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Beat-to-beat variability of the QT interval (QTV) is sought to provide
an indirect noninvasive measure of sympathetic nerve activity, but a
formal quantification of this relationship has not been provided. In this
study we used power contribution analysis to study the relationship
between QTV and muscle sympathetic nerve activity (MSNA). ECG
and MSNA were recorded in 10 healthy subjects in the supine position
and after 40° head-up tilt. Power spectrum analysis was performed
using a linear autoregressive model with two external inputs: heart
period (RR interval) variability (RRV) and MSNA. Total and low-
frequency power of QTV was decomposed into contributions by
RRV, MSNA, and sources independent of RRV and MSNA. Results
show that the percentage of MSNA power contribution to QT is very
small and does not change with tilt. RRV power contribution to QT
power is notable and decreases with tilt, while the greatest percentage
of QTV is independent of RRV and MSNA in the supine position and
after 40° head-up tilt. In conclusion, beat-to-beat QTV in normal
subjects does not appear to be significantly affected by the rhythmic
modulations in MSNA following low to moderate orthostatic stimu-
lation. Therefore, MSNA oscillations may not represent a useful
surrogate for cardiac sympathetic nerve activity at moderate levels of
activation, or, alternatively, sympathetic influences on QTV are com-
plex and not quantifiable with linear shift-invariant autoregressive
models.

QT interval variability; muscle sympathetic nerve activity

NEW & NOTEWORTHY

QT interval variability in normal subjects does not appear to be
significantly affected by the rhythmic modulations in MSNA
following low to moderate orthostatic stimulation.

INCREASED SYMPATHETIC NERVOUS system activity contributes to
the development and progression of cardiovascular disease,
such as heart failure (17), and may even trigger ventricular
arrhythmias (22). Therefore, quantification of the level of
sympathetic outflow directed at the heart may be of diagnostic
interest in clinical, as well as nonclinical, contexts (8, 15, 29).

Elevated beat-to-beat variability in ventricular repolarization
duration, measured as changes in QT interval [QT variability
(QTV)] on body surface ECG has been attributed to increased
sympathetic outflow to the ventricles (32, 46). Although it is
widely believed that QTV is predominantly driven by heart
period (RR interval) variability (RRV) under normal condi-
tions during rest (34), several studies across a range of condi-

tions, including healthy subjects (2), patients post-myocardial
infarction (50), heart failure patients (25), and patients with
diabetes mellitus (39), showed that a large part of QTV could
not be solely attributed to RRV. An increased decoupling
between RRV and repolarization variability was reported in
healthy subjects following head-up tilt, a maneuver well
known to increase sympathetic nerve activity (12), and QTV
unrelated to RR and respiration (35) was shown to increase
under similar experimental conditions. Correlations between
QTV and cardiac norepinephrine spillover, a direct measure of
sympathetic activity, recorded during rest were observed in
patients with hypertension (6), but not in normal subjects or
patients with panic disorder and depression (5). Also, QTV has
been found to increase significantly during standing and iso-
proterenol infusion (46). Collectively, these findings suggest
that heightened sympathetic neural modulation of the ventric-
ular myocardium augments repolarization variability indepen-
dent of RRV. Thus, measurement of QTV may allow evalua-
tion of the effects of sympathetic activity on the ventricles and,
thereby, yield a noninvasive index for quantification of sym-
pathetic activity levels.

Muscle sympathetic nerve activity (MSNA) measured in the
peroneal muscle using microneurography is a widely used
technique to probe postganglionic sympathetic nerve activity
(18). As the analysis of MSNA has been proven useful for
investigating the autonomic regulation of sinoatrial node ac-
tivity in conjunction with RRV (18, 24, 28), it may help
quantify the relationship between QTV and sympathetic mod-
ulation of the ventricles.

The aim of this study was to investigate the extent to which
QTV can be used to measure sympathetic activity. To address
this question, we used an autoregressive model and power
contribution analysis to study the relationship between QTV
and MSNA in normal subjects following head-up tilt.

METHODS

Subjects and experimental protocol. We studied 10 healthy subjects
(2 men and 8 women; 25.1 � 5.9 yr of age, 23.5 � 3.1 kg/m2 body
mass index) selected from a previously published study (19). After
giving written informed consent, subjects were tested in the morning,
with caffeine and alcohol consumption restricted �12 h before the
study was initiated. After instrumentation, subjects rested for 30 min
before the actual recording started. The experimental protocol was
approved by the Alfred Hospital Ethics Review Committee.

ECG lead III, arterial blood pressure, and MSNA were recorded
simultaneously for 10 min in the supine position in each subject and
then for 10 min in the head-up tilt position at 20°, 30°, and 40° using
PowerLab (ADInstruments, Bella Vista, NSW, Australia). Blood
pressure was monitored through percutaneous cannulation of the
radial artery. MSNA was recorded using microneurography, as de-
scribed previously (19). Briefly, a tungsten microelectrode was in-
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serted into the common peroneal nerve to record nerve traffic from
multiple postganglionic fibers. The MSNA signal was integrated using
a resistor-capacitor circuit to obtain mean voltage of the multiunit
nerve recording.

Data preprocessing. Recordings were visually inspected to identify
artifact-free segments. Beat-to-beat series of the heart period (RR
interval) were defined as the temporal distance between two consec-
utive QRS complexes. Beat-to-beat QT interval time series were
obtained based on a recently proposed two-dimensional signal-warp-
ing algorithm (41). Briefly, the algorithm creates a template beat on
which the QT interval is semiautomatically annotated and then
morphed in both time and amplitude to match consecutive beats,
thereby accounting for variations in the ECG waveform. Finally, the
QT interval duration of each beat is obtained based on the scaled
version of the annotated QT interval in the adapted template. The
algorithm also incorporates rejection criteria for beats that are highly
corrupted by noise.

Beat-to-beat systolic arterial pressure (SAP) and diastolic arterial
pressure were defined as the local maximum and minimum, respec-
tively, of the blood pressure signal enclosed by consecutive R peaks.
Beat-to-beat values of MSNA were obtained by calculating the time
average of the integrated MSNA signal between two consecutive
diastolic arterial pressure time points.

For each subject, data segments of �200 beats (�3 min) were
selected for the analysis from both supine and 40° head-up-tilt
positions. To simplify the analysis, intermediate tilt angles were not
considered.

Beat-to-beat series of RR, QT, MSNA, and SAP were detrended
using the smoothness priors method (43), comprising a time-varying
finite-impulse response high-pass filter. A cutoff frequency of 0.04 Hz
was chosen by setting the smoothing parameter to 22. The beat-to-beat
series were normalized to zero mean and unit variance for frequency
domain analysis.

Time domain analysis of QTV. Time domain analysis of RR, QT,
MSNA, and SAP time series was performed to confirm the increase in
variances expected with head-up tilt due to the increase in sympathetic
activity. Mean RR interval (RRm), RR interval variance (RRv), mean
QT interval (QTm), QT interval variance (QTv), MSNA variance
(MSNAv), SAP variance (SAPv), and QT variability index (QTVi),
given by

QTVi � log10� QT ⁄ �QTm�2

RRv ⁄ �RRm�2� (1)

were calculated for each subject in supine and 40° tilt positions.
Frequency domain analysis. Power contribution analysis was per-

formed using a linear autoregressive model with two external inputs
(ARXX) (3). We assumed an open-loop structure, where QT is
affected independently by RR and MSNA while QT does not exhibit
an influence on MSNA and RR. The model assumes that the rhythm
sources generating the three signals are uncorrelated. Thus the autore-
gressive model was defined as

A1�z�QT�i� � B1�z�RR�i� � B2�z�MSNA�i� � eQT�i� (2)

where

A1�z� � 1 � a1,1z�1 � . . . � a1,na1
z�na1 (3)

B1�z� � b1,0 � b1,1z�1 � . . . � b1,nb1
z�nb1 (4)

B2�z� � b2,0 � b2,1z�1 � . . . � b2,nb2
z�nb2 (5)

where A1, B1, and B2 are polynomials of the parameters in the z
domain that describe the effect of the samples of QT, RR, and MSNA
up to a delay of na1, nb1, and nb2, respectively, on the one-step-ahead
prediction of QT. Equation 2 describes QT as a function of its own
past, past and present values of RR and MSNA, and a noise source
that represents actual noise and rhythms originating from sources not
included in the model.

On the other hand, RR and MSNA were modeled as separate
autoregressive processes

A2�z�RR�i� � eRR�i� (6)

A3�z�MSNA�i� � eMSNA�i� (7)

A2�z� � 1 � a2,1z�1 � . . . � a2,na2
z�na2 (8)

A3�z� � 1 � a3,1z�1 � . . . � a3,na3
z�na3 (9)

where na2 and na3 are the AR model orders. Equations 6 and 7
describe MSNA and RR as a function of their own past and a noise
source. Variables eQT, eRR, and eMSNA are white noise sources with
zero mean and �QT

2 , �RR
2 , and �MSNA

2 variance, respectively.
The goodness of fit was calculated to quantify the ability of the

ARXX structure to represent the measured data (37). Model param-
eters were estimated using the least-squares method. The uncorrela-
tion between noise sources was verified based on residual analysis.
Frequency domain representations of the models were obtained by
Fourier transform, where the power of QT can be represented through
individual contributions (34)

P� f�QT � � B1� f�
A1� f� � A2� f�� � �RR

2 � � B2� f�
A1� f� � A3� f��

2

� �MSNA
2

� � 1

A1� f��
2

� �QT
2 (10)

where the first term is the power contribution from RR, the second
term is the power contribution from MSNA, and the third term is the
power independent of RR and MSNA that is attributed to noise and
other sources not accounted for in the model. Here, A1(f), A2(f), A3(f),
B1(f), and B2(f) are the Fourier transform polynomials of the model
parameters. Both RR and MSNA total powers were computed as
follows

P� f�RR � � 1

A2� f��
2

� �RR
2 (11)

P� f�MSNA � � 1

A3� f��
2

� �RR
2 (12)

SAP was modeled as an independent AR process similar to that
adopted for RR and MSNA.

The squared coherence function was calculated to measure the
linear relationship between QT and MSNA as a function of frequency
(24) as

k2� f� �
�PQT�MSNA� f��2

P� f�QT � P� f�MSNA

(13)

To estimate the power contained in the low-frequency (LF) and
high-frequency (HF) bands, each partial spectrum was decomposed
into the spectral components of each pole, as described elsewhere (3).
The power of the spectral component contributed by a pole was
considered LF power if its central frequency fell in the frequency
range 0.05–0.2 Hz and HF if its central frequency was in the range
0.2–0.4 Hz.

For model order selection and estimation, data segments were
divided into two-thirds estimation data and one-third validation data.
Model orders were selected from the range 4–12, minimizing the
Akaike figure of merit (1). The model parameters were estimated
using the least-squares method. Correlations within and across regres-
sion residuals were deemed negligible if no more than three points
were outside the 95% confidence interval of the cross-correlation and
autocorrelation plots.

Surrogate analysis. The method of surrogate data testing described
by Faes et al. (10) was applied to test whether MSNA total and LF
contributions are significant and to define the threshold for zero
coherence. For each subject, 10 pairs of QT and MSNA surrogate
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series were generated by feeding the QT and MSNA models with 10
realizations of independent Gaussian white noise processes. MSNA
total and LF power contributions and the maximum coherence be-
tween QT and MSNA in LF were computed for the generated
surrogate series, resulting in 100 surrogate values for each variable
across all subjects.

Statistical analysis. GraphPad Prism 6 software was used for
statistical analysis. Data are presented as median (25th percentile–
75th percentile). The paired two-tailed Wilcoxon test was used to test
the change in time domain measures and frequency domain power
estimates from the supine position to 40° head-up tilt. The Mann-
Whitney test was performed to test whether MSNA power contribu-
tions estimated from measured data were significantly different from
those obtained from the surrogate data. As proposed by Faes et al.
(10), the threshold for zero coherence was set at the 95th percentile of
the coherence sampling distribution computed from the surrogate
data. P � 0.05 was considered statistically significant.

RESULTS

Time domain analysis. The time domain analysis results are
summarized in Table 1. RRm, QTm, and RRv decreased
significantly following 40° head-up tilt, while QTv, QTVi, and
MSNAv increased significantly. However, SAP power did not
change with tilt.

Frequency domain analysis. The goodness of fit of the
ARXX model was 51% (41-56%) in the supine position and

41% (23–46%) following 40° head-up tilt. This reduction in
goodness of fit was not statistically significant (P � 0.05).

Figure 1 shows the LF power of QTV and MSNA in the
supine position and following 40° tilt. While LF power of
QTV, measured in absolute units, increased significantly fol-
lowing 40° head-up tilt (P � 0.037), LF power of MSNA,
measured in normalized units [LF/(LF � HF)], was not statis-
tically significant between the two measurement conditions
(P � 0.05). Furthermore, LF power of SAP was not affected by
the tilt condition [0.12 (0.09–0.37) mmHg2 and 0.24 (0.13–
0.49) mmHg2 in supine and standing positions, respectively,
P � 0.05].

Figure 2 shows individual power contributions of RR and
MSNA to QTV, as well as unexplained variance during the
supine measurement and following 40° head-up tilt. In the
supine position, RRV contributions to total and LF power of
QTV were, on median, 38.8% and 45.5%, respectively. This
contribution decreased significantly to �20% of the total and
LF power of QTV after head-up tilt (P � 0.0195, and P �
0.0059, respectively). The MSNA contribution to total and LF
powers of QTV measured in the supine position during rest
was, on average, 2.1% and 2.2%, respectively. Upon 40°
head-up tilt, MSNA contributions tended to increase to 4.8%
and 3.0% of the total and LF power of QTV; however, this
increase was not statistically significant (P � 0.05). Surrogate
data testing demonstrated that MSNA total and LF power
contributions were significantly different from independent
random processes (P � 0.0001 in the supine position and P �
0.03 following 40° head-up tilt).

In the supine position, total and LF power of QTV indepen-
dent of RR and MSNA were �59% and 54%, respectively, and
increased significantly to �74% and 76% following head-up
tilt (P � 0.02).

Maximum coherence between LF oscillations in MSNA and
QTV across all subjects was 0.05 (0.02–0.07) in the supine
position, which tended to increase to 0.11 (0.04–0.17) after
40° head-up tilt (P � 0.08). For the surrogate data method, the
threshold for zero coherence in the LF band was set at 0.5 in
the supine position and 0.36 following 40° head-up tilt; hence,
coherence values were not significant.

Table 1. Time domain measures in the supine position and
following 40° head-up tilt

Variable

Position

P ValueSupine 40° tilt

RRm, ms 991 (904 to 1,177) 765 (743 to 858) 0.0020
RRv, ms2 2,039 (1,813 to 4,805) 955 (382 to 1,743) 0.027
QTm, ms 368 (347 to 398) 338 (328 to 361) 0.0020
QTv, ms2 2.6 (1.9 to 3.6) 3.9 (3.2 to 9.6) 0.0020
QTVi 	2.2 (	2.4 to 	1.8) 	1.4 (	1.7 to 	1.3) 0.0098
MSNAv, AU2 0.00064 (0.00008 to 1.81) 0.002 (0.0003 to 3.8) 0.0488
SAPv, mmHg2 5.2 (3.5 to 14.0) 6.9 (4.5 to 18.3) �0.05

Values are medians (25th percentile–75th percentile). RRm, mean heart
period; RRv, heart period variance; QTm, mean QT interval; QTv, QT interval
variance; QTVi, QT variability index; MSNAv, muscle sympathetic nerve
activity variance; SAPv, systolic arterial pressure variance; AU, arbitrary units.
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Fig. 1. Change in low-frequency (LF) power of QT (A)
and muscle sympathetic nerve activity (MSNA; B) from
the supine position to 40° head-up tilt. Bar plots repre-
sent median values and interquartile ranges. *Signifi-
cant difference between supine and tilt.
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DISCUSSION

The main finding of this study is that the oscillatory modu-
lations in MSNA do not contribute significantly to QTV
measured at rest or following moderate orthostatic stress.

The sympathetic nervous system influences the ventricular
repolarization process. Within ventricular myocytes, the sym-
pathetic nervous system can principally act on L-type calcium
channels and the slowly activating delayed rectifier potassium
current (IKs). The former affects myocardial contractility,
while the latter affects the repolarization process. 
-Adre-
noceptor stimulation during IKs blockade was shown to
increase variability in the cellular repolarization duration of
canine myocytes (16). At the tissue level, transmural differ-
ences in action potential duration affect the T-wave mor-
phology in body surface ECG (11). This may be altered
during periods of sympathetic activation (21). Heteroge-
neous distribution of 
-adrenoceptors, regional arborization
of sympathetic nerves (48), and differential cardiac sympa-
thetic control (49) may contribute to spatial dispersion in
action potential duration across the ventricles during periods
of high sympathetic activity.

Since the result of these effects can be observed on the
averaged steady-state QT interval of the surface ECG (7), it has
been suggested that the beat-to-beat variability of the QT
interval carries information on sympathetic nerve activity. In
normal subjects, studies have repeatedly shown increases in
QTV in response to (graded) head-up tilt, the seated position,
or the standing position (14, 31, 35, 46) suggestive of a
sympathetic modulation of QTV. Increased QTV in response
to sympathetic activation induced by acute hypoxia provides
further evidence for the relationship between sympathetic ner-
vous system activity and QTV in normal subjects (45). Spectral
analysis of QTV in normal subjects during interview stress and
physical exercise, both of which increased sympathetic activ-
ity, demonstrated increased LF oscillations in QTV (27). A
subsequent study, in which QTV spectra were estimated during
a mental stress test while the atria were paced at a constant rate
to exclude heart rate variability-driven QTV, confirmed the
increase in LF power during stress and suggests a direct,
rate-independent influence of the sympathetic nervous system
on QTV (26). Pharmacological 
-adrenoceptor activation
showed consistently an increase in QTV (25, 42, 45, 46).
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Fig. 2. Power contribution analysis results. A: heart period (RR interval) variability (RRV) contribution to QT interval variability (QTV). Left: RR contribution
to total QT power; right: RR contribution to power in the LF band of QTV. B: MSNA contribution to QT power. Left: MSNA contribution to total QT power;
right: MSNA contribution to power in the LF band of QT. C: QT power independent of RR and MSNA contribution. Left: total QT power independent of RR
and MSNA. Bar plots represent median values and interquartile ranges. *Significant difference between supine and tilt.

H1221QT VARIABILITY AND MUSCLE SYMPATHETIC NERVE ACTIVITY

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00230.2015 • www.ajpheart.org

http://ajpheart.physiology.org/


Pharmacological 
-adrenoceptor blockade, on the other hand,
showed no effect on QTV when measured during resting
conditions (25, 30) but a reduction in QTV when the effect of
RRV was removed through constant atrial pacing (23). Corre-
lations between QTV and cardiac norepinephrine spillover, a
direct measure of sympathetic activity, recorded during resting
were observed in patients with hypertension (6).

To provide quantitative evidence for the association between
QTV and sympathetic activity, we studied the relationship
between oscillations in QTV and MSNA, the latter being used
as a marker of generalized sympathetic activity, following
head-up tilt. Note that RRV was accounted for in the analysis,
since its contribution to QTV is well established (34).

Consistent with results reported by others who studied QTV-
involving protocols that induce of sympathetic activation,
mean heart period, mean QT interval, and heart rate variability
decreased significantly, while MSNAv, QTVi, and total QTv
increased, after subjects were tilted from the supine position to
40° tilt. The LF power of QTV, measured in units of absolute
power, also increased significantly with tilt. However, normal-
ized LF power of MSNA, i.e., the relative amount of LF
oscillations in MSNA, did not change with 40° tilt, in contrast
to the previously reported increase in sympathetic burst rate (4)
and the increase in normalized LF power of MSNA observed
by Furlan et al. (13) following 70° head-up tilt. Furthermore,
LF power in SAP did not increase following 40° tilt, contrary
to findings of Pagani et al. (28), indicating that the orthostatic
stimulus was insufficient in eliciting a significant sympathetic
vasomotor response. However, since we observed an increase
in QTv paralleled by a decrease in RRv (along with a total
MSNAv increase), the tilt angle appears sufficient to elicit a
sympathetic cardiac response.

Although beat-to-beat changes in the QT interval of normal
subjects are believed to be mainly driven by changes in heart
period (34), our results show that RRV contributed �50% to
QTV even at rest, when the sympathetic drive is low. Consis-
tent with results reported in the literature, the RRV contribu-
tion to both total QTV and LF power of QT decreased with tilt,
indicating a decrease in the coupling/correlation between RRV
and QTV (33, 38). This suggests that other factors, such as
sympathetic activity, play a role in generating QT oscillations
during orthostatic stress. Surrogate data testing demonstrated
that although the percentage of MSNA power contribution to
total and LF power of QT was small, it was not negligible in
our data. Yet these contributions did not increase significantly
with tilt. In addition, the coherence between LF oscillations in
MSNA and QTV was not significant in both supine and tilt
conditions, further emphasizing the weak correlation between
the two variables.

While we did not find a notable change in the power
contribution from MSNA to QTV, others have reported a
correlation between LF oscillations in MSNA and RR when
blood pressure changes were induced pharmacologically (28,
40), suggesting that MSNA may be used as a surrogate for
sympathetic activity directed at the heart. Because the corre-
lation between RR and MSNA is partly mediated by the
cardiac baroreflex and sympathovagal outflow to the sinoatrial
node, no conclusions may be drawn regarding the level of
sympathetic modulation of the ventricles. Furthermore, the
correlation between SAP and MSNA is stronger than that
reported between RR and MSNA (28), which appears to be

confirmed by the lack of change in LF power of both variables
in our data.

The QTV power independent of RR and MSNA represented
�50% of the total and LF power of QTV and increased
significantly with tilt. While a fraction of this power might be
attributed to the increase in measurement noise induced by
muscle activity, this seems unlikely to account for �50% of
QTV, especially in the supine position when body movement is
at a minimum. Therefore, the possibility remains that other
variables, including cardiac sympathetic activity, play a signif-
icant role in generating QTV.

Our study may suggest that MSNA oscillations measured in
the efferent nerve fiber of the peroneal muscle do not provide
a useful surrogate index of oscillations in sympathetic nerve
activity directed to the heart, in particular to the ventricular
myocardium. Possibly, orthostatic stress might cause an organ-
specific sympathetic response, targeting the heart differently
from skeletal muscles, as reported during isometric handgrip
and mental stress maneuvers (44), in particular when the
stimulus is only of moderate strength. In addition, MSNA itself
responds inconsistently to different acute stressors (9). How-
ever, other measures of MSNA, such as single-unit muscle
sympathetic nerve firing rate, have been associated with car-
diac norepinephrine spillover in patients with hypertension and
major depressive and panic disorders (20). Therefore, LF
MSNA oscillations might not be associated with cardiac sym-
pathetic activity, while other measures of MSNA might still be
useful in this regard.

Our study has several limitations. In the experimental setup,
ECG was recorded using lead III, which is not the optimum
choice for capturing the cardiac repolarization process. Car-
diovascular variables, as well as MSNA, are inherently non-
stationary processes; however, to obtain quasi-stationary data,
we removed slow trends and allowed the subjects to rest for 30
min before the actual recording started. A potentially relevant
variable that affects QTV is respiration, which was not in-
cluded in the model in favor of low complexity, yielding
robustness in parameter estimation. However, additional mod-
eling carried out with respiration as another exogenous input
(data not shown) suggested that QT power independent of RR,
MSNA, and respiration still represents almost half of QT
power. In line with our observation, a previous study demon-
strated a negligible effect of respiration on QTV that did not
change with tilt (35).

In conclusion, beat-to-beat QTV in normal subjects does not
appear to be significantly affected by the rhythmic modulations
in MSNA during rest or moderate orthostatic stress. We sug-
gest that MSNA may not be a useful surrogate for cardiac
sympathetic activity if the levels are expected to be low and
that sympathetic influences on QTV are complex and not
quantifiable with linear shift-invariant autoregressive models.
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