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Resting muscle sympathetic nerve activity (MSNA) demonstrates high
intraindividual reproducibility when sampled over 5–30 min epochs,
although shorter sampling durations are commonly used before and
during a stress to quantify sympathetic responsiveness. The purpose of
the present study was to examine the intratest validity and reliability of
MSNA sampled over 2 and 1 min and 30 and 15 s epoch durations. We
retrospectively analyzed 68 resting fibular nerve microneurographic re-
cordings obtained from 53 young, healthy participants (37 men; 23 � 6
yr of age). From a stable 7-min resting baseline, MSNA (burst frequency
and incidence, normalized mean burst amplitude, total burst area) was
compared among each epoch duration and a standard 5-min control.
Bland-Altman plots were used to determine agreement and bias. Three
sequential MSNA measurements were collected using each sampling
duration to calculate absolute and relative reliability (coefficients of
variation and intraclass correlation coefficients). MSNA values were
similar among each sampling duration and the 5-min control (all P �
0.05), highly correlated (r � 0.69–0.93; all P � 0.001), and demon-
strated no evidence of fixed bias (all P � 0.05). A consistent proportional
bias (P � 0.05) was present for MSNA burst frequency (all sampling
durations) and incidence (1 min and 30 and 15 s), such that participants
with low and high average MSNA underestimated and overestimated the
true value, respectively. Reliability decreased progressively using the 30-
and 15-s sampling durations. In conclusion, short 2 and 1 min and 30 s
sampling durations can provide valid and reliable measures of MSNA,
although increased sample size may be required for epochs �30 s, due to
poorer reliability.
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NEW & NOTEWORTHY

Short sampling durations are used commonly to assess baseline
muscle sympathetic nerve activity (MSNA) before a stress to
quantify sympathetic responsiveness. The validity and reliabil-
ity of these measures have not been tested. Our analyses
demonstrate that MSNA, sampled from 2 and 1 min and 30 and
15 s epochs, possesses high agreement and no fixed bias
compared with a standard 5-min control but consistent evi-
dence of a proportional bias that would confound interindi-
vidual comparisons.

THE SYMPATHETIC NERVOUS system is critical for the regulation of
arterial pressure at rest and in response to a stress, such as
exercise (20, 30). In humans, sympathetic activity is quantified,

most commonly, using measurements of plasma norepineph-
rine, radiolabeled norepinephrine spillover, or microneuro-
graphic recordings of muscle (or skin) sympathetic nerve
activity (MSNA) (10, 19, 30, 39). Unlike discrete measure-
ments of norepinephrine concentrations, microneurography
permits continuous data collection, making it ideal for assess-
ing regional vasoconstrictor responses to psychophysiological
stressors, such as exercise, temperature, or pain (4, 8, 34).
Unfortunately, the temporal resolution of MSNA recordings is
limited by the spontaneous, albeit rhythmic and pulse synchro-
nous, nature of muscle sympathetic discharges, which require
that bursts of activity be sampled over specific epochs of time,
commonly minutes (6, 19, 39). Such measurements, expressed
as bursts per minute (burst frequency), or to account for
differences in heart rate, bursts per 100 heartbeats (burst
incidence), are highly reproducible within an individual over
the short (minutes to hours) (13, 15, 39a), intermediate (days to
weeks) (13, 15, 23), and long (months to years) (11, 12) term,
when sampled from epochs ranging between 5 and 30 min in
duration. Whether MSNA, measured over shorter sampling
durations, exhibits similarly high intraindividual reliability,
thus allowing for greater resolution, is unknown.

In healthy individuals, beat-to-beat oscillations in spontane-
ous peripheral sympathetic activity are the integrated product
of rhythmic central generation and afferent feedback from
stretch-sensitive lung receptors, chemoreceptors, and barore-
ceptors (18, 29, 30). This fluctuation in vasomotor sympathetic
outflow results in cyclic, 0.1 Hz changes in arterial pressure,
termed Mayer waves (33). Inherently, the rhythmic occurrence
of muscle sympathetic bursts would be expected to increase
measurement variability when sampling durations are short
(e.g., seconds). Surprisingly, no study has examined the impact
of sampling duration on the validity (accuracy to the “true
value”) or reliability (consistency over time) of MSNA. This is
critical, as a growing number of studies have assessed MSNA
over 30 s, 1 min, or 2 min sampling durations (9, 17, 25, 26, 34,
36), primarily during a baseline period before exercise. As
these measures are frequently used to calculate the absolute or
percent change from baseline to quantify sympathetic respon-
siveness (9, 17, 25, 26, 34, 36), poor validity or reliability
would increase the measurement error and the risk of spurious
conclusions. Sampling durations, lasting 10–30 s, have also
been used during exercise (5, 14, 16, 26), although the accu-
racy of these measurements at rest has never been established.

Therefore, the purpose of the present study was to examine
the impact of sampling duration on the validity and reliability
of resting MSNA in a large cohort of healthy, young partici-
pants. Specifically, we sought to compare MSNA burst fre-
quency, burst incidence, normalized mean burst amplitude, and
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total MSNA burst area calculated from a standard 5-min
control epoch (true value) with values sampled from 2 and 1
min and 30 and 15 s durations. In addition, we examined three
sequential MSNA measurements for each sampling duration to
determine intratest reproducibility. We hypothesized that 1)
mean values of MSNA would be similar between the 5-min
control and all sampling durations; 2) the absolute reliability of
repeated MSNA measurements would be lowest in the 15-s
epoch (i.e., highest coefficients of variation); and 3) the relative
reliability (intraclass correlation coefficient) of repeated
MSNA measurements would be good to excellent [r � 0.60
(7)] for each epoch duration, validating its use in past and
future work.

METHODS

Participants. The data used in this study were analyzed retro-
spectively from 68 previous microneurographic studies conducted
in our laboratory. All studies were approved by the University of
Guelph Research Ethics Board and occurred following completion
of informed, written consent by each participant. Data were col-
lected from 53 healthy, young, asymptomatic participants (37 men;
23 � 6 yr), who were all normotensive, nonsmoking, in sinus
rhythm, free of known cardiovascular or metabolic disease, and not
taking any acute or chronic medications. Before each study visit,
participants abstained from caffeine, alcohol, and strenuous exer-
cise for 12–24 h.

Muscle sympathetic nerve activity. In each study, participants
underwent instrumentation and a 10-min rest period, followed by a
7-min baseline MSNA recording in a temperature-controlled (22°C)

and quiet laboratory. Efferent postganglionic, multiunit MSNA was
measured from the common peroneal (fibular) nerve, as previously
described (31, 32, 34). A 2-m� tungsten microelectrode (FHC,
Bowdoin, ME) was inserted percutaneously into a motor fascicle and
adjusted until bursts of spontaneous, multiunit muscle sympathetic
activity were detected. A ground electrode was placed ~2 cm away.
The MSNA signal was amplified (75,000�), band-pass filtered (0.7–
2.0 kHz), rectified, and integrated using a 0.1-s time constant to obtain
the mean voltage neurogram (Nerve Traffic Analyzer, Model 662C-4;
University of Iowa, Iowa City, IA). Muscle sympathetic activity was
confirmed by observing reflexive increases in response to an end-
expiration apnea and a lack of responsiveness to unexpected clapping.
The neural signal was monitored both visually and audibly to ensure
no alteration in microelectrode position throughout each recording.

MSNA was analyzed using a semiautomated custom LabVIEW
program (National Instruments, Austin, TX) (31, 32). Determination
of a sympathetic burst was made based on a 3:1 signal:noise ratio and
alignment with the time-shifted cardiac cycle. From the integrated
neurogram, MSNA burst frequency (bursts/minute), burst incidence
(bursts/100 heartbeats), mean burst amplitude normalized to the tallest
burst (percentage) in the 7-min recording, and total MSNA burst area
(arbitrary units/minute) were calculated.

Data analysis. Our first analysis was to investigate the effects of
sampling duration on the validity of MSNA measurements. From the
7-min stable microneurography recording, we computed MSNA val-
ues over five epoch durations: 5 (true value control), 2, and 1 min and
30 and 15 s. The start point for each interval was randomly
determined using an online random number generator (Random.
org, https://www.random.org/; Randomness and Integrity Services,
Dublin, Ireland), with the requirement that each interval could not

Fig. 1. Effect of sampling duration on mean and individual measurements of muscle sympathetic nerve activity (MSNA) burst frequency (A), burst incidence
(B), mean burst amplitude (C), and total MSNA burst area (D).
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exceed the 7-min window. For example, to determine the 5-min
epoch start, a random number between 0 and 120 s was generated
for each recording. All random numbers were rounded to the
nearest 5 s. Next, we investigated the intratest reliability of three

sequential MSNA measurements using each short sampling dura-
tion (2 and 1 min and 30 and 15 s). Again from the 7-min
microneurography recording, three sequential (nonoverlapping)
time points (T1, T2, T3) were obtained for each sampling duration.

Fig. 2. Regression analyses (left column)
and Bland-Altman plots (right column)
comparing muscle sympathetic nerve activ-
ity (MSNA) burst frequency measured from
the 5-min control and the 2-min (A), 1-min
(B), 30-s (C), and 15-s (D) sampling dura-
tions. The solid lines in the regression anal-
yses represent the line of identity. LOA,
limits of agreement.
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The start point for each interval was determined randomly using
the methods above and again, fulfilled the requirement that each
interval could not exceed the 7-min window (e.g., 2 min epoch
duration started between 0 and 60 s).

Statistical analysis. Analyses were performed using IBM SPSS
Statistics 23 (Armonk, NY) and GraphPad Prism (GraphPad Soft-

ware, La Jolla, CA). We examined the effects of sampling duration on
MSNA agreement using a one-way repeated-measures ANOVA. Lin-
ear regression analyses were conducted and Bland-Altman plots
created to compare each sampling duration (2 and 1 min and 30 and
15 s) against the 5-min control. Bland-Altman plots were used to
determine the fixed bias among sampling durations, defined as the

Fig. 3. Regression analyses (left column) and
Bland-Altman plots (right column) comparing
muscle sympathetic nerve activity (MSNA)
burst incidence measured from the 5-min con-
trol and the 2-min (A), 1-min (B), 30-s (C), and
15-s (D) sampling durations. The solid lines in
the regression analyses represent the line of
identity.
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mean difference between the 5-min control MSNA value and each of
the shorter epoch durations. A fixed bias was considered to be present
if the mean difference was significantly different from zero using a
one-sample t-test or if the 95% confidence intervals of the mean
difference did not include zero (28). To rule out the existence of
proportional bias as average MSNA values increase or decrease, we
tested whether the slope of the linear regression line, fit to the

Bland-Altman plot, differed significantly from zero using a one-
sample t-test or whether the 95% confidence intervals did not include
zero (28). One-way repeated-measures ANOVAs were used to inves-
tigate agreement among the three sequential time points (T1, T2, T3)
during each sampling duration. To evaluate intratest absolute and
relative reliability, we calculated the coefficients of variation and
intraclass correlation coefficients for each sampling duration, respec-

Fig. 4. Regression analyses (left column) and
Bland-Altman plots (right column) comparing
muscle sympathetic nerve activity (MSNA)
mean burst amplitude measured from the 5-min
control and the 2-min (A), 1-min (B), 30-s (C),
and 15-s (D) sampling durations. The solid lines
in the regression analyses represent the line of
identity.
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tively. Significance was considered P � 0.05, and data are presented
as means � SD.

RESULTS

Participants were young [23 � 6 yr (range: 18–51)], pre-
dominantly men (n � 37), with a normal body mass index

[23 � 3 kg/m2 (range: 17–29)], heart rate [63 � 9 beats/min
(range: 48–84)], and blood pressure [106 � 9 mmHg (range:
85–123)/64 � 6 mmHg (range: 50–77)]. High-quality micro-
neurographic recordings were obtained in all participants.
Characteristic of MSNA in healthy adults (6, 21, 39), measures

Fig. 5. Regression analyses (left column) and
Bland-Altman plots (right column) compar-
ing total muscle sympathetic nerve activity
(MSNA) burst area measured from the 5-min
control and the 2-min (A), 1-min (B), 30-s
(C), and 15-s (D) sampling durations. The
solid lines in the regression analyses repre-
sent the line of identity.
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of burst frequency [24 � 6 bursts/min (range: 9–41)] and burst
incidence [38 � 11 bursts/100 heartbeats (range: 16–75)] ex-
hibited large interindividual variability.

Effects of sampling duration on the validity of MSNA
measures. Mean values of MSNA burst frequency, burst inci-
dence, normalized mean burst amplitude, and total MSNA
burst area were similar among all sampling durations (all P �
0.05; Fig. 1). Regression analyses demonstrated significant
moderate to very strong relationships between the 5-min con-
trol epoch and each of the shorter sampling durations
(r � 0.62–0.97; all P � 0.0001; Figs. 2–5). Each of the
Bland-Altman plots (Figs. 2–5) demonstrated no evidence of
fixed bias (all P � 0.05) and thus good agreement between the
5-min control epoch and each of the shorter sampling dura-
tions. In contrast, a negative slope significantly different from
zero (proportional bias) was detected for MSNA burst fre-
quency (all sampling durations), burst incidence (1 min and 30
and 15 s sampling durations), mean burst amplitude (30 and 15
s sampling durations), and total MSNA burst area (2 min
sampling duration; all P � 0.05).

Effects of sampling duration on the intratest reproducibility
of MSNA measures. As shown in Table 1, no significant
differences in MSNA were detected among sequential mea-
surements (all P � 0.05). For all MSNA variables, the coef-
ficients of variation were significantly higher in the 15-s epoch
duration compared with all other intervals (all P � 0.05; Table
1). With the exception of normalized mean burst amplitude, the
coefficients of variation were also significantly higher in the
30-s epoch compared with the 2- and 1-min durations (all P �
0.05). Good to excellent intraclass correlation coefficients (7)
were found for MSNA variables in 2 and 1 min and 30 s epoch
durations (r � 0.58–0.94; all P � 0.0001; Table 1). With the
exception of total MSNA burst area, the 15-s epoch duration
exhibited only fair to good intraclass correlation coefficients
(r � 0.33–0.54; all P � 0.0001).

DISCUSSION

Proper interpretation of scientific research relies on the basic
assumption that the methods used demonstrate high reliability
and reproducibility (1). Although technically challenging (30),
microneurography is considered the gold standard for measur-
ing sympathetic outflow to skeletal muscle in humans (2).
Measurements of MSNA have consistently been shown to
exhibit high intraindividual reliability (11–13, 15, 23, 39a);
however, these analyses were all conducted using sampling
durations lasting 5–30 min. Given the growing number of
studies using shorter epoch lengths (i.e., �2 min) (9, 17, 25,
26, 34, 36), the present analysis sought to examine compre-
hensively the effect of sampling duration on the validity and
reliability of resting MSNA. The primary novel finding was
that MSNA measurements obtained from sampling durations
as short as 30 s demonstrated high agreement and no fixed bias
with control values but consistent evidence of a proportional
bias that may confound the use of short sampling durations for
interindividual comparisons in participants with highly vari-
able MSNA. Furthermore, intratest reliability declined sharply
as sampling duration decreased, suggesting that caution is
warranted in drawing conclusions from studies relying on short
epochs for MSNA analysis without appropriate adjustment for
sample-size requirements. Collectively, these results provide
much needed clarification regarding the measurement error
associated with the analysis of MSNA.

Prior investigations have used shorter sampling durations
(�2 min) to quantify MSNA at baseline or during a stress (9,
16, 17, 25, 26, 34, 36), but to our knowledge, the validity and
reliability of these measurement epochs have never been es-
tablished. Without proper knowledge of the underlying mea-
surement error associated with these sampling durations, a
priori calculation of the sample size required to detect a
significant difference (should one exist) would be confounded.
Furthermore, the use of these potentially variable baseline

Table 1. Effects of sampling duration on the reproducibility of sequentially sampled measurements of muscle sympathetic
nerve activity (MSNA)

T1 T2 T3 ANOVA, P CV, % ICC

2 min
Burst frequency, bursts/min 23.5 � 7.4 23.9 � 7.7 23.3 � 7.6 0.36 11 � 8 0.88
Burst incidence, bursts/100 heartbeats 38.0 � 13.2 38.6 � 13.2 37.5 � 13.4 0.40 11 � 9 0.89
Mean burst amplitude, % of max 44.1 � 7.7 44.0 � 7.1 44.4 � 7.4 0.83 6 � 5 0.81
Total MSNA, arbitrary units/min 12.7 � 5.9 12.9 � 5.9 12.7 � 5.9 0.64 10 � 8 0.94

1 min
Burst frequency, bursts/min 23.1 � 8.3 23.7 � 7.3 23.8 � 8.2 0.38 13 � 8 0.84
Burst incidence, bursts/100 heartbeats 37.2 � 13.6 38.3 � 12.5 38.0 � 14.3 0.51 15 � 9 0.81
Mean burst amplitude, % of max 45.0 � 8.5 44.3 � 7.3 44.0 � 7.7 0.30 7 � 5 0.74
Total MSNA, arbitrary units/min 12.7 � 5.8 12.9 � 5.7 12.9 � 6.4 0.71 12 � 7 0.92

30 s
Burst frequency, bursts/min 22.3 � 8.9 22.8 � 8.2 23.0 � 7.5 0.69 20 � 13*† 0.65
Burst incidence, bursts/100 heartbeats 35.5 � 14.6 36.9 � 14.8 37.1 � 12.9 0.48 21 � 13*† 0.65
Mean burst amplitude, % of max 44.8 � 8.7 44.2 � 8.4 44.1 � 8.5 0.76 11 � 6* 0.58
Total MSNA, arbitrary units/min 12.1 � 6.5 12.4 � 6.0 12.6 � 6.1 0.48 19 � 12*† 0.83

15 s
Burst frequency, bursts/min 23.4 � 10.9 22.8 � 9.7 23.2 � 10.1 0.85 30 � 19*†‡ 0.52
Burst incidence, bursts/100 heartbeats 37.3 � 17.6 36.7 � 16.9 37.6 � 18.0 0.90 31 � 20*†‡ 0.54
Mean burst amplitude, % of max 44.1 � 12.5 44.6 � 13.9 45.4 � 11.3 0.75 18 � 16*†‡ 0.33
Total MSNA, arbitrary units//min 12.1 � 6.7 12.4 � 6.5 12.7 � 6.9 0.63 28 � 19*†‡ 0.73

Means � SD. T1–T3, time points 1–3; CV, coefficient of variation; ICC, intraclass correlation coefficient. *P � 0.05 vs. 2 min; †P � 0.05 vs. 1 min; ‡P �
0.05 vs. 30 s.
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values will contribute error to the calculation of change scores
frequently used to characterize sympathetic responsiveness to a
stress. Our results support the hypothesis that compared with a
standard 5-min control epoch, shorter sampling durations dem-
onstrate no evidence of disagreement or fixed bias among
MSNA measurements. However, a drawback of shorter sam-
pling durations is that MSNA exhibits poorer absolute and
relative reliability (i.e., coefficient of variation and intraclass
correlation coefficients), thereby reducing statistical power. A
reduction in the intraclass correlation coefficient from r � 0.9
to r � 0.7 has been estimated to require a 22% increase in
sample size to detect a significant difference (35). This infor-
mation is highly relevant for future study design, particularly
given that studies measuring MSNA typically recruit �15–20
participants per group (16, 25, 26, 31, 32, 34). One factor likely
contributing to the decreased reliability of MSNA obtained
from short sampling durations is the reporting of values in
bursts/minute or bursts/100 heartbeats, which would multiply
the magnitude of the error. This can be seen in Fig. 1, where
the 15-s sampling duration produces banding in MSNA mea-
surements. As a result, the use of short measurement epochs
(�30 s) at rest (or during exercise) may be better suited to
report absolute burst count.

A novel observation of our analysis was the existence of a
consistent proportional bias, most evident for measures of
MSNA burst frequency and burst incidence. As the slopes of
all significant regression lines were negative, a low average
MSNA underestimated true values, while a high average
MSNA overestimated true values. This finding has important
implications given the large interindividual variability of rest-
ing MSNA in healthy adults (6, 21, 39), as it would add
systematic measurement error among participants. Further-
more, sampling from short epochs may overestimate the true
difference in MSNA reactivity between two populations with
contrasting levels of sympathetic activity (e.g., healthy controls
vs. heart failure or hypertension patients) (27, 34, 40). If short
sampling durations are used for assessing baseline or changes
in MSNA, studies should confirm findings as a percent change
or by controlling for baseline MSNA.

In addition to the more commonly reported measures of
MSNA burst frequency or incidence, normalized mean burst
amplitude, a measure of the strength of a sympathetic
discharge (23, 38), demonstrated the lowest coefficient of
variation during each of the sampling durations. This finding
is consistent with prior literature demonstrating that mean
burst amplitude exhibits excellent intraindividual reproduc-
ibility at rest (38) and between-day reproducibility at rest
and in response to head-up tilt (23). The assessment of burst
amplitude is important given that the regulation of burst
strength and occurrence is thought to occur independently
(22), and different conclusions on neural reflex control can
be made based on which measure of muscle sympathetic
activity is selected as the dependent variable (24). It is
important to acknowledge that absolute MSNA burst ampli-
tude is dependent on the proximity of the recording micro-
electrode to the discharging fibers limiting interindividual or
between-day comparisons (38), although normalization at-
tempts to circumvent this methodological issue by calculat-
ing relative burst amplitude changes (23, 38).

Limitations. The present analysis examined resting MSNA
in young, healthy adults and may not be generalizable to older

or clinical populations. However, we would hypothesize, based
on the knowledge that MSNA increases both with age (37, 39)
and many cardiovascular disease states (27, 34, 40), that
measurement agreement for short sampling durations may be
improved, owing to a decrease in periods of neural silence (i.e.,
higher MSNA burst incidence). We selected sampling duration
based on previously published work (9, 16, 17, 25, 26, 34, 36);
however, the balance between temporal resolution and high
validity and reliability likely differs within each individual,
based on the prevailing resting heart rate and sympathetic
activation. Finally, although resting MSNA exhibits high test-
retest reproducibility when sampled from 5 min epochs (13,
23), our results may not extend to control values obtained from
longer sampling durations.

In conclusion, the present study provides the first evidence
supporting the validity and reliability of measuring MSNA
using short sampling durations. Such analysis is already con-
ducted (9, 16, 17, 25, 26, 34, 36), although whether the risk of
increased measurement error may obscure the physiological
interpretation has not been studied. We provide strong support
for the use of 2 and 1 min or 30 s sampling durations and
suggest that caution is warranted with epochs of 15 s or shorter.
The existence of a proportional bias across shorter sampling
durations reveals an unrecognized limitation of using such
measures to compare MSNA among participants or groups that
should be addressed in future studies.
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