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Lichtwar ck-Aschoff, Michael, Bela Suki, Anders Hedlund, UIf
H. Sjostrand, Agneta Markstrom, Rafael Kawati, Goran Heden-
stierna, and Josef Guttmann. Decreasing size of cardiogenic oscil-
lations reflects decreasing compliance of the respiratory system during
long-term ventilation. J Appl Physiol 96: 879-884, 2004. First pub-
lished October 24, 2003; 10.1152/japplphysiol.00532.2003.—Part of
the energy produced by the heartbeat is transferred to the lung and
promotes intrapulmonary gas mixing. Itislikely that this transmission
in the form of loca mechanical disturbances affects and reflects
respiratory mechanics. The effects of the cardiogenic oscillations were
studied in seven piglets during 7 h of monotonous mechanical venti-
lation. During the 1st h of ventilation, every heartbeat triggered a
noticeable transient increase in lung volume of 14 ml (95% confidence
interval = 10-17 ml). After 7 h, the increase in lung volume due to
heartbeat significantly decreased to 7 ml (95% confidence interval =
2-9 ml, P < 0.05). During the course of ventilation, overall lung
compliance and gas exchange were progressively compromised. We
conclude that 1) sufficient mechanical energy is transferred from the
beating heart to the lung to increase lung volume, and 2) the ability of
the heartbeats to help increase lung volume is reduced during long-
term ventilation, which reflects the changes in lung compliance.

heart-lung interaction; cardiac cycle; heart motion

CARDIOGENIC OSCILLATIONS 0N the volume-pressure (V-P) curves
of the lung reflect a transfer of mechanical energy from the
beating heart to the lungs. As a result of this energy transfer,
intrapulmonary gas mixing is enhanced. A related aspect of the
heart-lung coupling is the potential impact of local mechanical
disturbances induced by the heartbeats on respiratory mechan-
ics (1). Cardiogenic oscillations might have a diagnostic ap-
plication. Their appearance on the V-P curve is affected by and
reflects the conditions of energy transmission, that is, the
elastic and resistive properties of the respiratory system. Con-
sequently, Bijaoui and coworkers (1) used cardiogenic oscil-
lations to assess mechanical lung output impedance. The heart-
beats, generated by a natural “in-built” oscillator, potentially
offer a tool for analyzing respiratory mechanics without dis-
turbing ongoing ventilation.

Our aim was to evaluate the increase in lung volume induced
by cardiogenic oscillations on the inspiratory V-P curve during
long-term mechanical ventilation. Because the compliance of
the respiratory system decreases during monotonous ventila-
tion, we assumed that the cardiogenic oscillations would
equally decrease and, hence, that their size would reflect the
change in the compliance of the lung. In piglets with healthy

lungs, we found that the disturbances or “kicks” in the pleural
space induced by the beating heart were strong enough to
significantly increase lung volume and that this effect was
attenuated by long-term mechanical ventilation.

MATERIALS AND METHODS

After approval of the Ethics Committee, this study was conducted
in conformity with the National Institutes of Health guidelines in the
laboratories of the Department of Surgical Sciences, University of
Uppsala

Sudy protocol. The lungs of seven piglets (25.0 = 1.5 kg) were
ventilated for 7 h at constant settings. Measurements for mechanics
(data acquisition period = 2 min) were taken after a 30-min stabili-
zation period and in the prone position every 15 min. At the end of the
protocol, the animals were killed with potassium chloride.

In four animals, before long-term ventilation, additional measure-
ments were performed with 1) the endotracheal tube disconnected
from the ventilator and complete muscle paralysis, i.e., with the
airways open to the atmosphere but without the animals breathing on
their own, and 2) during a 10-s end-expiratory hold at 0 cmH,O
positive end-expiratory pressure (PEEP) with the endotracheal tube
connected to the ventilator, also with muscle paralysis.

In one animal, short-term ventilation was applied at 0, 6, 10, and 15
cmH->0 PEEP, each for 15 min.

Ventilator settings. Inspiratory flow was constant (0.2 I/s), inspira-
tion-to-expiration ratio was 1:1, ventilatory frequency was 20 min—1,
end-expiratory pressure (PEEP) and flow were zero, tidal volume (V)
was 13 ml/kg [6.2 = 1 kPaarterial Poz (Pao,), 7.38 = 0.4 arterial pH],
and fraction of inspired O, was 1.0. To standardize lung volume
history, volume-controlled ventilation was applied for 1 min before
initiation of long-term ventilation, with PEEP set to 15 cmH,0 and VT
doubled.

Anesthesia and monitoring. Ketamine (20 mg-kg=1-h—1) and
morphine (0.5 mg-kg~*-h~?1) produced alight level of anesthesia;
neuromuscular block was achieved by administration of pancuro-
nium bromide (0.25 mg-kg—*-h~1). The level of anesthesia was
assumed appropriate, because hemodynamics could be kept stable
at the postinduction level and neither signs of spontaneous respi-
ratory activity [as determined from esophageal pressure (Pes)
tracings] nor pain reflex muscular or autonomic nerve activity
induced by intermittent pinching of the paw could be detected.
ECG signals were obtained from a standard Vs lead. Intravascular
catheters were surgically placed for the collection of blood for
arterial and mixed venous blood-gas analysis (model ABL5 ana-
lyzer and OSM3 hemoximeter, Radiometer, Copenhagen, Den-
mark) and measurement of central venous, pulmonary arterial (via
the external jugular vein), and aortic pressures (via the carotid
artery). The position of the catheters was confirmed by pressure
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tracing. Cardiac output was determined by thermodilution. Derived
variables were calculated according to standard formula.

Data acquisition. Ventilation was applied through an endotracheal
tube (ID 8, Mallinckrodt, Athlone, Ireland) by aventilator (Servo 300,
Siemens-Elema, Solna, Sweden). Pes, airway pressure, and flow were
measured with a monitor (model CP100, Bicore Monitoring Systems,
Irvine, CA) placed between the tracheal tube and the Y piece of the
ventilator circuit. Data were sampled at 200 Hz with AcgKnowledge
software (version 3.2.7, BioPac System, Santa Barbara, CA).

Analysis of mechanics. Airway pressure at the Y piece (Paw), Pes,
and flow were measured. Transpulmonary pressure (Ptp) was calcu-
lated as Ptp = Paw — Pes, and volume was calculated by integration
of flow.

A straight line was fitted to the inspiratory V1-Paw and VT1-Ptp
curves, and the overall compliance of the respiratory system (Crs) and
the overall compliance of the lung were determined from the slope of
the straight-line fit. The quasi-static compliance of the respiratory
system was also determined (using a 5-s end-inspiratory and end-
expiratory hold).

To assess the effects of the heartbeats on the V-P curves, a straight
line was fit to the first 40 data points (corresponding to 200 ms) of the
V-P curve immediately after a cardiogenic oscillation using the least
squares method. In most cases, we observed a sudden increase in
volume after a heartbeat, which we attributed to a regiona lung
volume gain due to the heartbeat kick. The volume gains were
determined as the volume difference (or difference in intercepts)
between the straight-line fits to the post- and pre-heartbeat segment.

Data presentation and statistics. If not otherwise indicated, values
are means = SD or 95% (lower to upper) confidence interval (Cl).
Differences in time-related variables were assessed using repeated-
measures ANOVA with the Student-Newman-Keuls post hoc test.
Variables were assessed for potential association by regression anal-
ysis. Statistical significance was assumed with P =< 0.05.

RESULTS

Impact of cardiogenic oscillations on respiratory mechan-
ics. With the airways open to the atmosphere (endotracheal
tube disconnected) and without respiratory muscle activity,
each heartbeat induced atransient peak of gas flow entering the
lung that coincided with atrial systole. A second gas flow
transient, coinciding with ventricular systole, was followed by
an expiratory trough, coinciding with diastole (Fig. 1A). The
gas volume transfer corresponded to 20 ml (95% CI = 17-26
ml) in both directions. The delay between the QRS complex
and the onset of inspiratory flow was 36 ms (95% CI = 30-39
ms).

With the airways closed to the atmosphere (endotracheal
tube connected) again at end expiration and with muscle
paralysis (Fig. 1B), changesin Paw were also regularly coupled
to the heartbeats: Paw started to increase 140 ms (95% CI =
110-164 ms) after the QRS complex.

When the ventilator delivered a constant inspiratory flow
(Fig. 2), the same modulating effect of the heartbeats on the
flow vs. time and pressure vs. time plots could still be seen. An
inspiratory flow transient coincided with atrial and ventricular
systole, while the diastolic trough disappeared in the flow
oscillations caused by flow-regulating valves in the ventilator
(Fig. 2A). In the Paw-time plot, the heartbeat-induced inspira-
tory flow transients were immediately followed by a deceler-
ation of the Paw, appearing as a deviation from its linear
increase and causing concavity in the Paw curve (“cardiac
kicks’; arrows in Fig. 2B). The time during which the Paw
increase was slowed after a heartbeat was ~50 ms.
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Fig. 1. Heartbeat-induced pressure and flow in a representative animal. A:
airways open to atmosphere (with endotracheal tube disconnected and without
respiratory muscle activity). AP, systemic arterial pressure. Part of the cardiac
cycle is shown in shaded boxes. Flow corresponds to a volume of 20 ml per
heartbeat. Flow that is positive with respect to the zero line represents flow into
the lung; flow that is negative with respect to the zero line represents flow out
of the lung. B: airways closed to the atmosphere (with the endotracheal tube
connected) at an end-expiration hold without respiratory muscle activity.
Values for esophageal pressure (Pes), airway pressure (Paw), and gas flow are
arbitrary units.

If the compliance of the respiratory system is constant and
the ventilator delivers a constant inspiratory flow, the V-
Paw relation should be a straight line with the same slope as
itsinitial segment (i.e., the segment from start until c,, slope
1lin Fig. 3). Instead, there are distinctive heartbeat-induced
sudden volume gains (c;, €2, and c3 in Fig. 3) on the V-Paw
relation. These cardiac kicks shift the volume to a higher
level with a minimal increase in Paw (Fig. 2) and Pes (Fig.
3). After a cardiac kick, the volume continues to increase,
now in a more steady way (see segments after c;-c, and
Co-Cz in Fig. 3), until the next cardiac kick. Those segments
of the V-Paw curve between the cardiac kicks are, however,
not perfectly linear. Rather, volume increases at a reduced
rate from c; to a;, and thisrate is accel erated between a; and
C2. Again, in the cp-c3 segment, volume increases in a
slightly slower fashion from ¢, to a, and increases more
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Fig. 2. Heartbeat-induced gas flow and lung volume during constant-flow
mechanical inflation in a representative animal. A: systemic AP and gas flow
in arbitrary units during a constant-flow mechanical inspiration without respi-
ratory muscle activity. Both traces are smoothed with a moving average
(period = 20 data points). B: plot of lung volume vs. Paw at the beginning of
the experiment (thin loop) and after 7 h of ventilation (thick loop). Arrows
denote heartbeat-induced volume gain at nearly constant pressure.

rapidly from a, to cz. These small fluctuations in volume
increase coincide roughly with the time during which the
ventricles fill (ventricular diastole + atrial systole). During
this period, Pes rises, and the increase in lung volume is
slowed (c;-a; and cz-ap). During the ventricular ejection
phase (most pronounced during rapid ejection), Pes de-
creases and volume increases more rapidly (a;-c2 and ax-Cg).

At the beginning of the experiment (Figs. 3B and 4A), the
first heartbeats induced a lung volume gain of 14 ml (95%
Cl = 10-17 ml), while at the end of the 7-h experimental
period (Fig. 4B), volume gain per heartbeat was 7 ml (95%
Cl = 29 ml, P = 0.05; Table 1). The volume gain was
associated with Crs, which continuously decreased from 27 to
21 ml/emH20 (P = 0.05, beginning vs. end of the experiment;
see Fig. 5 for the regression analyses; for detailed statistics see
Tables 1 and 2).

When PEEP was increased stepwise from 0 to 15 cmH,0,
the volume gain per cardiogenic oscillation decreased progres-
sively, and it was abolished at 15 cmH,O PEEP.

Hemodynamics. Stroke volume index remained at its initial
level of 38 ml-beat™**m~2 throughout the experiment. Left
ventricular stroke work index increased from 53 to 63
ml-beat™**m~2-mmHg .

Blood gases. Pao, showed a small but significant decrease
during the experiment (from 76 to 74 kPa, P = 0.05; Fig. 6,
Table 1), while the tendency for arterial Pco, to increase was
statistically not significant.

881
DISCUSSION

The main result of this study was that heartbeats induced a
regular pattern in gas flow and airway pressure and, thereby,
were able to generate sufficient disturbance to result in signif-
icant lung volume gains that were accompanied by a short
increase in intratidal compliance. Crs and Pao, decreased and
arterial Pco, tended to increase with time, as observed else-
where (2-5, 8, 9, 12). Despite unchanged cardiac stroke vol-
ume, the lung volume gain induced by the cardiogenic oscil-
lations decreased together with overall compliance and time.
The size of the gain, thus, reflected the mechanical conditions
of the respiratory system during uninterrupted monotonous
ventilation.

How do the heartbeats induce repetitive lung volume gains?
Few data exist that allow assumptions about the mechanisms
involved in producing cardiogenic oscillations. Using the dy-
namic spatial reconstructor, Hoffman and Ritman (6) found a
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Fig. 3. Changes in Pes and Paw in relation to phases of the cardiac cycle
during constant-flow mechanical inflation in a representative animal. ECG
(ventricular filling, atrial systole, isovolumic contraction, rapid eection, and
reduced gjection), Pes, and lung volume (V) are plotted vs. Paw. ECG and Pes
are expressed in arbitrary units and lung volume in liters. Time course of Paw
is also indicated.
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Fig. 4. Slope of inspiratory V-Paw curves during ventilation in a representa-
tive animal at the beginning of the experiment (A) and after 7 h of monotonous
ventilation (B). AP (in arbitrary units) is aso shown. On the V-Paw plot,
heartbeats induced arapid upward shift of intratidal compliance, which ismore
pronounced at low lung volume in early inspiration (A vs. B).

2-5% reduction in total heart volume between end diastole and
end systole, and this small cardiac volume shift could act as a
pump adding lung volume. Flow and pressure changes were
regularly coupled to cardiac systole and diastole (Figs. 1-3)
with and without constant-flow mechanical inflation. This
regular coupling does, however, not allow us to conclude that
it is the shift in cardiac volume that induces the gain in lung
volume. It is equally possible, and indeed more likely, that
most of the lung volume change is due to the rapid pressure
swings caused by the contraction of the heart and not neces-
sarily by its volume change. The amount of lung volume that

Table 1. Effects of cardiogenic oscillations on respiratory
system mechanics

60 min 420 min
Pac,, kPa 76 (74.9-78.1) 74* (71.0-77.8)
Paco,, kPa 5.83(5.23-6.42) 6.01 (5.4-6.63)
SVI, ml-beat~t-m~2 38 (32.043.8) 40 (35.645.1)
Overdl Crs, ml/cmH>0O 27 (22-31) 21* (15-26)
Veara (1st beat), ml 13.5(10.4-16.6) 6.5*% (2.4-9.2)

Values are means, with 95% confidence intervals in parentheses. Pao, and
Paco,, arterial Poz and Pcog; SVI, stroke volume index; Crs, respiratory
system compliance; Vcad, heartbeat recruited lung volume. * Significantly
different (P = 0.05) from 60 min.
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Fig. 5. Regression analysis for overall compliance of the respiratory system
(Crs) vs. heartbeat-recruited lung volume (Vcaa): Crs = 15.2 + 0.87 X Vcaa
(ml/cmH20) (R = 0.73, R? = 0.52, P = 0.01). Values are means of 3
consecutive breaths for each animal.

is added by the cardiogenic oscillations does not appear to
depend on the timing of the heartbeat within the inspiratory
period. It seems, therefore, that the heartbeats merely trigger a
process that resultsin repetitive lung volume gain. The amount
of the added volume should depend on the strength of the
heartbeat-generated kicks and how these kicks are transmitted
to the underlying alveolar region. To the extent that the heart
can be considered locally as a mechanical pump generating
pressure swings in the pleural space, the local pressure in the
lung due to a kick should be proportional to the regional
compliance of the lung. When the magnitude of this pressure
kick islarger than the opening pressures of airways and alveoli
in that region, one or more arways pop open, triggering
perhaps an avalanche-like process (11), which eventually leads
to a noticeable lung volume increase visible on the V-Paw
curve (10).

Potential mechanical effects of heartbeats on the lung. The
above interpretation of lung volume gains is supported by the
following arguments. The V-P trace becomes nearly vertical
immediately after a heartbeat (Figs. 2—4). This suggests that
the total lung volume was suddenly increased without a cor-
responding increase in Paw. It is unlikely that this volume
increase occurs by pure elastic expansion of the lung, because,
in that case, Paw would have to increase as well. If, however,
the added volume suddenly enters a new lung region hitherto
collapsed (or onein which alower pressure prevails), Paw does
not necessarily increase. The situation is conceptually similar
to slowly inflating a system that contains a large chamber
connected to a much smaller chamber viaavalve. Initidly, the
valveis closed, and the pressure in the small chamber is much
lower than the pressure in the large chamber. If the valve is
suddenly opened, air rushes from the large chamber to fill up
the small chamber until the pressure becomes homogeneous in
the whole system. Because the same amount of air is redistrib-
uted in a larger volume, the total pressure can decrease.
However, if the source inflating the large chamber is strong
enough and the second chamber is much smaller than the first,
air will be drawn from the source while the pressure in the two
chambers stays essentially the same as before the valve was
opened. In our case, the source corresponds to the mechanical
ventilator, and the opening of the valve corresponds to the
heartbeat-induced reopening of a small collapsed region of the
lung. A consequence of this mechanism is that the newly
reopened region immediately becomes inflated and pressurized
so that it remains open and stable even after the heartbeat. A
similar vertical increase in volume without an increase in
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Table 2. Respiratory variables during 7 h of monotonous ventilation

Time Peak Inspiratory Pressure, cmH20 End-Inspiratory Pause Pressure, cmH20 Mean Paw, cmH20 Overdl Crs;st, ml/cmH20
Start 20*+35 13.7+22 7+0.6 26.7+4.6
60 min 19+29 153+18 6.5+0.5 245*6.5
120 min 20*+4.5 164+23 7.0+£1.0* 22.8+6.3
180 min 21+26 16.3+1.2* 7.2+0.5* 24.1+2.3*
240 min 21+3.0 17.6+2.3* 7.4+0.5* 21.4+5.6*
300 min 21*26 17.1+16* 7.2+0.5* 21.3*+5.3*
360 min 22+2.8* 17.8+2.1* 7.4+0.5* 21.1+53*
420 min 22+3.0* 17.7x2.2¢ 74*0.5* 20.95.3*

Values are means = SD. Paw airway pressure; Crs,st, static Crs. * Significantly different from start (P = 0.05).

pressure can be observed during the first inflation of degassed
lungs, and this phenomenon has been quantitatively modeled
on the basis of airway opening (7).

We have no independent data to support our interpretation,
and other interpretations are equally possible. It could be
argued, for example, that the recruited lung volume seemsto be
derecruited on the subsequent expiration. This is suggested by
the fact that every inspiration is accompanied by a new se-
guence of volume gains. We emphasize that, because of the
normal variability of heartbeat frequency mediated among
others by respiratory sinus arrhythmia, the heartbeats continu-
ously change position on subsequent inspirations. Thisimplies
that different lung areas are affected from beat to beat (rather
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Fig. 6. Individua arterial Poz (Pao,) and Pco: (Paco,) and lung compliance
values during monotonous ventilation at 1 h after beginning and at the end of
the experiment (420 min). Symbols denote individual animals. Large symbols
at right and left denote means (with 95% confidence interval). * Significantly
different from 60 min.

than the same areas being recruited and derecruited al the
time). Moreover, in four animals, we measured the V-Paw
curves 1 s after the heart was stopped. It is unlikely that, 1 s
after the heart is stopped, intrapulmonary blood volume would
have increased such that it would significantly reduce lung
compliance. In these animals, we did not observe any sudden
lung volume increases during ventilation, and lung compliance
was 20% lower at end inspiration when the heart was stopped.
Further support of heartbeat-induced recruitment comes from
the PEEP studies. Immediately after induction of anesthesia
and, hence, probably with some parts of the lungs collapsed,
ventilation at 0-cmH,O PEEP was applied, and the heartbeats
always resulted in lung volume increments. Increasing PEEP,
however, progressively reduced lung volume gains due to the
cardiac oscillations. This was probably due to the fact that the
increasing levels of PEEP gradually reduced the amount of
lung volume collapse at end expiration and also increased the
stiffness of the lung. At the maximum PEEP of 15 cmH0, the
lung was stiff and there was not much lung volume left for
intratidal recruitment, which in turn resulted in complete dis-
appearance of cardiac kicks from the V-Paw curve.

It might be argued that the volume increments in Figs. 2—4
are plotted against Paw and, hence, do not show the actual
changes in Ptp. We cannot fully eliminate the possibility that
the cardiac kicks merely generate transient lung volume in-
creases due to the heart sucking in a small amount of gas
during systole and subsequently expelling it during diastole.
However, examining the datain Fig. 3 more closely, we would
like to emphasize the following. If the heart indeed increases
and decreases lung volume, then during inspiration, lung vol-
ume should increase at a constant rate, and this increase should
be cyclically modulated by the heart’s emptying and filling. In
other words, the rate of increase of lung volume should be
somewhat larger during systole and dlightly smaller during
diastole. This is actually observed in Fig. 3. From ¢, to &, as
well as from c; to ay (coinciding approximately with the
diastalic filling phases), the increase in lung volume is slowed;
from a; to ¢, and from a, to c3 the increase in lung volume is
augmented by the suctionlike effect of the emptying heart
(systolic rapid and reduced € ection phase, respectively). These
changes are also reflected in the course of Pes. Thus the cyclic
emptying and filling of the heart isin tight temporal correspon-
dence with the small interbeat fluctuations in lung volume
(c1-a1 vs. a;-Cp) around a linear increase during inspiration.
The sudden increasesin lung volume at ¢, ¢z, and ¢z, however,
are not connected in the same way to the phases of cardiac
emptying and filling. Instead, they appear after the end of
cardiac emptying, and, in contrast to the volume changes
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corresponding to the sucking-expelling action of the heart,
those volume jumps are more pronounced and the volume gain
isnot lost or reversed on subsequent filling of the heart. Those
jumpsinterrupt the linear increase in volume, and they result in
an almost parallel shift in the V-Paw curve. This means that
there is a permanent increase in volume. Therefore, each
heartbeat results in a parallel shift in lung volume that, at end
inspiration, produces a total volume increase of ~75 ml com-
pared with the predicted volume based on the slope of the first
V-Paw segment (slope 1). Additionally, had there been no
shifts superimposed on the increase in lung volume, the pres-
sure would have increased faster than the volume due to the
elastic nonlinearity of the lung at higher lung volumes and, if
anything, the V-Paw curve would deviate downward from
dope 1. These considerations therefore support our hypothesis
that the sudden jumps in volume along the V-Paw curve are a
result of regiona lung volume recruitment induced by the
rhythmic contraction of the heart.

Cardiogenic oscillations reflect overall mechanical proper-
ties of the respiratory system. Irrespective of the above discus-
sion, there was a strong association between Crs and the
volume of the cardiogenic oscillations. We found that Crs and
lung compliance gradually and continuously decreased during
monotonous ventilation (Fig. 5, Tables 1 and 2), an observation
that was first made by Mead and Collier (8) in isolated lungs.
Despite a constant pressure output, in terms of constant stroke
volume and left ventricular stroke work, cardiogenic oscilla-
tions became smaller in magnitude with time, because an
increasing part of the energy produced by the contracting heart
dissipated in overcoming the reduced Crs. Thus the lung
volume gain per heartbeat was also time dependent. Whatever
mechanism is behind the decrease in overall compliance (loss
of lung volume, stiffening of lung tissue and/or chest wall,
and/or changes in the air-liquid interface), the flattening of the
cardiogenic oscillations reflects the increasing stiffness of the
lung. This makes the study of cardiogenic oscillations a poten-
tial tool for noninvasive analysis of respiratory mechanics (1).

In conclusion, our data suggest that, depending on the
overall mechanical conditions of the respiratory system, car-
diogenic oscillations can induce significant lung volume gains.
We speculate that the sudden gains in lung volume are due to
recruitment induced by heart contraction. By the end of 7 h of
monotonous mechanical ventilation, the lung becomes so stiff

CARDIOGENIC OSCILLATIONS REFLECT LUNG COMPLIANCE

that the cardiogenic oscillations result in much smaller volume
gain, which isaccompanied by a deterioration of gas exchange.
The flattening of the cardiogenic oscillations reflects the in-
creasing stiffness of the lung, making cardiogenic oscillations
apotential tool for noninvasive analysis of respiratory mechan-
ics.
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