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The background of this study was the hypothesis that respiratory
variability is influenced by chemoreflex regulation. In search for
periodicities in the variability due to instability of the respiratory
control system, spectral analysis was applied to breath-to-breath
variables in 19 healthy subjects at rest. During room-air breathing,
coherent oscillations in end-tidal CO, (PeTco,) and mean inspira-
tory flow (Vi/Ti) were found in 15 subjects with frequencies mostly
below 0.15 cycles per breath. Coherent oscillations in Perco, and
Vi/Ti were expressed by gain (0.13 to 0.34 L/second - kPa) and
phase (—170° to +8°). The oscillations in Vi/Ti were in phase with
inspiratory volume (Vi). A model that describes the effects of
chemoreflex feedback to noise in the system could explain these
gains and phases, whereas a model without chemoreflex could
not. During 100% O, breathing, only eight subjects had coherent
oscillations in Petco, and Vi/Ti. The coherent oscillations in Petco,
and Vi/Ti were interpreted as a manifestation of chemoreflex ac-
tivity. We conclude that respiratory variability is not a random
process but contains information on chemoreflex properties, such
as the chemoreflex gain. The analysis of respiratory variability
therefore provides a new tool to study the action of the chemore-
flexes without application of external stimuli.
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Is the normal variability of respiratory parameters from breath-
to-breath a random process? This would imply that, for exam-
ple, inspiratory volume (V1) or inspiratory and expiratory time
(Tr and Tk, respectively) are independent of previous breaths.
However, due to the circulatory delay from the lungs to the sys-
temic arteries, an “accidental” change in V1 causes a change in
arterial Po, and Pco, that only becomes manifest during the fol-
lowing breaths at a normal breathing frequency (1, 2). An adap-
tation of V1 to such a change therefore inevitably leads to a de-
pendency between successive breaths. Conversely, purely random
variability of V1 implies that V1 does not take part in the feed-
back control of Pag, and Pacq, through the chemoreflexes.
Several authors have found evidence for a nonrandom
breath-to-breath variability of respiratory parameters in the
normal steady state (3-5). Significant (auto)correlations have
been found between successive values of Vi, T1, and TE (4, 6).
Specific variability patterns have also been found, mainly in
the form of subtle oscillations with a cycle time of approxi-
mately 25 seconds to more than 3 minutes (6-10). Clear peri-
odic breathing is seldom observed in healthy subjects during
wakefulness (3, 7, 11, 12), but often occurs during sleep or at
high altitude (13, 14). The cause of frank periodic breathing
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like Cheyne-Stokes breathing in cardiac failure is probably an
instability of the chemoreflex-feedback control system (15—
17). It has been supposed that spontaneous changes in breath-
ing pattern can induce (dampened) oscillations due to chemore-
flex feedback in healthy subjects as well (8, 18, 19).

The aim of the present study was to derive information on
respiratory regulation from the normal breathing pattern in
the steady state. The hypothesis was that because of the delays
and time constants of the chemoreflexes, continuous regula-
tion tends to induce oscillations in ventilatory drive (repre-
sented by mean inspiratory flow, VI/T1) with a certain coher-
ency with oscillations in end-tidal Pco, (PET¢p,). To identify
such oscillatory components and their mutual relationships,
power and cross-spectral analysis was applied to breath-to-
breath respiratory variables in 19 healthy subjects at rest. To
test the hypothesis that the features of coherent oscillations in
PETco, and VI/T1 are compatible with the characteristics of
chemoreflex-feedback regulation, experimental spectra were
compared with theoretical spectra derived from a chemoreflex
model. The breathing pattern was also analyzed during 100%
O, breathing to estimate the contribution of the peripheral
chemoreflex (20).

METHODS

Subjects and Measurements

Nineteen healthy nonsmoking medical students were studied with a
history free of cardiopulmonary disease and normal physical examina-
tion (9 male and 10 female, aged 23 =+ 3 years, body mass index 22.2 *
3.1 kg/m?, mean * SD). The hospital ethical committee approved the
protocol. Informed consent was obtained. The subjects knew which
measurements were performed. To prevent “conscious” breathing,
they were told that the study involved blood pressure regulation.
They sat in a comfortable chair in a quiet room and breathed through
a cushion-sealed face mask fitted with elastic bands around the head
(dead space ~ 70 ml).

A Lilly type pneumotachograph (Siemens pressure transducer,
Munich, Germany) was connected to the mask and hung with an elas-
tic cord to the ceiling. A two-way nonrebreathing valve (S and W,
Copenhagen, Denmark) was connected to the pneumotachograph. The
inspiratory limb was connected to a stopcock (through a 1-m spirome-
ter tube) which could be switched from room air to 100% O, from a
100 L bag. The stopcock was hidden behind a curtain so that the sub-
ject did not know which gas was inspired. The experiments began be-
tween 9:00 and 10:00 A.m. Recordings started after a 5S-minute accli-
matizion period. There were two episodes of 30 minutes with more
than 5 minutes in between, performed in a random order, during
which the subjects breathed either air or 100% O, (starting when end-
tidal Po, exceeded 85 kPa). Also measured were Po, and Pco, in the
facemask (partial pressures in dry air, Centronic 200 MGA mass spec-
trometer, Croydon, United Kingdom), arterial O, saturation (Sag,,
Ohmeda Biox ear pulse oximeter, Madison, WI), finger arterial pres-
sure (Finapres BMI-TNO, Amsterdam, Netherlands) and a single-chan-
nel chest-lead ECG. All signals were recorded on a Bell and Howell
T4 recorder (Durham, NC) with airflow, ECG and blood pressure on
FM channels and the other signals on a direct record channel using a
Kayser Threde K 1180 pulse code modulator (Munich, Germany).
The frequency response was 0-625 Hz for FM channels and 0-105 Hz
for pulse code modulated channels.
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After digitizing at 200 Hz, breath-to-breath variables were derived
from the pneumotachogram. To reduce a disproportionate influence of
isolated deep breaths, the values of breaths with V1 greater than 1.5
times the mean of adjoining breaths were linearly interpolated. PETc,
and end-tidal Po, (PET(, ) were derived as the maximal Pco, (and
minimal Po,) during the last second of expiratory flow. Beat-to-beat
mean blood pressure and R-R interval were derived from the finger
pressure and ECG. Means and SDs of each variable were compared be-
tween air and O, breathing (paired ¢ test) with a prior log-transformation
of SDs of ventilatory variables (10). Group values are means = SEM.

Spectral Analysis

Power spectra. In search of oscillatory components in respiratory
variability, power spectra were derived for each variable. The under-
lying concept of spectral analysis is that each variability pattern can be
written as the sum of a number of oscillations with a certain fre-
quency, amplitude and phase (21). The power is proportional to the
squared amplitude of such an oscillation. The reason to use power in-
stead of amplitude is that the mean power, as it is defined here, equals
the variance. Thus, the power spectrum shows the extent to which os-
cillation at each frequency contributes to the overall variance. For a
variable that changes from breath to breath (with breath number M),
the oscillation frequencies (f;,) are in cycles per breath. For example,
when f is 0.25 cycles per breath, the oscillation has a cycle duration of
four breaths. In a series of M breaths, only a limited number of fre-
quencies can be discerned. The slowest oscillation has a frequency of
1/M cycles per breath. The other frequencies are all multiples of this
basic frequency. The highest possible frequency is 0.5 cycles per breath.

Cross spectra. With spectral analysis it is also possible to “dissect”
two variables into oscillatory components and to analyze the relation-
ship between these oscillations. Figure 1 shows an example of two
oscillations that occur in the breath-to-breath variability of PETcq,
and VI/TL. The cycle duration is 12 breaths (f, is 0.083 cycles per
breath). Both oscillations have a constant amplitude here, 0.36 kPa
for PETcq, and 0.10 L/second for VI/T1. The relationship between the
oscillations is expressed by the gain and phase. The gain from PETcq,
to VI/T1 (Gcyym) is the ratio of the amplitude of Vi/T1 to the ampli-
tude of PET¢q,. In the example, G¢ vy = 0.10/0.36 = 0.28 L/second -
kPa. The phase from PETcq, to VUTI (@cyymr) is defined as negative
when a maximum in PETqq, occurs less than half a cycle before a max-
imum in VI/TL In the example, a maximum in PETco, occurs four
breaths before a maximum in VI/T1, so that @cyim = —(4/12) - 360° =
—120°. When the relationship between PETc(, and VI/T1 is linear, an
increase in the amplitude of PETcq, is accompanied by a proportional
increase in the amplitude of VI/T1. A perfectly linear relationship be-
tween two oscillations is completely described by gain and phase. In
reality, some “noise” always occurs so that an exact determination of
gain and phase is never possible. The gain and phase can, however, be
estimated with a certain level of confidence, depending on the num-
ber of degrees of freedom of the data and the degree of linearity of
the relationship. For the relationship between PETco, and VI/TI, the
degree of linearity is described by the squared coherency kZC)VIm
which ranges from zero (no linear relationship) to one (perfectly lin-
ear relationship). The (estimated) squared coherency can be inter-
preted as a squared correlation coefficient for variations with a specific
frequency. Similarly, the estimated gain can be seen as a frequency-
specific linear regression coefficient. The squared coherency, gain,
and phase spectra describe these estimates for all frequencies that oc-
cur within the variability of the two variables. Together they are de-
rived from the “cross spectrum” (21). Cross-spectral analysis thus
amounts to a linear regression in the frequency domain.

Cross spectra were determined for PETco, and VI/T1, VI/T1 and Vi,
V1 and TE, and for PETcq, and PETq,. We were particularly interested
in the relationship between PETco, and VI/T1 as these variables are re-
lated to the input and output of the chemoreflexes (1, 22, 23). “Coher-
ent oscillations” in PETco, and VI/T1 were defined as oscillations with
(1) assignificant coherency between PETcq, and Vi/T1 and (2) a power of
both PETo, and VI/T1 that is significantly higher than the mean power.

Details of spectral analysis. A trend was removed from the data to
reduce the influence of very low frequencies. The data were multi-
plied by a Tukey window and transformed from the “breath number”
(m) domain to the “frequency” (f,) domain with the discrete Fourier
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Figure 1. Example of oscil-
lations in breath-to-breath
end-tidal Pco, (PeT¢o,) and
mean inspiratory flow (Vi/
Ti) with a cycle duration of
12 breaths. The phase from
PeTco, to V/Ti (eeyvym) is —120°,
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transform (21). The spectra were smoothed by a triangular running
window (width ~ 0.01 cycles per breath) to increase the number of
degrees of freedom of each spectral estimate (24). The power spectral
estimate was considered as significantly higher than the mean power
when the lower limit of the 90% confidence interval was higher than
the mean. The centroid frequency, defined as the frequency below
which 50% of the power occurs, was determined for each variable (6).
The expected centroid frequency for white noise is 0.25 cycles per
breath (21). The centroid frequencies were tested for deviation from
white noise with the Kolmogoroff-Smirnov test (21). Cross-spectral es-
timates were considered significant if the lower limit of the 90% confi-
dence interval of the squared coherency was larger than 0.3 (21).

To calculate group averages for cross-spectral estimates, the fre-
quencies between zero and 0.5 cycles per breath were divided into bins
of 0.01 cycles per breath. The reason was that the frequencies (multi-
ples of 1/M) differed between the subjects because of differing M. For
each subject, the mean cross-spectral estimate for each frequency bin
was derived, only including cross-spectral estimates with a significant
coherency. These mean values were used to calculate the group means.
Coherent oscillations in PETcq, and VI/T1 were compared between air
and 100% O, breathing as to occurrence (25) and oscillation frequency
(Wilcoxon rank sum test). p < 0.05 was taken as significant.

RESULTS

Air Breathing

The subjects breathed regularly during the experiments with-
out falling asleep. Only in Subject 19 the last 120 breaths were
discarded because of relative hyperventilation. Group aver-
ages for breath-to-breath means and SDs are given in Table 1.
The steady state was confirmed by the relatively small SDs of
blood pressure and R-R interval. Sap, was above 94% during
air breathing. The number of breaths was 442 *+ 25, of which
1.3 = 0.3% were interpolated as sighs.

In the example of Figure 2, periodicities in the breath-to-
breath variability are not obvious. Neither is there a clear rela-
tionship between changes in PETco, and VI/T1. Only the varia-
tions in PETco, and PETo, seem to be related and appear
out-of-phase. The corresponding power spectra of PET¢q, and
VI/T1 are shown in Figure 3. The power of both variables was
concentrated at low frequencies (below 0.20 cycles per
breath). This also appears from the low centroid frequencies
in most subjects (Table 2).

The bold lines in Figure 3 represent the part of the power
spectra that meet the criteria for coherent oscillations in
PETC(o, and VI/TIL. This occurs at a small peak in both spectra
at approximately 0.09 cycles per breath, corresponding to a cy-
cle of about 11 breaths or roughly 50 seconds, as the mean
breath duration (TtoT) was 4.4 seconds for this subject. Co-
herent oscillations in PETp, and V1I/T1 were found in 15 of the
19 subjects. Figure 4 shows the averaged gain and phase for
coherent oscillations, most of which occurred below 0.15 cy-
cles per breath. The phase ¢c vy Was mostly negative, on the
average about —90°. This means that a maximum in the oscil-
lation in PET¢q, occurred less than half a cycle before a maxi-
mum in VI/TT (as in Figure 1). Table 3 gives a summary of the



Van den Aardweg and Karemaker: Chemoreflexes and Respiratory Variability

1043

TABLE 1. MEANS AND STANDARD DEVIATIONS OF RESPIRATORY AND CIRCULATORY VARIABLES

Air(n=19) 100% O, (n = 18)

Mean SD Mean SD
Vi/Ti, L/second 0.403 = 0.011 0.036 (0.023, 0.075) 0.459* = 0.019 0.043 (0.022, 0.67)
Vi, L 0.611 = 0.025 0.075 (0.040, 0.201) 0.700* = 0.037 0.091 (0.029, 1.03)
Ti, seconds 1.52 = 0.06 0.16 (0.082, 0.40) 1.53 = 0.06 0.15 (0.058, 0.42)
TroT, seconds 4.34 = 0.31 0.63 (0.18, 1.85) 4.09 £ 0.22 0.52(0.16, 2.31)
PeTco,, kPa 5.59 = 0.09 0.16 (0.10, 0.37) 5.38* + 0.11 0.18 (0.12, 0.42)
PeTo,, kPa 15.12 £ 0.20 0.40 (0.20, 0.95) > 85
BP, mm Hg 783 *=1.0 4.6 (3.2,7.2) 80.6 + 2.0 4.5(3.1,6.9)
RRI, ms 0.881 = 0.026 0.066 (0.045, 0.089) 0.934* = 0.028 0.078* (0.041, 0.151)

Definition of abbreviations: BP = blood pressure (mm Hg); PeTco,, PeTo, = end-tidal Pco, and Po, (kPa); RRI = R-R interval from the ECG;

Trot = total breath duration (seconds); Vi, Ti = inspiratory volume (L) and time (seconds); Vi/Ti = mean inspiratory flow (L/second).
Values are group means * SEM (for breath-to-breath means) or geometric means and range in parentheses (for breath-to-breath SD).
* Significant difference between air and 100% O, breathing (p < 0.05).

other cross-spectral estimates at the frequencies of coherent
oscillations in PET¢p, and VI/TL. It shows that in 14 of the 15
subjects, the oscillation in VI/T1 was tightly coupled to an in-
phase oscillation in V1. Almost every coherent oscillation in
PETc(, and VI/T1 was accompanied with an out-of-phase oscil-
lation in PETo,.

100% O, Breathing

Means and SDs of breath-to-breath variables during air
breathing are compared with 100% O, breathing in Table 1.
The number of breaths was 425 * 12 with 1.5 = 0.4% sighs.
The smaller number of breaths compared with air breathing
was due to the criterion that PETg, had to exceed 85 kPa. In
Subject 1 a reliable pneumotachogram was not obtained. The
mean VI was significantly higher than during air breathing
(difference 0.089 = 0.028 L), while the mean PETcq, was sig-
nificantly lower (difference —0.21 = 0.04 kPa). None of the re-
spiratory variables showed a significant difference in breath-
to-breath SD between air and O, breathing (Table 1). The
centroid frequencies were not significantly different from air
breathing. Coherent oscillations in PET¢p, and VI/Tt were only
found in eight subjects, significantly less often than during air
breathing (p < 0.01, Table 3). The coherency occurred at a
mean frequency of 0.055 cycles per breath (range 0.023-0.096,
not significantly different from air breathing).

Model Simulation

The spectra can be interpreted by showing that they are com-
patible with a supposed mechanism. This approach is strength-
ened when the spectra cannot be explained by alternative hy-
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potheses. It is, however, difficult to deduce, even from a simple
hypothesis, what the spectra would precisely look like. We
therefore expressed our hypotheses in mathematical equa-
tions and algebraically derived the spectra from these equa-
tions. This also improves the insight into the way the various
physiologic mechanisms can influence the spectra.

The main hypothesis was that the variability of PETc(, and
VI/T1 is influenced by chemoreflex feedback. Suppose that
these variables would, instead, vary at random from breath to
breath according to a normal distribution with a given mean
and variance. Then the variability would contain all possible
oscillations to the same extent (if the series of breaths is infi-
nitely long). The power would thus be constant as a function
of frequency, equal to the variance (“white noise”) (21). If,
however, chemoreflexes continuously react to such noise, the
noise becomes filtered so that the power becomes significantly
higher or lower than the mean power at particular frequen-
cies. Such a filter mechanism can also influence the relation-
ship between otherwise independent variables, resulting in a
significant coherency.

Because breath-to-breath variability is a discontinuous pro-
cess in the course of time, we used “discontinuous” equations
(difference equations). The input to the model is white noise,
which is mainly filtered by the chemoreflex. Provided that the
difference equations are linear, the resulting spectra can be
derived in a straightforward manner (21). We therefore ap-
plied linearized equations for the chemoreflex response to
changes in PET(q, and for the effects of ventilation on PET,.
This is supported by the relatively high coherencies between
PETco, and VI/T1 (Table 3). The model is analogous to earlier
models of hemodynamic variability (24, 26).

Description of the Chemoreflex-Feedback Model

A schematic of the model is shown in Figure 5. The variability
is “driven” by two sources of noise, €, and ¢€,. The noise ¢, is
noise that directly affects PETcq,, such as changes in breathing
frequency, cardiac output, or mixed venous Pco,. The noise ¢,

Figure 3. Power spectra of
end-tidal Pco, (Pc, dotted

o
o
R

) el
% .mo% line) and mean inspiratory
8 008 2 flow (Pym, continuous line)
TR 5 asa function of frequency
5 005=in cycles per breath (from
£ oot &, Subject 4). Bold lines indi-
o Pyt cate the part of the spec-
0.00-¢ YVTI T T T +0.000 H H
oo o1 02 03 o4 os tra where the relationship

between oscillations in Perco,
and Vi/Ti is coherent.
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TABLE 2. CENTROID FREQUENCIES FOR BREATH-TO-BREATH
VARIABLES

Centroid frequency

Variable (cycles per breath) n
Vi/Ti 0.160 = 0.011 16
Vi 0.105 = 0.009 19
T 0.133 = 0.012 10
Te 0.122 = 0.011 18
PeTco, 0.097 * 0.012 13

Definition of abbreviations: Perco, = end-tidal Pco, (kPa); Te = expiratory time; Ti =
inspiratory time (seconds); Vi = inspiratory volume (L); Vi/Ti = mean inspiratory flow
(L/seconds).

Centroid frequencies are group means = SEM. n, number of subjects in whom the
centroid frequency implied a significant difference from white noise (from 19 subjects).

has a direct influence on VI/T1 and can be due to any changes
in respiratory drive that are not caused by chemoreflex feed-
back (22, 27). It is assumed that the chemoreflex response
only consists of an increase in V1I/Tr1 after an increase in PETcq,
(1, 22). It is assumed that a change in VI/T1 leads to a propor-
tional change in V1. The variability of T1 is neglected, so that
Ti is considered equal to the mean value (Ti). In the online
data supplement (Section A) it is shown that this implies that
the ratio of a change in V1 to a change in Vi/T1 equals T1 . The
constant c, in Figure 5 expresses the ventilatory influence of
V1 on PET¢(,. The minus sign for ¢, indicates that an increase
in V1 leads to a decrease in PET¢q,. The constant c; expresses
the dependency of PETp, on the previous breath, mainly be-
cause of the buffer of the FRC.

Development of respiratory oscillations by chemoreflex
feedback. The supposed principle of the development of re-
spiratory oscillations by chemoreflex feedback has been de-
scribed by a number of authors (e.g., 14, 15, 16, 17, 18, 28). Es-
sential is the delay of the response. Figure 6 shows the simplest
version of the present model that can explain the occurrence
of respiratory oscillations. The dependency of PETcp, on the
previous breath is neglected here. It is assumed that the
chemoreflex response to an “accidental” increase in PETco,
(arrow in Figure 6) leads to an increase in VI/TT after a delay
of two breaths. The correction (a decrease in PETc(,) thus oc-
curs two breaths after the initial increase in PETqq,. This de-
crease in PET(, in turn leads to a corrective increase in PET¢o,
after two breaths, and so on. The result is a dampened oscilla-
tion in PETc(, and VI/T1 with a cycle duration of four breaths,
or a frequency of 0.25 cycles per breath. The cycle duration in-
creases if the respiratory drive persists during following
breaths (“short-term potentiation”) (1, 29) or the dependency
of PET¢(, on the previous breath increases.

Power and Cross-Spectra according to the Model

When the situation of Figure 6 is extended to repetitive acci-
dental disturbances in PETcq,, multiple dampened oscillations
are generated in PETco, and VI/T1. This implies a filter mecha-
nism that selectively amplifies random disturbances in PETc(,
around a “resonance” frequency. Figure 7 shows an example
of a purely peripheral chemoreflex model. Without chemore-
flex, the two sources of noise would initially result in white
noise in PETc, with a constant power (see Figure 7A for ¢; =
0). Due to the dependency of PETco, on the previous breath,
the power is amplified below ~ 0.20 cycles per breath and sup-
pressed at higher frequencies (“low-pass filter”, see Figure 7A
for ¢, = 0.5). Chemoreflex feedback further amplifies the
power around 0.12 cycles per breath and suppresses the rest of
the spectrum (resonance or band-pass filter phenomenon).
The power of VI/T1 also shows a resonance around this fre-

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 165 2002

GC.VI/TI

Figure 4. Gain (Gcyim) and phase
L (¢cyim) for coherent oscillations
in Perco, and Vi/Ti during air
: . . breathing. Bold lines are group
180- means and thin lines are means =+
SD for each frequency bin of 0.01

907 Pewm cycles per breath. Only significant
e gain and phase estimates are
8 included (from 15 subjects with
& } ﬂ@ﬂf‘\ coherent oscillations).
-180 T T T T 1
0.0 0.1 0.2 0.3 04 0.5

Frequency f, (cycles/breath)

quency (open circles in Figure 7). For lower frequencies, the
power of VI/Ttis also amplified, as opposed to PETc(,. These op-
posing effects of chemoreflex activity reflect an adequate action
of the reflex, which tends to suppress spontaneous changes in
PET(o, by increasing the variability of Vi/T1. Without chemore-
flex, the total power of VI/T1 would be considerably lower.

The squared coherency (k’cyyrp) is maximal at the reso-
nance frequency (Figure 7C). Without chemoreflex, the co-
herency would be low for all frequencies. The relationship
would then exclusively be due to the ventilatory influence of
V1I/T1 on PET¢q,. The coherency would thus be determined by
the contribution of noise in VI/T1 to the noise in PETc,.

The gain (Gcyyy) in Figure 7D refers to the “closed-loop”
situation (as in Figure 6).The chemoreflex gain (G,) is the
“open-loop” gain from PETcq, to VI/T1 (neglecting the ventila-
tory influence of VI/T1 on PETc(,). When the frequency is zero,
G, equals the peripheral chemoreflex sensitivity (S,). At the res-
onance frequency, Gcyyry is almost equal to G, (only slightly
higher). Without chemoreflex, the gain would be low (Gy).

Figure 7E shows that the closed-loop phase @c vy is closely
related to the open-loop chemoreflex phase ¢, at the reso-
nance frequency. The phase ¢, is almost linearly related to the
frequency, which is mainly determined by the chemoreflex de-
lay. Without chemoreflex, ¢c vy would lie approximately in
the range between —150° and —170° (g,). A more extensive anal-
ysis is given in Section D of the online data supplement. An al-
ternative model is also analyzed where short-term potentia-
tion of respiratory drive occurs after other stimuli (27, 30).

Interpretation of Experimental Data with the Model

1. The variability of PET¢(,, VI/T1, and V1is not random, but is sub-
ject to low-pass filter mechanisms. Possible filter mechanisms
are the dependency of PETq, on the previous breath, chemore-
flex feedback, and short-term potentiation of respiratory drive.

2. Chemoreflex feedback can explain coherent oscillations in
PETC0, and VI/TI. The reflex delay causes resonance at a fre-
quency where the squared coherency is high. This frequency
is mainly determined by the reflex delay, but shifts to lower
frequencies when the dependency of PETcq, on the previous
breath becomes more important. Experimentally observed
frequencies are compatible with peripheral chemoreflex feed-
back, with an unknown contribution of the central response.
Gains and phases are compatible with the chemoreflex model.

3. Chemoreflex feedback through central chemoreceptors can
explain coherent oscillations in PET¢o, and VI/T1 during 100%
O, breathing.

4. Without chemoreflex, coherent oscillations in PET¢, and
VI/T1 are unlikely as there is no resonance at a specific fre-
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TABLE 3. CROSS-SPECTRAL ESTIMATES FOR COHERENT OSCILLATIONS IN END-TIDAL CO,

AND MEAN INSPIRATORY FLOW

Relation n Squared Coherency Gain Phase

Air

PeTco, = VI/Ti 15 0.76 (0.53, 0.90) 0.24 (0.13, 0.34) —85°(—170°, +8°)
VI/Ti = Vi 14 0.72 (0.52, 0.90) 1.88 (0.92, 3.87) —1°(=57°, +38°
Vi—Te 8 0.69 (0.55, 0.88) 6.0 (1.6, 15) —5°(—86° +120°)
PeTco, — PETo, 14 0.90 (0.81, 0.99) 2.09 (1.33, 2.77) —179°(—200°, —150°)*
100% O,

PeTco, — VI/Ti 8 0.79 (0.65, 0.93) 0.26 (0.12, 0.51) —105° (—146°, —34°)
VI/Ti > Vi 5 0.85(0.67,0.92) 2.86 (0.86, 5.86) +4° (—48°, +47°)
Vi—Te 4 0.77 (0.69, 0.84) 4.0(2.1,9.3) —24°(—63°, +17°)

Definition of abbreviations: PeTco,, PeTo, = end-tidal Pco, and Po, (kPa); Te = expiratory time; TtoT = total breath duration (seconds); Vi,
Ti = inspiratory volume (L) and time (seconds); Vi/Ti = mean inspiratory flow (L/second).

All values are group means from individual spectral estimates at the frequency of maximal coherency between PeTco, and Vi/Ti. Ranges
are in parentheses. Perco, — VI/Ti refers to cross-spectra with Peteo, as input and Vi/Ti as output variable, etc. n, number of subjects with

significant coherency.

* To obtain the smallest phase range, 360° was subtracted from the lower limit of the range (the estimated phase cannot be distin-

guished from the phase plus or minus a multiple of 360°).

quency, and the expected coherency is low. The correspond-
ing gain is low compared with experimental data. The phase
is confined to a range from about —150° to —170° and cannot
explain most experimental values.

5. Short-term potentiation of Vi/T1 without chemoreflex-feed-
back can explain the relatively high coherencies and gains
between PETc, and VI/T1 below approximately 0.08 cycles
per breath. The phase is, however, equal to the situation of
conclusion 4.

DISCUSSION

Interpretation of Coherent Oscillations in End-Tidal CO, and
Mean Inspiratory Flow

The coherent oscillations in PETcq, and VI/T1 that were found
in 15 subjects were interpreted as the result of spontaneous
“noise” in the respiratory system, which is filtered by the
chemoreflex. Sighs, coughs, and changes in CO, production or
cardiac output may all add to such noise. This mechanism was
proposed by Modarreszadeh and colleagues (8), who found
that the highest power of PETc(, and minute volume occurred
below 0.10 cycles per breath in quietly breathing subjects.
They applied an end-tidal CO, buffering technique which al-
lowed an artificial reduction of the power of PET(, below 0.10
cycles per breath (under hyperoxic conditions). The conse-
quence was a significant reduction in the power of minute vol-
ume. This is the most convincing evidence that a considerable
part of the ventilatory variability can result from a response to
fluctuations in PET¢q,. Another indication that part of the re-
spiratory variability is due to chemoreflex activity comes from
a study in rats where the variability of phrenic nerve activity
was studied (31).

The frequencies of coherent oscillations were mostly below
0.20 cycles per breath. Most of these frequencies could be ex-
plained by the delays of the peripheral chemoreflex, with a
shift to lower frequencies due to the dependency of PETcq, on

Figure 5. Schematic of the
chemoreflex-feedback model. The
variability of Perco, and Vi/Tiis
driven by two sources of noise, &,
and &,. The noise is filtered by
the chemoreflex-feedback loop
and the dependency of Perco,
on the previous breath. c,, co-
efficient of the dependency of Perco, on the previous breath; ¢, coeffi-
cient of the influence of Vi on Petcgy; Ti, mean T.

chemoreflexes

dependency
on previous
breath

the previous breath. The cycle durations were 5 to 12 breaths
(~ 20-60 seconds). This contrasts with the cycle time of frank
periodic breathing during high-altitude hypoxia, which is
mostly 18 to 25 seconds (13, 32). A similar difference in cycle
time has been observed between normoxia and isocapnic hy-
poxia (10). The “fast” periodic breathing during hypoxia is
probably caused by peripheral chemoreflex activity as well
(20). This does not preclude, however, a role for peripheral
chemoreceptors in the development of the relatively “slow”
oscillations in the present study. The model predicts a differ-
ence in cycle time between normoxia and hypoxia if hypoxia is
considered as an “amplifier” of the peripheral chemoreflex
sensitivity to Pacq, (33). As explained in Section D.2.3 of the
online data supplement (Figure E8), a shift to a shorter cycle
time due to an increased chemoreflex sensitivity can be expected
if there is a certain dependency of PETco, on the previous
breath. In the model, it is actually this dependency that adds
to the “slowness” of the respiratory system during normoxia.
The contribution of the peripheral feedback loop in our study
is further supported by the reduction of coherent oscillations
by 100% O,. A contribution of the central feedback loop to
the variability can also be expected below approximately 0.10
cycles per breath. However, because such slow oscillations can
occur less often during a recording time of 30 minutes, the
chance of finding them is smaller than for faster oscillations.
The inhalation of 100% O, has probably also altered the cen-
tral drive, as suggested by the increased mean ventilation. This
may be secondary to a reduction of the Haldane effect or a
suppression of central hypoxic inhibition (34).

The squared coherency between PETco, and VI/TI has a
double meaning here. First, it is a measure of linearity of the
relationship between PET¢o, and VI/T1 at a specific frequency,
regardless of its physiologic interpretation. Second, according
to the model, it is a direct estimate of the “loop gain” of the
feedback system. The loop gain reflects the amplification in
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the feedback loop and is a major determinant of the tendency
to oscillate (15). Other more indirect estimation procedures
for loop gain have been described for pseudorandom CO, in-
halation (35) or transient changes in PETcq, (16).

The model analysis revealed a close relationship between
the closed-loop gain from PETc(, to VI/T1 and the open-loop
chemoreflex gain for coherent oscillations. This makes an esti-
mation of the chemoreflex gain possible during the steady
state without additional stimulation (e.g., in sleep studies or
during continuous monitoring in the ICU). We did not, how-
ever, compare this method with a standard technique. The ap-
proach is not essentially different from the analysis of damp-
ened respiratory oscillations induced by spontaneous sighs
(18), acute changes in inspiratory Pco, (16), or pseudorandom
CO, stimulation (35). A drawback is that the facemask could
have influenced the breathing pattern (12), although we did
not find coherent oscillations in every subject. This probably
depends on the ratio between the different sources of noise.
The variability of arterial Po, may also play a role because
PETco, and PETq, oscillated out-of-phase, so that an additive
effect on peripheral chemoreceptors is possible (36).

The finding that the phase between V1/T1 and V1 was about
zero for coherent oscillations (Table 3) indicates that Vi/T1
during a given breath was positively related to V1 of the same
breath. Because the gain of this relationship was about equal
to the mean Ti (see also Table 1), this could be explained by
the model as a direct influence of changes in Vi/T1 on V1 at a
relatively constant T1. Apparently, there was no strong mecha-
nism that counteracted the evoked changes in respiratory
drive (VI/T1) by an adaptation of Ti1 (5). The relationship be-
tween V1 and TE was relatively weak, with a rough clustering
of the phase between V1 and TE around zero (Table 3). This
may be related to a mechanism that lengthens TE in response
to high V1, although the Hering-Breuer reflex is probably only
operating for V1 above 1.2 L (37). Anyway, a zero phase be-
tween V1 and Tk argues against a strong influence of chemore-
flexes on TE, because chemoreflexes would simultaneously in-
crease VI/T1 (and thus increase V1) and shorten TE (23).
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Figure 7. Hypothetical spectra for the model without chemoreflex
(dotted lines) or with only a peripheral chemoreflex (continuous lines).
Pc, power of PeTeo,; C;, coefficient of the dependency of Perco, on the
previous breath; Py, power of Vi/Ti; kzcwﬂ, squared coherency be-
tween PeTco, and VI/Ti; Geyim and @cvm, closed-loop gain and phase
from Peteo, to VI/T;; G, and ¢,, open-loop chemoreflex gain and phase
from Petco, to VI/Ti; Go and ¢, gain and phase from Percq, to Vi/Ti for
the situation without chemoreflex; S, peripheral chemoreflex sensi-
tivity (in L/second - kPa). Open circles refer to the resonance frequency.

Modeling of Chemoreflex Feedback

A number of mathematical models have already been imple-
mented to explain periodic breathing from chemoreflex char-
acteristics in heart failure or during hypoxia (e.g., 15, 16, 17).
Several models also give a good description of dampened os-
cillations after sudden changes in the system such as a sigh or
an increase in inspiratory CO, (16, 18, 35). The present model
is actually a simplification of existing models where the relation-
ship between respiratory variables is described from breath to
breath (18, 35, 38, 39). What is new is the analytical derivation
of power and cross-spectra from such simplified linear differ-
ence equations. The reason to explore respiratory variability
in the frequency domain is that the supposed linear interac-
tions constitute a time-invariant filter to noise in the system.
We tried to explain the spectral features by a model as simple
as possible. The major advantage is that this gives insight into
the main mechanisms of the variability. A drawback is that
nonlinear interactions can occur that are not always well ap-
proximated by a linear model. For example, a highly variable
Trot would change the chemoreflex response in terms of num-
ber of breaths, so that the response function becomes nonlin-
ear. The same holds true for variations in chemoreflex sensi-
tivity or cardiac output. The ventilatory influence of VI/T1 on
PET((, is probably more nonlinear for larger variations (40).

In conclusion, we found that coherent oscillations in PET(,
and VV/T1 occur in the normal respiratory variability. These
oscillations could be explained as a chemoreflex response to
spontaneous changes in the respiratory system, indicating that
respiration is continuously adjusted by the chemoreflexes so
that the respiratory variability is not random. Previously, the
function of the chemoreflexes was mostly studied with exter-
nal stimuli (e.g., inhaled CO,). While the response to such stim-
uli shows the capability of the reflexes to respond, the analysis
of respiratory variability makes it possible to derive information
on the actual performance of the chemoreflexes.
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