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ABSTRACT. The feasibility of using a multiple gas re-
breathing technique to evaluate cardiopulmonary function
in the ventilated neonate was assessed by measuring func-
tional residual capacity, diffusing capacity of lung for car-
bon monoxide, and effective pulmonary capillary blood flow
in 10 neonates with respiratory distress syndrome. Meas-
urements were first made on the level of positive end
expiratory pressure (PEEP) selected by the clinicians car-
ing for the infants (“clinical” PEEP, mean of 4.4 + 0.3 cm
H,O0). To evaluate the effect of PEEP on cardiopulmonary
function, PEEP was then changed above (mean of 6.7 *
0.4 cm H,O) and below (mean of 1.9 £ 0.3 cm H,O) this
level and measurements were repeated. Mean functional
residual capacity on clinical PEEP (10.8 * 1.6 ml/kg) was
far below the predicted normal and varied directly with
changes in PEEP (mean change of 1.2 ml/kg/cm H,0).
Diffusing capacity of the lung for carbon monoxide on
clinical PEEP was 0.04 * 0.01 ml/min/mm Hg/kg and did
not change significantly with changes in PEEP. Mean
effective pulmonary capillary blood flow was highest (70
ml/min/kg) at the lowest level of PEEP. However, the
effect of increasing PEEP on effective pulmonary capillary
blood flow in individual infants varied. Increasing PEEP
increased arterial oxygen tension but did not cause changes
in systemic arterial pressure or heart rate. We conclude
that infants with respiratory distress syndrome have severe
lung injury with decreased functional residual capacity and
diffusing capacity of the lung for carbon monoxide, and
that lung volume improves with the use of PEEP. Although
PEEP has a beneficial effect on arterial oxygenation, it
may impair systemic oxygen transport in some infants
because of its detrimental effect on cardiac output. This
detrimental effect on cardiac output could not be detected
by usual clinical monitoring techniques. (Pediatr Res 20:
316-320, 1986)
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RDS is the most common respiratory illness affecting newborn
infants and remains a leading cause of mortality and morbidity
(1). The dramatic improvement in survival of infants with RDS
in the last decade has resulted primarily from the use of mechan-
ical ventilation. However, mechanical ventilation has many un-
desirable side effects. These include barotrauma resulting in
pulmonary air leaks (2) and alterations in pulmonary blood flow
and cardiac output resulting from the use of PEEP (3). Attempts
by clinicians to minimize these adverse effects in the ventilated
neonate have been compromised by the inability to adequately
monitor cardiopulmonary variables, e.g. cardiac output and lung
volumes. The small size of these patients and lack of easy vascular
access has precluded the use of monitoring techniques commonly
used in adult patients (4). Presently, the respiratory management
of neonates with RDS, including the selection of various modes
of ventilation, is based almost exclusively on blood gas analysis.

A multiple gas rebreathing method, first introduced by Sackner
et al. (S5), permits rapid, on-line, and easily repeatable measure-
ments of several cardiopulmonary variables including FRC, Q.
and D, CO. This technique has already been shown to be accurate
and reproducible in animal studies of lung injury (6) and in adult
human studies (7). Recently, we have shown that this technique
provides an accurate measurement of cardiopulmonary function
in mechanically ventilated piglets, comparable in size to the
human neonate, including piglets with oleic-acid induced tung
injury ventilated using PEEP (8).

The purpose of this study was to evaluate the feasibility of
using this rebreathing methodology to measure cardiopulmonary
function in mechanically ventilated human neonates with RDS.
In addition, we also utilized the rebreathing technique to inves-
tigate the effect of PEEP on cardiopulmonary function.

METHODS

The study population consisted of 10 infants admitted to the
Neonatal Intensive Care Unit at North Carolina Memorial Hos-
pital with severe RDS diagnosed by clinical and radiographic
features (9). Informed consent was obtained from the parents
prior to the study. At the time of entry into the study, all infants
were intubated with uncuffed endotracheal tubes and ventilated
with pressure-limited, time-cycled ventilators (BP 200 or Bear
Cub, Bear Medical Systems, Inc., Riverside, CA) using intermit-
tent mandatory ventilation and PEEP. The initial ventilator
settings had been selected by the clinicians caring for the infants
(not members of the investigative team) by criteria based pri-
marily on the results of arterial blood gas analyses. The level of
PEEP at the time of enrollment into the study is termed the
“clinical” PEEP level. The study population is described in
Table 1.

Measurements of cardiopulmonary function were made using
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Table 1. Clinical data and respiratory support al the time of
entry into the study

Clinical
Postnatal PEEP#}
age Wt PIP* (cm
Patient (days) Sex (kg) Fio, (cm HyO) H,0)
1 4 F 1.16 0.29 20 3
2 1 M 1.13  0.53 22 5
3 1 M 091 0.50 25 5
4 3 M 1.32 0.44 26 4
5 1 F 1.10  0.52 20 5
6 1.5 M 1.16 0.55 26 5
7 1.5 F 1.18 0.71 20 5
8 2 M 1.42  0.66 23 5
9 S M 1.92  0.55 28 4
10 2 F 1.12  0.35 18 3
Mean 2.3 6M4F  1.24 051 23 44
+SEM 0.4 0.09 0.04 1 0.3

* Peak airway pressure.
1 See text for definition.

a rebreathing technique previously described (8). The rebreathing
apparatus consisted of a 50 ml rubber bag-in-bottle and valve
(total dead space of two ml) originally developed by Gallioto et
al. (10). The valve was interposed between the endotracheal tube
and the ventilator. On turning the valve the inspiratory gas flow
from the ventilator could be rapidly diverted to the bag-in-bottle
system allowing the infant to be rebreathed with a mixture of
test gases contained in the bag. Between measurements the infant
was ventilated directly by the ventilator through the valve. The
test gas mixture contained 0.3% C'*0, 0.6% C,H,, 10% He, and
a percentage of oxygen that was 10% higher than the inspired
oxygen concentration being used prior to the measurements. The
balance of the test gas mixture was N,. The rebreathing volume
used was 15 to 20 ml/kg. Rebreathing was begun at the end of a
normal expiration and continued at a rate of 40 breaths/min for
30 s. During rebreathing, gentle pressure was applied externally
to the trachea to prevent air leakage. This technique eliminated
leaks around the endotracheal tube that could be detected by
auscultation and produced a flat helium curve after the point of
complete mixing between the lung and the rebreathing bag,
suggesting that the system remained closed during the measure-
ment period. The gases were continuously sampled at the airway
opening by a mass spectrometer (MGA 1100, Perkin Elmer
Corp., Pomona, CA; sampling rate of 15 ml/min). The analog
signals from the mass spectrometer were directed to a microcom-
puter (MINC/11, Digital Equipment Corp., Maynard, MA). The
computer calculated the slope of the disappearance curves of
C'™0 and C,H,, correcting for the He dilution, after the point of
minimal oscillation of the He tracing (Fig. 1). Data were analyzed
for three consecutive breaths after this starting point using the
algorithm of Sackner ez al. (5). Sampling resulted in a linear loss
of volume of gas in the lungs and test gas bag during the
measurement period. The magnitude of this loss was approxi-
mately 5 to 7% at the point of data analysis. No correction was
made for this loss. Rebreathing measurements were done in
triplicate and averaged (6). The total time required to obtain and
analyze the data was approximately 1 min. Most infants exhib-
ited some spontaneous respiratory effort during the rebreathing
measurements. However, their spontaneous tidal volumes were
much smaller than the rebreathing volumes used and therefore
did not affect the interpretation of gas disappearance curves.

TcPO,, PAo, and end-tidal CO, were also monitored in all
infants throughout the experiments.

Rebreathing measurements, TcPO, and PAo values were ini-
tially obtained at the respiratory settings chosen by the clinicians
(clinical PEEP, Table 1). PEEP was then either increased or
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Fig. 1. Changes in gas concentrations, measured at the airway open-

ing, during rebreathing. FRC is calculated from the He curve after the
point of equilibration between the lung and the rebreathing bag (indicated
by asterisk). DLCO and Q. are calculated from the rate of disappearance
of C'80 and C,H,, respectively, during the first three breaths after the
point of He equilibration (*).

decreased by 2 to 3 cm H,O in a random fashion. After a period
of approximately 20 min, all measurements were repeated. PEEP
was then changed in the opposite direction 2 to 3 cm H>O above
or below the clinical PEEP level and measurements were again
repeated after a 20-min period. Since the rebreathing measure-
ment begins at end-expiration in a closed system, the rebreathing
method would not increase end-expiratory pressure.

Six infants were studied at all three levels of PEEP. Because of
external constraints, measurements could only be made at two
PEEP levels in three additional infants. Another infant developed
an erratic breathing pattern on the PEEP level above clinical
PEEP, prohibiting the precise determination of the time of end-
exhalation and accurate timing of the switching of the rebreathing
valve. Measurements, therefore, were not made in this infant at
the higher PEEP level. One of the infants was studied on 2
consecutive days. The results of measurements made on the 2nd
day in this infant are reported separately.

Statistical analyses were performed using the Student’s ¢ test
for paired variables to compare values at different levels of PEEP.
Values for p < 0.05 were considered to be significant. All data
are expressed as the mean = SEM.

RESULTS

Table 1 describes the study population and the level of venti-
latory support at the time of enrollment into the study. The
average F10, was 0.51 + 0.04 with one infant requiring an Fio,
greater than 0.70. No patient was ventilated at a peak airway
pressure greater than 28 cm H,O (average peak airway pressure
of 23 cm H,0). The average level of clinical PEEP was 4.4 + 0.3
cm H,O (range 3 to 5 cm H,0).

There appeared to be no adverse effects of making repeated
rebreathing measurements in these infants. No decreases in
TcPO, occurred during the 30-s measurement periods. In fact,
transient small increases in TcPO, were often observed during
the rebreathing period due to the higher concentration of oxygen
in the test gas mixture compared to that being delivered by the
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ventilator. End-tidal CO, rose linearly as a function of time
during the 30-s rebreathing period, due to the fact that the patient
was rebreathing in a closed system, but rapidly returned to
baseline levels within the first few breaths after the valve was
returned to the ventilator mode position. No changes in heart
rate, PAo, or airway pressure were observed during or between
individual measurements. We have performed over 100 rebrea-
thing measurements in neonates with RDS and have encountered
no adverse clinical complications including evidence of baro-
trauma, changes in systemic arterial pressure, or impairment of
oxygenation.

Values for rebreathing variables, TcPO, and PAo obtained at
the initial clinical PEEP levels and the effects of changing the
levels of PEEP are shown in Table 2. Data for TcPO, and PAo
were obtained just prior to each rebreathing measurement. The
average TcPO, at the clinical level of PEEP was 92 mm Hg.
Decreasing PEEP from the clinical level (average of 2.5 cm H;0)
resulted in a significant decrement in TcPO, (mean decrease of
24%). Increasing PEEP above the clinical PEEP level (average of
2.3 cm H,O0) resulted in a numerically higher TcPO, (average
increase of 13%) but this increase was not significant. No signif-
icant changes in PAo or heart rate occurred when the PEEP level
was either increased or decreased (data not shown).

At the clinical level of PEEP, the average value for FRC was
10.8 ml/kg, for DLCO was 0.04 ml/min/mm Hg/kg, and for Q.
was 62 ml/min/kg. Increasing the level of PEEP resulted in a
significant rise in FRC (mean increase of 37%). Lowering the
level of PEEP caused a significant decrease in FRC (mean
decrease of 34%). There was no effect of changes in PEEP in
D CO. However, D;CO per unit lung volume decreased with
increasing levels of PEEP. )

The effect of PEEP on Q. varied. Qs was significantly the
highest at the lowest level of PEEP (mean of 70 ml/min/kg).
The values for Q. at the clinical PEEP level averaged 77% of
the values at the lower level of PEEP. However, only six of nine
infants had an increase in Q.y of (average of 44%) when PEEP
was dropped below clinical PEEP. There was no change in one
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infant and a decrease of 26% in Qe in the other two infants.
Mean Q. did not change significantly when PEEP was ele-
vated above the clinical PEEP level. Only one of seven infants
studied had a decrement in Q.x when PEEP was raised above
clinical PEEP.

. There appeared to be a relationship between the changes in
Qer and FRC. Q. increased (average of 33%) when PEEP was
elevated above the clinical level in three infants. These infants
had extremely low FRC values (average of 6.3 ml/kg) at the
clinical PEEP level. One additional infant with a similar FRC
(5.3 ml/kg) had no change in Q. when PEEP was increased. In
the remaining three infants studied at the highest PEEP level
(average FRC of 16.8 ml/kg on clinical PEEP), Q. either de-
creased or remained unchanged when PEEP was increased above
the clinical level. Changes in Q. at any PEEP level were not
associated with changes in either heart rate or systemic blood
pressure.

Patient 7 was studied serially on the Ist and 2nd days of life.
Between the study days, there was obvious clinical improvement
as evidenced by an improvement in oxygenation (decrease in
F10, from 0.71 to 0.65 and increase in Pao,/F10, ratio from 116
to 155) on a lower clinical PEEP level (5 to 4 cm H,0). This
clinical improvement was corroborated by rebreathing measure-
ments with an increase in FRC (7.6 to 13.6 ml/kg) and D;CO
(.02 to .03 ml/min/mm Hg/kg) on the clinical PEEP level from
the first day compared to the 2nd study day (Table 3). No change
in Q. at the clinical PEEP level occurred between study days.
Increasing PEEP above the clinical level 5 to 7 cm H>O caused
an increase in Q. of 62% on the Ist study day. A similar in-
crease in PEEP on the 2nd day caused a decrease in Qe of 19%.

The average coefficient of variation for repeated measurements
in all subjects at all PEEP levels were FRC 14 + 2%, Q.z 18 +
2%, and D:CO 23 * 3%. Rebreathing methodology has also
been used to measure lung water (11). However, because of the
diffuse heterogeneous nature of the lung injury in these infants,
highly reproducible measurements of lung water could not be
obtained and are therefore not reported.

Table 2. Cardiopulmonary function variables at different PEEP levels*

FRC Qur D.CO TcPO, PAo
n (ml/kg) (ml/min/lg) (ml/min/mm Hg/kg) (mm Hg) (mm Hg)
Lower
PEEP level
1.9 (0.3) cm H,O 9 8.4t 70.0% 0.04 77t 42
Range 1-3 cm H,0O (1.0) (7.3) 0.01) 8) 3)
Clinical
PEEP level 10.8 62.0 0.04 92 42
4.4 (0.3) cm H,O 10 (1.6) (10.5) 0.01) (8) (2)
Range 3-5 cm H,O
Higher
PEEP level 14.3§ 62.9 0.05 104 43
6.7 (0.4) cm H,O 7 (2.8) (10.5) 0.01) 9) 3)
Range 5-7 cm H,O
* Mean (+SEM).
tp<0.02
Ip<0.05 compared to value at clinical PEEP.
§p < 0.0l
Table 3. Rebreathing variables at different PEEP levels measured on consecutive days in patient 7
FRC Qurr D, CO
(ml/kg) (ml/min/kg) (ml/min/mm Hg/kg)
PEEP* a b c a b c a b C
Day 1 8.5 7.6 11.0 68 42 68 0.02 0.02 0.02
Day 2 11.0 13.6 16.0 59 42 34 0.04 0.03 0.03

* PEEP levels: a = level below “clinical ” level; b = “clinical” level; ¢ = level above “clinical” level.
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DISCUSSION

Multiple gas rebreathing methodology is an established tech-
nique for assessing cardiopulmonary function in large animals
(6) and adult humans (7). This technique has recently been
adapted for use in small laboratory animals comparable in size
to premature human neonates (8). Utilizing an extremely low
dead space valve and a bag-in-bottle system that allows for
repetitive measurements, we have demonstrated that the rebrea-
thing method is a rapid, repeatable, and safe bedside technique
for measuring FRC, Q.q, and DL CO in ventilated neonates. We
have not observed complications of making repetitive measure-
ments in neonates with RDS. Although a brief period of minimal
CO, retention (end-tidal CO, levels < 10% for less than 5 s)
occurs during measurements, no significant changes in oxygen-
ation occur. Measurements take less than 30 s and results are
immediately available.

This technique offers advantages over other methods of meas-
uring cardiopulmonary function (e.g. cardiac output and diffus-
ing capacity) in small infants. The measurement of Q. pro-
vides a relatively noninvasive estimation of cardiac output (5, 8,
11). This measurement can be made without the use of vascular
catheters, which may be technically difficult to place and poten-
tially hazardous in premature neonates. In contrast to the meas-
urement of D;CO by single breath methods which would require
repeated disconnections of the patient from the ventilator, the
rebreathing system does not require separation of the infant from
the ventilator. )

Measurement of Q. by rebreathing has been demonstrated,
by comparison to dye and thermal dilution techniques, to be a
very reliable estimate of cardiac output in a variety of laboratory
models, including normal piglets (8), dogs (11), and human
adults (12). Measurement of cardiac output by this method
assumes homogeneous ventilation to volume, ventilation to per-
fusion, and perfusion to volume distributions. Certainly nonun-
iform distribution of ventilation and perfusion would be expected
in the neonates with RDS studied. However, accurate estimates
of various rebreathing parameters have also been demonstrated
in laboratory models of abnormal ventilation to perfusion distri-
bution within the lung, similar to those which might be expected
in infants with RDS (8, 11). Friedman et al. (11) observed no
effect of profound alterations in perfusion following unilateral
pulmonary artery occlusion on the measurement of Qs com-
pared with total cardiac output measured by dye dilution in
ventilated dogs (11). Similarly, maldistribution of ventilation
does not appear to effect the accuracy of Qe as an estimate of
total cardiac output (13). Rebreathing methodology measures
pulmonary capillary blood flow (Qer) only to ventilated regions
of the lung. Blood flow to nonventilated areas of lung is not
included in the measurement, resulting in underestimation of
total cardiac output when significant right to left shunting occurs.
For example, Friedman ¢z al. (11) demonstrated a 50% reduction
in the measurement of Qe following unilateral bronchial occlu-
sion, but no change in total cardiac output measured by dye
dilution. Therefore, Q.x cannot be assumed to be equivalent to
total cardiac output in infants with right to left shunting, includ-
ing those with RDS. However, changes in Qs will parallel
changes in total cardiac output, if significant concurrent changes
in right to left shunting do not occur. Similarly, changes in
systemic oxygen transport, the product of total cardiac output
and arterial oxygen content, can be accurately predicted if the
shunt fraction remains constant.

The values obtained for FRC at the clinical PEEP level dem-
onstrate the marked reduction in lung volume associated with
RDS, even in infants treated with modest levels of PEEP. FRC,
measured at the clinical PEEP level, was compared to FRC
measurements reported by Hanson and Shinozaki (14) using
breath by breath analysis of nitrogen washout. These authors
found that the mean FRC was 17 + 2 ml/kg in a population of
healthy, nonventilated infants. This study is used for comparison
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because it is the largest study of FRC in newborn infants.
Although, their study group included predominantly term in-
fants, extrapolation of their values to preterm infants appears
reasonable since Kraus and Auld (15) have reported no differ-
ences in FRC values between term and preterm infants when the
values are adjusted for body weight. Other investigators have
reported higher FRC values than Hanson and Shinozaki (16).
Regardless of the study used for comparison however, our finding
that mean FRC on clinical PEEP was 10.8 = 1.6 ml/kg clearly
shows that FRC in infants with RDS is far below predicted
normal. Further evidence for the severity of lung injury in these
infants are the values obtained for D, CO which were approxi-
mately 10% of those predicted from previous studies of normal
animals of similar size (8).

There was a direct correlation between the level of PEEP and
FRC. FRC increased approximately 1.2 ml/kg for every 1 ¢cm
H,O increase in PEEP. This increase in FRC with increasing
Jevels of PEEP is similar to the increase observed in our previous
study of piglets with diffuse lung injury (8). Every infant in the
study had an increase in FRC with each increase in PEEP level,
but only three of seven infants tested reached predicted normal
lung volumes (17 % 2 ml/kg) on the highest level of PEEP. This
observation further corroborates the extent of the lung injury in
these patients and emphasizes the need to directly measure lung
volumes if the goal of ventilator therapy is to normalize FRC.

An adverse effect of PEEP on cardiac output might have been
predicted from previous observations made in both adult (17)
and neonatal (8) animals and adult humans (7). However, the
effect of PEEP on Q. in our study infants was variable. Six of
nine infants had an increase in Q. when PEEP was decreased
from the clinical PEEP to the lowest level but only one of seven
had a decrement in Q¢ when PEEP was raised above the clin-
ical level. The complex interaction between PEEP and Q.y is
further illustrated by the effect of varying levels of PEEP on
consecutive days in patient 7. On the Ist study day, increasing
PEEP from 3 to 5 cm H,O resulted in a decrease in Qer, while
increasing PEEP from 5 to 7 cm H,O caused an increase in Qcg.
On the Ist day, the infant’s clinical disease was severe with FRC
values of only 11 ml/kg at the highest level of PEEP. However,
on the 2nd study day when the infant’s disease had improved,
increasing PEEP at each level resulted in a decrement in Q. At
each higher level of PEEP on the 2nd day, a decrement in D,CO
per unit lung volume was also observed suggesting that increasing
PEEP increased FRC as a result of alveolar overdistention rather
than recruitment of atelectatic lung. This apparent relationship
between the severity of disease and the effect of PEEP on Q.yris
also suggested by the observation that infants with the lowest
FRC on clinical PEEP tended to experience an increase in Qr
as PEEP was increased above the clinical level. However, the
small number of infants studied and the lack of a uniform
response to changes in PEEP preclude drawing any definitive
conclusions.

The need to assess cardiopulmonary function in ventilated
infants with RDS, e.g. using rebreathing methodology, 1s exem-
plified by the heterogeneity of cardiopulmonary function found
in the present study population and the variability of changes in
Q.rin response to changes in PEEP. Although FRC systemati-
cally rose as PEEP was increased, the effect of elevated PEEP on
cardiac output and systemic oxygen transport varied. Increased
PEEP often resulted in decreased Q. and improved blood oxy-
genation (suggesting a decrease in the shunt fraction). These
findings suggest that PEEP may impair cardiac output, and
despite an improvement in arterial oxygenation may result in a
net decrease in systemic oxygen transport. In the present study,
decrements in cardiac outputs due to increasing PEEP were not
detected by standard clinical monitoring techniques. For exam-
ple, heart rate and mean systemic blood pressure remained
constant with manipulation of PEEP. It is possible that more
subtle changes in clinical parameters not evaluated in this study,
such as decreases in pulse pressure, might parallel the observed
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decrements in cardiac output. Similarly, decrements in cardiac
output during a period of observation longer than in the current
study may result in the development of metabolic acidosis or
decreased urine production. However, significant decrements in
Q.r and total cardiac output with increasing levels of PEEP,
resulting in decrements in systemic oxygen transport, may be
immediately detectable only by the use of the rebreathing meth-
odology.

We conclude that the multiple gas rebreathing technique pro-
vides a rapid and safe method for assessing cardiopulmonary
function in the ventilated newborn infant. With this technique,
effects of various mechanical ventilator modes, ¢.g. PEEP, can
be serially evaluated which may not be as easily or accurately
assessed by other monitoring techniques. Furthermore, com-
monly used levels of PEEP may cause clinically inapparent
compromise in cardiac output. Measurement of cardiopulmo-
nary function by rebreathing methodology may assist the clini-
cian in providing optimal tissue oxygenation at the lowest pos-
sible levels of PEEP.
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