Transfer Function Gain between Heart Period and QT Variabilities Increases
during Sympathetic Activation Induced by Head-up Tilt
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Abstract

The variability of the duration of the cardiac electrical
activity, approximated by the onset of the Q-wave to the
end of the T-wave (QT), computed in the low frequency
(LF, from 0.04 to 0.15 Hz) band, is utilized as a marker of
sympathetic modulation directed to the ventricles.
However, the magnitude of QT variability might be
affected by heart period (HP) variability as a
consequence of the QT-HP relation. We hypothesize that
the gain of the relationship between HP and QT in the LF
band could be better suited than QT variability to infer
the cardiac sympathetic control as a consequence of its
intrinsic normalization by the magnitude of HP changes.
In this study we assessed transfer function gain (TFG)
from HP to QT as well as spectral QT and HP markers in
23 healthy young subjects (age 26+6 years, 11 males)
undergoing head-up tilt test at 45° (T45) and 90° (T90).
Results showed that QT variability in the LF band
increased during T90. TFG increased as well but the
raise was evident also at a lower tilt table inclination,
namely during T45. H, the gain of the TFG in the LF
band could be a more sensitive marker of the increased
sympathetic drive than the LF power of QT variability.

1. Introduction

The duration of the cardiac electrical activity phase,
approximated by the onset of the Q-wave to the end of the
T-wave (QT) derived from the surface electrocardiogram,
is monitored more and more frequently over time in
clinical protocols because it was suggested that its
variability could be exploited to infer cardiac sympathetic
neural control [1,2]. The combined use of heart period
(HP) and QT variability markers could provide a
complete picture of the cardiac autonomic control given

that parasympathetic control can be derived from the
power of HP variability in the high frequency (HF, from
0.15 to 0.5 Hz) band [3] and sympathetic control could be
inferred from QT variability in the low frequency (LF,
from 0.04 to 0.15 Hz) band [4]. The LF power of the QT
variability overcomes the limitation of the LF power of
HP variability that is linked to both vagal and sympathetic
modulations [5]. The concurrent analysis of HP and QT
variability was shown to be helpful to investigate
modifications of the cardiac neural control with
physiological challenges [1,4,6], aging and pathology [7-
10]. Unfortunately, QT variability can include a relevant
confounding factor: it might be strictly related to the HP
variability due to the QT-HP relation [11]. This
dependence was limited via a modeling approach by
computing the fraction of QT variability that is unrelated
to HP variations [6,12]. However, the magnitude of the
QT-HP transfer function could be an intrinsically
normalized, and simpler, marker because it provides the
amount of QT changes per unit variation of HP.

In this study we estimate the transfer function gain
(TFG) from HP to QT variability via a bivariate linear
model [12] in healthy subjects during the sympathetic
activation induced by head-up tilt with different tilt table
inclinations. We hypothesize that markers based on TFG
could be more sensitive to the sympathetic stimulus than
the LF power of QT variability.

2. Experimental and data

analysis

protocol

2.1. Experimental protocol

We exploited an historical database designed to assess
neural control directed to the sinus node and ventricles
[2]. We refer to [2] for a complete description of the
experimental protocol. Briefly, 23 young healthy subjects



(age 26+6 years, 11 males) have been enrolled in this
study. The study adhered to the principles of the
Declaration of Helsinki for studies involving human
subjects and was approved by the ethical review board of
the “L. Sacco” Hospital, Milan, Italy. Subjects signed an
informed consent before participating.

Subjects lied on the tilt table in supine position (T0)
for 10 minutes, then the table was tilted at 45° and 90°
(T45 and T90 respectively). Each session lasted 10
minutes. T45 and T90 were administered in a random
order after 40 minutes of recovery. None of the subjects
experienced presyncope signs. During the entire
recording subjects were not allowed to talk and breathed
spontaneously. Electrocardiogram was recorded from a
modified lead II (Biosignal Conditioning Device,
Marazza, Monza Italy). The sampling rate was 1 kHz.

2.2. Beat-to-beat series extraction

HP was derived as the temporal distance between two
consecutive R-wave peaks located with minimum jitters
with parabolic interpolation. QT interval was derived as
the time interval between the second R-wave peak
defining the HP and the end of its T-wave. The T-wave
offset was detected automatically as the point where the
first derivative calculated on the T-wave downslope
became smaller than the 30% of the absolute value of the
maximum derivative [13]. Stationary sequences lasting
300 beats were extracted from TO, T45, and T90 for HP
and QT series. Ectopic beats or misdetections were
manually corrected. Mean and variance of HP and QT
series were extracted in all experimental conditions,
labelled as pup, pot, o’up and o%gr and expressed in ms,
ms, ms” and ms? respectively.

2.3.  Spectral analysis

Parametric spectral analysis was performed on HP and
QT series [4]. Briefly, each series was modelled as a
realization of an autoregressive process whose
coefficients were estimated from the data and optimum
model order was chosen in the range from 8 to 14 via the
Akaike figure of merit. Power spectral density of HP and
QT was decomposed into power spectral components [4],
classifying each component as LF or HF if its central
frequency was dropped in the LF or HF band [3]. The
sum of the power of all components of HP in LF and HF
bands was labelled as LFyp and HFgp respectively. The
HFup power was taken as a marker of vagal modulation
directed to the sinus node [3,5]. The sum of all the
components of QT in LF and HF bands was denoted as
LFor and HFgqr, the ratio between LFup and HFwp,
representing the sympathovagal balance, as LFup/HFHP.
The LFqr power was taken as a marker of sympathetic
modulation directed to the ventricles [1,2,4]. All spectral
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Figure 1. TFG (solid line) and K? (dashed line) between
HP and QT derived from a representative subject during
TO. TFG and K? are sampled at the maximum of K2
marked with a solid circle in LF band and with a solid
square in HF band.

indexes were expressed in ms>.
2.4.  Cross-spectral analysis

The relation between HP and QT variability series in
frequency domain was computed via cross-spectral
analysis [12]. The cross-spectrum was estimated via a
parametric approach based on the computation of the
coefficients of a bivariate autoregressive model with the
model order fixed to 10 [14]. The TFG was computed as
the cross-spectrum modulus between HP and QT divided
by the power spectrum of HP. The Ph function was
assessed as the phase of the cross-spectrum with negative
phases indicating that QT changes lagged behind HP
variations. The K? was calculated as the squared cross-
spectrum modulus between HP and QT divided by the
product of the power of HP and QT spectra. K? always
ranged between 0 and 1, where 0 means null coupling and
1 indicates full coupling. TFG, Ph and K? were sampled
at the maximum of K? in LF and HF band [15]. Markers
were labelled as TFGrr, TFGur, Phrr, Phyr, K% r and
K2ir. The percentage of subjects having K2 r and K?ur
higher than 0.5, considered a threshold for a significant
K2 [14], was also assessed. Figure 1 shows TFG (solid
line) and K? (dashed line) calculated in a representative
subject during TO.

2.5. Statistical analysis

One-way repeated measures analysis of variance, or
Friedman repeated measures analysis on ranks when
appropriate, was applied for detecting differences among
conditions (Dunnett’s test for multiple comparisons).
Statistical analysis was carried out using the commercial
statistical program (Sigmaplot, v.14.0, Systat Software,
Inc., Chicago, IL, USA). A p<0.05 was always
considered as significant.

3. Results

Table 1 reports results relative to time and spectral



Table 1. Time and frequency domain markers derived from HP and QT series.

Index TO T45 T90

wrp [ms] 922.29+95.98 819.12+88.74 * 714.75+76.41 * #
o%p [ms?] 3652.14+2491.16 3478.64+2291.20 2307.69+1513.51

wor [ms] 323.41+21.46 308.11424.05 * 297.52426.48 * #
o%or [ms?] 19.87426.00 68.15+189.37 62.11+143.82
LFyp [ms?] 1287.47+£917.47 1518.09+1610.27 1198.28+1052.50
HFpp [ms?] 1160.55+1144.27 531.07+520.34 * 184.88+163.61 * #
LFyp/HFpp 2.4244.07 5.02+5.23 11.35+10.73 *#
LFor [ms?] 5.0449.81 13.77+32.77 23.85+74.54 *
HFqor [ms?] 10.23+17.29 33.20498.42 16.19+18.79

prp: HP mean; o?np: HP variance; por: QT mean; o2qr: QT variance; low frequency: LF; high frequency: HF; LFup: power of HP in LF
band; HFnup: power of HP in HF band; LFqr: power of QT in LF band; HFqr: power of QT in HF band; TO, T45, T90: head-up tilt at
0°, 45°, 90° respectively. Results are reported as mean+SD The symbol * indicates p<0.05 versus TO. The symbol # indicates p<0.05

versus T45.
parameters derived from HP and QT series. puup and HFup
decreased in T45 and T90 compared to TO and in T90
with respect to T45. por behaved analogously. LFup/HFnp
increased in T90 with respect to R and T45. During T90
LFqr power increased compared to TO. o%up, 6%ot, LFup
and HFor were not affected by postural challenge.

Table 2 shows K2, Ph and TFG computed in LF and
HF bands. K% remained stable, while K?yr decreased
during T90 with respect to TO. Phir and Phyr did not
differ across experimental conditions. Conversely, both
TFGir and TFGur were increased in T45 and T90 with
respect to TO, but TFG markers were similar during T45
and T90. K2y was higher than 0.5 in 70%, 61%, 52% of
the subjects and K?ur in 52%, 39% and 30% of subjects
respectively during T0, T45 and T90.

4. Discussion

The main findings of this work can be summarized as
follows: i) the head-up tilt elicited the expected decrease
of HFup power and the expected increase of the LFqor
power; ii) K*r and K?ur were significant in the majority
of the subjects during TO and only K?yr was reduced
during head-up tilt; iii)) TFGrr and TFGyr increased during

head-up tilt and the raise was already visible during T45.

This work investigated the dependence of QT on the
HP variability via TFG as a marker of the sympathetic
control during a graded head-up tilt. It is well-known that
postural stimulus induces a sympathetic activation and
vagal withdrawal [16,17] and this effect is reflected by the
increase of the LFqr power and the decrease of the HFpp
power [1,3-5]. The present study confirmed the findings
present in literature [1,3-5]. The increase of LFqr power
were evident solely during T90, while HFup decreased
already during T45. This finding might suggest a limited
sensitivity of LFqr power in detecting the effects of the
postural stimulus on cardiac sympathetic control.

The analysis of the strength of the QT-HP coupling
carried out with K? indicated that K?*r remained
significant (i.e. higher than 0.5) in the majority of the
subjects across the various experimental sessions of the
protocol, thus suggesting that in the LF band the transfer
function, comprising both magnitude and phase, is
reliably estimated. Conversely, K*yr was reduced with tilt
table angle, thus confirming the decoupling of HP and QT
with the postural stimulus reported in [4]. Since the
percentage of subjects with significant K%yr dropped
below 50% during T45 and T90, we avoided to discuss

Table 2. Cross-spectral markers derived from HP and QT series.

Index TO T45 T90
K2ir 0.59+0.23 0.61£0.24 0.58+0.26
K2 0.53+0.24 0.49+0.22 0.41+0.20*
Phur [rad] -0.3120.33 -0.39+0.58 -0.31+0.74
Phyr [rad] -0.17+0.83 0.24+1.24 0.34+1.14
TFGir 0.04+0.01 0.07+0.09* 0.08+0.09*
TFGur 0.06+£0.04 0.14+0.18* 0.17+0.21*

K?; squared coherence function; Ph: phase function; TFG: transfer function gain; low frequency: LF; high frequency: HF; K?cr: K? in LF
band; K?ur: K? in HF band; Phir: Ph in LF band; Phur: Ph in HF band; TFGrr: TFG in LF band; TFGur: TFG in HF band; rad: radians;
T0, T45, T90: head-up tilt at 0°, 45°, 90° respectively. Results are reported as mean+SD. The symbol * indicates p<0.05 versus T0.



between-condition differences of transfer function
markers in the HF band. Remarkably, TFGir increased
during postural challenge and this result confirms
findings reported in [12]. The original finding of this
study is that the TFGyr significantly increased at lower
magnitude of the sympathetic stressor (i.e. T45)
compared to a more classical index such as the LFqr
power that raised only during T90. We suggest that the
greater sensitivity of TFGrr compared to LFqr to
sympathetic activation might be the result of the intrinsic
normalization by the magnitude of the HP changes
provided by any TFG marker given that TFG measures
the amount of output variation in response to a unit
change of input. Future studies might check whether
further refinements could be obtained by accounting for
nonlinear QT-HP interactions and their temporal
directions [18,19]. Conversely, markers of phase shift
between HP and QT were unable to reveal changes in
experimental sessions and, thus, they appear to be
insensible to modifications of the sympathetic drive.

5. Conclusions

This work evaluated the possibility of using markers of
the dynamical dependence of QT on HP variability in the
frequency domain to infer the sympathetic control
directed to the ventricles. Since TFGrr could detect the
increased sympathetic activation induced by head-up tilt
with a magnitude of the orthostatic stimulus smaller than
LFqr power, we suggest that an index based on transfer
function might be more powerful than that derived from
spectral analysis of QT variability. Results should be
confirmed in a larger population and in different
protocols challenging the autonomic regulation to
understand its potentiality and its suitability to be
introduced in clinical protocols.
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