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To examine the baroreceptor reflex function, a beat-to-beat
analysis between systolic blood pressure (SBP) and R-R interval
fluctuations was studied in 10 stable appropriate-for-gestational
age preterm infants (range, 27.2–33.7 wk) in the first postnatal
week during quiet sleep. Spectral power analysis, using fast
Fourier transform, and transfer functions (gain and phase differ-
ence) between SBP and R-R fluctuations were estimated in a
low-frequency band (LF, 0.03–0.2 Hz) and high-frequency band
(HF defined as the frequency band between the 10th and 90th
centiles of the individual respiratory frequency). The LF/HF ratio
reflects the sympathovagal balance. The mean frequency (�SD)
of LF peaks was centered at 0.07 � 0.02 Hz. The mean fre-
quency (�SD) of the individual HF band was 0.82 � 0.21 Hz.
The LF/HF ratio in the R-R interval series [median, 29; inter-
quartile range (IQR), 16–40] was higher than in the SBP series
(median, 8; IQR, 4–14). The gain between R-R interval and SBP
fluctuations (median, 4.2 ms/mm Hg; IQR, 2.4–5.0) in the LF
band was higher than in the HF band (median, 1.7 ms/mm Hg;
IQR, 1.4–3.0). SBP fluctuations lead R-R interval fluctuations in
the LF band with a median phase difference of �96° (IQR,

67–132). At LF the fluctuations in SBP precede changes in R-R
interval with a time delay of 3.8 s. These observations indicate a
dominant role of the sympathetic system in stable preterm infants
in comparison with published adult values. Cross-spectral anal-
ysis allows a test for tracking the development of the sympathetic
system in neonates. (Pediatr Res 53: 89–97, 2003)

Abbreviations
BP, blood pressure
BR, baroreceptor reflex
BW, birth weight
GA, gestational age
HF, high frequency (frequency between P-10 and P-90 of the
individual respiratory frequency)
HR, heart rate
IQR, interquartile range (P-25–P-75)
LF, low frequency (0.03–0.2 Hz)
PCA, postconceptional age
R-R, R-R interval length
SBP, systolic blood pressure

The autonomic nervous system plays a key role in BP
control by adapting HR and total peripheral resistance. Multi-
ple physiologic mechanisms are responsible for fluctuations in
HR and BP: respiration, BR, and thermoregulation. Power
spectral analysis of the R-R interval series permits us to
evaluate aspects of cardiovascular autonomic control (1). A HF
spectral peak occurs at the respiratory frequency. A LF spectral
peak, synchronous with Mayer waves in BP, occurs around 0.1
Hz and is attributed to the BR (2). Very low frequency
oscillations (below 0.03 Hz) are ascribed to peripheral resis-
tance fluctuations caused by thermoregulation. HF fluctuations

are associated with the parasympathetic system, whereas LF
fluctuations are related to sympathetic and parasympathetic
activity (3). The LF/HF ratio reflects the sympathovagal bal-
ance (3).

The BR can be considered a closed-loop circuit: BP fluctu-
ations affect R-R interval fluctuations and vice versa (4).
Spectral analysis technique and BR activation through postural
change enable the assessment of BR gain/sensitivity in human
adults (5, 6). Cardiovascular reflexes using spectral power
analysis of R-R interval series have been studied in preterm
and full-term infants (7–11). The LF/HF ratio progressively
decreases with postnatal age, indicating an increase in para-
sympathetic contribution to control HR (8, 9, 11). In general,
these findings suggest that in preterm infants BR becomes
more functional with postnatal development. To our knowl-
edge cross-spectral analysis of BP and R-R interval fluctua-
tions have not been examined earlier in preterm and term
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infants for the estimation of BR sensitivity. This stimulated our
interest in evaluating the cardiovascular autonomic control in
stable preterm infants by studying the relationship between
spontaneous fluctuations of invasively measured BP and R-R
interval signals. The objectives of this investigation were to
determine the feasibility of cross-spectral analysis of R-R
interval and SBP series, evaluating the sympathovagal balance
(LF/HF ratio) in both R-R intervals series and SBP series, and
assessing the transfer function (BR gain/sensitivity and phase)
in stable preterm infants.

METHODS

Subjects. The study group consisted of 10 stable preterm
infants. The GA ranged from 27.2 to 33.7 wk, and BW ranged
from 800 to 2050 g. Six infants were born spontaneously, and
four were delivered by cesarean section. All infants received
prenatal steroids. The 5-min Apgar ranged between 5 and 10,
and the umbilical arterial blood pH ranged between 7.2 and
7.4. All infants were appropriate-for-gestational age, according
to the Dutch growth charts (12). All infants were studied once
in the immediate postintensive care phase between 2 and 8 d of
postnatal life. Arterial catheters were neither inserted nor re-
mained longer in place because of the study. The PCA ranged
from 28.1 to 34.3 wk. All infants were breathing room air
spontaneously. There were no signs or symptoms of asphyxia,
respiratory distress, sepsis, or patency of the ductus arteriosus
at the time of the study. None had echoencephalographic
evidence of cerebral hemorrhage or parenchymal lesions.
Echocardiography revealed no structural abnormalities. All
subjects received caffeine therapy (blood levels, 11–17 mg/L)
to prevent apnea. Caffeine was administered once a day at
midnight. Recordings were made at least 12 h after caffeine
administration. Cardiotropic drugs were not used. Values of
electrolytes, blood gas analysis, and hematocrits were all
within normal range. Informed consent was obtained from the
parents of each infant. The study was approved by the local
ethics committee.

Data acquisition. A bipolar chest lead of the surface ECG
and the transthoracic electric impedance waveforms were re-
corded by Hewlett Packard neonatal monitor type Merlin
(Waltham, MA, U.S.A.). Arterial BP was measured invasively
through a 4F catheter placed earlier in the lower aortic position
for routine monitoring of vital functions and intensive care
management. A 0.5-mL/h infusion of heparinized physiologic
saline solution was continuously flushed through the catheter.

Recordings were made in the prone position for 1–2 h. Data
segments were selected subsequently during periods of regular
breathing and spontaneous sleep with closed eyes and without
gross body movements (quiet sleep state) (13). Data analysis
was performed on 192-s-long stationary segments. Because
preterm infants have an immature and irregular respiratory
drive, 3-min segments were chosen as a compromise between
the demands of sufficient duration and signal stability. The
quality of the signals was visually verified for artifacts, ectopic
beats, baseline drifts, apnea periods, or gross bradycardia.

Frequency ranges of interest. The whole frequency band of
interest was the range between 0.03 and 2 Hz. The very low

frequency band (0–0.03 Hz) was discarded to avoid possible
contribution of slow trend artifacts. In addition, fast Fourier
transform has a limited accuracy of power estimation in this
frequency range using records of relatively short duration. The
LF band was defined as the frequency range between 0.03 and
0.2 Hz. Because the HF band primarily contains the reflection
of respiratory activity, the HF band was individualized for each
subject depending on his or her respiratory drive. The respira-
tion rate was estimated by peak detection of the thoracic
waveforms resulting in a mean value and a bandwidth between
the 10th and 90th centiles (P-10 and P-90, respectively) of the
breath-by-breath frequency. The frequency range between
these centile values was used to identify each subject’s indi-
vidual HF band. The upper spectral limit of the HF band (the
90th centile of the respiratory frequency) was less than half of
the mean HR, thereby meeting the requirements of the Nyquist
critical frequency. An example of a spectral power density
curve is shown in Figure 1.

Data analysis. The sample frequency was 400 Hz for the
ECG signals and 100 Hz for the arterial BP and transthoracic
electric impedance signals. The sampling error of R top detec-
tion was optimized using a second-order polynomial fit, result-
ing in an accuracy of R top detection of 0.2 ms. R waves were
detected from the ECG, and an unevenly spaced R-R interval
sequence was created. This sequence was resampled using a
BoxCar window at 4 Hz to obtain an equidistantly spaced time
series (14). The mean R-R interval was calculated and sub-
tracted from all data points to remove the direct current com-
ponent. SBP was identified from peak detection of the BP
signal, resulting in an unevenly spaced “systogram.” The sys-
togram was converted into an equidistantly spaced time series
using the same resampling method as used for the R-R interval
time series.

Each 192-s-long segment of preprocessed evenly spaced
R-R interval and SBP series was subdivided into five half-
overlapping 64-s (256 points) segments. To reduce the effects
of spectral leakage each segment was multiplied with a trian-
gular Parzen window (15). Fast Fourier transform was used to
compute the auto- and cross-spectral density functions for each
segment. The spectral resolution was 0.016 Hz. Filter correc-
tion removed unwanted side effects of the earlier resampling
and Parzen windowing. A mean discrete amplitude spectrum
was derived from the five autospectral density functions. Pow-
ers in the ranges of interest were calculated from the obtained
mean autospectral density functions. The total power was
computed for the frequency band between 0.03 and 2 Hz. The
values for power are presented in units of square milliseconds
(for R-R interval series) and square millimeters of mercury (for
SBP series). The LF and HF were expressed as normalized
units [e.g. LF/total power � 100%] (3).

Accuracy of power estimation. Using 64-s segments (result-
ing in a spectral resolution of 0.016 Hz) and five half-
overlapping segments, power estimation above 0.03 Hz is
accurate. R-R interval and SBP series can be considered as a
combination of noise-like and signal-like data with a Gaussian
distribution. The SD of the value per frequency bin is 100% of
the calculated power spectral density (16, 17). Averaging five
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spectra leads to a relative SD of the mean amplitude magnitude
per frequency bin of 23%.

Transfer function analysis. The amount of linear coupling
between two signals in the frequency domain can be expressed
by means of the (squared) coherence function (18). This mea-
sure is comparable to the regression analysis in the time
domain, except that it is computed for each frequency region.
The coherence function, which ranges between 0 (no relation-
ship) and 1 (linear relationship), was used to assess the statis-

tical reliability of the transfer function estimates at each fre-
quency. Only data in which the coherence was above 0.5 were
used in the estimation of the transfer functions. The transfer
functions (gain and phase) between SBP and R-R interval
signals were estimated from the average auto- and cross-
spectral density functions. Gain and phase were assessed in the
LF and HF bands at the frequency of highest coherence.
The gain (milliseconds per millimeter of mercury) reflects the
degree to which the input signal (BP) amplitude becomes

Figure 1. Spectral power curves of R-R interval series and systolic blood pressure series of a spontaneously breathing infant at a PCA of 30 wk. Top, spectral
power curve of R-R interval series. The LF band was defined between 0.03 and 0.2 Hz and is marked between the vertical lines. A clear LF peak was centered
at 0.08 Hz. The individual HF band was defined between the P-10 and P-90 value of the respiratory frequency and is marked between the vertical lines. A modest
HF peak was determined around 0.8 Hz and ranged between 0.65 (P-10) and 0.95 (P-90) Hz. LF and HF are expressed as normalized values (nLF � LF/total
power � 100% and nHF � HF/total power � 100%) and LF/HF value (unitless). Bottom, spectral power curve of SBP. The LF peak for SBP was centered at
0.08 Hz. Note the much more pronounced peak in the HF band, resulting in a lower LF/HF value.
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manifest in the output signal (R-R interval) amplitude at a
discrete frequency. The phase difference (degrees) indicates the
lead or lag of one signal with respect to the other at a discrete
frequency (Figs. 2 and 3).

Spontaneous BR gain/sensitivity. The transfer function gain
was used to estimate frequency-specific BR sensitivity during
normal physiologic fluctuations (19–21). In addition a time
domain estimate was used to describe BR sensitivity. The SD
of (R-R)i intervals (square root of variance or root-mean-
square for the mean) and SBP beat-to-beat values were deter-
mined in the 192-s-long segments. As variance is related to the
total power of spectral analysis, the ratio of SD of (R-R)i

intervals divided by the SD of SBP (milliseconds per millime-
ter of mercury) was used as a time domain estimate for total
variability gain (22).

Statistical analysis. Data with a normal distribution are
expressed as a mean � SD, otherwise data are expressed as a
median and IQR. Comparisons were made with (two-sided)
paired t test for parametric data and the Wilcoxon sign rank test
for nonparametric data. The influence of GA, PCA, and BW on
spectral power values and transfer function variables was
studied by linear regression analysis, using the method of least
squares, and ANOVA. Statistical significance was accepted
with p values less than 0.05.

RESULTS

The clinical characteristics of the study population are
shown in Table 1. From the 192-s-long segments of each infant
the mean and SD of the R-R interval, SBP, and diastolic BP
were calculated.

A representative example of R-R interval spectral power and
SBP spectral power of a spontaneously regular-breathing preterm
infant (mean respiratory frequency, 0.8 Hz; P-10, 0.65 Hz; and
P-90, 0.95 Hz) at a PCA of 30 wk is shown in Figure 1. In the
spectra the following features are characteristic: 1) a higher peak
in the LF band compared with the HF band, both in R-R interval
and SBP power spectrum; 2) the LF peak is centered around 0.08
Hz, both in R-R interval and SBP power spectrum; and 3) a clear
HF peak in the SBP power spectrum and a less pronounced HF
peak in the R-R interval power spectrum.

Table 2 displays the resulting spectral power values and the
LF/HF ratios for the study group. In all subjects LF and HF
peaks could be determined. The mean frequency of the LF
peak was 0.07 � 0.02 Hz. In all subjects an individual respi-
ratory frequency rate (mean and P-10, P-90 centile boundaries
of the individual HF band) could be calculated. The mean
frequency of the individual HF band was 0.82 � 0.21 Hz.
Normalized LF power in R-R interval series (median, 74%;
IQR, 70–76) were significantly higher than SBP series (medi-
an, 60%; IQR, 50–64). In contrast, the normalized HF power
in R-R interval series (median, 3%; IQR, 2–5) was significantly
lower than SBP series (median, 7%; IQR, 4–14). The LF/HF
ratio in R-R interval series (median, 29; IQR, 16–40) was
significantly higher than in SBP series (median, 8; IQR, 4–14).

Figures 2 and 3 illustrate examples of the cross-spectral
transfer function analysis between R-R interval and SBP sig-
nals of the same preterm infant as in Figure 1.

The mean and SD of coherence between R-R interval and
SBP in the LF band was 0.75 � 0.13, whereas coherence
between R-R interval and SBP in the HF band was 0.83 �

Figure 2. Spectral power curves and coherence of the same infant as in Figure 1. This figure shows the coherence function for the linear relationship between
SBP and R-R interval series. The vertical lines indicate the boundaries of the LF and HF bands. Note the high coherence in both LF and HF. The horizontal line
indicates the coherence value of 0.5; above this value a reliable estimate was considered for the transfer function variables. The frequency values with the highest
coherence in LF (0.08 Hz) and HF (0.83 Hz) were chosen (indicated as dots) to compute gain and phase (Fig. 3).
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0.09. The high coherence between R-R interval and SBP
implicates reliable estimates of the transfer functions gain and
phase. The gain between R-R interval and SBP (median, 4.2
ms/mm Hg; IQR, 2.4–5.0) in the LF band was higher in the HF
band (median, 1.7 ms/mm Hg; IQR, 1.4–3.0; p � 0.05). At LF
the phase difference was positive for all subjects; a median
phase difference of �96° (IQR, 67–132) was calculated. At HF
the phase difference was positive (BP fluctuations leading HR
changes; n � 7) or negative (BP fluctuations following HR
changes; n � 3), a median phase difference of �87° (IQR, �85

to � 94) was calculated. Mean R-R interval and mean SBP
were not related to any transfer function value.

The median value of the ratio of SD of (R-R)i intervals
divided by the SD of SBP beat-to-beat values was 3.2 ms/mm
Hg (IQR, 2.3–4.5). Figure 4 shows the correlation between LF
cross-spectral and time domain gain. LF cross-spectral analysis
correlated significantly with the time domain assessment of
spontaneous BR sensitivity (r2 � 0.70; y � 1.1x � 0.4; p �
0.01). HF cross-spectral analysis did not show a significant
correlation with the time domain index.

Figure 3. Transfer function parameters of the same infant as in Figure 1. Top, gain as function of frequency. The vertical lines indicate the boundaries of the
LF and HF bands. The indicated dots (LF, 3.9 ms/mm Hg; HF, 3.2 ms/mm Hg) correspond with the frequency values with the highest coherence (see Fig. 2).
Bottom, phase as function of frequency. The phase spectrum has positive values if BP fluctuations leading HR fluctuations. The vertical lines indicate the
boundaries of the LF and HF bands. The indicated dots (LF, 78°; HF, 97°) correspond with the frequency values with the highest coherence (see Fig. 2).
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No clear influence of GA, PCA, BW, and type of delivery
(spontaneous or cesarean section) could be demonstrated on
spectral power values, LF/HF ratios, and the transfer function
variables.

DISCUSSION

Our data demonstrate for the first time that cross-spectral
analysis of R-R interval series and beat-to-beat SBP series is

feasible in stable preterm infants. Some of these aspects are
different from human adult data (3–6). First, our results show
high LF/HF ratios in both R-R interval series and beat-to-beat
SBP series during resting conditions. Second, the LF peaks of
R-R interval and SBP fluctuations are centered around 0.07 Hz.
Third, the magnitude of the transfer function (BR gain/
sensitivity) between R-R interval and SBP is higher in the LF
range (approximately 4 ms/mm Hg) than in the HF range
(approximately 2 ms/mm Hg). In accordance with human adult
data (4, 18), we found a consistent positive phase difference
between SBP and R-R interval fluctuations in the LF range.
However, our data suggest that preterm infants have a longer
time delay of the baroreceptor loop. We found that cross-
spectral LF (BR) gain correlates significantly with a time
domain estimate for total variability gain.

These observations do not allow us to discuss the participa-
tion of the autonomic nervous system in preterm infants in
response to abnormal situations (hypotension or hypertension).
It would be interesting to know whether more mature preterm
infants present a better adaptation capability during pathologic
conditions. These studies could be difficult to perform as they
will be based on challenging the BR loop with different
maneuvers to increase or decrease BP. This of course could be
pursued using animal models with all their limitations as it is
very difficult to work with very premature animal models.

LF/HF ratio. The LF/HF ratio in human adults is close to 1
during resting supine condition (3). We found, both in R-R
interval and SBP series, much higher LF/HF ratios. In addition,
the higher LF/HF ratio in R-R interval series compared with
SBP series was striking. In R-R interval series, normalized
values of LF power were higher than in SBP series, whereas
normalized values of HF power were lower in R-R interval
series than in SBP series. Despite differences in methodology
(for example, definition of frequency bands) our LF/HF ratio
values are in the same range as that found by others (8, 9, 11).
The high LF/HF ratio in preterm infants during quiet sleep
could be interpreted as a predominance of sympathetic influ-
ence or immature parasympathetic activity. GA has been
shown to correlate with decreasing LF/HF ratio in R-R interval
series with advancing GA (9, 11). The decreasing ratio could
be consistent with an increase of parasympathetic influence. A
low parasympathetic influence in preterm infants could lead to
a situation in which the relatively fast respiratory-induced BP
changes cannot be buffered by modulations of the R-R interval.
Only the parasympathetic system is fast enough to influence
cardiovascular variables in the frequency range of respiration
in preterm infants. The consequence is a relatively high level of
BP lability in the HF range, resulting in a lower LF/HF ratio in
SBP series than in R-R interval series. In fetal lambs breathing
movements were associated with strong fluctuations in BP and
weaker fluctuations in HR (23). In addition it is speculated that
early in life changes in HR do not contribute to a great degree
in reflex control of circulation (24). However, the differences
of HF variability of the two signals are much more complex,
because in fetuses the lungs are full of liquid and thus fetal
breathing movements are not comparable to the breathing
movements of neonates. Still, these fetal findings are in accor-
dance with our observations.

Table 1. Clinical characteristics and time domain measures of the
study population

Gestational age (wk) 30.2 � 2.1
Birthweight (g) 1369 � 395
Postnatal age (d) 5.1 � 1.4
R-R interval (ms) 432 � 36
SBP (mm Hg) 59 � 8
DBP (mm Hg) 35 � 5

Data are expressed as mean � SD.
Systolic blood pressure (SBP); diastolic blood pressure (DBP).

Table 2. Spectral power values of the study population

R-R
interval
series SBP series

p
value*

Total power 31 (28–59) 3.7 (2.7–4.8)
LF power 21 (18–44) 1.9 (1.6–3.5)
HF power 2 (1–3) 0.3 (0.2–0.6)
Normalized LF power (%) 74 (70–76) 60 (50–64) �0.005
Normalized HF power (%) 3 (2–5) 7 (4–14) �0.005
LF/HF ratio 29 (16–40) 8 (4–14) �0.05

Spectral powers in the ranges of interest were calculated from the obtained
mean autospectral density functions for R-R interval series and systolic blood
pressure (SBP) series. The values for spectral power (Total, LF, and HF power)
are presented in units of ms2 (for R-R interval series) and mm Hg2 (for SBP
series). In addition the LF and HF were expressed as normalized values (for
example: LF/total power � 100%). LF/HF values are unitless.

Data are expressed as median and interquartile range. * Wilcoxon sign rank
test for non-parametric data.

The total power was computed for the frequency band between 0.03 and 2
Hz. The low frequency (LF) band was defined between 0.03–0.2 Hz. The high
frequency (HF) band was defined as the frequency range between the P-10 and
P-90 centile of the individual respiratory frequency.

Figure 4. Correlation diagram between cross-spectral LF gain and time
domain gain. Correlation between cross-spectral LF gain and time domain
estimate for total variability gain [SD of (R-R)i interval series divided by the
SD of systolic beat-to-beat BP values].
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The LF peak. In all subjects LF peaks could be determined,
and the mean of LF fluctuations was centered around 0.07 Hz
(cycle length, 14.3 s). This value is in good agreement with an
earlier study in neonates concerning HR variability (25). In
adults the spectral peak in the LF range is around 0.1 Hz,
corresponding to the so-called 10-s rhythm (3, 26). We hy-
pothesize that the natural frequency of the baroreceptor control
loop in preterm infants is lower than in adults. However, we
have to keep in mind that entrainment of the baroreceptor loop
is not easy in these tiny infants. We are developing research to
explore this hypothesis further by challenging the BR through
tilt testing by measuring simultaneously HR, beat-to-beat SBP,
and blood flow. Relatively low conductivity in the immature
nervous system could be responsible for a longer time delay in
the BR loop, resulting in a lower natural frequency of the
control loop.

The magnitude of the transfer function (BR gain/
sensitivity). The gain was calculated for frequencies with a
coherence greater than 0.5, indicating a linear dependency
between R-R interval and SBP signals. In our study population
of preterm infants the cardiovascular variability was particu-
larly present in the LF range. This resulted in a higher gain of
the transfer function between R-R interval and SBP series in
the LF range, compared with that in the HF range. In the LF
range the gain was approximately 4 ms/mm Hg, and in the HF
range approximately 2 ms/mm Hg. Gain calculated for human
adults is much higher, approximately 10–20 ms/mm Hg (4–6,
27–29). However, in contrast to our findings, the HF gain in
adults is higher than the LF gain (4, 5, 29). Assuming a higher
vagal activity in adult life during rest one might expect higher
gain in the HF range compared with the LF range in adults.
Higher LF gain, however, might indicate a sympathetic pre-
dominance in preterm infants. From spontaneous, nonrespira-
tory-related SBP and R-R interval variations, a BR sensitivity
of 4 � 2 ms/mm Hg was assessed in preterm infants (30). In
fetal lambs a gain of 4 ms/mm Hg was assessed using norepi-
nephrine to increase BP (31). Data in neonatal rabbits and
lambs showed the relationships between BP and R-R interval
fluctuations are greatest at lower frequencies (19, 32, 33).
Despite differences in methodology and species, the results of
these (neonatal) studies are in accordance with our data and
differ from human adult data. To our knowledge no compara-
tive transfer function data are available in full-term infants.
The reason for this lack of data is unclear, but may be related
to the fact that small preterm infants have arterial lines for
monitoring and blood withdrawal, whereas term babies with
lines are mostly asphyxiated or in extreme respiratory distress
and do not represent normal physiology.

The phase of the transfer function. The phase of the
transfer function indicates the temporal relationship between
the signals in the frequency domain (6, 19). However, in case
of an intact baroreceptor closed-loop system, judgment con-
sidering causality and interpretation of the phase spectrum is
hampered, because it is not clear whether one signal leads
another by 360° � n degrees or is behind by 360° � n degrees.
The phase difference of �96° at 0.07 Hz (cycle length, 14.3 s)
represents a time delay of 3.8 s. We interpreted this as at LF,
changes in BP lead the change in R-R interval for the following

reasons. First, consistent BR activity is R-R interval lengthen-
ing in response to an increase in BP, or R-R interval shortening
in response to a decrease in BP (30). Second, the temporal
relationship between the signals, illustrated in Figure 5,
strongly suggests LF fluctuations in SBP precede fluctuations
in R-R intervals for about the calculated time delay of approx-
imately 4 s. It is highly unlikely that at LF, R-R interval
changes precede arterial pressure changes with a latency of
14.3 � 3.8 � 10.5 s.

In human adults, a LF peak at 0.10 Hz and a phase difference
of approximately 60–70° (pressure leads R-R interval) are
calculated (4, 6, 34). This corresponds with a far lesser time
delay between BP and R-R interval fluctuations in human
adults, approximately 2 s. These findings suggest that preterm
infants have a longer time delay of the baroreceptor loop.

In case of HR frequencies of 2.5 Hz and respiratory frequen-
cies of approximately 0.8 Hz, taking into account the closed
loop properties, interpretation of the phase shift in the HF
range is not possible. We did not found a consistent positive or
negative phase difference at HF. It is not clear whether HF
fluctuations in SBP lead or lag fluctuations in R-R intervals
(Fig. 5).

Frequency domain (transfer function) versus time domain
assessment of BR gain. Transfer function can be used effec-
tively to estimate the BR sensitivity provided that the phase
relationship and coherence between variables are considered
(4, 19–21). We found a strong and significant correlation
between frequency-specific transfer function gain in the LF
band and a time domain estimate for total variability gain. To
our knowledge this has never been demonstrated before. Time-
domain analysis of variability refers to statistical calculations

Figure 5. Temporal relationship between SBP and R-R interval of the same
infant as in Figure 1. R-R interval (left y axis) and SBP (right y axis) values are
shown as a function of time (x axis). Time is expressed in seconds. Besides HF
fluctuations, related to the respiratory frequency, approximately five LF fluc-
tuations in this trace of 60 s can be seen from the signals, corresponding with
an LF peak of approximately 0.08 Hz. LF fluctuations of BP precede BR
changes in R-R intervals with a time delay varying between 2 and 6 s (period
between arrows).
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of adjacent (e.g. R-R interval values) intervals, e.g. modifica-
tions of the mean, SD, sorting and selecting, and slope changes
(35). An example of a simple time domain index is the SD of
(R-R)i intervals within a period. This index has been thought to
result from the dynamic balance between the sympathetic and
parasympathetic components of the autonomic nervous system
(36). The SD of (R-R)i intervals or SBP-to-SBP values within
a certain period reflects the total variance of the signal. Power
spectral density analysis provides the basic information of how
power (variance) distributes as a function of frequency. Be-
cause LF power has been demonstrated to be dominant in both
R-R and SBP frequency analysis, it is not surprising that the
BR gain derived from cross-spectral analysis correlates
strongly with a time domain estimate for total variability gain.
In other words BR gain/sensitivity in the LF range can be
estimated by a simple time domain index.

Methodological considerations. The small size of the group
and the range in GA in our study population explains the lack
of evidence of the effect of GA, PCA, and BW on any of the
spectral power values or the transfer function variables in the
study group. Another possible limitation of the study might be
the effect of antenatal administration of steroids on glucocor-
ticoid-dependent maturation of the BR and fetal HR variability.
Antenatal glucocorticoids decrease the sensitivity of the BR
after birth in a preterm delivered sheep model (37). In human
fetuses antenatal glucocorticoids transitorily lower short- and
long-term fetal HR variability for 1–3 d after administration
and normalize at d 4 (38). Although the period between
antenatal glucocorticoid administration and postnatal measure-
ment was at least 5 d in this study, it is possible that our
postnatal results might reflect the effect of antenatal steroids
rather than normal development of the preterm infant. Another
issue concerns the physiologic significance of HR variability
with respect to autonomic nervous system and maturation.
Inasmuch as HR variability reflects the response of the sino-
atrial node to the effects of the autonomic nervous system, it is
possible that specific receptors of the sinoatrial node are not
mature at the same time in preterm infants. HR variability may
thus not necessary reflect the direct input of the autonomic
system.

CONCLUSION

In conclusion, we studied cardiovascular variability in stable
preterm infants by means of cross-spectral analysis of R-R
interval and SBP fluctuations. We found high LF/HF ratios in
both R-R interval series and SBP series in preterm infants. The
magnitude of the transfer function (BR gain or sensitivity)
between R-R interval and SBP is higher in the LF band than in
the HF band. This suggests that a high LF/HF ratio, reflecting
an altered sympathovagal balance, might be a result of in-
creased sympathetic activity. Our findings suggest a longer
time delay of LF fluctuations between BP and R-R interval in
preterm infants (approximately 4 s) than in human adults
(approximately 2 s). The cross spectral signal analysis is an
interesting technique because it could offer a test for tracking
the development of the sympathetic system.
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