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List of abbrevations

CDH congenital diaphragmatic hernia

CO2 carbon dioxide

CT computed tomography

Ccv coefficient of variation

FRC functional residual capacity

FRCcr functional residual capacity measured by computed tomography
FRCurp functional residual capacity measured by heptafluoropropane

multiple breath washout

HFP heptafluoropropane

LCI lung clearance index

M4/Mo first to zeroth moment ratio
Mx/Mo second to zeroth moment ratio
MBW multiple breath washout

mL milliliter

PEEP positive end expiratory pressure
PIP positive inspiratory pressure
SFe sulfur hexafluoride

Vb dead space

VI ventilation inhomogeneity

Vr tidal volume

V1BL tidal volume measured by the Draeger BL 8000 ventilator

ViCT tidal volume measured by computed tomography



1. Introduction

1.1. Perinatal morbidity

Perinatal mortality is one of the most sensitive indices of healthcare both for the mother
during pregnancy and to the newborn infant. In 2010, 667947 newborn infants were born
alive in Germany . In Berlin nearly 18% of all newborn infants were admitted to a
pediatric ward %, and 6.7% of newborns were classified as premature (gestational age
less than 37 postmenstrual weeks). Improvement in prenatal, obstetric, pre- and
neonatal care over the last three decades has lead to dramatic reduction of infant

mortality rate, which at present has reached a value close to 4™ (see fig. 1) *.
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Fig. 1: Infant mortality rate in Germany. Depicted are FRG, GDR, Baden-Wurttemberg
and Berlin over the years 1982 until 2010, adapted from "2



1.1.1. Respiratory morbidity

The German neonatal quality assurance dataset and the national birth/death registry
differ considerably and deaths in extremely low birthweight infants may be missed °.
Despite this potential bias, there is consensus about the high percentage of respiratory
morbidity. * This has lead to specific and targeted respiratory support in neonatal
tratment since more than 50 years °>”. Respiratory therapy, however, has to address two

essential reasons in postnatal care: immaturity and pulmonary diseases .

1.2. Treating the respiratory distressed newborn infant
Beside prenatal lung maturation and postnatal surfactant administration, one of the most

common therapeutic interventions targeting respiratory insufficiency in neonatal

medicine, consists in using respiratory assisting or ventilating systems ° '°.
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Fig. 2: Incidence of ventilation rates and percentage of mechanical ventilation

admissions depending on birth weight (see lit. °)

To prevent ventilator-induced lung injury, noninvasive ventilation is meanwhile preferred
by neonatologists, but invasive ventilation is still necessary for support of neonates with
insufficient spontaneous breathing. The use of a respirator to ventilate newborn infants is
reflected by low birth weight (immaturity) and prevalent existing pulmonary diseases °.

The incidences of ventilation rates are depicted in fig. 2.



1.2.1. Volume in neonatal ventilation

The frequent therapeutic application of ventilatory support in neonatology resulted in the
design and development of different neonatal ventilators; however, primary parameters
to set were ventilatory pressures and times. In 1954, tidal volume (Vt) was integrated for
the first time as a steering factor for ventilation into a neonatal ventilator ''. By 1960
Abramson’s book '? listed 21 neonatal ventilators produced in USA. Meanwhile, due to
further technical development, vitually all neonatal ventilators feature diverse modes of
ventilation using Vr, be it as measured parameter or as a control factor. Actual
systematic reviews and meta-analyses point out that the implementation of volume
control and volume-targeted ventilation in neonatology is superior to pressure-limeted
ventilation. Volume-targeted ventilation was beneficial in terms of reduced volu- / baro-
trauma and reduced death / bronchopulmonary dysplasia . Furthermore, superiority
regarding decreased work of breathing and respiratory acidoses was evident ' . The
application of volume-targeted, compared with pressure-limeted ventilation reduced the
duration of ventilation and the incidence of severe intraventricular hemorrhages °.
These improvements in neonatal outcome lead to the spread of volume control and

volume-target in neonatal ventilation ™°.

1.2.2. Functional residual capacity and postnatal adaptation

Increasingly the amount of air remaining in the lung at the end of passive expiration,
called functional residual capaity (FRC) has become a focus of intense research '"%.
The FRC limits the fluctuation of alveolar gas concentrations within each breathing cycle,
serves as an oxygen buffer and equals the lung volume in resting expiratory position
under normal conditions 2> 2. To overcome the elastic resistance the resting expiratory
position is ideal due to the lowest forces, necessary ?2. Actual studies of neonatal
adaptation showed that formation and stabilisation of the FRC are crucial for
physiological adaptation **°. However, in neonatology, formation and stabilisation of the
FRC do play a role beyond postnatal adaptation. The FRC as well is of considerable
interest in conjunction with the application of surfactant ° and during severe respiratory
failure %',

A close correlation exists between alveolar gas exchange and pre- und postnatal
development of the lung ?* . Compared to adults the lungs of newborn infants are
characterized by an instable and lower FRC #'*°, lower absolute pulmonary compliance

and higher absolute pulmonary resistance *'. In addition, the postnatal switch of the



circulation frequently involves higher pulmonary resistance, leading to right-to-left
shunting via open fetal conjunctions (foramen ovale, ductus arteriosus Botalli) *2. During
this phase of transition in particular, the FRC allows for a normal and stable gas
exchange ?°. The FRC depends on both elastic (bias of volume reduction) and chest wall
(bias of volume expansion) forces of the lung ?* **. Thus, changes in this relationship
may have an impact on the FRC and the closing volume, which is of particular interest in
case of ventilatory support by mechanical ventilation. Already 50 years ago Auld et. al
demonstrated by body plethysmography that respiratory distress in newborn infants was
associated with lower thoracic gas volume *°. However, these measurements were

carried out in spontaneous breathing infants 3**°.

1.2.3. Measuring functional residual capacity in neonatology

Currently, FRC can be measured by two major techniques: plethysmography (utilizing
infant body-boxes), and gas dilution or washout techniques. Bodyplethysmography
measures the total gas in the thoracic cage (and the small amount in the abdominal and
oral cavities), irrespective of whether the gas is freely communicating or trapped behind
obstructed airways. The gas dilution techniques can measure only that gas which is
freely communicating. In the early sixties body plethysmographic measurement of
thoracic gas volume in newborn infants was described first ** *°. Thoracic gas volume
equals FRC in normal subjects, the technique being derived from duBois et al.*” In the
past the most commonly used dilution or washout techniques are helium dilution (a

) 343838 "and nitrogen washout (an open-circuit method) > *°. With

closed-circuit method
the open circuit device tidal flows and nitrogen concentrations are analyzed either for a
few consecutive breaths, or until complete washout has occurred *'**. Meanwhile, other
gases can be employed, of which sulphur hexafluoride (SFg) is most commonly
employed **®. While the helium dilution method, besides potential difficulties as air
leakages and CO, accumulation, has the disadvantage of adding compliance to the
respiratory system and does alter positive inspiratory pressures %'
Bodyplethysmography, however, needs special adjustments and is too cumbersome for
bedside measurements of ventilated newborn infants “%.

The method for measuring FRC that has gained most acceptance in newborns and
infants is based on the technique of Gerhardt et al. ** ** °° and has been validated in

several studies ** °**% however, best fitted in spontaneous breathing newborn infants >*
55



1.2.4. Functional residual capacity in ventilated patients
The knowledge of the alteration of FRC, a function of lung size, airway obstruction,
restriction, and mechanical properties of the lung would be helpful for both monitoring

and steering mechanical ventilation. Rapid changes in lung volume due to different

56-58

diseases and the effect of the appropriate treatment **®! otherwise might be missed.

Furthermore, the use of medications eg. anaesthetic volatile gases °, anaesthetics ©3

and neuromuscular blockade % destabilises FRC further and may thus impair
oxygenation *2. Thus, it is obvious that measurement of FRC under clinical conditions is

desired. However, so far a simple application of FRC measurement in ventilated

newborn infants is not achieved because the existing devices are too cumbersome ** *%:

0. 8 and have not been automated commercially. Furthermore, the addition of

compliance and resistance to the ventilation circuit ®°

, as well as oxygen interference in
patients with severe lung disease requiring markedly elevated inspired oxygen
concentrations may lead to measurement errors in both the helium dilution and the
nitrogen washout method ®” ®. The use of SFs as tracer gas in ventilated newborn
infants *° is, at least in Germany subject to scientific questioning because up to now it is
not registered as medical gas. Furthermore, its use requires, unlike V1 measurements

and blood gas sampling, parental consent ®°. Further problems arise from the poor

18, 69 70, 71

pressure stability of the gas sensors and the potential impact of leakage , which

is common in neonates due to the use of uncuffed tubes.



1.3. Aims of the thesis

Results of FRC measurements by tracer gas multiple breath washout (MBW) in
ventilated adults or toddlers cannot be adopted without objections to ventilated newborn
infants. Aiming to both develop a feasible and determine the predictive value of a
clinically applicable and easy to handle FRC measurement tool for ventilated neonates,

we sought to investigate the following questions:

1. Is the inert and certified medical gas ,1,1,1,2,3,3,3-heptafluoropropane (HFP)“ a
suitable tracer gas for MBW technique?

2. Can reproducible measurements be performed in ventilated small lungs using HFP
and is the sensitivity sufficiently high to demonstrate changes in the functional
residual capacity and ventilation homogeneity?

3. Does dynamic multislice computed tomography allow for calculation of FRC
comparable to MBW technique using HFP?

4. Are volumes of small lungs, measured by HFP MBW, affected by changes in ventilator
settings and may this be a possible pitfall for misinterpretation?

5. Has the body position of small individuals (prone vs. supine) during ventilation an
effect on lung volumes, measured by MBW method using HFP?

6. Is the HFP MBW technique suitable for measuring the effect of surgery on the lung
under clinical conditions and does it represent a useful tool for monitoring ventilated

newborn infants?
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2. Results

2.1. Investigating heptafluoropropane (HFP) as tracer gas for lung function
measurements in a newborn piglet model

Auwaerter V, Proquitté H, Schmalisch G, Wauer RR, Pragst F. Determination of
1,1,1,2,3,3,3-Heptafluoropropane (HFP) in Blood by Headspace Gas Chromatography-
Mass Spectrometry. J Anal Toxicol. 2005; 29 (6): 574-6

To investigate the first question regarding the inert and certified medical gas
1,1,1,2,3,3,3-heptafluoropropane (HFP), newborn piglets were investigated. A sensitive
method for quantitative determination of HFP in blood was developed using headspace
gas chromatography—mass spectrometry with nitrogen as internal standard. Briefly,
newborn piglets were ventilated for 30 min with air containing 0.8% HFP (v/v). Blood
samples were taken and HFP was measured, the limits of detection and quantification
being 0.005 and 0.016 mg/L, respectively. A saturation concentration in blood close to
2.5 mg/L was attained after 3 min ventilation and decreased within less than 5 min after
termination the HFP supply. Furthermore, no relevant accumulation of HFP during

measurement of functional residual lung capacity by MBW techniques was observed.
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2.2. Appraisal of reproducibility and accuracy of HFP MBW both in a lung model
and ventilated newborn piglets

Proquitté H, Kusztrich A, Auwaerter V, Pragst F, Wauer RR, Schmalisch G. Functional
residual capacity measurement by heptafluoropropane in ventilated newborn lungs: In
vitro and in vivo validation. Crit Care Med. 2006; 6 (34): 1789-95

In this study we could prove that HFP can be detected in low concentrations after
inhalation (0.8%) without relevant accumulation over 30 minutes. Thus, its use as a
tracer gas seemed feasible to measure FRC and ventilation homogeneity by MBW
during mechanical ventilation. To study accuracy and precision of the measurement a
lung model (a syringe and a bellow with a volume range from 11 to 35 mL) was
introduced. Furthermore, sixteen newborn piglets (median weight 1390 g) were
prospectively investigated before and after surfactant depletion (PaO, <100 torr in FiO; =
1.0). A new infrared mainstream sensor connected with the flow sensor of the ventilator
(Draeger Babylog 8000) served to measure HFP concentrations. Reproducibility of the
method and its sensitivity to detect changes of FRC were assessed in vivo by variation
of ventilatory variables. The absolute error of FRC in vitro was <1mL (relative errors
<3%) with a coefficient of variation (CV) <4%. In vivo CV of consecutive measurements
was only slightly higher (<5.1%). In healthy piglets, the increase in peak inflation
pressure (PIP) and positive end-expiratory pressure (PEEP) by 3-4 cm H,O lead to a
moderate rise in FRC (20.9 +/- 8.6 vs. 26.0 +/- 11.9 mL/kg, p=0.17) but had no effect on
ventilatory homogeneity. Lung lavage itself, despite increased ventilatory pressures,
reduced FRC significantly to 14.5 mL/kg (p<0.05) while both lung clearance index (LCI)
(p<0.001) and moment ratios (p<0.01) increased significantly due to uneven alveolar
ventilation. However, after surfactant-depletion, the additional elevation of ventilatory
pressures compared to healthy piglets now accounted for a significant increase in FRC
(14.5 +/- 6.7 mL/kg to 29.9 +/- 12.6 mL/kg; p<0.001) whereas lung clearance index (LClI)
and moment ratios decreased (p<0.01). Thus we concluded that HFP is a suitable tracer
gas for precise FRC measurements tested in vitro and allows for reproducible
measurements in ventilated small individuals. The sensitivity of the MBW method using
HFP was sufficiently high to demonstrate the effect of changes in ventilatory settings on
FRC and ventilation homogeneity. Again, comparable with the first study, HFP
concentrations in blood showed no significant accumulation for repeated FRC

measurements.
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2.3. Allows dynamic multislice computed tomography for calculation of functional
residual capacity (FRC) comparable to MBW technique using HFP in ventilated
newborn piglets

Elgeti T, Proquitté H, Rogalla NE, Mews J, Wauer RR, Hamm B, Schmalisch G, Rogalla

P. Dynamic computed tomography of the neonatal lung: volume calculations and

validation in an animal model. Invest Radiol. 2005; 40 (12): 761-5

In newborn piglets we sought to validate dynamic lung volume calculation by respiratory-
gated multislice computed tomography (CT) compared with HFP MBW. Mechanically
ventilated newborn piglets were imaged in a multislice CT with 0.5-mm slice thickness
(4:16 pitch, 0.5-second rotation time, 120 kV). For recording the respiratory signal the
respirator (Draeger BL 8000) was connected to the CT unit. VT and FRC was measured
by the respirator and by using the previously described HFP multiple-breath washin-
washout technique, respectively. All animals were scanned in 3 different ventilator
settings. Mean FRC determined by CT did not differ from washout technique 24.7+/-8.6
mL vs. 24.8+/-7.3 mL (P=0.555). Pearson's correlation coefficient, however, showed a
strong correlation between the data obtained with CT and that obtained with MBW
(r=0.886). A similar correlation (r=0.837) without significant differences in the mean tidal
volumes (CT: 8.9+/-2.4mL and BL 8000: 8.7+/-2.4mL, P=0.566) was achieved after
exclusion of one outlier. Thus, FRC values measured by HFP MBW could be

convincingly confirmed by CT.
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2.4. Critical assessment of volume measurement by HFP MBW and its affection by
changes in ventilator settings

Schmalisch G, Proquitté H, Roehr CC, Wauer RR. The effect of changing ventilator
settings on indices of ventilation inhomogeneity in small ventilated lungs. BMC Pulm

Med. 2006; 18; 6: 20

Using MBW techniques in ventilated newborns for measuring both lung volume and
ventilation inhomogeneity (V1) is impeded by high accessory apparatus dead space. We
investigated by modelling and by in-vivo measurements the impact of changing ventilator
settings on VI indices in small lungs. The homogeneity of the alveolar ventilation was
assessed by LCl and the moment ratios of the HFP MBW curve. The modelling showed
a strong connection of both the LCI| and the moment ratios to the tidal volume (V7), dead
space (Vp) and the FRC. Resulting computed findings were compared with measured
effects in 15 ventilated newborn piglets (median weight 1135g) in whom PIP had been
increased. Increased PIP lead to a significant rise in both V1 (15.4 +/- 9.5 vs. 21.9 +/-
14.7; p=0.003) and FRC (31.6 +/- 14.7mL to 35.0 +/- 15.9mL; p=0.006), whereas LCI
(9.15 +/- 0.75 vs. 8.55 +/- 0.74; p=0.019) and the moment ratios (p<0.02) decreased
significantly. Within-subject variability of the VI indices was lower in FRC measurements
(5.6%) compared to LCl (9.8%) and moment ratios (6.6% to 16.3%). Computer
simulations ascertained that changes in Vi and FRC and not improvement of the
homogeneity of alveolar ventilation accounted for significant changes in VI indices. Thus,
in small ventilated lungs with a high dead space fraction, indices of VI measured by HFP

MBW may be misinterpreted if the changes in ventilator settings are not considered.
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2.5. Investigating the positioning of newborn piglets during ventilation as a
possible effect on lung volume measurement by HFP MBW
Proquitté H, Elgeti T, Roehr CC, Rogalla P, Wauer RR, Schmalisch G. Comparison of

lung volume measurements by multiple breath heptafluoropropane washout and

computed tomography in small ventilated lungs. Med Sci Monit. 2009; 15 (10): 275-80

Knowledge of lung volumes is essential for monitoring and optimization of mechanical
ventilation. Using the model of ventilated newborn piglets, HFP MBW and respiratory
gated computed tomography (CT) were performed simultaneously to determine the
effect of positioning (supine and prone position) on lung volume measurements with
either method. In 6 ventilated piglets (median weight 945g) blood gases, respiratory
mechanics and lung volumes were measured in randomly order both in prone and
supine position. FRC was measured simultaneously by HFP MBW (FRCyrp) using the
previously described infrared mainstream sensor and by CT (FRCct) at the end of
inspiration and expiration. Tidal volume (V1) was measured both by the Drager Babylog
8000 ventilator (V1BL) and by the volume difference of the CT scans (V1CT). We found a
strong correlation (r=0.97) between FRCurp (25.248.5mL) and FRCcr (24.9+7.6mL)
without significant bias. Nevertheless, differences in Bland-Altman limits of agreement
varied between —-19.7% and 19.5% indicating discrapencies between both volume
measurement techniques. Analogous FRC measurement, a strong correlation (r=0.91)
between V1BL (8.5£2.0mL) and V1CT (9.0£2.4mL) was ascertained without statistically
significant bias, the limits of agreement fluctuating between —24.4% and 14.0%. We
could show that body position (prone vs. supine), however, had no significant effect on
lung volumes measured by either technique, indicating that HFP MBW may be feasible

for clinical use.
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2.6. Varifying the HFP MBW method under clinical conditions in ventilated
newborn infants requiring postnatal surgery
Proquitté H, Freiberger O, Yilmaz S, Bamberg C, Degenhardt P, Roehr CC, Wauer RR,

Schmalisch G. The effect of surgery on lung volume and conventional monitoring

parameters in ventilated newborn infants. Eur Respir J. 2010; 35 (5): 1072-8

In a clinical study, we sought to investigate the afore described HFP multiple breath
washout method in newborn infants in the clinical setting. Immediately postnatally,
thoraco-abdominal surgery is a serious intervention with respect to gas exchange and
lung mechanics. Therefore we prospectively compared surgery-induced changes in FRC
and VI indices with changes in conventional monitoring parameters. 29 ventilated
newborns (mean weight 2,770+/-864 g at surgery) were investigated, of whom 13, 9 and
7 underwent thoracic, abdominal or congenital diaphragmatic hernia (CDH) surgery,
respectively. Measurements were performed <6 h before surgery, 22-24 h after surgery
and <6 h before extubation, therby recording gas exchange, respiratory mechanics, FRC
and VI index data. Surprisingly, thoraco-abdominal surgery resulted in changes to FRC
and VI indices in a procedure-specific manner. While FRC decreased in non-CDH
infants, FRC increased and VI indices decreased in CDH infants. However, neither in
conventional mechanical nor ventilatory monitoring parameters these changes were
reflected. Furthermore, despite improvements, the differences in FRC and VI between
CDH and non-CDH infants indicated persistent impaired lung function in CHD infants.
This enduring impairment only was distinguishable by implementing HFP MBW because
FRC and VI indices changed following surgery, conventional monitoring parameters,

however, did not.
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3. Discussion

In the studies contributing to this thesis, we considered different aspects of a feasible
and easy to handle tool for lung volume measurements for ventilated neonates during its
development from bench to bedside. In contrast to the widly used SFs, HFP is a certified
medical gas; however, its use for FRC measurement in newborns was not investigated
up to now. Therefore the FRC measurement under mechanical ventilation was
investigated at different steps. Firstly, accuracy and reproducibility of FRC
measurements using the HFP MBW technique was assessed using both a mechanical
lung model and newborn piglets. Secondly, the impact of changes in the ventilator
settings on lung volumes, measured by HFP MBW, was evaluated. Thirdly, simultaneous
lung volume measurement by HFP MBW, and by dynamic multislice CT were compared
and the impact of positioning on the patient was investigated. Forthly, its applicability
under clinical conditions was tested in ventilated newborn infants requiring postnatal

surgery and the predictive value of HFP MBW determined.

With respect to the introduction of the chemically inert and nonflammable

hydrofluoroalkane HFP "> 7

into the setting of lung volume measurements during
ventilation, some aspects have to be considered. Data on HFP, also known as
apaflurane, Solkane® 227, or HFA-227ea, are available regarding its deposition ™ and
75, 76

drug delivery when used as an aerosol. However, if used as tracer gas,
accumulation of HFP to a higher extent in the body needs to be excluded. Therefore, a
sensitive headspace gas chromatography—mass spectrometry method was applied and
the HFP concentration assessed in the blood during FRC measurements in newborn
piglets 7" ®. To the best of our knowledge, our study was the first to demonstrate that
the addition of 0.8% (v/v) HFP to the breathing air over 30 min increased the HFP
concentration in blood within 3 min and attained a maximum value close to 2500 ug/L
after 10 min. Furthermore, disconnection of HFP supply to the breathing air has lead to a
rapid decrease to 500 ug/L within 3 min, resulting in a half life calculation close to 0.5
min. Thus, no relevant accumulation of HFP occured in the blood, neither in healthy, nor
in surfactant depleted piglets "°. The HFP concentrations found after the FRC
measurements only ranged from <5 to 85 ug/L and therefore stayed far below the
saturation concentrations found by Auwarter et al ”’. Comparable results for other tracer
gases are not available. This is of specific interest, as interactions with surfactant, known

at present for both SFs "°®' and HFP ®® may partly affect uptake. Therfore, interaction
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with surfactant could be a limitation if either hydrofluoroalkane is used as tracer gas
preferentially in newborn or premature infants. Furthermore, the fact that the
measurement procedure during HFP tracer gas technique usually lasted less than 2 min
and that all FRC measurements were finished with an HFP washout, diminished a

relevant impact on uptake. Since comparable low solubilities of both HFP ¢ 8" and SFg

88-91 79, 92

exist, problems could further arise. SFs is associated with pulmonary edema

93-96

and a potential toxicity , Whereas cardiac sensitization is assigned to the volatile HFP

9 Our measurements, however, did not discover any adverse effects on the monitored

circulation variables. In summary HFP preferably suites as tracer gas, because it is

already used for certified medical drug delivery ™ 7

98-101

and beyond that does not serve as
greenhouse gas and its high volatility allows for repeated FRC measurements

within short time intervals.

Regarding the investigations both in the model and the piglets "®, we aimed to report on
accuracy and reproducibility of the HFP tracer gas method. Both are of particular interest
if a test assembly using a new tracer gas is implemented. The strong correlation
(r=0.996) between the measured FRC and the volume of the model (syringe) added up
to measuring errors and a coefficient of variation less than 3% and 4%, respectively.

54, 55, 102 or SFG 45, 46, 103 as tracer

This is in line with previous results, applying Nitrogen
gas, however, despite similar error size the coefficient of variation was lowest in our
study, using HFP. The fact that the mean FRC error was 1.4%, satisfying the
recommendation for FRC measurements by the European Respiratory Society /
American Thoracic Society '* % (<2.5% or minimal 2 mL of the infant lung volumes)
further supports the use of HFP tracer gas technique.

In order to assess the reliability of our measurement in vivo, deviations in FRC between
wash in and washout were considered. Values higher than 20% occurred in 6.1% and
6.6% in healthy and surfactant-depleted lungs, respectively, leading to repeated
measurements, whereas the absulute deviations in FRC between wash in and washout
in healthy and surfactant-depleted piglets were 1.3 mL and 0.9 mL, respectively.
Published data of MBW FRC using nitrogen ' act on the assumption that the short-term
variability of the FRC is much lower and does not exceed 20% in healthy infants 7. In
our study median CVs of FRC measured during wash in and washout were 4.1% and
5.1%, respectively, demonstrating that there are no clinically relevant differences

between both measurements. These results are in good agreement with FRC
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measurements by SFs in spontaneous breathing infants, 3.7% for mass spectrometer *°
and 5.2% for ultrasonic flow meter ', and ventilated healthy infants, 5.5% for ultrasonic

flowmeter 1%,

Notwithstanding, our animal studies suffer from limitations, and it will be a matter of
further study to investigate whether our results can be directly applied to the clinical
setting. Furthermore, the interpretation of significant changes in VI indices may be
misleading if their dependency on the ventilator settings is not considered. Particularly in
small lungs a relatively high Vp fraction increases the sensitivity of VI indices to
parameter changes. Any changes in Vp or in V1 and FRC (e.g. by changing of ventilator
settings or by surfactant substitution) will affect the VI indices and therefore hamper their

09

comparability. As most VI indices increase with increasing Vp/V1 '® newborns may

emerge much higher VI indices " "' """ than spontaneously breathing children % 112
"3 Most likely, these higher values in newborns rather express functional dependencies
than refer to impaired alveolar ventilation. However, it was surprising that the VI indices
measured in healthy piglets fairly agreed with the calculated VI indices of a uniformly
ventilated volume '%°.
distribution within the lungs of the piglets, we could describe by HFP MBW 8 that this

increase was exclusively caused by changed lung volumes.

Despite high VI indices indicate a more complex ventilation

In infancy the LCI, which describes the number of turnovers to lower the end tidal tracer
gas concentration to 1/40th of the starting concentration, is one of most frequently used

VI indices "1

and easy to comprehend. In theory, the LCl is a static value of the flat
tail of the washout curve. It may vary, if the signal is noisy thereby explaining its
increased within-subject variability. The major limitation of the LCI, however, is clearly
shown in our study '°°. With increasing Vp/Vr but not V1/FRC the LCI rises significantly.
In addition, moment ratios, considering the whole tracer gas washout curve are abstract
mathematical measures, reflecting either the first part (M1/Mp) or the tail (M2/My) of the
washout curve 192199111118 ‘Therefore, the within-subject variability of Ma/M, is distinctly
higher compared to M{/My and similar to the within-subject variability of the LCI.
Compared to LCI measurements, demands on the washout curve for moment analysis

are hlgher 104, 105, 119, 120

. It requires of a rapid rise of the tracer gas after the switch-on in
order to reach the full tracer gas concentration during the first inspiratory cycle. The
supply of the tracer gas into the inspiratory limb of the ventilator circuit, far from the

endotracheal tube, may delay such a swift rise, which is tolerable for FRC
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measurements but will affect the calculation of the moment ratios. This has to be
considered for clinical interpretation of changing values as a result of modified ventilatory
parameters. The central problem of all moment ratios, however, is their dependency on
the number of evaluated breathing cycles """ '?'. With the computer simulation we could
provide data that theoretical values for M4/My and alveolar-based mean dilution numbers
were not reached due to the finite number of evaluated cycles '®. This hampers the
comparability of the data between different laboratories if the start and the end of the
evaluated breathing cycles are not specified "% % "9 Despite these limitations, a
marked change can be observed with the availability of dead space-minimized
mainstream gas analyzers. There is increasing interest in measuring VI by MBW
techniques ' % 4. 102,108,110, 112,122,123 ‘5\vever, the use of VI indices in small ventilated

12

lungs needs particular attention. Due to a relatively high dead space fraction '** most

indices are significantly affected by ventilator settings "® '

as changes in V1 and FRC,
as well as changes in the apparatus dead space hamper both their comparison and

validity.

Regarding our bench investigations, we managed to report on ventilated piglets that
were investigated simultaneously by HFP MBW using the Draeger Babylog 8000
ventilator and by dynamic lung CT for comparison of lung volumes (FRC, V1) measured

125-127

by either technique. To the best of our knowledge, our studies were the first to

demonstrate a strong correlation both in FRC (r=0.886) and Vt (r=0.837) between both

methods. This is in line with data from Chiomello et al. '

who also showed that lung
volume measurement, both with helium dilution and modified nitrogen washout
technique correlated well with CT scanning. This is supported by the fact that under
static conditions a significant correlation between lung volume and lung function already
has been shown in adults '** ™. Thus, that tracer gas muliple breath washout appears
to be easily used in clinical practice with sufficient accuracy. The effect of body position
on lung aeration, however, is currently a matter of controversy. With both techniques
used in our studies, no effect of body position on lung volume measurement was

observed. In the past, Gattinoni et al. *'"%

showed by CT in ventilated adults that
changing the body position redistributed atelectatic areas. Despite short-term effects,
however, prone positioning was not found to positively influence patients outcome,
neither in adults "** nor in pediatric patients "> "*®. In well agreement with our study, an

effect of body position on the measured FRC was neither detectable in neonates " '*®

56



nor in preterm infants "*°. However, the influence of body position on lung volume in

surfactant depleted lungs *° cannot be excluded.

Notwithstanding, we showed a strong correlation between volume measurements by
HFP washout and CT scan; however, some aspects have to be considered. Despite
measured differences in this study were small and negligible from a clinical point of view,
substantial differences between the two techniques cannot be neglected. Even with
reduced radiation dosage ' CT volume calculation involve a high radiation exposure.
The necessary transport and its cumbersome application make volume measurements
by CT uneligible for wider clinical use in mechanically ventilated infants, restricting it to
specific indications. HFP MBW, on the other hand, can easily be performed at bedside
both in the neonatal intensive ward and during operation and does not affect mechanical

78, 141

ventilation . Therefore it is currently the only clinically practical method for

measuring FRC in ventilated infants. Furthermore, the washout curve provides additional
information about VI %% 142,

The clinical setting of ventilated newborn infants requiring postnatal surgery served to
prove both applicability and predictive value of HFP MBW. Our study has shown that
HFP-MBW is a suitable technique to measure the effect of surgery on the lung. The main
finding was that FRC and VI indices measured during mechanical ventilation were more
affected by surgery than conventional monitoring parameters. Furthermore, the effect on
FRC and VI indices was procedure-specific. Prior to surgery, lung function
measurements were similar for the infants requiring abdominal or thoracic surgery. CDH
infants with impaired pre-natal lung development "*'*° however, had profound lower
FRC and respiratory compliance and higher VI indices, indicating impaired ventilation
homogeneity. The low postnatal FRC values in all groups may be possibly affected by
neuromuscular blockade ®*. While FRC and VI indices improved in CDH infants "' 24 h
after surgery, FRC decreased further in non CDH infants. This is in line with few studies

146147 and post surgery "*#"*° because primary

on respiratory mechanics measured pre-
surgical closure of abdominal wall defects was associated with deterioration of lung
function '8 1°1: 152 The increase over time of FRC and compliance in our CDH infants,
however, is similar to those reported by DINGER et al. '*°. Whether this is due to a
stable PEEP "** or the missing of routinely inserted chest tubes is open for discussion.

Before extubation, the differences in lung function measurements between CDH and non

CDH infants had reduced, yet still remained. The observed faster increase in FRC
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compared with respiratory compliance in CDH infants agrees with a recent own study '*°
showing that CDH patients had worse tidal breathing parameters and lower respiratory
compliance after discharge compared with non-CDH patients. FRC values prior to
extubation were slightly lower than that previously reported in older infants using SFs as
tracer gas °> ® %2 However, the present FRC values are consistent with those for

5. 81 and nonventilated term control infants '°®. MBW

106, 157, 158

ventilated preterm infants

techniques are susceptible to endotracheal leakage , @ common problem in

70, 71

ventilated newborn infants , which cannot be easily overcome "° but was lower than

20% in 95% of all infants studied ™.
Tracer gas MBW characteristics (e.g. Vp, gas sensors used, properties of tracer gases
and number of evaluated breathing cycles during tracer gas MBW) are highly method

dependent. MBW in ventilated newborn infants usually is performed using custom-made

4 161 18, 45, 4 1
5, 563, 16 or SFG 8, 45, 46, 60, 153

equipment and nitrogen '® '®°, helium as tracer gases. A

commercial system for MBW in ventilated patients '® 1%

63, 64, 107, 122, 162

using ultrasound spirometry with
SFe as tracer gas is characterized by a high Vp and a bulky and heavy
measuring head. On the contrary, our HFP measuring head was designed for use in

small lungs and is smaller and lighter.

Summing up all studies presented, we provide evidence that HFP MBW can be used as
a valuable tool for monitoring lung volume in ventilated newborn infants. Being more
sensitive and more specific compared to conventional monitoring parameters, changes
in lung volume can safely be determined during mechanical ventilation by HFP MBW.
Corresponding, the effect of different treatment strategies (eg. surgery, surfactant
application or medication-based treatment) could be monitored prospectively and
changes in treatment accordingly be adapted. Notwithstanding, the present HFP MBW
technique available, is limited due to the current Vp of the combined flow / HFP sensor,
which still is high, especially for extremely premature infants. Hopefully, technical
progress and increased efforts by the manufacturers will bring forward a new, lightweight
mainstream sensor with a Vp <1mL for reliable measurements even in this very sensitive

population.
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4. Summary

This thesis contributes to the area of neonatal lung function research in ventilated
newborn infans. Our studies have shown for the first time that heptafluoropropane (HFP)
allows for safe, accurate, and reliable functional residual capacity (FRC) measurements
and reproducible calculations of indices of ventilation homogeneity in ventilated healthy,
sick and surfactant-depleted small lungs. HFP is an alternative tracer gas to the
commonly used sulfur hexafluoride for the multiple breath washout (MBW) technique
and its high volatility allows for repeated FRC measurements within short time periods
without any influence on ventilator settings. Although a suitable reference method for
FRC measurements in vivo was not available, the sensitivity of HFP MBW is sufficiently
high to demonstrate even small treatment effects. By providing evidence that HFP MBW
is a useful technique to assess the effect of thoraco-abdominal surgery on the lung, this
new method was finally evaluated in the clinical setting. The effect of surgery on FRC
and ventilatory inhomogeneity indices was procedure-specific, however, these changes
were not reflected in mechanical or ventilatory variables. A prerequisite for clinical use of
HFP MBW is that the measuring sensor be miniaturised so that measurements in
premature infants are possible and that this technique is integrated into the standard

monitoring of neonatal ventilators.
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