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Abstract In mechanical ventilation of preterm infants, positive endexpiratory pressure
(PEEP) is widely used to prevent alveolar collapse, maintain functional residual capacity
(FRC) and improve oxygenation. Prolongation of inspiratory time (t;) and increase of
peak inspiratory pressure (PIP) are also used for this purpose. We investigated the effect
of variations of PEEP, PIP and t; on FRC in ten infants with hyaline membrane disease
and onset of bronchopulmonary dysplasia (BPD, n = 7), pulmonary hypertension
(n = 1), pulmonary hypoplasia (n = 1) or severe BPD (n = 1) (gestational age 24-39
weeks, median 26 weeks; birth weight 590-2960 g, 785 g; chronological age 7-84 days, 19
days; weight 689-4650 g, 1185 g). FRC, measured using the sulphur hexafluoride
washout technique, was between 6.2 and 48.3 ml/kg (median 21.5 ml/kg). PEEP was
changed stepwise 2—5 times in each patient (median 3) and mean airway pressure (MAP)
was modified independently of PEEP by changing PIP 0-2 times (median 1) and t; 0-2
times (median 2). Changes of FRC correlated well with modifications of PEEP in each
patient (r = 0.90, range 0.71-0.99). The slope factors of linear correlations had a median
value of 2.94 ml/cm H,O per kg, which was significantly different from zero (P < 0.01)
and significantly higher than the slope factors of linear correlations between FRC and
MAP after modifications of PIP or t; (P < 0.01). The latter two were statistically not
different from zero. The quotients AFRC/AMAP were significantly higher after adjust-
ments of PEEP than after adjustments of PIP or t; (P < 0.01). The time lag between the
change of PEEP and the stabilization of FRC on a new level ranged from 2 to 14 min
(median 5).

Conclusion FRC is mainly determined by PEEP but not by PIP or t; Stabilization of
FRC after a change of PEEP can last up to 14 min. Its duration is unpredictable and has
to be waited for when testing pulmonary function in ventilated preterm infants.
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Abbreviations FRC Functional residual capacity - PIP Peak inspiratory pressure -
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Introduction

In surfactant deficiency, pneumonia and other pulmo-
nary diseases, mechanical ventilation with positive end-
expiratory pressure (PEEP) has been shown to improve
oxygenation [9, 12]. PEEP prevents endexpiratory col-
lapse of alveoli and preserves the functional residual
capacity (FRC) necessary for adequate gas exchange.
Other means that increase mean airway pressure (MAP),
such as prolongation of inspiratory time (t;) and increase
of peak inspiratory pressure (PIP) have also been shown
to improve oxygenation [15, 22], but it has not been
studied whether this effect is also mediated by an in-
crease of FRC.

Inter-individual variations of pulmonary compliance
and resistance require ventilator settings to be adjusted
individually. The adjustment of PEEP may be particu-
larly critical. If PEEP is too low, gas exchange may be
impaired by collapse of alveoli, and lung damage may be
increased [23]. Higher PEEP levels appear to reduce lung
damage in a rabbit model of neonatal respiratory dis-
tress syndrome [23]. Inappropriately high PEEP, how-
ever, may impair expiration, decrease tidal volume,
minute ventilation [1] and cardiac output [20] and may
lead to over-distension of the lung, interstitial emphy-
sema, pneumothorax and pneumopericardium [8]. The
best pulmonary compliance is achieved with a PEEP
that normalizes FRC [28].

Despite the widespread use of mechanical ventilation
with PEEP in neonatal care, few objective criteria have
been available to the clinician for making decisions on
ventilator settings such as the PEEP level. Blood gas
values and chest X-rays only indirectly reflect alveolar
distension. Direct measurement of FRC is not readily
available. The influence of ventilator settings on FRC
has not been clearly established. We have developed an
easy-to-use FRC measurement device based on the sul-
phur hexafluoride (SF) washout technique [27] and used
it to optimize ventilator settings in infants requiring
prolonged mechanical ventilation. We studied the in-
fluence of variations of MAP achieved by three different
interventions, i.e. by changing PEEP, PIP and t;, on
FRC and tested the hypothesis that variations of PEEP,
but not PIP or t;, would influence FRC in these infants.
Furthermore, we determined the time needed to reach a
new steady FRC after a modification of ventilator set-
tings.

Methods
Patients

FRC was measured, in order to optimize ventilator settings, in 17
infants who failed to wean from mechanical ventilation, and who
were considered by the clinicians to be difficult to manage. Of these,
7 infants were excluded from this analysis because FRC measure-
ments after modifications of PIP or t; were not done (n = 6) or
because of a significant endotracheal tube leak (n = 1), distorting

the results. Ten infants remained, who were ventilated because of
hyaline membrane disease and beginning bronchopulmonary dys-
plasia (BPD, n = 7), pulmonary hypertension (n = 1), pulmonary
hypoplasia (n = 1) or severe BPD (rn = 1). All infants except
numbers 2, 4 and 5 had received surfactant during their initial
treatment. Each infant was monitored with a heart rate monitor, a
transcutaneous PaCO, sensor and a pulse oximeter. SF¢ was sup-
plied by Linde, Munich, Germany as a 1:1 mixture with nitrogen.
This mixture has been approved by the Bavarian Government
Health Authority for diagnostic use in humans. Informed consent
was obtained from the parents of each infant.

FRC-measurement

FRC was measured by washout of SFg, an insoluble, non-toxic
tracer gas [2, 16]. The setup of the measurement apparatus, the
measurement process and the algorithms for calculation of FRC
have been described previously in detail [27]. In brief, a
pneumotachograph and a fast mainstream infra-red SF¢ analyser
(Siemens-Elema, Solna, Sweden) were inserted between the Y-piece
of the wventilator circuit and the endotracheal tube. The
pneumotachograph [24] had a dead space of 0.9 ml and a resistance
of 1.1 kPa*s/l at 5 l/min. The cuvette of the SF¢ analyser had a
dead-space of 1 ml and a resistance of 0.26 kPa+s/l at 5 1/min. The
concentration of SF¢ during wash-in was 0.7-1.1%. Repetition of
measurements was possible every 2 min. Dynamic compliance was
measured by recording a pressure-volume (P-V) loop of a me-
chanically controlled breath and setting a cursor on each end point
of the loop (two-point method). Mean values of three loops were
determined and recorded. This software was only available for the
last eight infants in our study.

Accuracy and reproducibility of the FRC measurement appa-
ratus have been tested. A comparison of measured FRC of a
dummy lung with its known, adjustable FRC resulted in a differ-
ence of 0.7 £ 3.2% (mean £+ SD). The coeflicient of variation
across 20 FRC determinations in five adult rabbits was 1.7%
during continuous positive airway pressure and 1.98% during
controlled mechanical ventilation [27]. Measurement of dynamic
compliance was tested with copper-wool filled bottles and found to
have an error of +3% [29].

Mechanical ventilation

For mechanical ventilation, the time-cycled, pressure-limited infant
ventilators Sechrist IV 100B (Sechrist, Anaheim, Calif.) and Step-
han HF 300 (Stephan, Gackenbach, Germany), were used. PEEP
was routinely adjusted to result in a diaphragm projection onto the
posterior part of the ninth rib on chest X-rays taken at end-expi-
ration. The ventilatory rate was set between 30 and 60/min. Special
attention was given to the avoidance of inadvertent PEEP by al-
lowing sufficient expiratory time for expiratory flow to cease before
the next inspiration. Muscle paralysis was not used, spontaneous
respiratory efforts were prevented by providing sufficient mechan-
ical ventilatory support.

Protocol of measurement

Each change of ventilator settings was followed by serial FRC
measurements until no further trend was detectable on three con-
secutive measurements. This was assumed if FRC readings varied
by less than 5% between measurements and in both directions, i.e.
upward and downward. The means of the last three consecutive
measurements of each series were calculated and subsequently re-
ferred to as ‘steady state FRC values’ (Fig. 2).

First, FRC was measured at least three times while ventilating
the infants with the parameters chosen by the clinician. Next, PEEP
was changed in steps of 2 cmH,O. If FRC was less than 35 ml/kg,
PEEP was first increased stepwise until the resulting increase of



FRC was less than 20% of the previous measurement or FRC was
above 42.8 ml/kg (95th percentile in a meta-analysis of FRC values
in healthy preterm and term infants [25]) or PEEP was above
6 cmH>O. After PEEP had been returned to the initial value and
FRC had stabilized, or if initial FRC was greater than 35 ml/kg,
PEEP was decreased until the resulting decrease of FRC was less
than 20% of the previous measurement or FRC was less than 65%
of the initial value or less than 18.3 ml/kg (5th percentile [25]).
Thereafter, the MAP was increased by doubling t; without chang-
ing t. and PEEP, followed by an increase of PIP by 2—4 cmH,O
with the initial t; Finally, PIP and t; were returned to the initial
settings and PEEP was set to result in a FRC of 20-30 ml/kg ac-
cording to the results obtained during the previous measurements.
When FRC had stabilized, the measurement apparatus was re-
moved. Any manipulation detrimental to the infant, e.g. resulting
in a proportionately large rise in PaCO, or O, requirement, was
abandoned. As this protocol was time-consuming, it could not be
continued to the end with each infant because of interference with
standard patient care. Endotracheal tube leaks were excluded by
continuous comparison between inspiratory and expiratory tidal
volume. No suctioning or bagging was done during the study.
Dynamic compliance was measured with each ventilator setting in
the last eight patients.

Data analysis

For standardization, all FRC values were related to body weight.
Values between 18.3 ml/kg and 42.8 ml/kg were considered normal
(5th and 95th percentile in a meta-analysis of FRC values in
healthy preterm and term infants measured with either the helium
dilution or the nitrogen washout technique [25]).

Linear regressions of FRC versus PEEP (FRC = slope factor *
PEEP + offset) of each patient were calculated separately from
measurements before and after modifications of PEEP. Likewise,
linear regressions of FRC versus MAP were calculated from
measurements before and after modifications of PIP and from
measurements before and after modifications of t;. From the re-
sulting values for slope factor and offset, median values across all
patients were obtained. The Wilcoxon rank sum test was used to
test whether the median slope factors were significantly different
from zero.

To test the hypothesis that FRC is mainly influenced by PEEP,
the magnitude of each change of FRC (AFRC) was divided by the
respective change of MAP (AMAP). From these quotients, three
median values were obtained separately for each patient, one for all
modifications of PEEP, one for all modifications of PIP and one for
all modifications of t;. The latter two median values were compared
with the median values obtained from modifications of PEEP by
the Wilcoxon signed rank test for paired samples.

As five tests were performed altogether, a P-value less than 0.01
instead of 0.05 was considered significant, according to the Bon-
ferroni correction for multiple testing.

Results

The ten patients were born after 24-39 weeks gestation
(median 26 weeks) and had a birth weight of 590-1690 g
(785 g). They were studied at an age of 7-84 days
(19 days) and weighed 689-2600 g (1185 g) at study
time. The diagnoses were hyaline membrane disease and
beginning BPD (n =7), pulmonary hypertension
(n = 1), pulmonary hypoplasia (n = 1) or severe BPD
(n = 1). FRC was measured 21 times per patient (me-
dian, range 13-33) varying PEEP, PIP and t; The me-
dian variation coefficient of repeated measurements with
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unchanged ventilator settings was 4% (range 0-15%).
PEEP was changed 2-5 times in each patient (median 3
times), and the MAP was modified independently of
PEEP by changing PIP 0-2 times per patient (median 1)
or by changing t; 0-2 times per patient (median 2). Initial
FRC values measured at the clinically selected ventilator
settings were between 7.3 and 38.2 ml/kg (median 23.3).
Initial FRC was below the 5th percentile (18.3 ml/kg)
[25] in two patients and between the 5th and 95th per-
centile in eight. No patient had an initial value above the
95th percentile (42.8 ml/kg). When PEEP was reduced,
FRC remained above the 5th percentile in only two
patients (Table 1).

A measurement series is shown in Figure 1. The FRC
of patient 3 declined markedly after lowering PEEP in
two steps from 5 cmH,O to 1 cmH,O. Increasing t; from
0.3 s to 0.6 s and thereby increasing MAP above the
initial value and later increasing PIP did not change the
FRC, but returning PEEP to 5 cmH,O led to a rapid
restoration of the previous FRC.

While overall correlation between FRC and PEEP or
MAP was poor because of the wide variety of pulmo-
nary pathology in the study patients, good correlations
with correlation coefficients between 0.71 and 0.99
(median 0.90) were found when regressions between
PEEP and FRC were calculated individually for each
infant. The slope factors of linear correlations were be-
tween 0.62 and 4.68 ml/cmH,O per kg (median 2.94)
and the offset values between 2.42 and 16.6 ml/kg (me-
dian 9.95). Both were significantly different from zero
(P < 0.01, Table 1 and Fig. 2).

In contrast, calculation of linear regressions for the
relationship of FRC and MAP from measurements in
which MAP had changed secondary to modifications of
PIP or t;, resulted in median slope factors of 0.44 and
—0.08 ml/cmH,O per kg, respectively, which were sta-
tistically not different from zero (Table 1).

The quotient AFRC/AMAP obtained after modifica-
tions of PEEP was between 0.76 and 8.11 ml/cmH,O per
kg (median 3.12) and significantly higher (P < 0.01)
than that obtained after modifications of PIP (median
0.44, range —8.13-2.75) or t; (median 0.06, range —6.41—
2.17, Table 1).

Dynamic compliance could be measured in eight in-
fants. Maximum values for each patient were between
0.34 and 0.68 ml/cmH,O per kg (median 0.43). Dynamic
compliance values did not correlate with absolute FRC
values or the slope factors of linear correlations between
PEEP and FRC.

The time lag from modification of PEEP until stabi-
lization of FRC on a new level was 2-5 min after 52% of
the 31 modifications, 6-10 min after 35% and
11-15 min after 13%. The minimum time was 2 min,
owing to the duration of the measurement process. In
three patients, a maximum time lag of 14 min was
found. The time lag did not correlate with FRC or any
ventilation parameter.
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Table 1 Range and regressions of pulmonary functional residual capacity

Patients Initial Min. Max. Initial Min. Max. Regression FRC-PEEP*
PEEP PEEP PEEP FRC FRC FRC Slope Offset
(cmH,0) (cmH»0) (cmH,0) (ml/kg) (ml/kg) (ml/kg) (ml/emH,0/kg) (ml/kg)
1 6 3 6 23.9 11.3 23.9 3.88 2.42
2 6 2 6 12.0 9.4 14.3 0.62 9.58
3 5 1 5 38.2 15.1 39.2 3.76 15.8
4 6 2 8 21.9 17.6 31.9 2.23 11.9
5 3 1 6 7.3 6.1 10.2 0.62 5.77
6 5 0 7 20.0 10.0 24.2 1.84 10.3
7 2 2 5 22.6 19.6 29.4 0.75 24.0
8 3 3 7 30.2 26.1 48.7 4.68 16.6
9 5 3 5 25.5 16.2 26.5 4.40 2.67
10 6 3 7 279 12.1 29.6 3.64 4.48
Median 2.94* 9.95*
Patients Regression slope FRC-MAP Quotient AFRC/AMAP
Mod. PIPP Mod.t¢ Mod. PEEP¢ Mod. PIP* Mod.t!
(ml/cmH,0/kg) (ml/ecmH,0/kg) (ml/cmH,0/kg) (ml/emH,0/kg) (ml/cmH,0/kg)
1 1.98 - 5.72 2.75 -
2 — -1.52 1.16 - -0.59
3 0.46 —-0.25 8.11 0.46 0.04
4 1.92 1.92 4.13 1.92 2.17
5 -0.14 0.087 0.76 -0.14 0.09
6 0.45 1.44 2.32 0.45 1.44
7 —-0.12 —-0.35 1.24 0.30 —-0.08
8 -8.13 -5.52 3.75 -8.13 —-6.41
9 0.44 1.14 2.49 0.44 1.01
10 —-6.50 - 5.43 —-6.50 -
Median 0.44%* —0.08** 3.12 0.44%** 0.06%***

# Linear regression of FRC and PEEP - slope factor and offset of regression line

* Significantly different from zero (P < 0.01)

linear regression of FRC and MAP — slope factor of regression line, calculated only from measurements, in which MAP had changed

secondary to modifications of PIP

¢ linear regression of FRC and MAP - slope factor of regression line, calculated only from measurements, in which MAP had changed

secondary to modifications of t;
4 obtained after modifications of PEEP
¢ obtained after modifications of PIP
f obtained after modifications of t;
** statistically not different from zero

*** significantly different from quotient AFRC/AMAP after modification of PEEP (P < 0.01)

Discussion

Using our FRC measurement device required only two
modifications of the ventilator circuit to prepare it for
measuring: insertion of the SF¢ injector into the venti-
lator tubing system and insertion of the flow- and SF
sensor unit between the Y-piece and the endotracheal
tube. Additional sensor dead space was small (=2 ml).
After connection, all measurements were obtained
without any further disturbance of the infant. Using SF¢
as tracer gas enabled us, in contrast to other methods, to
perform rapid serial FRC measurements regardless of
inspired O, concentration, because a SFg concentration
of about 1% is sufficient. However, this method may be,
like the others, susceptible to endotracheal tube leaks. If
tracer gas gets lost, FRC would be underestimated. In
several publications, data obtained by SF4 washout did

not show a systematic difference compared to those
obtained by body plethysmography [6, 17], nitrogen
washout [17] and helium dilution in healthy adult hu-
mans [6] as well as in adult rabbits [31]. The accuracy of
our measurement setup and the reproducibility of the
results have been established in animals [27]. In our non-
sedated patients, a slightly higher variation coefficient
was observed (median 4%, range 0—-15%).

This study was done in somewhat older infants who
failed to wean from mechanical ventilation and chal-
lenged the ability of the nursery staff to determine the
most appropriate ventilator settings. We chose not to
include preterm infants younger than 5 days, because
their risk of intracranial bleeding when subjected to long
inspiratory times or high peak pressures, with the pos-
sible changes in venous return and arterial pCO,, may be
increased. Therefore, our results may not apply to pre-
mature infants suffering from acute surfactant deficiency



Fig. 1 FRC of patient 3 (initial
ventilation pattern: PIP

20 cmH,O, PEEP 5 cmH,O0, t;
0.3 s, te 0.6 s): stepwise reduc-
tions of PEEP resulted in a
rapidly decreasing FRC. In- 304
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Fig. 2 Steady state FRC in relation to PEEP of all ten patients.
Individual linear regressions were calculated for each infant and
included in the figure (thin lines). Median values were obtained from
the slope and offset values of all infants. The dashed bold line
corresponds to the median values for slope and offset
(FRC = 2.94 = PEEP + 9.95)

Time (min)

during their first postnatal days. In fact, the infants
studied were 7-84 (median 19) days old, and differed
further in maturity and underlying diseases, which may
be one reason for the fact that the slope factors of linear
correlations between PEEP and FRC covered a wide
range, between 0.62 and 4.68 ml/cmH,O per kg (median
2.94). Only modifications of PEEP, however, had a
consistent effect on FRC, as opposed to modifications of
PIP and t;

To guide our ventilator setting modifications, we
needed to compare the measured FRC with the normal
range. Unfortunately, no determination of reference
values in a large sample of healthy preterm and term
infants was available. The only paper with a large
database was a German meta-analysis, which also in-
cluded the calculation of percentiles [25]. In this meta-
analysis, eight papers with FRC measurements by the
helium dilution or nitrogen washout techniques in 123
healthy preterm and term infants were included; three
further articles were not included in the analysis because
they yielded results significantly different from the rest.
The FRC values were not normally distributed, and
resulted in the following percentiles: 5%, 18.3 ml/kg;
10%, 20.9 ml/kg; 25%, 23.7 ml/kg; 50% (median),
27.5 ml/kg; 75%, 32.9 ml/kg; 90%, 39.4 ml/kg; 95%,
42.8 ml/kg. Therefore, we used 18.3 ml/kg as lower and
42.8 ml/kg as upper FRC limits.

The interrelation of FRC and PEEP has been inves-
tigated in animal models as well as in premature infants.
An increase of FRC by 3 ml/ecmH,O PEEP (i.e. 1.2 ml/
cmH,0/kg) has been described in healthy adult rabbits
(mean weight 2.53 kg, range 2.45-2.6 kg) [26, 27]. The
FRC of healthy mongrel dogs (weight 20-25 kg) in-
creased by about 100 ml/cmH,O (4-5 ml/cmH,0/kg)
[5]. In mechanically ventilated preterm infants, a de-
crease from a PEEP of 3 cmH,O (mean, range 2-4) to
zero endexpiratory pressure reduced FRC by 29% to a
median of 13.4 ml/kg [31], similar to our findings (me-
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dian offset of linear regressions 9.95 ml/kg). The most
extensive analysis, carried out in surfactant treated,
preterm infants (age 3—7 days) using the helium dilution
technique, found a non-linear but significant increase of
FRC as PEEP was raised from 2 to 5 cmH,O [3]. The
increase of FRC was between 1.3 ml/kg (when PEEP
increased from 2 to 3 cmH,0) and 3.6 ml/kg (when
PEEP increased from 4 to 5 cmH»0), and thus similar in
magnitude to the increase observed in our study on
much older infants. Lung recruitment by increasing
PEEP has also been demonstrated in human adults after
open heart surgery [30] and with adult respiratory dis-
tress syndrome [21].

In our study, FRC was highly correlated to PEEP
with a median linear slope factor of 2.94 ml/cmH,O per
kg, which is in the range of the published values cited
above, but about seven times higher than expected from
the measured dynamic compliance (median 0.43 ml/
cmH,O0/kg). It is unlikely that this discrepancy was
caused by measurement errors of dynamic compliance
or FRC. The measurement of dynamic compliance may
underestimate true compliance [14] if the lung is over-
inflated during measurement, but we tried to minimize
such errors by checking the P-V loops and chest X-rays
for signs of over-inflation and by measuring compliance
with different ventilator settings. Further, the employed
ventilator settings make a seven-fold underestimation of
true compliance owing to over-inflation of the lung very
unlikely. The measurement of FRC may be influenced
by endotracheal tube leaks, but undetected leaks cannot
explain the large changes of FRC after modifications of
PEEP observed here. Gas transport and tracer gas loss
through a leak is larger when the pressure gradient is
higher, and therefore, in the presence of a leak, FRC
would be more underestimated with higher PEEP set-
tings, thus diminishing, not increasing FRC differences
between high and low PEEP. Further, we could exclude
leaks by comparison of inspiratory and expiratory tidal
volumes during measurement.

The large discrepancy between dynamic compliance
readings and FRC changes, which has been found after
surfactant treatment as well [7, 10, 14] may be explained
by two different underlying mechanisms of air uptake:
distension and recruitment [10, 11]. During inspiration,
most of the air flows into alveoli which are already open
and are then distended. Some collapsed alveoli may
become recruited, but their number is limited because of
the short duration of the inspiration, and they may
collapse again during the next expiration. This is con-
sistent with the demonstration of progressive recruit-
ment after several inflations in adult heart surgery
patients [30]. Thus, recording a P-V loop and deter-
mining compliance mainly measures compliance of those
alveoli which are open and filled with air [10]. If PEEP is
increased, some of the alveoli recruited during inspira-
tion may now remain open. Others are added during the
next inspiration and so on, leading to a markedly in-
creased number of open alveoli and to an increased FRC
after multiple cycles and sufficient time. Dynamic com-

pliance measurements, which are limited to the duration
of one respiratory cycle, cannot detect the stepwise re-
cruitment occurring in consecutive respiratory cycles.
After recruitment, compliance may be increased as well,
because more alveoli are now being ventilated, but the
increased distension of alveoli during expiration at
higher PEEP settings limits the improvement of com-
pliance. If alveoli are over-distended, compliance will
fall again [7, 10, 14]. Decreasing PEEP allows alveoli to
collapse in increasing numbers during the expirations,
resulting in a progressive diminution of FRC. Both
processes, recruitment and collapse, take much longer
than one respiratory cycle. Stabilization of FRC was
completed within 5 min in most cases, but lasted up to
14 min in three. The stabilization time should be taken
into consideration when interpreting pulmonary func-
tion tests.

The quotient AFRC/AMAP was significantly higher
after modifications of PEEP than after modifications of
PIP or t; The slope factors of linear correlations between
FRC and PEEP were significantly higher than zero, in-
dicating correlation, but not those between FRC and
MAP obtained by modifications of PIP or t;. As the
increase in PIP was limited in order to avoid additional
barotrauma, the resulting increase of MAP was smaller
than the increase of MAP by prolongation of t;. We
cannot exclude that a greater increase in PIP may in-
crease alveolar recruitment and thus increase FRC in
some patients. In our study, however, neither increase of
PIP nor prolongation of t; increased FRC and therefore
did not prevent endexpiratory alveolar collapse. Like-
wise, ventilation with inverse I:E ratios did not reduce
histological changes in a rabbit model of respiratory
distress syndrome, in contrast to a higher PEEP [23]. It
has been suggested that the improvement of oxygenation
seen in inverse ratio ventilation could be the result of
inadvertent PEEP because of inadequate expiratory
time, and the use of a higher PEEP instead of an inverse
I/E ratio was proposed [4]. Increasing PEEP, however, is
limited because tidal volume and minute ventilation may
be reduced. Higher PEEP settings can be used with
higher ventilation frequencies, which allow for smaller
tidal volumes. This approach has already been shown to
reduce the complications of mechanical ventilation in
clinical studies [13, 18, 19].

We have presented data on the influence of PEEP
and, for the first time, PIP and t; on FRC. It has been
demonstrated that FRC was influenced by changes of
PEEP, but not by changes of MAP achieved by varia-
tions of PIP and t; at ventilatory rates of 30—-60 breaths
per minute in preterm and term infants requiring pro-
longed mechanical ventilation. We conclude that PEEP
was the main determinant of FRC in our infants, and no
further influence by PIP or t; was detectable. However,
this study was done in only ten patients, who differed
from each other in maturity, age and underlying dis-
eases. Therefore, the results presented here may not
apply to other patient groups. The great variability of
slope factors found among our patients hinders predic-



tions on the change of FRC after modification of PEEP.
The change of FRC, therefore, should preferably be
controlled by direct measurement.

Whether FRC-guided ventilator settings improve the

outcome in critically ill infants was beyond the scope of
this study and requires further investigation.

Acknowledgements The authors thank A. Schulze and H. Hum-
mler for reviewing the manuscript.

References

10.

11.

12.

13.

14

. Bartholomew KM, Brownlee KG, Snowden S, Dear PRF

(1994) To PEEP or not to PEEP? Arch Dis Child 70:F209-F212

. Cander L (1959) Solubility of inert gases in human lung tissue.

J Appl Physiol 14:538-540

. DaSilva WJ, Abbasi S, Pereira G, Bhutani VK (1994) Role of

positive end-expiratory pressure changes on functional residual
capacity in surfactant treated preterm infants. Pediatr Pulmonol
18:89-92

. Duncan SR, Rizk NW, Raffin TA (1987) Inverse ratio venti-

lation — PEEP in disguise? Chest 92:390-391

. East TD, Andriano KP, Pace NL (1987) Automated measure-

ment of functional residual capacity by sulfur hexafluoride
washout. J Clin Monit 3:14-21

. East TD, Wortelboer PJM, Ark E, Bloem FH, Peng L, Pace

NL, Crapo RO, Drews D, Clemmer TP (1990) Automated
sulfur hexafluoride washout functional residual capacity mea-
surement system for any mode of mechanical ventilation as well
as spontaneous respiration. Crit Care Med 18:84-91

. Edberg KE, Ekstrom-Jodal B, Hallman M, Hjalmarson O,

Sandberg K, Silberberg A (1990) Immediate effects on lung
function of instilled human surfactant in mechanically venti-
lated newborn infants with IRDS. Acta Paediatr Scand 79:750—
755

. Emery RW, Foker J, Thompson TR (1984) Neonatal pneu-

mopericardium: a surgical emergency. Ann Thorac Surg
37:128-132

. Falke KJ, Pontoppidan H, Kumar A, Leith DE, Geffin B,

Laver MB (1972) Ventilation with end-expiratory pressure in
acute lung disease. J Clin Invest 51:2315-2323

Goldsmith LS, Greenspan JS, Rubenstein SD, Wolfson MR,
Shaffer TH (1991) Immediate improvement in lung volume af-
ter exogenous surfactant: alveolar recruitment versus increased
distention. J Pediatr 119:424-428

Greaves IA, Hildebrandt J, Hoppin FG (1986) Micromechanics
of the lung. In: Fishman AP, Macklem PT, Mead J, Geiger SR
(eds) Handbook of physiology: the respiratory system. Ameri-
can Physiological Society, Bethesda, pp 217-231

Gregory GA, Kitterman JA, Phibbs RH, Tooley WH, Hamil-
ton WK (1971) Treatment of idiopathic respiratory distress
syndrome with continuous positive airway pressure. N Engl J
Med 284:1333-1340

Heicher DA, Kasting DS, Harrod JR (1981) Prospective clinical
comparison of two methods for mechanical ventilation of ne-
onates: rapid rate and short inspiratory time versus slow rate
and long inspiratory time. J Pediatr 98:957-961

.Kelly E, Bryan H, Possmayer F, Frndova H, Bryan C (1993)

Compliance of the respiratory system in newborn infants pre-

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

837

and post surfactant replacement therapy. Pediatr Pulmonol
15:225-30

Herman S, Reynolds EOR (1973) Methods for improving ox-
ygenation in infants mechanically ventilated for severe hyaline
membrane disease. Arch Dis Child 48:612-617

Hlastala MP, Meyer M, Riepl G, Scheid P (1980) Solubility of
helium, argon, and sulfur hexafluoride in human blood mea-
sured by mass spectrometry. Undersea Biomed Res 7:297-304
Jonmarker C, Jansson L, Jonson B, Larsson A, Werner O
(1985) Measurement of functional residual capacity by sulfur
hexafluoride washout. Anesthesiology 63:89-95

Oxford region controlled trial of artificial ventilation (OC-
TAVE) study group (1991) Multicentre randomised controlled
trial of high against low frequency positive pressure ventilation.
Arch Dis Child 66:770-775

. Pohlandt F, Saule H, Schroder H, Leonhardt A, Hornchen H,

Wolff C, Bernsau U, Oppermann HC, Obladen M, Feilen KD
(1992) Decreased incidence of extraalveolar air leakage or death
prior to air leakage in high versus low rate positive pressure
ventilation: results of a randomised seven-centre trial in preterm
infants. Eur J Pediatr 151:904-909

Quist J, Pontoppidan H, Wilson RS, Lowenstein E, Laver MB
(1975) Hemodynamic responses to mechanical ventilation with
PEEP: the effect of hypervolemia. Anaesthesiology 42:45-55
Ranieri VM, Eissa NT, Corbeil C, Chasse C, Braidy J, Matar
N, Milic-Emili J (1991) Effects of positive endexpiratory pres-
sure on alveolar recruitment and gas exchange in patients with
the adult respiratory distress syndrome. Am Rev Respir Dis
144:544-551

Reynolds EOR (1971) Effects of alterations in mechanical
ventilator settings on pulmonary gas exchange in hyaline
membrane disease. Arch Dis Child 46:152-159

Sandhar BK, Niblett DJ, Argiras EP, Dunnill MS, Sykes MK
(1988) Effects of positive end-expiratory pressure on hyaline
membrane formation in a rabbit model of the neonatal respi-
ratory distress syndrome. Intensive Care Med 14:538-546
Schaller P, Médler HJ, Schulze A, B6hme B, Leupold W (1985)
Ein Lamellen-Spirorezeptor fiir die Pneumotachographie bei
Frithgeborenen und Sduglingen. Z Klin Med 40:947-949
Schmalisch G, Wauer RR. Perzentilenkurven der funktionellen
Residualkapazitit von Neugeborenen (1993) Monatsschr
Kinderheilkd 141:714-720

Schulze A, Schaller P, Topfer A, Kirpalani H (1993) Resistive
and elastic unloading to assist spontaneous breathing does not
change functional residual capacity. Pediatr Pulmonol 16:170—
176

Schulze A, Schaller P, Topfer A, Kirpalani H (1994) Mea-
surement of functional residual capacity by sulfur hexafluoride
in small-volume lungs during spontaneous breathing and me-
chanical ventilation. Pediatr Res 35:494-499

Sivan Y, Deakers TW, Newth CJL (1991) Effect of positive
end-expiratory pressure on respiratory compliance in children
with acute respiratory failure. Pediatr Pulmonol 11:103-107
Topfer A, Schaller P, Gmyrek D, Pohlandt F (1993) MeBplatz
zur Bestimmung von FRC und Compliance bei Neugeborenen
(abstract). Perinatalmedizin 5:P48

Valta P, Takala J, Elissa T, Milic-Emili J (1992) Effects of
PEEP on respiratory mechanics after open heart surgery. Chest
102:227-233

Vilstrup CT, Bjorklund LJ, Larsson A, Lachmann B, Werner O
(1992) Functional residual capacity and ventilation homoge-
neity in mechanically ventilated small neonates. J Appl Physiol
73:276-283



