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ChapterChapter 4 — 

Differentiall  contribution of cardiac vagal tone, central 
respiratoryy drive, and respiratory parameters to RSA 

durin gg mental stress and physical exercise 

Jann H. Houtveen, Simon Rietveld, & Eco J. C. de Geus 

Abstract t 

Changess in Respiratory Sinus Arrhythmia (RSA) may result from changes in 
Cardiacc Vagal Tone (CVT), Central Respiratory Drive (CRD), tidal volume, and 
respiratoryy frequency. The differential contribution of these parameters to RSA 
duringg different stressors is not clear, which hampers the interpretation of reduced 
RSAA found in high risk or patient groups. This study tested the contributions of 
thesee determinants to RSA in a within-subject design. Twenty-two healthy 
participantss were submitted to mental stress, relaxation, and mild physical exercise 
duringg three different breathing conditions: normal breathing, breathing 
compressedd room air, and breathing compressed 5% C02-enriched air. The C02-
enrichedd air was used to manipulate CRD, which was estimated with the end-tidal 
partiall  pressure of C02 (PetC02). RSA was measured as high frequency heart 
periodd variability power. Respiratory parameters were derived from the thoracic 
impedancee signal. The Pre-Ejection Period (PEP) was measured to obtain an 
indicationn of changes in the cardiac sympathetic control, and used in combination 
withh changes in heart rate to estimate changes in CVT. Path-analysis demonstrated 
thatt changes in CVT, CRD, and respiratory depth and frequency each had an 
independentt contribution to changes in RSA. Reductions in RSA were enhanced 
byy increases in respiratory frequency and reduced by increases in CRD and 
respiratoryy depth. The relative contributions of these determinants were different 
forr mental stress and physical exercise. To index within-subject changes in CVT, 
changess in RSA should be corrected for changes in PetC02, tidal volume, and 
respiratoryy frequency. 
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ChapterChapter 4 

Introductio n n 

Heartt period variability that is related to respiration is known as Respiratory Sinus 
Arrhythmiaa (RSA). Between-subject clinical studies have demonstrated that 
reducedd RSA is associated with cardiac disease (Hayano et al., 1991; Kleiger, 
Miller ,, Bigger, & Moss, 1987; Lombardi et al., 1987; Martin et al., 1987; Saul et 
al.,, 1988; Singer et al., 1988), hypertension (Julius, Pascual, & London, 1971; 
Mallani,, Pagani, Lombardi, Guzzetti, & Cerutti, 1991), anxiety (Thayer, 
Friedman,, & Borkovec, 1996; Watkins, Grossman, Krishnan, & Sherwood, 1998), 
andd depression (see Musselman, Evans, & Nemeroff, 1998). Within-subject 
psychophysiologicall  studies have demonstrated that psychological stress (Allen & 
Crowell,, 1989; Kamphuis & Frowein, 1985; Langewitz & Ruddel, 1989) and 
physicall  exercise (Hatfield et al., 1998; Tulppo, Makikallio, Kakala, Seppanen, & 
Huikuri,, 1996) reduce RSA, while increased RSA is associated with conditions of 
psychologicall  relaxation (Skakibara, Takeuchi, & Hayano, 1994). Thus, RSA is 
noww widely considered of great importance in both fundamental and clinical 
(psycho)physiologicall  research. A major point of discussion, however, is the 
interpretationn of RSA as an index of central 'cardiac vagal tone', a concept that is 
oftenn not specified in any detail. Independently of changes in cardiac vagal tone, 
rapidd low-tidal volume breathing will reduce the degree of RSA, while slow high-
tidall  volume breathing wil l increase RSA (Allen & Crowell, 1990; Grossman, 
Karemaker,, & Wieling, 1991; Grossman & Kollai, 1993; Kollai & Mizsei, 1990; 
Saul,, Berger, Chen, & Cohen, 1989). In addition, Al-Ani , Forkins, Townend, and 
Cootee (1996) have demonstrated that, independently of the changes in breathing 
pattern,, changes in the central respiratory drive can also influence RSA. 

Inn this paper, RSA is defined to result from the phasic changes in vagal nerve 
activityy at the cardiac sino-artrial node that are linked to the respiratory frequency. 
Cardiacc vagal tone is defined as the basal (tonic) firing rate of the cardiac vagal 
motorr neurons located at the Nucleus Ambiguus (NA). This tonic firing rate of the 
NAA motor neurons (i.e., which Porges (1995) described as the 'smart' vagus) is 
influencedd by central projections including those from amygdalar and 
hypothalamicc (e.g., the paraventricular nucleus) regions, and by projections from 
otherr brain stem nuclei (e.g., the nucleus tractus solitarius). As in the model of 
Berntsonn and co-workers (Berntson, Cacioppo, & Quigley, 1993; Berntson et al., 
1997)) we assume that this tonic vagal firing is modulated with a respiratory-
relatedd phasic signal by the output of the central respiratory generator (see also 
Porges,, 1995 and Taylor, Jordan, & Coote, 1999). 

Thee output of the central respiratory generator is regulated by several 
complexx mechanisms of which two chemo-reflex mechanisms (based on 02 and 
C022 receptors) are the most important (Feldman & McCrimmon, 1999). Al-Ani 
andd co-workers (1996) compared RSA during increased respiratory activity 
(respiratoryy frequency, depth of breath) evoked by (a) inhalation of 5% C02-
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enrichedd air, and (b) voluntary increased breathing. The authors argued that the 
voluntaryy command to breathe bypasses the central respiratory generator  to have 
itss main effect directly on the spinal respiratory motor-neuron pools. Results 
showedd that RSA was greater  during C02-enriched air  inhalation than during 
voluntaryy hyperventilation (with similar  depth and respiratory frequency). The 
C02-effectt  was even more pronounced when the muscarinic Ml antagonist 
scopolaminee was administrated to enhance the vagal output to the heart. These 
resultss suggest that RSA can be influenced by changes in the central respiratory 
drive,, independently of the cardiac vagal tone and actual respiratory behavior. The 
tonicc vagal firing  rate of the NA motor  neurons may be further  modulated by a 
peripherall  pulmonary stretch-reflex mechanism and by respiratory linked changes 
inn baro-reflex activity (Berntson et al., 1993; Taylor  et al., 1999). Empirically , 
baro-reflexx and chemo-reflex related changes in RSA have indeed been reported 
(seee Al-An i et al., 1996). Finally, RSA decreases as the respiratory frequency 
increasess as a result of a progressive decline in the frequency-transfer  function of 
thee cardiac vagal innervation (Eckberg, 1983; Berntson et al., 1993). 

Inn short, four  major  determinants of changes in RSA are recognised: (a) 
cardiacc vagal tone or  the basal firing  rate of the NA motor  neurons, (b) the central 
respiratoryy drive, (c) peripheral respiratory-related feedback from the baro-reflex 
andd the pulmonary stretch-reflex, and (d) the vagal-cardiac frequency transfer 
function.. Although these four  determinants to RSA may be coupled during mental 
stresss and exert a mutually enhancing influence on a reduction of RSA (lower 
cardiacc vagal tone, lower  central respiratory drive, lower  tidal volume, higher 
frequency),, they may be dissociated during other  conditions (e.g., exercise) and/or 
inn specific clinical groups. The present study aimed to examine the balance of the 
contributionss of these determinants to RSA during relaxation, mental stress, and 
physicall  exercise. It required, therefore, that these four  RSA determinants were 
estimatedd and manipulated. 

CardiacCardiac vagal tone: How to non-invasively manipulate and/or  assess cardiac 
vagall  tone without using RSA itself? Using dual blockade as was done in the 
exemplaryy study of Berntson, Cacioppo, Quigley, and Fabro (1994) was not 
consideredd feasible, because of the unpredictable effects of cholinergic and 
adrenergicc blockade on respiratory drive and behavior, specifically during C02 

breathing.. As an alternative, we started with the established fact that stress and 
exercisee both reduce cardiac vagal tone. We then made a crucial assumption that in 
aa within-subject design, the stressor-induced changes in cardiac vagal tone from 
thee NA are linearly reflected in tonic changes in heart rate level after  a correction 
forr  the changes in tonic cardiac sympathetic effects. However, this introduces two 
sourcess of error. Firstly , interactive effects of cardiac sympathetic and 
parasympatheticc nerves are left unaccounted. Although previous studies suggest 
thatt  the interactive effects would probably not be substantial in the physiological 
rangee of our  manipulations, they are not zero (Berntson et al., 1994; Levy, 1997). 
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Secondly,, changes in heart rate caused by an independent second cardiac vagal 
pathwayy that has its origin in the Dorsal Motor Nucleus (DMNX) are also left 
unaccounted.. Although this DMNX vagal contribution to heart rate is not reflected 
inn RSA (Porges, 1995), it might (differentially) influence the absolute heart rate 
responsee to stress and exercise. To estimate cardiac sympathetic effects (including 
effectss of circulating catecholamines), the Pre Ejection Period (PEP) was used. 
Althoughh absolute PEP-values may be hard to interpret, within-subject changes in 
PEPP reflect changes in myocardial contractility, which is commonly interpreted as 
aa sensitive index of sympathetic cardiac effects (Sherwood et al., 1990). 

CentralCentral respiratory drive: The experiment of Al-Ani and co-workers (1996) 
suggestss that increased arterial partial pressure of C02 (PaC02), either through 
respiratoryy arrest or artificial inhalation of C02-enriched air, is able to enhance the 
centrall  respiratory drive. Thus, 5% C02 breathing can be used to manipulate the 
centrall  respiratory drive, and an estimation of the PaC02 (e.g., with the end-tidal 
partiall  pressure of C02 (PetC02)) can be used to quantify changes in its strength. 
However,, because the 5% C02-enriched air mixture has to be inhaled from 
compressedd air, an additional control condition is desirable in which participants 
inhalee compressed room air under the same conditions as they inhale 5% C02-
enrichedd air. 

Baro-reflexBaro-reflex and pulmonary stretch-reflex: Although both reflex loops are 
complexx and only partially understood, the effects of the baro-reflex and stretch-
reflexx on RSA are due to changes in either tidal volume or respiratory frequency 
(Berntsonn et al., 1993). Therefore, changes in tidal volume and respiratory 
frequencyy can be used to estimate the extent of cardiac vagal tone modulation 
throughh these peripheral respiratory-related feedback mechanisms. The classical 
approachess to the combined measurement of respiratory parameters include 
intrusivee techniques like spirometry and pneumotachography, or indirect 
estimationn by means of nose clip thermistors. The present study, which employed 
5%% C02-enriched air breathing, did not allow for the use of intrusive measurement 
orr nose thermistors. Instead we used the continuous thoracic impedance (dZ) 
signal.. Recent studies from different groups (De Geus, Willemsen, Klaver, & van 
Doornen,, 1995; Ernst, Litvack, Lozano, Cacioppo, & Berntson, 1999) have shown 
that,, after appropriate band-pass filtering, thoracic impedance can be used to 
obtainn a reliable index of respiratory frequency. Furthermore, in a within-subject 
design,, the spectral power of the filtered thoracic impedance signal can be used as 
ann approximation of changes in respiratory depth. 

Frequency-transferFrequency-transfer function: During expiration, sinoatrial ACh release from 
cardiacc vagal nerves increases, and during inspiration it decreases. Whether these 
fluctuationss in ACh release fully reflect respiratory related changes in heart rate, 
wil ll  strongly depend on the respiratory frequency. Slow changes in cardiac vagal 
firingg wil l have a more full impact than faster changes on the difference between 
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thee longest beat in expiration and the shortest beat in inspiration. In the normal 
breathingg range these filter characteristics of the muscarinergic synapse have been 
shownn to yield a fairly linear decrease in RSA with increasing respiratory 
frequencyy (Eckberg, 1983). Based on this relationship, various studies have 
alreadyy used the respiratory frequency as a covariate when using RSA as an index 
off  cardiac vagal tone in both within-subject and between-subject comparisons 
(Allenn & Crowell, 1990; Kollai & Mizsei, 1990; Grossman, Karemaker, & 
Wieling,, 1991; Grossman & Kollai, 1993; Grossman & Wientjes, 1986; Kollai & 
Mizsei,, 1990; Kollai & Kollai, 1992; Saul, Berger, Chen, & Cohen, 1989). 

Withinn the perspective outlined above, the contributions of within-subject changes 
inn cardiac vagal tone, central respiratory drive, and respiratory parameters to 
within-subjectt changes in RSA can be estimated using the change (A) scores of 
Interbeatt Interval (IBI), change scores in PEP, change scores in PetC02, change 
scoress in respiratory depth, and change scores in respiratory frequency. A path 
diagramm of this model is shown in Figure 1. 
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Figuree 1. Path diagram depicting all contributions to changes in 
RSA.. (Note that it is intuitively not immediately apparent why 
cardiacc vagal tone is made to influence RSA through both IBI and 
PEPP in this path diagram. This is clarified in the equations in the 
appendix). . 

Twoo main hypotheses were tested with this study: (1) each of the four 
determinantss has a significant influence on RSA, and (2) their relative 
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contributionss may vary across stressors (or situations). To demonstrate situation-
specificity,, RSA and its determinants were assessed during mental stress and 
physicall  exercise. During exercise the PaC02 (related to the central respiratory 
drive)) increase and, as a result, the respiratory frequency and depth also increase 
(seee Feldman & McCrimmon, 1999). However, during mental stress the PaC02 is 
moree likely to decrease than to increase, while the respiratory activity generally 
increasess (Grossman, 1983; Wientjes, 1992). Thus, the contributions of changes in 
thee central respiratory drive and respiratory activity on changes in RSA are 
differentt during mental stress compared to physical exercise. For an optimal 
comparisonn of the two conditions, we real-time adjusted the load during exercise 
forr each participant, to obtain the identical heart rate response during physical 
exercisee as was found during mental stress. The relaxation condition was used as a 
generall  baseline. Better understanding of the relative contribution of the 
determinantss to RSA in various conditions should improve future interpretation of 
deviatingg RSA responses in high risk and patient groups. 

Methods s 

Participants Participants 
Theree were 30 young adults without chronic disease or health complaints invited 
too participate, of which 8 were excluded because they were unsuccessful in 
maintainingg their heart rate within the requested range during the (mild) physical 
exercisee task. The final sample consisted of 11 men (age M=24.0, SD=5.9) and 11 
womenn (age A/=20.3, SD=\A). The study was presented as investigation of 
breathingg patterns. The participants believed that they could win 100 Dutch 
guilderss ($50), although all received a similar amount of 30 Dutch guilders ($15) 
afterr the experiment. All participants signed an informed consent. The study had 
beenn approved by the ethics committee of the department of Psychology, 
Universityy of Amsterdam. None of the participants used medication excepting oral 
contraceptivess in seven women. The participants were instructed to refrain from 
eating,, drinking (except for water), smoking, or physical exercise within one hour 
beforee the experiment. 

Procedure Procedure 
Thee experiment consisted of three conditions that were conducted in fixed order: 
(1)) a mental stress task, (2) a 'relaxation' condition, and (3) mild physical 
exercise.. Each of these conditions consisted of three parts of 4 minutes each, again 
conductedd in fixed order: (a) breathing normally, (b) breathing compressed room 
airr through a face mask, and (c) breathing compressed 5% C02-enriched air 
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throughh a face mask. All experimental sessions took place between 11 AM and 4 
PM,, and lasted approximately 2.5 hours. 

Afterr  general instructions, the recording electrodes were attached and 
connectedd to the Vrij e Universiteit Ambulatory Monitorin g System (VU-AM S 
versionn 4.3; see below). Next, the participants went into a waiting room for  15 
minutess to relax, during which they were quietly sitting and read a popular 
magazine.. Next, they entered the experimental room that was sound shielded and 
dimlyy lit . The VU-AM S was connected to an MS-DOS computer, and the 
participantss were attached to the PetC02 recording equipment (see below). Next, 
thee mental stress task was started on the MS-DOS computer. Intelligence test 
questionss were presented one by one on the middle of the screen. The maximum 
timee for  each question was 60 seconds and the elapsed time was visible on screen. 
Thee participants selected one of five multiple-choice responses (1 to 5) and 
pressedd the corresponding key on the PC-keyboard. A simultaneously presented 
reactionn time task consisted of random timed falling red and green coins on the left 
andd right side of the screen. The participants were instructed to press the left 
buttonn (located at the left side of the keyboard) when a green coin was falling on 
thee left side, and to press the right button (located at the right side of the keyboard) 
whenn a green coin was falling on the right side. The computer  acknowledged each 
responsee (or  lack of response) with a brief auditory signal: a musical tone 
indicatingg a correct response and a low frequency buzz indicating error. The 
combinedd score on the intelligence and reaction time tasks was expressed in Dutch 
guilderss on the screen. The initia l amount was 100 Dutch guilders ($50), which 
graduallyy diminished as a result of the errors made. Real bank notes were placed in 
frontt  of the participants before the task started, and withdrawn when lost. Two 
researchh assistants observed the participants and their  performance at close range 
too increase the stressfulness of the task. After  4 minutes, participants (additionally) 
hadd to breathe compressed room air  through a face mask (4 minutes), and breathe 
compressedd C02-enriched air  through a face mask (4 minutes). Next, the PetC02 

recordingg equipment was disconnected and the participants were debriefed about 
thee stress induction and accompanied to the waiting room. 

Afterr  a new 15 minute period of quiet sitting and reading, the participants re-
enteredd the experimental room for  the 'relaxation' condition. The VU-AM S was 
againn connected to the MS-DOS computer  and the participants were again 
attachedd to the PetC02 recording equipment. This condition was not different from 
thee previous relaxation (i.e., the participants quietly sat reading a popular 
magazine)) but after  4 minutes, they (additionally) had to breathe compressed room 
airr  through a face mask (4 minutes), and breathe compressed C02-enriched air 
throughh a face mask (4 minutes). . 

Beforee the final physical exercise condition, participants again relaxed in the 
waitingg room for  15 minutes. After  they had returned to the experimental room, 
thee VU-AM S was again connected to the MS-DOS computer, and the participants 
weree again attached to the PetC02 recording equipment. Next, the participants 
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cycledd on a bicycle home-trainer, which was set at minimal resistance, while 
watchingg the computer screen. A feedback procedure was used to ensure that the 
samee increase in heart rate was obtained (for each participant) during exercise as 
duringg mental stress. The participants were instructed to cycle faster or slower in 
suchh a way that the top of the bar on the screen was as close as possible to a set-
pointt indicated by a line. The height of the bar represented their mean heart rate 
overr the previous 10 seconds, and it was updated every 4 seconds. Participants 
weree kept unaware that the height of the bar reflected their current heart rate, and 
thatt the line reflected their (previous measured and saved) mean heart rate during 
thee corresponding part of the mental stressTlask. The participants' body posture 
duringg this bicycle task was fairly similar to their posture during the mental stress 
andd relaxation tasks. The physical exercise task was classified as successful when 
thee differences (for each part) between the mean heart rate during the mental stress 
taskk and the mean heart rate during the physical exercise task was below 3 bpm. 
Afterr 4 minutes, they again (additionally) had to breathe compressed room air 
throughh a face mask (4 minutes), and breathe compressed C02-enriched air 
throughh a face mask (4 minutes). 

Finally,Finally, all equipment was disconnected and the electrodes were removed, 
participantss were debriefed, paid, and sent home. 

CompressedCompressed room air and 5% C02-enriched air breathing 
Compressedd room air and C02-enriched air were stored in two cylinders, which 
weree located in an adjacent room. One cylinder contained medical air and the 
otherr a mixture of medical air and COr Each cylinder had its own flow regulation 
ass well as a moisturising device. The air flow from both cylinders was connected 
byy a T-piece to a single silicon tube with an inner diameter of 7 mm, and a length 
off  4 meters, of which one meter came out in the experimental room. This end was 
fedd into a silicon air reservoir, in turn connected (via a silicon tube of 32 mm inner 
diameterr and a length of 50 cm) to a silicon half face mask (Drager, Combitox 
Novaa RA). This non-leaking mask, commonly used among fire workers, had two 
valvess that separated incoming and exhaled airflow. The flow of both cylinders 
couldd be adjusted to create a part with room air and a part with an air mixture with 
5%% C02. 

PhysiologicalPhysiological recordings 
Interbeatt Intervals (IBI's), systolic time intervals, respiratory frequency, and a raw 
estimatee of changes in respiratory depth (tidal volume) were measured with the 
Vrij ee Universiteit Ambulatory Monitoring System (VU-AM S version 4.3, TD-
FPP,, Vrij e Universiteit, Amsterdam, The Netherlands). This device uses six Ag/ 
AgCll  electrodes to record the electrocardiogram and thoracic impedance (dZ). 
Detailss on the measurement procedure with the VU-AM S can be found in de 
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Geus,, Willemsen, Klaver, and van Doornen (1995) and Willemsen, de Geus, 
Klaver,, van Doornen, and Carroll (1996). 

Thee PaC02 was estimated by measuring the partial pressure of C02 at the end 
off  a normal expiration (PetC02). This was measured with the Capnogard etC02 

Monitorr (Novametrix, Walingford, CT, USA) and expressed in mm/Hg. A small 
tubee was inserted in each of the participants' nostrils. The values were 
automaticallyy fed into a separate MS-DOS computer that was connected to the 
mainn system for synchronization of measuring intervals. 

PhysiologicalPhysiological data analysis 
Thee heart period data of each participant were analyzed in segments representing 
1288 seconds. An artefact pre-processing was performed on the IBI data by 
detectingg outliner IBI values with three methods: (a) by absolute values (>1800 ms 
orr <300 ms), (b) a moving average filter (> 3 SD deviation from the moving 
mean),, and (c) by visual inspection. Since artefacts cannot simply be deleted 
becausee the continuity of time would be lost, spuriously short IBI's were summed 
andd missing beats were 'created' by splitting spuriously long IBI's. The IBI mean 
valuess were computed from these corrected data. Next, uniformly spaced samples 
weree created, and the segments were discrete Fourier transformed. Heart period 
powerr values were computed for the Low Frequency (LF) band (0.0625 - 0.125 
Hz),, and the High Frequency (HF) band (0.125 - 0.5 Hz). Changes in the HF 
powerr values were used to estimate changes in RSA. The power values were log10 

transformedd to obtain normal distributions. 
Thee thoracic impedance (dZ) data (sampled at 10 Hz) were band-pass filtered 

byy a discrete wavelet transform filter with a cubic spline function as base (0.125 -
0.55 Hz). Next, the respiratory power values were computed from this filtered 
thoracicc impedance (dZ) data by computing the variance of this filtered time 
series.. Changes in the respiratory power values were used as a (raw) estimation of 
changess in respiratory depth (tidal volume). The respiratory power values were 
alsoo log10 transformed to obtain normal distributions. The mean respiratory 
frequencyy values were estimated from the band pass filtered thoracic impedance 
(dZ)) data by counting the number of up-going zero crossings and dividing this 
valuee by the time of a segment. This procedure is comparable to the method used 
byy de Geus and co-workers (1995) who computed the mean total respiratory cycle 
timee as the mean interval between the initiating moments of inspiration. 

Thee dZ/dt values (sampled at 250 Hz around each R-wave) were ensembled 
averagedd over 60 seconds. The B-points were manually determined for each 
ensembledd averaged segment, and the PEP values were determined by summing a 
fixedfixed Q-to-R interval of 48 ms to the R-B interval time. The 1-minute ensembled 
averagedd PEP's were pooled over two succeeding values to obtain a value for each 
22 minute period, similar to the other measures. 
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StatisticalStatistical data analysis 
Forr each measure, 18 repeated observations were available for each participant 
(threee conditions with three different breathing parts of 4 minutes, and two 
observationss per part). To test for within-subject condition effects, the two 
repeatedd observations within each 4 minute part were averaged to yield nine 
within-subjectt values. Within-subject effects (condition x breathing manipulation) 
weree tested with repeated measures MANOVA tests using Wilks' Lambda. 
Follow-upp paired t-tests were performed to test for specific condition and 
breathingg effects. These follow-up tests (1) compared relaxation with stress and 
exercisee during normal breathing (i.e., the conditions without breathing through 
thee face mask), and (2) tested the specific effects of breathing the compressed 
C02-enrichedd air mixture compared to breathing compressed room air in each of 
thee conditions. The alpha level was set at the .05 level for all statistical tests. 

Finally,, a path-analysis (using Lisrel V8.12a) was performed over the pooled 
covariancee matrices that were computed for each participant over 18 repeated 
observationss (for change scores in IBI, PEP, RSA, PetC02, respiratory depth, and 
respiratoryy frequency). This path-analysis tested for the relative contributions of 
thee determinants to RSA as depicted in Figure 1. Because change scores (indicated 
withh 'A' in Figure 1) were used, the intercepts were left out of the regression 
equationss (see appendix), resulting in regression lines through the origin 
(representingg the values during normal breathing in the relaxation condition). 
Degreess of freedom was set at 209 (in between the lower limit of 22, and the upper 
limi tt of 18*22). 

Results s 

Tablee 1 shows the mean and corresponding standard deviation values of all 
measuress for all nine conditions. Figures 2 to 8 show graphs (one for each 
measure)) with bars that represent the mean within-subject change scores between 
eachh specific condition and the relaxation condition during normal breathing. 

IBIIBI  & PEP 
AA significant overall condition effect was found for IBI (F(8,13)=20.11,/?<.001) 
andd PEP (7r(8,13)=4.73,/?=.007). Follow-up tests limited to the normal breathing 
partss revealed that, as compared to the relaxation condition, the mean IBI and PEP 
weree significantly lower during mental stress (Tbi(21)= 10.55, /?<.001; 
^pepC21^5-96'' /K.001) and during physical exercise (Tlbl(2\)= 12.26, /?<.001; 
7*^(21)=3.59,, p=.002). No significant difference was found between the IBI 
responsee to mental stress and the IBI response to physical exercise, testifying to 
thee success of our experimental manipulation of heart rate. In spite of equal heart 
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ratee reactivity, the PEP response to mental stress was significantly larger  than the 
PEPP response to exercise (7^21)=2.48,/?=.022). Follow-up tests for  differences in 
airr  mixtur e revealed no significant differences for  IBI  and PEP responses to 
compressedd room air  and compressed C02-enriched air  mixtur e during mental 
stresss or  exercise. However, as compared to compressed room air, the mean IBI 
wass significantly lower  for  the compressed C02-enriched air  mixtur e during 
relaxationn (7^21)=5.15, /K.001). Thus, the PaC02 (and central respiratory drive) 
manipulationn had some effects on heart rate, but only during relaxation. 

Tablee 1. Mean and corresponding standard deviation values of all measures for  all nine 
conditions. . 

MentalMental Stress 
Normal l 

M M 
SD SD 

Room-air r 
M M 
SD SD 

5%-C02 2 
M M 
SD SD 

Relaxation Relaxation 
Normal l 

M M 
SD SD 

Room-air r 
M M 
SD SD 

5%-C02 2 
M M 
SD SD 

IBI I 

697.24 4 
108.15 5 

681.54 4 
109.39 9 

696.21 1 
99.21 1 

887.62 2 
98.37 7 

855.34 4 
93.76 6 

808.46 6 
96.77 7 

PhysicalPhysical Exercise 
Normal l 

M M 
SD SD 

Room-air r 
M M 
SD SD 

5%-C02 2 

M M 
SD SD 

692.29 9 
100.21 1 

674.86 6 
107.89 9 

676.68 8 
103.31 1 

PEP P 

84.06 6 
9.75 5 

83.61 1 
10.17 7 

83.47 7 
9.03 3 

90.82 2 
11.02 2 

91.27 7 
10.76 6 

90.17 7 
9.50 0 

86.11 1 
9.61 1 

85.41 1 
10.07 7 

84.76 6 
10.65 5 

PetC02 2 

37.26 6 
3.49 9 

38.01 1 
3.38 8 

46.22 2 
3.62 2 

37.31 1 
3.04 4 

37.90 37.90 
3.24 4 

46.34 4 
3.93 3 

39.89 9 
3.94 4 

42.38 8 
4.22 2 

50.37 7 
4.28 8 

HF F 

2.73 2.73 
0.39 9 

2.76 6 
0.42 2 

3.04 4 
0.41 1 

3.08 8 
0.33 3 

3.10 0 
0.31 1 

3.29 9 
0.41 1 

2.49 9 
0.50 0 

2.69 9 
0.50 0 

2.93 3 
0.59 9 

LF F 

2.69 9 
0.36 6 

2.64 4 
0.42 2 

2.62 2 
0.40 0 

3.01 1 
0.35 5 

2.99 9 
0.37 7 

2.83 3 
0.43 3 

2.45 5 
0.45 5 

2.47 7 
0.47 7 

2.50 0 
0.55 5 

Rdepth h 

1.61 1 
0.15 5 

1.70 0 
0.19 9 

1.98 8 
0.14 4 

1.59 9 
0.18 8 

1.64 4 
0.19 9 

2.00 0 
0.17 7 

0.96 6 
0.31 1 

1.09 9 
0.37 7 

1.02 2 
0.33 3 

Rfreq q 

0.27 7 
0.044 4 

0.25 5 
0.048 8 

0.27 7 
0.048 8 

0.24 4 
0.045 5 

0.23 3 
0.047 7 

0.26 6 
0.059 9 

0.31 1 
0.038 8 

0.28 8 
0.052 2 

0.28 8 
0.063 3 

Note:Note: IBI = Inter Beat Interval (ms), PEP = Pre Ejection Period (ms), PetC02 = end-tidal 
partialpartial pressure ofC03 (mm/Hg), HF = log10 of high frequency heart period variability 
power,power, LF = log10 of low frequency heart period variability power, Rdepth = log10 of 
respiratoryrespiratory power, R-freq = respiratory frequency (Hz). 
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Figuress 2 to 7. Mean within-subject change scores  between 
eachh specific condition and the relaxation condition during normal 
breathingg for IBI, PEP, PetC02, HF power, LF power, and Rdepth. 
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deltaa Rfreq (Hz) 

Notrall  Room-iif S'fc-C02 Normal Roe J't-C022 Nonn.1 Room-iir 51-C02 

]] [ ]] [ 

Figuree 8. Mean within-subject 
changee scores  between 
eachh specific condition and the 
relaxationn condition during normal 
breathingg for Rfreq. 

PetCO?PetCO? respiratory power, and respiratory frequency 

Significantt overall condition effects were found for the PetC02 (F(8,13)=108.28, 
/K.001),, respiratory power (F(8,13)=87.97, p<.00l), and respiratory frequency 
(F(8,13)=11.98,, p<.00\). Follow-up tests limited to the normal breathing parts 
revealedd that the mean PetC02 and respiratory power were not significantly 
differentt during mental stress as compared to relaxation, but both were 
significantlyy higher during physical exercise (rpetC02(21)=5.68, p<.00l; 
rRd(:th(21)=3.16,, p=.005). Respiratory frequency, in contrast, increased above 
relaxationn levels during exercise (71(21)=6.21, /K.001) as well as during mental 
stresss (7(21)=2.50, /?=.021), although the response to exercise was significantly 
largerr (7T21)=4.26, /K.001). Taken together, the results for these respiratory 
parameterss demonstrate that PaC02, respiratory depth, and respiratory frequency 
responsess may vary across conditions independently of the magnitude of the heart 
ratee response. 

Follow-upp tests for differences in air mixture revealed, as expected, a 
significantlyy higher mean PetC02 and respiratory power for the compressed COz-
enrichedd air mixture as compared to compressed room air in all three conditions 
(p's(p's <.001). For respiratory frequency, no differential effects of breathing 
compressedd room air or compressed C02-enriched air mixture were found during 
mentall  stress or exercise. However, during relaxation the mean respiratory 
frequencyy was significantly higher for the compressed C02-enriched air mixture 
(r(21)=3.12,, p=.005), although the effect was due as much to a decrease in 
respirationn rate during room air as to an increase during C02-enriched air. These 
PetC022 results are clearly indicative of successful manipulation of PaC02 (and 
centrall  respiratory drive). 
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HFHF and LF heart period variability power 
Significantt overall condition effects were found for the HF (F(8,13)=8.03,/?=.001) 
andd LF (F(8,13)=4.10, /?=.012) heart period variability powers. Follow-up tests 
limitedd to the normal breathing parts revealed that the mean HF and LF powers 
weree significantly decreased during mental stress (rHF(21)=4.13, /?<.001; 
rLF(21)=3.73,/>=.001)) and exercise (rHF(21)=6.64,/X.001; rLF(21)=5.92, /?<.001) 
ass compared to relaxation. For both powers, the response to exercise was larger 
thann the response to stress (7;F(21)=4-08,p=.001; rLF(21)=3.32,/?=.003). 

Follow-upp tests for differences in air mixture revealed, as expected, a 
significantlyy higher mean HF heart period variability power for the compressed 
C02-enrichedd air mixture as compared to compressed room air during relaxation 
(7T(21)=3.94,, /?=.001) as well as during mental stress (71[21)=4.40, /K.001) and 
duringg exercise (71(21)=3.30, /?=.O03). In contrast, no significant effect of C02-
enrichedd air breathing was found on the response of LF power during mental stress 
orr during exercise, and lower rather than higher LF power was found during 
relaxationn (7](21)=2.40, p=.026). These results demonstrate that mental stress and 
exercisee reduced both HF and LF powers, but that the PaCOz manipulation 
selectivelyy influenced HF power. The impact of the increased respiratory drive on 
RSAA during C02-enriched air breathing was very large: the normal reduction in 
HFF power observed during mental stress and exercise almost completely 
disappeared. . 

PathPath analysis for all contributions to the HF heart period variability power 

Pathh analysis was performed to test for the relative contributions to within-subject 
changess in HF heart period variability power (ARSA) due to changes in IBI and 
PEP,, PetC02, respiratory power, and respiratory frequency. The model as depicted 
inn Figure 1 resulted in an acceptable goodness of fit (x2(l)=0-034, /?=.84). The 
totall  variance in the changes in RSA explained by this model was 76%. The 
standardizedd beta-values are shown in Table 2. Note that in path analysis all beta 
andd correlation coefficients are essentially partial correlation coefficients. For 
example,, the contribution of APetC02 to AHF power is independent of the 
increasee in respiratory depth caused by C02 breathing. The results of the path 
analysiss indicate that, apart from cardiac vagal tone, changes in PetC02, 
respiratoryy power, and respiratory frequency had significant and independent 
contributionss to changes in HF heart period variability power. Figure 9 shows a 
graphh with mean within-subject changes in the HF heart period variability power 
acrosss the various conditions, corrected for changes in (a) respiratory frequency, (b) 
PetC02,, (c) respiratory power, and (d) all these determinants, using the beta-values of 
thee path analysis. Changes in this corrected HF heart period variability power 
(Figuree 9) closely correspond to changes in IBI corrected for changes in PEP, and 
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cann be considered the most accurate estimation of within-subject changes in 
cardiacc vagal tone. 

Tablee 2. Standardized beta-values corresponding with the path-analysis depicted in Figure 
1. . 

symbol l path h beta-value e 

a2 2 
P. . 
P2 2 
P3 3 
P4 4 
P5 5 
5, , 
52 2 

Note:Note: **p<.01 (2-tailed) (2-tailed) 

APEPP -> AIBI 
AIBII  -» ARSA 
APEPP -> ARSA 
APetC022 -> ARSA 
ARpowerr -> ARSA 
ARfreqq -> ARSA 
APetC022 -> ARpower 
APetCO,, -> ARfreq 

.58** * 

.72** * 
__ 93** 
.21** * 
.24** * 

.. 29** 
79** * 
.12 2 

0.255 -] 

0 . . 

0.25--

-0.5--

deltaa log(HF power) 

AA * 

// 'X . // 'X 
/ / / / 

——.. # — delta HF power 

—  corrected for respiratory frequency 

——  - corrected for PetC02 

-- . 0 . - corrected for respiratory power 

H ^ ^ BB corrected for all determinants 

Nonnall  Room-air 5%-C02 Nonnal F oom m 

v> > 

air r 

A A 

TV V 

57C-602 2 

.A A 

ft*ft* 55 '  / 

Nonnall  Room-air 5%-C02 

Mentall Stress Relaxation n Exercise e 

Figuree 9. Mean within-subject changes in HF corrected for changes 
inn (a) respiratory frequency, (b) PetC02, (c) respiratory power, and 
(d)) all these determinants. 
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Discussion n 

Thee present study confirmed our hypothesis that changes in cardiac vagal tone, 
centrall  respiratory drive, and respiratory depth and frequency each contribute to 
within-subjectt changes in RSA, measured as HF heart period variability power. 
Independencee of the various effects on RSA was shown by path analysis in which 
changess in IBI, corrected for changes in PEP, were used as a proxy for central 
nervouss system induced changes in cardiac vagal tone. This analysis showed that 
thee reduction in RSA during mental stress and physical exercise was only in part 
accountedd for by changes in cardiac vagal tone. Additional significant 
contributionss were shown from changes in respiratory depth, respiratory 
frequency,, and PetCOr The main new finding of the present study is, however, 
thatt situation-specificity in the relative contributions of these determinants to RSA 
exist. . 

Thee effects of changes in respiratory depth and frequency on RSA were as 
expected,, and their direction confirms the previous literature (Hirsch & Bisschop, 
1981;; Eckberg, 1983; Grossman & Kollai, 1993; Kobayashi, 1998): task-induced 
reductionss in RSA are enhanced by faster breathing but reduced by deeper 
breathing.. Increased central respiratory drive strongly and independently affects 
thee normal task-induced RSA reduction, which also confirms the previous 
literaturee (Al-Ani et al., 1996). Compared to relaxation, a pronounced reduction in 
IBI ,, PEP, and RSA was found during mental stress and physical exercise. 
However,, the task-induced reduction in RSA was only observed under normal 
breathingg conditions. It was nullified by 5% C02 enriched air breathing during 
mentall  stress, and greatly reduced by 5% C02 enriched air breathing during 
physicall  exercise. C02 effects were specific to RSA: the relative increase in RSA 
duringg 5% C02-enriched air breathing in all three conditions was not coupled to 
similarr effects on IBI, PEP, or LF heart period variability power. 

Ann important consequence of our findings is that correcting within-subject 
changess in RSA for changes in respiratory depth and frequency only may not 
alwayss yield an optimal estimate of changes in cardiac vagal tone. Conditions with 
increasedd (or decreased) PaC02 (i.e., estimated in this study with PetC02; see 
Figuree 8) can compromise RSA as an index of cardiac vagal tone. Fortunately, 
duringg mental stress and normal breathing conditions, the within-subject changes 
inn RSA corrected for respiratory frequency largely paralleled the changes in 
cardiacc vagal tone, although it did not produce a considerably better estimator than 
thee uncorrected RSA. However, it is uncertain that this wil l apply to all stressors, 
particularlyy if they influence the PaC02 (e.g., as a result of hypo- or 
hyperventilation).. Therefore, to use changes in RSA to index changes in cardiac 
vagall  tone during exercise or mental/emotional stressors that might affect 
respiratoryy drive, RSA should be optimally corrected for changes in respiratory 
depth,, respiratory frequency, and PetCOz. Correcting for changes in respiratory 
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frequencyy only, as has been previously suggested (see Berntson et al., 1997), may 
underr  or  overestimate the reduction in cardiac vagal tone. 

Ass a result of our  manipulation, a similar  reduction in IBI  was found during 
mentall  stress and physical exercise. However, this same heart rate response to 
physicall  exercise was brought about by a different mix of cardiac vagal and 
sympatheticc reactivity. The reduction in PEP was larger  during mental stress, 
whilee the reduction in HF (and LF) heart period variabilit y power  was larger 
duringg physical exercise. In line with our  main findings, the differences in HF 
powerr  reduction can be partiall y explained by different effects of exercise and 
stresss in the central respiratory drive and ventilatory behavior. The respiratory 
frequencyy (for  the normal breathing conditions) increased more during physical 
exercisee than during mental stress, while the respiratory depth and the PetC02 

increasedd only during physical exercise. However, inspection of the corrected HF 
powerr  in Figure 9 shows that the contribution of cardiac vagal tone to exercise and 
stresss trul y varied across situations. This is most likely explained by a fundamental 
differencee in the neural regulation of heart rate in these two conditions. During 
physicall  exercise, cardiac vagal tone is reduced and cardiac sympathetic tone is 
enhancedd by a combination of a feedforward 'central command' and a feedback 
signall  from the chemo- and mechanoreceptors in the working muscles (Rowell & 
O'Leary,, 1990; Williamson, Nobrega, Winchester, Zim, &  Mitchell , 1995; Potts & 
Mitchell ,, 1998). During stress, only the central command wil l be active with a 
relativelyy negligible increase in feedback from muscle activity. Since the muscle-
heartt  reflexes largely operate through resetting of the baro-reflex (Potts, Shi, & 
Raven,, 1993; Potts &  Mitchell , 1998), their  effect wil l be mainly parasympathetic 
inn origin, specifically in the first minutes of exercise. Thus, it is not surprising that 
physicall  exercise, exploiting both feedforward and feedback signals, inhibited 
vagall  tone more strongly than stress. 

Althoughh we tried to include all relevant determinants, our  model (see Figure 
1)) did not explain the total variance in the changes in RSA. The exact sources of 
thee remaining error  variance need to be established but at least three factors can be 
identifiedd a priori . Firstly , possible effects of accentuated antagonism of 
sympatheticc and vagal activity at the sinoatrial node were set to zero in our  model. 
Secondly,, although an error  variance for  RSA (£3 in Figure 1) was modelled, we 
didd not estimate (task-dependent) changes in DMNX vagal contribution to heart 
rate.. Finally, using PEP as measure of the sympathetic control of heart rate when 
comparingg exercise and stress may be flawed. During physical exercise ventricular 
preloadd increases and afterload decreases more than during mental stress (where a 
reversee effect may occur). This compromises PEP as an index of sympathetic beta-
adrenergicc influences on the heart (Sherwood et al., 1990). However, an increase 
inn preload and a decrease in afterload should have yielded a lowered PEP value 
duringg exercise. Just the opposite was found. Unfortunately, preload and afterload 
aree not the only factors to affect the validity of PEP. PEP measures the contractilit y 
off  the left ventricle, which is dependent on both the amount of adrenergic 
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neurotransmitterss as well as the affinity and density of the left ventricular 
adrenoceptors.. Density of beta-receptors on lymphocytes has been shown to 
changee rapidly in response to adrenaline infusion, exercise, and mental stress 
(Graafsmaa et al., 1989; 1990), and the same may apply to cardiac receptors, 
specificallyy the ventricular beta-2-receptors (Muntz, Zhao, & Miller, 1994). This 
dynamicc receptor regulation may be situation specific in that beta-receptor density 
mayy increase more strongly during exercise than mental stress (Graafsma et al., 
1987;; 1990). 

Inn spite of the problems mentioned above, the converging evidence of this 
studyy clearly demonstrates an important contribution of central respiratory drive to 
RSAA that is, in part, independent of influences on cardiac vagal tone and 
respiratoryy depth and frequency. It also demonstrates situation-specificity in the 
relativee contributions of these determinants to RSA. Although our results are 
strictlyy obtained from a within-subject design, it seems reasonable to expect that 
between-subjectt differences in RSA are also modified by individual differences in 
centrall  respiratory drive. It has already been shown that strong individual 
differencess exist in PetC02, and that these differences represent a stable trait that is 
associatedd with increased risk for hypertension and is accompanied by a tendency 
too worry and experience negative emotions (Dhokalia, Parsons, & Anderson, 
1998).. There is a growing literature showing individual differences in RSA to be 
predictivee of hypertension or cardiac disease (Hayano et al., 1991; Kleiger et al. 
1987;; Martin et al., 1987; Saul et al., 1988; Singer et al., 1988; Julius et al., 1971; 
Mallanii  et al., 1991) and to correlate with low psychological well-being (Thayer et 
al.,, 1996; Watkins et al., 1998; Musselman et al., 1998). We suggest that 
refinementt of RSA, by taking into account PetC02 (or another estimator of the 
centrall  respiratory drive) in addition to respiratory frequency and depth, would 
helpp to improve the associations and predictions found in such studies. 
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Appendix x 

Equationss corresponding with the path diagram depicted in Figure 1. 

(1)) AIBI = a^VTM + a2AST + asAVTmxD 

=>> (2) A1B1 = a, &VTNA + a2APEP + a^AVT^^, + £, 

<=>(3)) AVTN/l=—AIBt-^-APEP-^-AVTNttXD-^-
a,, a, or, a, 

(4)) ARSA = y,AVTw + y2APaC02 + y }ATiVol + y 4ARfreq 

=>=>  (5) ARSA = ytAVTM + y}APetC02 + ysARdepih + y4ARfreq + e2 

(3)) -> (5) ARSA = ftAIBI + &APEP + ftAPefCO, + B4ARdepth + faARfreq + e, 

(66 + 7) ARdepth = 5, APcfC02 + £4 AR/reg = 52 APetC02 + ei 

Afote:: 75/ = Interbeat Interval; VT = cardiac Vagal Tone; ST = cardiac Sympathetic Tone; 
PEPPEP = Pre-Ejection Period; PetC02 = end-tidal partial pressure of C02; Rdepth = 
RespiratoryRespiratory depth; Rfreq = Respiratory frequency 
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