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Background One of the principal explanations for respiratory sinus 
arrhythmia is that it reflects arterial baroreflex buffering of respiration-
induced arterial pressure fluctuations. If this explanation is correct, then 
elimination of RR interval fluctuations should increase respiratory arterial 
pressure fluctuations.  

Methods and Results We measured RR interval and arterial pressure fluctuations during 
normal sinus rhythm and fixed-rate atrial pacing at 17.2±1.8 (SEM) beats per minute greater 
than the sinus rate in 16 healthy men and 4 healthy women, 20 to 34 years of age. 
Measurements were made during controlled-frequency breathing (15 breaths per minute or 
0.25 Hz) with subjects in the supine and 40° head-up tilt positions. We characterized RR 
interval and arterial pressure variabilities in low-frequency (0.05 to 0.15 Hz) and respiratory-
frequency (0.20 to 0.30 Hz) ranges with fast Fourier transform power spectra and used cross-
spectral analysis to determine the phase relation between the two signals. As expected, cardiac 
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pacing eliminated beat-to-beat RR interval variability. Against expectations, however, cardiac 
pacing in the supine position significantly reduced arterial pressure oscillations in the 
respiratory frequency (systolic, 6.8±1.8 to 2.9±0.6 mm Hg2/Hz, P=.017). In contrast, cardiac 
pacing in the 40° tilt position increased arterial pressure variability (systolic, 8.0±1.8 to 
10.8±2.6, P=.027). Cross-spectral analysis showed that 40° tilt shifted the phase relation 
between systolic pressure and RR interval at the respiratory frequency from positive to 
negative (9±7° versus -17±11°, P=.04); that is, in the supine position, RR interval changes 

appeared to lead arterial pressure changes, and in the upright position, RR interval changes 
appeared to follow arterial pressure changes.  

Conclusions These results demonstrate that respiratory sinus arrhythmia can actually 
contribute to respiratory arterial pressure fluctuations. Therefore, respiratory sinus arrhythmia 
does not represent simple baroreflex buffering of arterial pressure.  

 
Key Words: waves • nervous system, autonomic • reflex • physiology • Fourier analysis  

 

  
One of the principal explanations for respiratory RR interval fluctuations, or 
respiratory sinus arrhythmia, is that they represent baroreflex buffering of 
arterial pressure changes induced by the mechanical effects of breathing on 
intrathoracic pressures, venous return to the heart, and ventricular preload 

and afterload.1 2 3 4 5 6 7 Prospective testing of this hypothesis has been 
difficult in humans. The most obvious way to discern the relation between respiratory RR 
interval and arterial pressure fluctuations is to obtain measurements with and without RR 
interval fluctuations. Investigators have fixed RR interval in two ways: they have given large 
atropine doses to healthy subjects3 4 6 8 9 10 or paced the heart in patients with cardiac 
pacemakers.8 Neither approach is entirely satisfactory. Cholinergic blockade with atropine not 
only stabilizes the RR interval but also increases arterial pressure3 4 6 8 10 ; pressure 
elevations may affect arterial compliance11 and thereby change the magnitude of arterial 
pressure variability, independent of RR interval changes. Therefore, this physiology may be 
studied more simply by fixed-rate cardiac pacing. However, patients with pacemakers usually 
have heart disease, which may alter the relation between arterial pressure and RR interval. 
The only available data on cardiac pacing in healthy hearts are derived from dogs and suggest 
that respiratory sinus arrhythmia generates respiratory-frequency fluctuations in arterial 
pressure.12 13 Thus, the fundamental relation between RR interval and arterial pressure 
oscillations in humans remains uncertain.  

We circumvented the problems with human research simply by studying healthy volunteers 
with and without atrial pacing with an esophageal electrode. Our atrial pacing paradigm 
during controlled-frequency breathing allowed us to characterize arterial pressure oscillations 
in the presence and absence of respiratory sinus arrhythmia without affecting average arterial 
pressures. We tested the hypothesis that if heart rate variability represents baroreflex 
buffering of arterial pressure, abolition of heart rate variability should augment arterial 
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pressure variability. Our study yields opposite results and suggests that respiratory sinus 
arrhythmia contributes importantly to arterial pressure fluctuations in supine humans.  

 

  
Subjects 
We studied 16 healthy men and 4 healthy women, 20 to 34 years of age. 
None were on medications, all were nonsmokers, and all had average levels 
of physical activity. This study was approved by the institutional review 
boards for human experimentation of the Hunter Holmes McGuire 
Department of Veterans Affairs Medical Center and the Medical College of Virginia. All 
subjects gave their written informed consent to participate.  

Measurements and Protocol 
We measured RR intervals from lead II of the ECG. We estimated beat-to-beat arterial 
pressure from the middle phalanx of the middle finger of the left hand with a 
photoplethysmograph (Finapres, model 2300, Ohmeda). This device has been validated for 
power spectral analysis of arterial pressure variability.14 We also measured brachial arterial 
pressure with an oscillometric device (Dinamap, Critikon) placed on the right arm. A bellows 
around the subject's upper abdomen was connected to a strain-gauge pressure transducer to 
indicate respiratory excursions.  

We paced the heart at a constant rate with transesophageal electrical stimuli sufficient to 
override normal sinus rhythm consistently. A bipolar electrode (TAPSUL or TAPCATH, 
Arzco) was introduced either orally or nasally and positioned in the esophagus behind the left 
atrium. The location of the electrode was considered adequate when the atrial electrogram 
voltage was equal to or greater than the QRS voltage and when a satisfactory paced rhythm 

was maintained. Transesophageal atrial pacing is sometimes associated with significant 
discomfort; adequate pacing without undue discomfort at stimuli <20 mA was achieved in 
70% of the trials (see below).  

Measurements were made during 7 minutes of controlled-frequency breathing (15 breaths per 
minute, 0.25 Hz) with normal sinus and paced rhythm. Cardiac pacing was set at a rate that 
minimized the number of breakthrough sinus beats (17.2±1.8 beats per minute [mean±SEM] 
greater than sinus rate). Measurements were made with subjects in both the supine and 40° 
passive head-up tilt positions. Paced rhythm was not achieved in all subjects in both positions; 
data were obtained on a total of 14 subjects in the supine position and 14 subjects in the 40° 
head-up tilt position.  

Data Analysis and Statistics 
The ECG, respiration, and beat-to-beat arterial pressure waveforms were recorded on FM tape 
and subsequently digitized at 1000 samples per second for off-line analysis with signal 
processing software (CODAS, Dataq Instruments; DADiSP, DSP Development Corp). The 
recording speed and digitizing rate of these data allowed accurate measurement of RR 
intervals to the nearest millisecond.  
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Consistent cardiac pacing was difficult to achieve; therefore, the 4 minutes with the highest 
ratio of paced to sinus rhythm RR intervals were extracted from the 7 minutes of pacing for 
data analysis. On average, normal sinus rhythm accounted for only 3% of all cardiac intervals 
evaluated (range, 0% to 12%), and the occurrence of normal sinus rhythm during pacing did 
not have a consistent, time-dependent pattern in any subject. The corresponding 4-minute 

period was extracted from the 7 minutes of normal sinus rhythm for comparison.  

The means and SDs for the RR interval and systolic and diastolic pressures were calculated 
from the beat-to-beat values. Frequency domain analysis of variability was performed on 
beat-to-beat RR intervals, beat-to-beat systolic and diastolic pressures, and the respiratory 
signal. A power spectrum analysis technique based on the Welch algorithm of averaging 
periodograms was used.15 The 240-second time series of beat-to-beat RR interval and systolic 
pressure were interpolated at 4 Hz to obtain equidistant time intervals and then divided into 
three equal overlapping segments. Each segment was detrended, Hanning filtered, and fast 
Fourier transformed to its frequency representation squared. The periodograms were averaged 
to produce the spectrum estimate. This method yielded a frequency resolution of 0.0042 Hz. 
The areas under power spectra in the low and respiratory frequencies (defined as 0.05 to 0.15 
and 0.20 to 0.30 Hz) were integrated and used for statistical comparisons.  

Coherence and phase between systolic pressure and RR interval variabilities during normal 
sinus rhythm were assessed by cross-spectral analysis based on models previously described.5 
16 When the coherence function exceeds 0.5 (range, 0 to 1) at any frequency, the phase 

function provides a statistically reliable estimate of the time relations between the two signals. 
A negative phase suggests that changes in input (systolic pressure) precede changes in output 
(RR interval); a positive phase suggests the converse.16 We interpreted a negative phase as 
suggestive of a baroreflex link between RR interval and systolic pressure because of known 

baroreflex latencies; pressure changes provoke RR interval changes with latencies as short as 
0.24 second.17  

The results from a 2x2 ANOVA of the data from those subjects who could be paced in both 
the supine and 40° tilt positions (n=8) did not differ from the results of paired and unpaired 

Student's t tests of all subjects' data (n=14). Therefore, we used Student's paired t test to assess 
the effects of cardiac pacing and Student's unpaired t test to assess the effects of 40° tilt. A 
value of P=.05 was considered significant. All values are given as mean±SEM.  

 

  
Breathing frequency was well controlled for all conditions in all subjects: 
respiratory power was always centered near 0.25 Hz and concentrated 
within 0.20 to 0.30 Hz. During normal sinus rhythm, RR interval and all 
indexes of RR interval variability were less in the 40° tilt than in the supine 
position (the Table ). Forty-degree tilt did not affect average arterial 
pressures or respiratory-frequency arterial pressure variability; however, 40° tilt did increase 
low-frequency arterial pressure variability. Fig 1  is a tracing from a representative subject. 
As expected, RR interval was less, with essentially no beat-to-beat variability during cardiac 
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pacing. Average data from all subjects are depicted in Figs 2 through 4  and are given in 
the Table . Cardiac pacing in both the supine and 40° tilt positions had no effect on average 
arterial pressures. However, cardiac pacing had significant effects on arterial pressure 
oscillations in the respiratory frequency (Fig 2 ). In the supine position, elimination of sinus 

arrhythmia decreased respiratory-frequency systolic and diastolic (not shown) pressure 
variabilities by 44% and 31% (both P<.05). In contrast, in the 40° tilt position, elimination of 
sinus arrhythmia increased respiratory-frequency arterial pressure variabilities. Systolic 
variability increased by 40%, and diastolic variability increased by >100% (both P<.05). In 
the supine position, elimination of RR interval fluctuations did not alter low-frequency arterial 
pressure variabilities. In the 40° tilt position, elimination of RR interval fluctuations did not 

alter low-frequency systolic pressure variability but almost doubled low-frequency diastolic 
pressure variability.  

 

 

 

 

View this table: 
[in this window] 

[in a new window] 
  

Table 1. Average RR Intervals, Arterial Pressures, and Indexes of 
Variability During Sinus and Paced Cardiac Rhythm With Patients 
in the Supine and 40° Tilt Positions 

 
View larger version (39K): 

[in this window] 
[in a new window] 

  

Figure 1. Experimental record from one supine 
subject during sinus and paced rhythm with 
controlled-frequency respiration. 

 
View larger version (29K): 

[in this window] 
[in a new window] 

  

Figure 2. Average RR interval and systolic pressure 
power spectra during sinus and paced rhythm with a 
patient in the supine and 40° tilt positions. 

Figure 3. Average coherence (solid lines) and phase (dotted 
lines) relations between systolic pressure and RR interval 
variabilities with subjects in the supine and 40° tilt positions. 
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Cross-spectral analysis provided further insight to the position-dependent relation between 
arterial pressure and RR interval variabilities during normal sinus rhythm (Fig 3 ). There was 
significant coherence between systolic pressure and RR interval variabilities in both low and 
respiratory frequencies in both positions (average coherence >0.72). The phase of the systolic 
pressure–RR interval relation in the low-frequency range was not different in the supine and 
40° tilt positions (-44±8° versus -48±4°). However, the phase of the systolic pressure–RR 

interval relation in the respiratory frequency was positive in the supine position but negative 
in the 40° tilt position (9±7 versus -17±11, P=.04). These results suggest that systolic pressure 
variations in the low frequency precede RR interval variations, regardless of whether subjects 
are supine or tilted. In contrast, the phase estimates suggest that systolic pressure variations in 
the respiratory frequency follow those in RR interval when subjects are supine but precede 
those in RR interval when subjects are tilted.  

 

 
View larger version 

(20K): 
[in this window] 

[in a new window] 
  

The phase lines are darkened where coherence exceeds 0.5. 

 
View larger version 

(14K): 
[in this window] 

[in a new window] 
  

Figure 4. Autoregressive power spectra of RR interval 
during sinus and paced rhythm from the subject in Fig 1 . 
Autoregressive-derived values for center frequency (f), 
absolute power (P), and normalized units (nu) are shown for 
low-frequency (LF) and respiratory-frequency (HF) RR 
interval variability. 
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Our data provide unique insight to fundamental relations between RR 

interval and arterial pressure oscillations in humans. The effects of cardiac 
pacing indicate that RR interval fluctuations subserve a conventional 
baroreflex role in buffering arterial pressure fluctuations only when 
mechanical influences on arterial pressure (eg, respiration, central blood 
volume) are greater than those in healthy supine humans.  

These results clearly demonstrate that RR interval fluctuations at the respiratory and low 
frequencies do not dampen, and in fact can augment, arterial pressure fluctuations in supine 
humans. Respiratory-frequency systolic pressure variations follow RR interval variations, and 
respiratory arterial pressure variability is decreased by fixed-rate atrial pacing. Although low-
frequency systolic pressure variations precede RR interval variations, these pressure 
oscillations are unaffected by fixed-rate atrial pacing. In contrast, both respiratory-frequency 

and low-frequency RR interval fluctuations dampen arterial pressure fluctuations in tilted 
humans. Systolic pressure variations in the respiratory and low frequencies precede those in 
RR interval, and arterial pressure variability is increased by fixed-rate atrial pacing. These 
data suggest that body position in part determines the mechanisms for the linkage between 
arterial pressure and RR interval.  

Respiratory-Frequency Oscillations 
Respiration-synchronous fluctuations in intrathoracic pressure provoke fluctuations in stroke 
volume,2 which contribute to respiratory-frequency arterial pressure variability in humans.1 3 
4 Presumably, this arterial pressure fluctuation provokes parallel changes in arterial 
baroreceptor activity and increases and decreases in cardiac vagal outflow, resulting in 
respiratory sinus arrhythmia.5 7 10 16 By this reasoning, respiratory sinus arrhythmia arises 
from a baroreflex mechanism that should counteract stroke volume fluctuations and reduce 
arterial pressure fluctuations.3  

Investigation of this hypothesis in healthy humans has relied on muscarinic blockade to 
reduce RR interval variability.3 4 6 8 9 10 However, muscarinic blockade also increases 
arterial pressure3 4 6 8 10 and decreases beat-to-beat sympathetic vasomotor outflow,18 both of 
which affect arterial compliance.11 Altered arterial compliance may explain the increased 
arterial pressure variability with muscarinic blockade in humans.3 9 10 Fixed-rate atrial 
pacing, a simpler way to prevent RR interval variability, reduces respiratory-frequency 

arterial pressure variability in dogs.12 13 We found that fixed-rate atrial pacing reduces 
respiratory-frequency arterial pressure oscillations in supine humans. In contrast, we found 
that fixed-rate atrial pacing increases arterial pressure oscillations in tilted subjects. These 
findings may be explained by the position-dependent phase relations between systolic 
pressure and RR interval at the respiratory frequency. The phase relation in the supine 
position was positive, suggesting that systolic pressure oscillations followed those in RR 
interval. Conversely, the phase in the tilted position was negative, suggesting that systolic 
pressure oscillations preceded those in RR interval. A similar phase shift in the systolic 
pressure–RR interval relation with orthostatic stress was described previously.19 A phase shift 
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induced by orthostasis may indicate engagement of the arterial baroreflex; reductions in 
effective blood volume reduce aortic baroreceptive areas,20 resulting in arterial baroreceptor 

engagement. This suggests that respiratory sinus arrhythmia buffers respiratory arterial 
pressure oscillations in upright humans but augments arterial pressure oscillations in supine 
humans.  

This interpretation of our data agrees with the closed-loop models of systolic pressure 
variability formulated by Saul et al6 and Turjanmaa et al.21 These investigators proposed that 
the contribution of RR interval variability to respiratory variance in arterial pressure was 
greater than the contribution of pressure to interval. Furthermore, Saul et al6 suggested that 
the mechanical influences of respiration on arterial pressure are greater in the upright than the 
supine position and in the upright position alter RR interval through the baroreflex. Our data, 
considered with proposed models of respiratory-frequency cardiovascular variability, 
underscore the mutable nature of the links between respiration, arterial pressure, and RR 
interval.  

Low-Frequency Oscillations 
Arterial pressure Mayer waves, occurring at an interval of about 10 seconds or 0.10 Hz in 
humans, are presumed to result from rhythmic, sympathetic vasomotor activity.1 22 23 24 RR 
interval oscillations at this same frequency are mediated by both cardiac sympathetic and 
cardiac vagal outflows12 and are thought to represent arterial baroreflex responses to pressure 
oscillations.10 12 16 Our data demonstrate that in supine humans, low-frequency RR interval 
oscillations follow but do not dampen arterial pressure oscillations; elimination of RR interval 
variability does not increase low-frequency arterial pressure oscillations. However, when 
vascular sympathetic outflow was increased by 40° tilt,25 elimination of low-frequency RR 
interval variability augmented the diastolic pressure Mayer waves. This effect may not have 
been seen in systolic pressure because of the greater dampening of changes in RR interval on 
diastolic pressure; in reaction to a higher systolic pressure, a longer RR interval provides a 

longer diastolic runoff time, resulting in a lower diastolic pressure.16 Therefore, elimination 
of this dampening effect by cardiac pacing markedly enhanced low-frequency diastolic 

pressure variability but had minimal effect on systolic variability. Similar to the results from 
respiratory-frequency arterial pressure variability, these data indicate that low-frequency RR 
interval oscillations buffer low-frequency arterial pressure oscillations only in upright 
humans. Our results in supine humans fit best with the hypothesis that low-frequency arterial 
pressure oscillations result from a latency in baroreflex-induced changes in vascular 

sympathetic outflow—in other words, a pressure-pressure feedback loop.26 Our data do not 
exclude an arterial baroreflex link between low-frequency systolic pressure and RR interval 

oscillations; however, we demonstrated such a link only when sympathetic outflow was 
augmented.  

Study Limitations 
Although we found a high coherence between RR interval and systolic pressure fluctuations 
at both the low and respiratory frequencies, phase estimates provide only gross indexes of the 
time relation between two signals. In a respiratory-frequency cycle of 4 seconds, a positive 
phase relation could indicate that the RR interval output precedes the systolic pressure input 
with a feed-forward delay between 0 and 2 seconds or that the RR interval output follows the 
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systolic pressure input with a feedback delay between 2 and 4 seconds. We interpreted a 
positive phase relation at the respiratory frequency as RR interval leading systolic pressure 

within 2 seconds. The alternative, that systolic pressure leads RR interval within 2 to 4 
seconds, cannot be explained on the basis of known baroreflex latencies; the vagal 
baroreceptor–cardiac reflex latency is less than 1 second.17 However, it may be that our 
estimates of phase, which are not entirely consistent with either feedback or feed-forward 
delays indicate that baroreflex and mechanical links between RR interval and systolic 
pressure are inconstant and that the dominant influence determines the phase relation. 
Nonetheless, our findings of a positive phase in the supine position and a negative phase in 
the 40° tilt position are consistent with the effects of cardiac pacing on respiratory arterial 
pressure oscillations.  

Study Implications 
These data underscore theoretical limitations of time and frequency domain measures of 
baroreflex function derived from spontaneous, parallel changes in arterial pressure and RR 
interval. Short-term changes in systolic pressure and RR interval have been proposed to be 
cause-and-effect events linked through the baroreflex.27 28 The majority of these short-term 
changes are concentrated within a narrow frequency range ( 0.04 to 0.3 Hz), which 
prominently includes both low- and respiratory-frequency oscillations.29 However, our data in 
supine humans minimize a direct baroreflex buffering role for these short-term RR interval 
oscillations. Alternatively, the close relation between the amplitudes of arterial pressure and 
RR interval variabilities may simply reflect the simultaneous effect of respiration on cardiac 
vagal outflow30 and arterial pressure,2 possibly explaining the high baroreflex sensitivity 

derived from beat-to-beat changes.31 Although measures of spontaneous baroreflex function 
may be appropriate in some conditions, our cardiac pacing data bring into question measures 
of baroreflex function derived from either spectral or beat-to-beat analyses in supine humans.  

These data also underscore an important point for quantifying cardiovascular variability with 
power spectral analysis. Appropriate techniques to quantify cardiovascular variability 
continue to be a topic of debate.32 33 34 Dividing the power of the respiratory- and low-
frequency components by the total power across all frequencies (ie, normalizing) has been 
proposed as the most relevant measure of variability.35 Fig 4  shows the result of analyzing 
RR interval variability data in a representative subject (see Fig 1 ) according to the suggested 

autoregressive technique.35 Our results are significantly altered by this analysis; monotonic 
cardiac pacing in the supine position does not alter respiratory sinus arrhythmia measured in 
normalized units (73±9 versus 77±6, P=.734). Only the absolute measure of variability 
reflected the elimination of heart rate oscillations by cardiac pacing; normalizing power at the 
respiratory frequency to total power artificially increased the remaining small component. It 
may be argued that normalized units and absolute units yield complementary information; one 
cannot be considered without taking the other into account. Yet, even in response to a more 
physiological condition, 40° tilt, we found a striking divergence in the results from the two 
autoregressive measures. Absolute low-frequency RR interval power decreased by 30%, 
whereas normalized power increased by 21% from supine to tilt. Thus, results from both 
artificial manipulation of cardiovascular variability by cardiac pacing and the normal 
physiological response to tilt demonstrate that these two measures may not be complementary 
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and explicitly emphasize the need to quantify frequency-specific oscillations with absolute 
values derived from power spectral analysis.  

Conclusions 
Our results challenge the concept that short-term fluctuations in RR interval are linked 
inextricably to those in arterial pressure through the arterial baroreflex. We found that 
elimination of respiratory sinus arrhythmia diminished respiratory-frequency arterial pressure 
fluctuations and therefore do not buffer these arterial pressure fluctuations in supine humans. 
We conclude that respiratory sinus arrhythmia may be mediated by the baroreflex only when 
the mechanical effects of respiration on arterial pressure are greater than those in supine 
humans.  
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