actually thought to be recording
artifact. There was also hope that microneurography would
have direct clinical application, but it instead has primarily
served as a valuable research methodology. Readers are re-
ferred to Vallbo et al. (2004) for detailed historical review of
the early evolution of microneurography and the varied uses of
microneurography (i.e., proprioception, sensorimotor control,
pain, etc.). The remainder of this review will focus on the use
of microneurography to examine peripheral sympathetic nerve
activity.

1970s: THE DECADE OF GUNNAR WALLIN

As revered as Hagbarth and Vallbo are for their seminal
contributions to microneurography in the late 1960s, it was
their colleague Gunnar Wallin who led the 1970s with a
number of impactful publications related to muscle and skin

Table 1.
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efferent activity. He also established a number of impactful
external collaborations that challenged, deepened, and broad-
ened the science. In many ways, Wallin was into “team
science” before it was popular. While detailed more in later
sections, he contributed to the expansion of microneurography
in the United States and Australia through his impactful and
direct collaborations with Dwain Eckberg in the 1970s, Allyn
Mark in the 1980s, Murray Esler and Vaughan Macefield in the
1990s, and Michael Joyner and Nisha Charkoudian in the
2000s.

Table 1 depicts the most highly cited articles by “BG
Wallin” in the 1970s. They also represent the top cited articles
of the 1970s using alternative search terms of “microneurog-
raphy,” “muscle sympathetic nerve activity,” and “skin sym-
pathetic nerve activity.” Thus from a microneurographic per-
spective as it relates to peripheral sympathetic nerve activity, it
is safe to term the 1970s the decade of Wallin.

While each of the studies in Table 1 have clearly impacted
the field, there are some particularly noteworthy findings.
Sundl6f and Wallin (1978b) is a highly cited manuscript for
three key contributions. First, it reemphasized the marked
interindividual differences of muscle sympathetic nerve activ-
ity (MSNA) burst frequency/incidence and highlighted that
MSNA levels were not linked to resting levels of blood
pressure. This had been noted in prior studies, but with reduced
number of subjects and different study objectives (Delius et al.
1972a, 1972b). Second, there was a tendency for increased
MSNA with increased age that has since been confirmed and
emphasized in subsequent studies (Narkiewicz et al. 2005; Ng
et al. 1993) and is now a well-recognized characteristic of
MSNA. Third, and perhaps what has been driving citations in
more recent years, was the reported inverse relationship be-
tween spontaneous fluctuations of MSNA and spontaneous
fluctuations in diastolic arterial blood pressure (Sundlof and
Wallin 1978b). This finding served as the foundation for the
development of various baroreflex analyses, including the
spontaneous sympathetic baroreflex sensitivity analyses that
several laboratories frequently employ (Holwerda et al. 2015;
Kienbaum et al. 2001; Yang and Carter 2013).

Highly cited microneurographic studies by Wallin and colleagues from the 1970s

Study Citations

Key Finding(s)

Sundlof and Wallin (1978b) 472

Marked interindividual differences in MSNA burst incidence that were not linked to resting BP; MSNA linked to

spontaneous changes in diastolic blood pressure.

High intraindividual reliability of MSNA across laboratory sessions; simultaneous nerve recordings similar across
Sympathetic ganglionic blocking agents and Lidocaine abolished SSNA; lack of pulse synchrony in SSNA
Mental stress, body cooling, and respiratory movements increased SSNA; maneuvers to elicit baroreceptor did

Maneuvers that caused forearm or calf vasoconstriction were associated with increases in MSNA; inverse

changes of BP and MSNA were observed during Valsalva’s maneuver and mental stress.

Sundléf and Wallin (1977) 412

two limbs.
Hagbarth et al. (1972) 362

recordings.
Delius et al. (1972c) 360

not alter SSNA.
Delius et al. (1972b) 347
Delius et al. (1972a) 331

abolished MSNA.
Sundlof and Wallin (1978a) 208

Burke et al. (1977) 192
Wallin and Sundlof (1979) 165
hypertensive subjects.
Wallin et al. (1975) 144
Wallin et al. (1973) 131

Pulse rhythmicity of MSNA that was associated with transient reductions in BP; sympathetic ganglionic blockade

Robust increase of MSNA with lower body negative pressure.
Changes in posture modify MSNA; first recorded observation of quiescent MSNA during syncopal episode.
Taking age into consideration, there was no significant difference of resting MSNA in normotensive and

Carotid sinus nerve stimulation inhibited MSNA but not SSNA.
No differences in MSNA or SSNA in normotensive and hypertensive subjects; wide variability of MSNA
responsiveness to mental stress.

SSNA, skin sympathetic nerve activity; MSNA, muscle sympathetic nerve activity; BP, blood pressure.
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One of the hallmarks of MSNA is the incredibly high
intraindividual reliability/reproducibility of the measurement
across laboratory sessions. Sundlof and Wallin (1977) demon-
strated this when they reported consistent baseline MSNA
levels across two to three laboratory visits that spanned a
minimum of 3 wk and a maximum of 21 mo. The robust
reliability of MSNA across recording sessions within a single
day, as well as across laboratory visits spanning days to years,
has since been reported in numerous studies (Fagius and
Wallin 1993; Fonkoue and Carter 2015; Grassi et al. 1997).
Additionally, Sundl6f and Wallin (1977) is also highly cited
because it was the first to systematically compare simultaneous
recordings of MSNA in the right and left peroneal nerve and
documented remarkable consistency in MSNA burst incidence.

Wallin et al. (1973) was the first to report the wide variability
of MSNA responsiveness to mental stress, demonstrating that
some subjects responded with a reduction of MSNA and others
responded with an increase of MSNA. This wide variability of
MSNA reactivity to mental stress was confirmed in a larger,
retrospective study that classified subjects into negative respond-
ers, nonresponders, and positive responders and documented that
the MSNA responsiveness was not associated with blood pressure
responsiveness (Carter and Ray 2009). It has been suggested that
differences in MSNA reactivity to stress may be related to inter-
individual differences in response to arousal (Donadio et al.
2012). More recently, the MSNA reactivity to mental stress was
reported to be highly reproducible within a single laboratory visit
and across laboratory visits separated by one month (Fonkoue and
Carter 2015), and that family history of hypertension is associated
with higher MSNA reactivity to mental stress (Fonkoue et al.
2016). The extent of the MSNA variability to mental stress is
unique among the various laboratory stressors used in microneu-
rographic studies, and the potential clinical implications of this
wide variability have been highlighted in a recent review by
Carter and Goldstein (2015).

In addition to mental stress, Wallin and colleagues per-
formed the seminal microneurographic studies on body cooling
(Delius et al. 1972c), changes in respiration (Delius et al.
1972c¢), lower body negative pressure (Sundlof and Wallin
1978a), Valsalva’s maneuver (Delius et al. 1972b), and carotid
sinus nerve stimulation (Wallin et al. 1975) throughout the
1970s. Moreover, the impact of these laboratory stressors were
examined for both MSNA and skin sympathetic nerve activity
(SSNA). Table 1 includes some of the key findings in these
studies, with the overarching concept that maneuvers that
influence baroreceptor function (i.e., lower body negative pres-
sure, Valsalva strain, carotid sinus nerve stimulation) influence
MSNA but not SSNA. Maneuvers that impacted emotion (i.e.,
mental stress) or thermal (i.e., body cooling) influenced SSNA
(Delius et al. 1972c), but as previously outlined, some of these
maneuvers also alter MSNA (Wallin et al. 1973). Finally, these
studies also characterized/emphasized the pulse rhythmicity of
MSNA (Delius et al. 1972a), as well as the lack of pulse
synchrony with SSNA (Delius et al. 1972c).

1980s AND 1990s: THE GOLDEN YEARS OF COLLABORATION

Several impactful collaborations were formed between Wal-
lin and key scientists and physicians throughout the United
States and Australia in the 1980s and 1990s. Dwain Eckberg
visited Wallin for microneurographic training and collabora-
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tion in 1979 and was the first to bring the approach to the
United States through his laboratory at Virginia Common-
wealth University. Shortly thereafter, Allyn Mark was trained
by Wallin and established a microneurographic laboratory at
the University of lowa that led to some of the most highly cited
microneurographic studies (see Table 2). My own microneu-
rography “lineage” extends through both the Eckberg and
Mark laboratories, being trained as a Ph.D. student with Wil-
liam Cooke (an Eckberg postdoctoral fellow) and receiving
additional pre- and postdoctoral microneurographic training
from Chester Ray (a Mark postdoctoral fellow). Indeed, most
microneurographers within the United States can somehow
trace their trainings back to the Eckberg or Mark laboratories.
The trainings I experienced that trace to these two laboratories
has been advantageous as both laboratories emphasized differ-
ent aspects of the technique (i.e., internal stimulation vs.
auditory confirmation, popliteal vs. fibular sites, etc.).

The Allyn Mark Laboratory at the University of lowa

As detailed in Table 2, it is clear that the collaboration
between Mark and Wallin has been remarkably productive.
The establishment of the University of lowa microneurography
laboratory by Mark has resulted, to this point, in four out of the
top five cited publications (Anderson et al. 1991a; Converse et
al. 1992; Leimbach et al. 1986; Somers et al. 1993, 1995). The
top cited publication by Somers et al. (1995) documented
elevated MSNA and blood pressure in patients with obstructive
sleep apnea and a marked reduction of nocturnal MSNA and
blood pressure with continuous positive airway pressure. In
fact, this 1995 article has had such an impact that the Editors
of the Journal of Clinical Investigation invited senior author
Francois (Frank) Abboud to write a Hindsight article on the
topic for the journal in 2014 (Abboud and Kumar 2014).
Interestingly, Carlson et al. (1993), who was not affiliated with
the Iowa laboratory, was actually the first to publish that
obstructive sleep apnea was associated with elevated MSNA,
but the study did not include a continuous positive airway
pressure intervention; however, it is nevertheless still one of
the top 10 cited microneurography studies (see Table 2).

In the third most cited microneurographic study, Somers
et al. (1993) reported a marked increase of MSNA during
rapid eye movement sleep and a decrease of MSNA during
nonrapid eye movement sleep. An earlier study reported
similar findings during sleep (Hornyak et al. 1991) but has
not garnered the same number of citations as the New
England Journal of Medicine citation by Somers et al.
(1993). Nevertheless, these combined studies have been
incredibly impactful within the field of sleep medicine, and
the first author, Virend Somers, is the world’s leading expert
on sleep and sympathetic activity. In fact, the early work of
Somers and colleagues has shaped the direction of recent
and ongoing work related to sleep deprivation in our laboratory.
We have reported sex differences in MSNA responses to 24-h
total sleep deprivation in which women were more sympathoex-
citatory compared with men (Carter et al. 2012). More recently,
we published the first study examining MSNA in patients with
chronic insomnia and reported blunted sympathetic baroreflex
function and heightened MSNA reactivity to the cold pressor test
in subjects with insomnia compared with good-sleeper controls
(Carter et al. 2018). When combined with the obstructive sleep
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Table 2. Highly cited microneurographic studies in the 1980s and 1990s

Study Citations Key Finding(s)

Somers et al. (1995) 1,383 Elevated MSNA and nocturnal BP in patients with obstructive sleep apnea; continuous positive airway
pressure decrease MSNA and BP during sleep.

Anderson et al. (1991a) 928 Infusion of low and high dose of insulin increased MSNA but led to vasodilation of the forearm.

Somers et al. (1993) 840 Non-REM sleep reduced MSNA from wakefulness, while REM sleep increased MSNA.

Converse et al. (1992) 768 Elevated MSNA in patients with chronic renal failure.

Leimbach et al. (1986) 674 Increased MSNA in patients with heart failure.

Mark et al. (1985) 631 Static handgrip exercise and postexercise muscle ischemia increased MSNA; central command
influences MSNA.

Pagani et al. (1997) 605 Increased level of MSNA were associated with a shift of spectral power toward low-frequency
component.

Carlson et al. (1993) 467 Elevated MSNA, as well as plasma norepinephrine, in subjects with obstructive sleep apnea.

Grassi et al. (1995a) 412 Elevated MSNA in obese normotensive subjects.

Victor et al. (1987a) 374 Cold pressor test increased MSNA in graded fashion.

Somers et al. (1989) 371 Hyperoxic hypercapnia elicits greater increase of MSNA compared with isocapnic hypoxia; combined
hypoxia and hypercapnia had additive effect on MSNA.

Schobel et al. (1996) 358 Preeclampsia was associated with a threefold increase of MSNA compared with normotensive
pregnancy.

Grassi et al. (1998a) 352 Elevated MSNA in subjects with essential hypertension.

Narkiewicz et al. (1998) 338 Increased MSNA in patients with moderate-to-severe obstructive sleep apnea.

Narkiewicz et al. (1999) 334 MSNA increase during hypoxia was similar in patients with obstructive sleep apnea and controls.

Bini et al. (1980) 327 Selective activation of sudomotor or vasoconstrictor SSNA through exposure to cold and warm
environments.

Grassi et al. (1995b) 325 Increased MSNA in patients with mild and severe congestive heart failure; reduced sympathetic and
cardiovagal baroreflex with congestive heart failure.

Wallin et al. (1981) 321 Positive correlation between MSNA and plasma norepinephrine in healthy subjects.

Ng et al. (1993) 313 Sex differences in resting MSNA, with lower levels in women compared with men.

Fagius and Wallin (1980) 306 Reported mean MSNA latencies in median and peroneal nerve, including some from simultaneous limb
recordings.

Cooke et al. (1999) 300 Head-up tilt altered baroreflex control in a manner that reflected leftward movement of the subjects on

the blood pressure and sympathetic/vagal response curves; head-up tilt modified respiratory gating of
sympathetic and vagal responses using different strategies

Berne et al. (1992) 289 Hyperinsulinemia increased MSNA, but not SSNA.

Wallin and Sundlof (1982) 283 Onset of syncope was marked by bradycardia and quiescence of MSNA.

Vollenweider et al. (1993) 275 Hyperinsulinemia euglycemic clamp increased MSNA; fructose infusion increased carbohydrate
oxidation but had minor effect on insulinemia and did not alter MSNA.

Grassi et al. (1994) 255 Cigarette smoking decreased MSNA.

Ebert et al. (1992) 255 Propofol, a common anesthetic, reduced MSNA and impaired sympathetic and cardiovagal baroreflex
sensitivity.

Somers et al. (1991) 244 Baroreflex activation selectively abolished MSNA reactivity to hypoxia but not to hypercapnia or the
cold pressor test.

Grassi et al. (1998b) 244 Weight loss by hypocaloric diet reduced MSNA and plasma norepinephrine in obese normotensive
subjects.

Spraul et al. (1993) 229 Pima Indians had lower MSNA than Caucasians, and MSNA was significantly related to body fat in
Caucasians but not Pimas.

Wallin et al. (1992) 230 Significant positive correlation between MSNA and cardiac norepinephrine spillover.

Victor et al. (1987b) 226 Nonischemic rhythmic handgrip exercise did not alter MSNA, while ischemic handgrip and moderate
arm cycling increased MSNA.

Halliwill et al. (1996) 229 Baroreflex control of MSNA and sympathetic vascular transduction were altered after dynamic exercise,
which likely contributed to postexercise hypotension.

Eckberg et al. (1985) 204 Respiration altered MSNA and vagal cardiac control; neck pressure was used to modity carotid
baroreceptor afferent traffic.

Hornyak et al. (1991) 198 Light and deep sleep led to reductions of MSNA, while high-amplitude K complexes and REM sleep
increased MSNA.

Mosqueda-Garcia et al. (1997) 187 Patients with neurally medicated syncope had blunted increases of MSNA during tilt, followed by a
decrease and disappearance of MSNA during syncope.

Dinenno et al. (1999) 191 Limb blood flow and vascular conductance were reduced in older adults, and these changes were
associated with increased MSNA.

Eckberg et al. (1988) 175 Stepwise intravenous infusion of phenylephrine and nitroprusside altered MSNA.

Macefield et al. (1994) 176 Establishment of single-unit recordings of MSNA using modified tungsten microelectrode and analyses.

Anderson et al. (1987) 171 A dissociation between forearm and leg MSNA during mental stress.

Anderson et al. (1992) 163 Insulin increased MSNA, but not blood pressure, in borderline hypertensive adults.

Carlson et al. (1996) 156 Impaired sympathetic baroreflex in subjects with obstructive sleep apnea.

Biaggioni et al. (1991) 151 Adenosine increased MSNA in a dose-dependent manner, and the increase was greater than
nitroprusside.

SSNA, skin sympathetic nerve activity; MSNA, muscle sympathetic nerve activity; REM, rapid eye movement; BP, blood pressure.

apnea studies by Somers and others, there is growing evidence to While the sleep studies of Somers have garnered significant
suggest that sympathetic neural activity (and reactivity) is an attention (Somers et al. 1993, 1995), another protégé of the
important contributor to certain sleep disorders and insufficien- Mark laboratory also fared quite well on citations. Earling
cies. Anderson first authored a number of impactful studies in the
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late 1980s and early 1990s with Mark. Anderson et al. (1991a)
was the first to report that infusion of low- and high-dose
insulin increased MSNA and forearm vascular conductance.
These findings by Anderson et al. (1991a) have since been
supported by other laboratories (Vollenweider et al. 1993;
Young et al. 2010), and it is the second most cited microneu-
rography article to date. Anderson et al. (1989) reported ele-
vated MSNA in borderline hypertensive subjects, which re-
mains a top 10 microneurographic citation. Lastly, Anderson et
al. (1987) reported a dissociation of MSNA in the arm and leg
during mental stress, which served as the foundational study
for my own highest cited study to date in which we performed
simultaneous recordings of MSNA and blood flow in both the
forearm and leg (Carter et al. 2005). At a modest 75 citations
(compared with many highlighted in Tables 1-3), we demon-
strated a consistent vasodilation of the forearm and calf during
mental stress that was not associated with any change in
MSNA in either limb (Carter et al. 2005).

Three additional high citation articles from the Mark labo-
ratory warrant discussion. First, Mark et al. (1985) documented
an increase of MSNA during static handgrip exercise and
postexercise muscle ischemia, and demonstrated the important
role of the muscle metaboreflex on MSNA. This work was
published in collaboration with Doug Seals, who established
microneurography at the University of Colorado—Boulder and
has subsequently trained a number of active investigators (includ-
ing a collaboration that helped establish microneurography at
Mayo Clinic; detailed in The Dwain Eckberg Laboratory at
Virginia Commonwealth University). Second, Leimbach et al.
(1986) reported elevated MSNA in patients with heart failure.
Third, Mark collaborated with Ronald Victor to demonstrate a
graded increase of MSNA during the cold pressor test (Victor et
al. 1987a). All of these seminal findings (Leimbach et al. 1986;
Mark et al. 1985; Victor et al. 1987a) have been replicated by

1187

numerous laboratories since and continue to be key maneuvers/
populations studied today.

Finally, Mark established a collaboration with Larry Sinoway
in the early 1990s (Sinoway et al. 1992). This is relevant to the
present review because Kevin Shoemaker began his microneu-
rography career in the Sinoway laboratory, and Shoemaker has
had several important contributions to the field of microneu-
rography discussed in 2000 TO PRESENT: CONTINUED EXPANSION
AND IMPACT OF MICRONEUROGRAPHY (and cited in Table 3).

The Dwain Eckberg Laboratory at Virginia Commonwealth
University

The Eckberg and Wallin collaboration in the late 1970s and
early 1980s focused heavily on baroreflex control and the
importance of respiration on MSNA. Eckberg has published a
number of reviews on these topics, highlighted by a highly
cited paper in Circulation entitled “Sympathovagal balance: a
critical appraisal” (Eckberg 1997). This review (Eckberg 1997)
was in response to one of the high citation microneurography
publications in Table 2 that examined the relations between
heart rate variability (HRV) and MSNA (Pagani et al. 1997). In
Eckberg’s review, he articulates the methods, mathematics,
physiological principles, and dangers of using sympathovagal
balance from HRV as an unchecked marker of sympathetic
activity. The review by Eckberg (1997) does not attempt to
devalue the use of HRV in stratifying risk in patients with
cardiovascular disease or to better understand autonomic
mechanisms; instead, it suggests that manipulation of HRV
through spectral analysis should be done with caution and
should not be used to quantify a weighted balance between the
sympathetic and vagal neural outflows to the heart (or else-
where). To this point, studies have shown a lack of reproduc-
ibility between HRV measurements and particularly the low

Table 3. Highly cited microneurographic studies from 2000 to present

Study Citations Key Finding(s)

Alvarez et al. (2002) 338 MSNA was more closely associated with abdominal visceral fat when compared with subcutaneous fat.

Schlaich et al. (2004) 324 Elevated MSNA and reduced neuronal norepinephrine uptake in subjects with hypertension.

Minson et al. (2000) 304 Elevated baseline MSNA and sympathetic baroreflex sensitivity during the midluteal phase compared with the early
follicular phase in young women.

Schlaich et al. (2003) 263  Hypertension with left ventricular hypertrophy was associated with elevated MSNA and cardiac norepinephrine
spillover.

Heusser et al. (2010) 238 Bilateral electric baroreflex simulator at the carotid sinus (Rheos) led to reduced BP that was significantly correlated to
reductions of MSNA.

Roveda et al. (2003) 205 Exercise training reduced MSNA in patients with advance heart failure.

Hering et al. (2013) 200 Renal denervation decreased multiunit and single-unit MSNA.

Grassi et al. (2004) 199  Central obesity was associated with higher levels of MSNA when compared to peripheral obesity and lean subjects.

Furlan et al. (2000) 198  The coupling between MSNA and HRV (as well as blood pressure variability) was enhanced during head-up tilt when
compared with rest.

Grassi et al. (2005) 193  Elevated MSNA in subjects with metabolic syndrome.

Grassi et al. (2000) 191 MSNA was highest in obese, hypertensive subjects when compared with other obese normotensive and lean

hypertensive subjects.
Kienbaum et al. (2001) 152
reproducibility analysis.
Charkoudian et al. (2005) 145

Hart et al. (2009) 143
Shoemaker et al. (2001) 133
Levine et al. (2002) 128
Kimmerly et al. (2005) 118
Fu et al. (2005) 108
conditions.
Dinenno et al. (2000) 105

Use of natural BP fluctuations and MSNA to establish spontaneous baroreflex sensitivity analysis, including

MSNA was negatively correlated with cardiac output, but not BP; established a baroreflex threshold analysis.

Sex differences in the relationship between total peripheral resistance, cardiac output, and MSNA.

Blunted total MSNA response to head-up tilt and cold pressor test in women compared with men.

Muscle sympathetic nerve activity was higher post-spaceflight in supine and tilted positions.

Cortical network contributed to the modulation of sympathetic baroreflex.

Men and women demonstrated comparable MSNA responses to orthostatic stress under normovolemic and hypovolemic

Aging was associated with femoral artery hypertrophy, and this was strongly correlated to increases in MSNA.

SSNA, skin sympathetic nerve activity; MSNA, muscle sympathetic nerve activity; HRV, heart rate variability; BP, blood pressure.

J Neurophysiol » doi:10.1152/jn.00570.2018 « www.jn.org
Downloaded from journals.physiology.org/journal/jn (049.127.049.195) on August 30, 2023.



1188

frequency (or so-called “sympathetic”’) domain of HRV (Gold-
stein et al. 2011; Lord et al. 2001).

Two highly cited Eckberg papers that have had a broader
influence on the field are Saul et al. (1990) and Cooke et al.
(1999). Saul et al. (1990) employed an experimental approach
that examined HRV, MSNA, and plasma norepinephrine dur-
ing graded stepwise infusions of nitroprusside and phenyleph-
rine, which reduced and increased diastolic blood pressure by
~15 mmHg. The primary finding was that both parasympa-
thetic and sympathetic activity contribute importantly to low
frequency HRV (Saul et al. 1990).

Cooke et al. (1999) is the second highest cited microneuro-
graphic publication from the Eckberg laboratory. In this study,
subjects performed controlled breathing (12 breaths/min) dur-
ing a graded head-up tilt. The authors reported changes in
baroreflex control during upright tilt in a manner that reflected
leftward movement of the subjects on the blood pressure and
sympathetic/vagal response curves. Moreover, head-up tilt
modified respiratory gating of sympathetic and vagal responses
via different strategies (Cooke et al. 1999).

In addition to Saul et al. (1990) and Cooke et al. (1999),
three additional trainees from the Eckberg laboratory have
been impactful to the field. First, Michael Smith was trained by
Eckberg in the late 1980s and early 1990s. Smith was respon-
sible for bringing microneurography to the laboratory of Peter
Raven and subsequently the microneurographic training of
Paul Fadel and others who are currently impacting the field.
Second, J. Andrew Taylor was a postdoctoral fellow after
initially learning the technique with Seals. Third, John Halli-
will trained with Eckberg in the early-to-mid 1990s and con-
tributed to the acceleration of microneurography within the
laboratory of Michael Joyner at Mayo Clinic, who developed
the technique in collaboration with Doug Seals in the early
1990s. This acceleration was also aided by Frank Dinenno,
who initially trained in microneurography with Doug Seals. As
such, the Joyner laboratory includes microneurgraphic lineages
that have also been dually impacted by both the Eckberg and
Mark laboratories. Additionally, the Joyner laboratory estab-
lished a direct collaboration with Wallin in the 2000s that led
to two high citation papers in Table 3 that demonstrate the
relationships among cardiac output, MSNA, and peripheral
blood flow are influenced by both sex and age (Charkoudian et
al. 2005; Hart et al. 2009). Subsequent work has documented
that a-adrenergic vasoconstriction is offset by [-adrenergic
vasodilation in young women (Hart et al. 2011), a finding that
may help explain why women are ‘“cardioprotected” early in
life before an aggressive increase of cardiovascular risk during
postmenopausal years. Joyner has trained a number of micro-
neurographers that have established successful laboratories and
independent lines of research; this includes, but is not limited
to, several investigators highlighted in Tables 2 and 3 (i.e.,
Christopher Minson, Nisha Charkoudian, and Emma Hart).

The Murray Esler and Vaughan Macefield Laboratories in
Australia

There were two significant collaborations between Wallin
and Australian investigators that have been impactful to the
field of microneurography. The first collaboration to highlight
is the work with Murray Esler of the Baker Heart Institute in
Melbourne, Australia. Esler is the leading authority on the
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highly technical and invasive norepinephrine spillover tech-
nique. Briefly, this approach uses radiotracer-derived measure-
ments of appearance rate of norepinephrine at various organs,
including the heart and kidneys (Esler et al. 1990; Grassi and
Esler 1999). This direct measure of cardiac and renal sympa-
thetic activity in humans is important, because unlike animal
models (Hart et al. 2017), direct recordings of renal and cardiac
nerves in humans is not possible.

Wallin and Esler collaborated on two impactful studies that
have been widely cited. Wallin et al. (1992) simultaneously
measured MSNA via microneurography and cardiac norepi-
nephrine spillover and reported significant correlation between
the two measurements at rest. However, the relationship be-
tween MSNA and cardiac norepinephrine was altered during
handgrip exercise and mental stress. Wallin et al. (1996)
simultaneously performed microneurography and renal norepi-
nephrine spillover measurements, and similar to the cardiac
norepinephrine study (Wallin et al. 1992), the authors observed
a significant correlation between MSNA and renal norepineph-
rine spillover during supine rest. Thus, while the sympathetic
nervous system is highly regionalized, particularly during
“stress,” there was at least a basal relationship between MSNA
and norepinephrine spillover at the heart and kidney. While
there were some additional collaborative studies between Esler
and Wallin, these two studies on MSNA and cardiac/renal
norepinephrine spillover were important in providing added
confidence in both approaches, which together are considered
the “gold-standard” measurements of sympathetic activity in
humans.

Similar to Mark and Eckberg in the United States, Esler
expanded the microneurographic technique to a number of
trainees within Australia. Four individuals associated with the
Esler laboratory (Makus Schlaich, Elisabeth Lambert, Gavin
Lambert, and Dagmara Hering) have authored/coauthored sev-
eral highly cited publications listed in Table 3, and some of
these works will be detailed in 2000 TO PRESENT: CONTINUED
EXPANSION AND IMPACT OF MICRONEUROGRAPHY, which highlights
impactful papers from 2000 to present.

The collaboration between Wallin and Macefield has proved
to be equally impactful to the field. Macefield et al. (1994)
introduced the methodology for single-unit recordings of
MSNA. With this technically advanced approach, it is possible
to tease out action potentials from one fiber through visual
confirmation of amplitude height compared with other fibers.
Macefield is the world’s leading authority on single unit
microneurographic recordings, and this JN call for papers
includes a review detailing the physiological and pathophysi-
ological importance of this approach (Macefield and Wallin
2018).

It should be noted that while Esler and Macefield were
critical to the advancement of microneurographic recordings of
peripheral sympathetic nerve activity in Australia, the actual
technique of microneurography was introduced in Australia by
David Burke. Burke was trained by Hagbarth during a period
that crossed over with Wallin, but diverged from Wallin by
focusing on the fusimotor system (Burke et al. 1976a, 1976b;
Hagbarth et al. 1975). Burke went on to train Simon Gandevia
at the Prince Henry Hospital and School of Medicine at the
University of New South Wales (Burke et al. 1982; Gandevia
et al. 1983), and the two investigators have published a number
of impactful studies related to sensorimotor control and pro-
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prioception (Burke et al. 1983, 1984, 1993; Fitzpatrick et al.
1994; Gandevia et al. 1983). In fact, Macefield published with
Burke and Gandevia (Gandevia et al. 1993; Macefield et al.
1993) before his single unit microneurographic publication
with Wallin (Macefield et al. 1994).

Microneurographic Laboratories in Europe, Japan, and
Brazil

With the use of objective criteria from the Web of Science
search, the standout European contributors to the field are
clearly Guido Grassi and Giuseppe Mancia of Italy. There are
several highly cited papers by Grassi and/or Mancia in Tables
2 and 3, many of them in collaboration with one another
(Grassi et al. 1994, 1995a, 1998b 200, 2004, 2005). Their work
primarily focused on populations with pathological conditions
such as hypertension and congestive heart failure (Grassi 1998;
Grassi et al. 1995b, 2000), but also include highly cited MSNA
studies related to the impact of cigarette smoking (Grassi et al.
1994), obesity (Grassi et al. 2004; Grassi et al. 1995a), and
metabolic syndrome (Grassi et al. 2005). In addition to Grassi
and Mancia, Alberto Malliani and Massimo Pagani are two
additional Italian scientists that have had a significant impact
on the field (Pagani et al. 1997).

In Japan, Tadaaki Mano, Mitsuru Saito, and Satoshi Iwase
collectively developed a microneurography laboratory at Na-
goya University in the mid-1980s. The laboratory at Nagoya
University has published a number of microneurographic stud-
ies over the past 25 years, and while they do not show up
within Tables 1-3, it is important to trace some of the studies
back to the establishment of this laboratory. Specifically, it was
the collaborative work between Mano and Benjamin Levine
during the NASA Neurolab mission that led to Qi Fu joining
the Institute for Exercise and Environmental Medicine at the
Presbyterian Hospital of Dallas. Fu was initially trained in the
Nagoya University microneurography laboratory, and together
with Levine they have published a number of impactful mi-
croneurography studies, including two that are listed in Table
3 (Fu et al. 2005; Levine et al. 2002).

In Brazil, Carlos Negrao of the University of Sao Paulo
Medical School established a collaboration with Holly Mid-
dlekauff (who learned microneurography in the Mark labora-
tory at the University of Iowa in the early 1990s). Roveda et al.
(2003) is the most highly cited microneurgraphic study from
Negrao and Middlekauff, and demonstrated that exercise train-
ing reduced MSNA in patients with advanced heart failure.
Brazilian microneurographers have also conducted a number of
other MSNA exercise training studies as detailed in a recent
review (Carter and Ray 2014).

2000 TO PRESENT: CONTINUED EXPANSION AND IMPACT OF
MICRONEUROGRAPHY

Table 3 outlines the top cited microneurographic studies
since 2000. There remains a healthy international flair to the
microneurography field. As previously detailed, the Esler lab-
oratory has been particularly impactful. Schlaich et al. (2004)
reported simultaneous elevations of MSNA and neuronal nor-
epinephrine uptake in subjects with hypertension. In a separate
publication, Schlaich et al. (2003) demonstrated that hyperten-
sion with left ventricular hypertrophy was significantly asso-
ciated with increased resting MSNA and cardiac norepineph-
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rine spillover. Finally, Hering et al. (2013) demonstrated a
reduction of multi- and single-unit MSNA with renal denerva-
tion.

Ng et al. (1993) were the first to present data on sex
differences in resting MSNA, reporting reduced levels in
women compared with men. However, it really was not until
the 2000s that the number of microneurographic studies on
women really accelerated. Minson et al. (2000) reported ele-
vated baseline MSNA and sympathetic baroreflex sensitivity
during the midluteal phase of the ovarian cycle. At first, there
were a number of studies that seemed inconsistent with these
initial findings; however, a multilaboratory effort to combine
data sets led to a study that reported levels of sympathoexcit-
atory response during the midluteal phase might relate to the
relative surges of estradiol and progesterone (Carter et al.
2013). Table 3 also includes studies by Hart et al. (2009),
Shoemaker et al. (2001), and Fu et al. (2005) that reported
MSNA sex differences at rest and during various stressors.
Recent reviews have highlighted the impact of sex on sympa-
thetic neural activity in humans (Hart et al. 2012; Joyner et al.
2016).

Table 3 also highlights a number of highly cited articles
related to MSNA control in subjects with obesity and/or
metabolic syndrome. Alvarez et al. (2002) claims the top-cited
microneurographic article since 2000 in a study that docu-
mented a stronger association between MSNA and abdominal
visceral fat (as opposed to subcutaneous fat). Grassi and
colleagues reported higher levels of MSNA with obesity
(Grassi et al. 2004), obesity with hypertension (Grassi et al.
2000), and metabolic syndrome (Grassi et al. 2005). As de-
tailed in Table 2, Narkiewicz et al. (1998) presented evidence
that the increased levels of MSNA with obesity are only
observed in obese subjects with obstructive sleep apnea.

While >99% of microneurography studies have been per-
formed on Earth, the procedure was conducted in space during
the NASA Neurolab mission (Ertl et al. 2002). James Pawel-
czyk was the astronaut that physically conducted and oversaw
the microneurography measurements taken in space. A number
of studies were published on the Neurolab mission, and one of
those publications has been cited enough to show up in Table
3. Levine et al. (2002) reported that MSNA was higher post-
spaceflight in both supine and tilted positions.

As noted several times throughout this review, the citation
index is limited as a measure of impact. This is particularly true
for studies published within the last 15-20 years. A good
example of this is work being conducted by Kevin Shoemaker
to better understand rate coding and sympathetic neural recruit-
ment strategies via wavelet denoising and other signal process-
ing analyses of both the raw and integrated MSNA signals
(Shoemaker 2017). These novel analyses (Salmanpour et al.
2008a, 2008b, 2010), which build on the early work of Andre
Diedrich and colleagues (Diedrich et al. 2003), have not yet
been widely adopted by the microneurography field; as such,
the studies did not meet inclusion criteria for Table 3. Never-
theless, the analyses are likely to become more heavily em-
ployed as the field becomes more familiar and comfortable
with the analytical approach. Readers are referred to two recent
reviews, including one that is part of this Special Call, for more
details (Shoemaker 2017; Shoemaker et al. 2018).

Another example of impactful work that has not yet gener-
ated >100 citations are the ongoing studies to better under-
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stand the impact of MSNA on blood pressure and end-organ
responsiveness. While the majority of MSNA and blood pres-
sure studies have tended to focus on the classic negative
feedback loop of the arterial baroreflex, studies examining the
downstream impact of MSNA on blood pressure and end-organ
responsiveness (i.e., sympathetic vascular transduction) have
been increasing in recent years. For example, Paul Fadel and
colleagues demonstrated that healthy aging was associated
with attenuated “downstream” beat-to-beat increases of blood
pressure after a spontaneous burst of MSNA, and that this
attenuation was most dramatic in postmenopausal women
(Vianna et al. 2012). Emma Hart and colleagues quantified and
compared sympathetic vascular transduction among young
men, young women, older men, and postmenopausal women
(Briant et al. 2016). Using Doppler ultrasound, the laboratory
of Fadel recently reported decreases in leg vascular conduc-
tance following spontaneous bursts of MSNA (Fairfax et al.
2013) and exaggerated MSNA-induced vasoconstriction in
young black men when compared with young white men
(Vranish et al. 2018). Our laboratory has reported sex differ-
ences in sympathetic vascular transduction during mental stress
(Yang et al. 2013). In summary, studies utilizing microneurog-
raphy to examine sympathetic vascular transduction are likely
to increase in the future and have impact.

WHAT DO THE NEXT 50 YEARS LOOK LIKE?

It is impossible to predict where we will be in the next 10
years, let alone 50 years. In the near future, microneurography
will remain a niche procedure that can provide direct insight
into the sympathetic nervous system. If the objective analysis
of the highly cited studies outlined in this review tells a
congruent story, it is that there are multiple diseases and
disparities that can be studied using this procedure. If one looks
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to the most highly cited articles, which at this point come from
the 1980s and 1990s, it is reasonable to draw the conclusion
that hypertension, diabetes, sleep apnea, heart failure, and
obesity will remain mainstays for the microneurography ap-
proach. However, conditions and interventions such as sleep,
exercise, orthostatic stressors, thermal stressors, and other
stressors appear to be equally important. Finally, there has been
a marked increase in the interest of sex, race, and other
heritable factors (i.e., family history of hypertension) on
MSNA, and this is likely to continue with the current emphasis
on health disparities. Figure 1 highlights some of the various
diseases and interventions that one might consider in future
microneurographic studies.

To date, the majority of microneurographic studies of pe-
ripheral sympathetic nerve activity have focused on cross-
sectional or short-term interventional studies. While this is
understandable given the specialty and cost of the technique,
there remain a number of opportunities to better explore the
relationship between MSNA and morbidity/mortality. For ex-
ample, Barretto et al. (2009) utilized univariate, stepwise Cox
proportional hazards analysis and Kaplan-Meier analysis to
demonstrate that MSNA was a significant independent predic-
tor of mortality in 122 heart failure patients followed up for 1
year, and that the survival rate was significantly lower in
patients with >49 bursts/min. There is a need for more large-
scale, prospective studies that examine the longitudinal rela-
tionship between MSNA and incident hypertension, incident
diabetes, and other cardiometabolic conditions.

In summary, it is clear to see from the exponential growth of
microneurographic studies that there remain plenty of unan-
swered questions. As the field moves forward, it will be
important to maintain an appreciation for the early microneu-
rography studies highlighted within this review and the metic-
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Fig. 1. Conceptual overview of laboratory interventions and disease models that have been studied using microneurography. LBNP, lower body negative pressure;
OSA, obstructive sleep apnea; POTS, postural orthostatic tachycardia syndrome; CVD, cardiovascular disease.
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ulous care that was taken to ensure consistency in the acqui-
sition and analytic approaches. There remains a human element
to this procedure that requires significant face-to-face interac-
tion and training. This does not suggest we should not explore
novel ways to share the technique, but it will always require a
high level of mentorship as that shown by Wallin and subse-
quent trainees. The recent Guidelines Paper by Hart et al. (Hart
et al. 2017), and the classic paper on microneurography safety
by Eckberg et al. (1989), are reminders that there are many
procedural and analytical caveats that must be considered with
the technique of microneurography. The high impact studies
highlighted in this review, and the approaches highlighted in
the methods of these studies, should be appreciated and care-
fully considered by any microneurographer.
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