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Abstract

Maximal inspiratory pressure (PIMAX), the maximum negative pressure generated during
temporary occlusion of the airway, is commonly used to measure inspiratory muscle strength in
mechanically ventilated infants and children. There are, however, no guidelines as to how the
PIMAX measurement should be made. We compared the maximum inspiratory pressure generated
during airway occlusion (PIMAXqgcc) to that when a unidirectional valve (PIMAXyy), which
allowed expiration, but not inspiration was used.

Twenty two mechanically ventilated children (mean (SD) age 4.8 (4.5) years) were studied. Three
sets of end expiratory occlusions were performed for each method in random order. The expired
volume during PIMAX N was assessed and related to the functional residual capacity (FRC)
measured using a helium dilution technique.

The mean (SD) PIMAXyn; (45.5 (15.2) cmH,0) was significantly greater than mean (SD)
PIMAXocc (30.9 (9.0) cmH,0) (p<0.0001). The mean (SD) expired volume during PIMAXyn,
was 98 ml (62.3), a mean reduction in FRC of 33.1% (SD 13.9). There were no significant
differences between techniques in the baseline respiratory drive, the number of efforts required
and the time to reach PIMAX. Regardless of technique, PIMAX was reached in 10 inspiratory
efforts or 15sec of airway occlusion.

A unidirectional valve allowing expiration, but not inspiration yields greater PIMAX values in
children. Occlusions should be maintained for 12 seconds or eight breaths (99% CI of mean).
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Introduction

Respiratory muscle strength in mechanically ventilated children may be reduced for a
variety of reasons. Prolonged mechanical ventilation 1,2, injury to the phrenic nerve due to
surgery or trauma 3, sepsis 4,5, critical illness 6,7, medications 7-10 and chronic illness
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11-14 are recognised causes of respiratory muscle weakness and can delay weaning from
ventilatory support. Accurate assessment of respiratory muscle strength, therefore, can
provide important diagnostic and prognostic information.

Maximal inspiratory pressure (PIMAX), the maximum negative pressure generated during
temporary occlusion of the airway, is commonly used to measure inspiratory muscle
strength in mechanically ventilated children, being non invasive and simple to perform 15. A
normal or near normal value for PIMAX is useful in ruling out weakness of the respiratory
muscles and avoiding the necessity for more complex and/or invasive tests 15. Equally,
serial measurements of PIMAX could be a useful monitoring tool to track respiratory muscle
function. There are, however, no guidelines as to how the PIMAX measurement should be
made in ventilated infants and children.

Studies in ventilated adult patients 16,17 have demonstrated higher values of PIMAX when
a one-way valve was used, which allowed flow during expiration but not inspiration.
PIMAX was achieved approximately 20 seconds or 10 efforts after initiating occlusion 17.
Baumeister et al 18 observed that PIMAX in mechanically ventilated children was most
negative 12 to 15 seconds after airway occlusion, using a one way valve. A direct
comparison with airway occlusion during both inspiration and expiration was, however, not
performed. In addition, the mechanisms underlying the greater pressures achieved with
inspiratory occlusion compared to maintained inspiratory and expiratory occlusion are
unclear, although enhanced respiratory drive and reduced lung volume may be important
16,17.

We hypothesised that PIMAX would be higher during airway occlusion when only
inspiratory efforts were occluded (PIMAXN) compared to those where the occlusion was
maintained throughout both inspiration and expiration (PIMAXgcc). The aim of this study
was, therefore, to compare PIMAXgcc to PIMAXyy; in mechanically ventilated children
with a broad range of ages and diagnoses. In addition, we wished to determine the
relationship between any change in lung volume during PIMAXN; and inspiratory pressure
and also the influence of respiratory drive. Some of the results of these studies have been
previously reported in the form of an abstract 19

Materials and methods

A prospective study was conducted in the Variety Club Children's Hospital paediatric
intensive care unit at King's College Hospital, London. Children who were mechanically
ventilated for more than 24 hours were eligible for entry into the study. Informed written
consent was obtained from the parent(s) or carers. Measurements were performed when the
children were deemed ready for extubation by the clinical team. Approval was obtained
from the Research Ethics Committee of King's College Hospital NHS Trust.

Respiratory flow was measured using a pneumotachograph (series 4500, Hans Rudolph Inc.,
Kansas City, Mo) and associated differential pressure transducer (MP45, Validyne
Corporation, Northridge CA, USA) attached to a three-way slide valve (2820 Series, Hans
Rudolph Inc., Kansas City, MO) (deadspace 2 ml) used to occlude the airway, and inserted
between the endotracheal tube and ventilator circuit (Fig 1). Airway pressure was measured
from a side port on the pneumotachograph using a differential pressure transducer (MP45,
Validyne Corporation, Northridge CA, USA). The flow and pressure signals were amplified
(CD 280, Validyne, Northridge, CA, USA) and recorded and displayed in real time on a
computer running an application written using Labview software (National Instruments,
Austin TX, USA) with 100 Hz analog to digital sampling (DAQ 16XE-50, National
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Instruments, Austin TX USA). Tidal volume was obtained by digital integration of the flow
signal by the software.

Lung volume was determined by measurement of functional residual capacity (FRC) using a
helium (He) dilution system (EBS 2615, Equilibrated Biosystems, Melville, NY, U.S.A.)
with a circuit specifically designed for paediatric use (total volume 95 ml). The circuit
contained a one litre rebreathing bag, enclosed in an airtight cylinder, which was filled with
a mixture of He and oxygen (O,). The rebreathing bag was inserted into the ventilator circuit
immediately above the endotracheal tube via a three-way valve. Actuation of the valve, at
end-expiration, connected the patient to the rebreathing bag and diverted flow from the
ventilator to the airtight cylinder, thus maintaining mechanical ventilation. The change in He
concentration against time was displayed in real time on a flat panel display. Rebreathing of
the He/O, gas mixture was continued until equilibration of He within the system, indicated
by no change in the He concentration over a 15 second period. The FRC was corrected for
oxygen consumption, assumed to be 7 ml/kg/minute 20 and to body temperature under
atmospheric pressure and water vapour saturated conditions. The FRC was measured twice
and expressed as the mean of paired measurements within 10% of each other.

All measurements were performed with the patients supine, with stable blood gases and
blood pressure. The medical team responsible for routine clinical care determined the
ventilator settings. Patients were sedated but not receiving muscle relaxants and all were
intubated using cuffed endotracheal tubes. Endotracheal tube suction was undertaken 10 to
15 minutes prior to each study. Patients were closely monitored throughout and airway
occlusion discontinued if desaturation or bradycardia occurred. FRC was measured prior to
PIMAX assessment. The patients were switched over to continuous positive airway pressure
(5 cmH0) during PIMAX measurements.

To measure PIMAXcc the slide valve was used to occlude the airway during inspiration
and expiration. For PIMAXy; the slide valve was positioned to direct expiratory flow
through a unidirectional valve, allowing expiratory but not inspiratory flow (Fig 1). All
occlusions were initiated at end expiration, judged using respiratory flow, and maintained
for approximately 10 breaths or 20 seconds, whichever was longer. Three sets of occlusions
were performed using each method in random order and the maximum peak pressure values
for each technique noted. The intra-occasion coefficients of variation for both techniques
were determined. The number of inspiratory efforts and the time to reach PIMAX from the
start of occlusion were assessed. Baseline respiratory drive as assessed by the pressure
generated in the first 100 ms (P0.1) of the first inspiratory effort during the occlusion and the
volume of expired air during PIMAXyn were also measured. P0.1 was measured to ensure
that differences between techniques were not due to differences in the underlying baseline
respiratory drive. Adequate time was allowed to elapse between occlusions to allow baseline
conditions to be re-established.

analysis

Data from all occlusions and those from occlusions that resulted in the maximum inspiratory
pressure were analysed for each technique. The data for PO.1 were demonstrated to be non-
normally distributed (Shapiro-Wilk) and hence are expressed as median and range and
differences assessed for statistical significance using the Wilcoxon signed rank test. All
other variables are expressed as mean and standard deviation and differences assessed using
paired t test. The agreement between the techniques was assessed using Bland and Altman
analysis 21. Spearman's correlation analysis was used to assess the strength of relationships.
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Statistical analysis was performed using GraphPad Prism (version 3.03 for Windows,
GraphPad Software, San Diego California USA)

Twenty-two infants and children (mean (SD) age 4.8 (4.5) years (Table 1), with a mean
(SD) duration of mechanical ventilation of 4.4 (4.7) days were studied. Occlusions were
discontinued in two patients, because they coughed and desaturated; the measurements were
successfully completed in both subjects on a later occasion. Both manoeuvres were well
tolerated by the other patients. The mean FRC was 399.3 ml (331.6), 20.8 (3.0) ml/kg when
corrected for body weight (Table 1).

Occlusions resulting in the maximum inspiratory pressure

The mean (SD) PIMAXyn; was 45.5 (15.2) cmH»0 which was significantly greater than the
mean PIMAXocc which was 30.9 (9.0) cmH,0 (p<0.0001), Table 2). PIMAX N Was
greater than PIMAXgcc in all but two patients. Bland and Altman analysis demonstrated a
mean (SD) difference of —14.7 (13.1) cmH,0 between PIMAXgcc and PIMAXyn; (Fig 2).
There was a significant relationship (r2 = 0.29, p<0.01) between the mean of PIMAXocc
and PIMAXyn; and the difference between PIMAXgcc and PIMAX ), indicating the
difference between measurements increased as PIMAX increased. The mean (SD) total
expired volume through the one-way valve during PIMAXn; was 98 ml (62.3) equivalent
to a mean (SD) reduction in FRC of 33.1% (13.9). There was, however, no significant
relationship between the difference between PIMAXgcc and PIMAXy; and the % change
in FRC during PIMAX; (2 = 0.06). As airways obstruction can affect the accuracy of
FRC measured by He dilution, we performed a sub-analysis in a subset of patients (n=16)
without obvious obstructive lung disease. No significant relationship between the difference
between PIMAXgcc and PIMAXyn; and the % change in FRC during PIMAX N
(r?=0.03) was observed. There were no statistically significant differences in the number of
efforts required and the time to reach PIMAX (Table 2) between the two techniques. There
were no statistically significant differences in baseline respiratory drive during assessment
of the two techniques or the peak pressure generated during the first occluded inspiratory
effort (Table 2). The mean (SD) within occasion coefficients of variation for PIMAX were
similar for both techniques (PIMAXqcc 15.6% (12.7) and PIMAX N 15.3 % (8.4)

All occlusions

When all sets of occlusions were analysed, including those that resulted in the maximum
inspiratory pressure, a similar pattern between techniques was observed for the number of
efforts required and the time to reach the maximum inspiratory pressure for individual
occlusions, the pressure generated on the first effort of the occlusion and the baseline P0.1
(Table 3). Based on these data, the 99% CI of the mean indicated that a period of occlusion
of 12 seconds or 8 inspiratory efforts, whichever longer, would be sufficient in mechanically
ventilated infants and children for maximal inspiratory pressure measurement.

Discussion

We have demonstrated that in mechanically ventilated children, greater maximal inspiratory
pressures were obtained using a one-way valve that occludes only during inspiration
compared to occlusion during inspiration and expiration. As muscle length and geometry
can influence the pressure development by the diaphragm 22, the timing of the occlusion
could affect PIMAX. In the current study, care was taken to ensure that the occlusions for
both techniques were performed at end-expiration. This was achieved by close examination
of respiratory flow from the pneumotachograph inserted into the ventilator circuit. Accurate
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timing of the occlusion was also supported by the fact that there was no statistically
significant difference between techniques for the first inspiratory effort during the occlusion.
To further reduce variability, occlusions with both techniques were performed with the
patient in the same supine position to eliminate differences in body position and therefore
ribcage configuration. The coefficients of variation for both techniques were comparable to
those obtained in healthy, non ventilated children performing the equivalent volitional
technique 23. The level of respiratory drive would also directly affect PIMAX;
measurements of P0.1, a reliable index of respiratory drive in paediatric subjects 24,
demonstrated no significant difference in baseline respiratory drive at the start of the
occlusion between measurement techniques. All the children studied were intubated using
cuffed endotracheal tubes and therefore pressure loss due to leak was not a factor. A number
of the children with obstructive lung disease had low FRCs measured using He dilution
spirometry. There are few techniques currently available to measure lung volume in children
receiving mechanical ventilation and He dilution using a “bag in bottle” system provides a
relatively accurate means of measurement while ensuring mechanical ventilation is
maintained at predetermined levels. He dilution, however can only measure the volume of
the lung in communication with the central airways and hence in severe obstruction may
underestimate lung volume. A sub-analysis performed in patients without obvious
obstructive lung disease, however, failed to demonstrate a relationship between the
reduction in lung volume and PIMAX.

The children in our study group had a wide range of ages and a variety of diagnoses,
including primary lung disease and patients with primary muscle/nerve abnormalities. We
felt it was important to use a heterogeneous group of patients and hence to make a robust
comparison of the performance of PIMAXn; and PIMAXcc across a range of
pathophysiological conditions. The children were all mechanically ventilated at the time of
study and hence their respiratory muscle strength may have been reduced. The main goal of
the study was to compare the performance of PIMAXocc and PIMAXyy and investigate
underlying mechanisms, but not to generate normative data for comparative purposes. A
similar study in ventilated adult patients 16 found that PIMAXyN; exceeded PIMAXgcc
only 75% of the time. PIMAXyy; was greater than PIMAXcc in all but two patients
(Table 1). Neither patient was markedly different from the rest of the cohort in terms of their
age, lung volume, or duration of ventilation. The difference between PIMAXocc and
PIMAXy; in the two patients was relatively small compared to the overall difference for
the cohort (mean (SD) —14.7 (13) cmH,0), we therefore, feel our data supports the assertion
that a unidirectional valve yields greater values of PIMAX in mechanically ventilated
infants and children.

All our subjects reached PIMAX within 20 seconds or 10 inspiratory efforts of the airway
occlusion regardless of the technique applied. Therefore we suggest that a period of
occlusion of 12 seconds or 8 inspiratory efforts (99% CI of mean) whichever is longer,
would be sufficient in mechanically ventilated infants and children for maximal inspiratory
pressure measurement. This is less than that recommended in adults, in whom the occlusion
has to be maintained for at least 20 to 25 seconds 17. The difference may be because
PIMAX tests are often applied to conscious or semi-conscious adult patients in whom the
degree of mental alertness will directly affect their cooperation with the test and the eventual
result. Unlike adult patients, the majority of infants and children are at least lightly sedated
and not fully conscious until just prior to extubation 25,26.

Previous studies in adult subjects 16,17 have suggested that the greater values obtained
using the inspiratory only occlusion could be due to either a change in lung volume or
increased respiratory drive during the manoeuvre. The unidirectional valve selectively
permits exhalation, such that the inspiratory efforts occur from progressively lower lung
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volume, resulting in increased force generation due to improvements in the length-tension
relationship of respiratory muscles 27,28. Measurement of mouth pressure accurately
reflects both the pressure developed by the respiratory muscles, plus the passive elastic
recoil pressure of the lung and chest wall. For inspiratory maneuvers against an occlusion
performed at functional residual capacity (FRC), recoil pressure is zero so that mouth
pressure directly reflects the pressure generated by the inspiratory muscles. However, for
inspiratory efforts performed between FRC and residual volume (RV), the contribution of
recoil pressure to PIMAX increases, such that in adult subjects the contribution of elastic
recoil can be as much as 30% of PIMAX or more if inspiratory muscle strength is decreased.
Therefore, the outward recoil pressure of the chest wall increasingly contributes to the
pressure generated by respiratory muscles as lung volume reduces towards RV. In the
current study, however, correlation analysis did not show a relationship between the
difference in PIMAXocc and PIMAXy; and the percentage change in FRC during
PIMAXyn; in either the group as a whole or only in patients without obvious obstructive
lung disease in whom the FRC may have been underestimated. This suggests that the change
in muscle length and chest wall geometry resulting from a decrease in lung volume may not
fully explain the increased pressure development during PIMAX ;- We did not formally
assess the presence of intrinsic positive end expiratory pressure (PEEPi) and dynamic
inflation in our patients and therefore we cannot discount that a possible cause for the lack
of a significant relationship between reduction in lung volume and PIMAX was due to
PEEPi and/or dynamic hyperinflation. Although it is acknowledged that there is a direct
relationship between lung volume and respiratory muscle length and hence muscle strength
27,28 we were unable to demonstrate any relationship between PIMAXuni and a reduction
in lung volume in mechanically ventilated children.

The increase in PaCO, and decrease PaO, that occur during an occlusion will lead to an
increase in respiratory drive during PIMAXocc and PIMAXuni. Reducing lung volume
below FRC, however, directly increases respiratory drive via a vagally mediated increase in
respiratory frequency and tidal volume due to a decrease in the inspiratory and expiratory
activity of slowly adapting stretch receptors 29. Hence, interaction between the
mechanically and humorally mediated respiratory drive could lead to a greater increase in
drive during a PIMAXyn; manoeuvre when the lung volume falls towards RV. In support of
this, studies in healthy subjects have indicated that breath holding time is lung volume
dependent and voluntary apnoea can be sustained longer at higher rather than lower lung
volumes 30-33. A change in muscle length and chest wall geometry and enhancement of
respiratory drive may, therefore, both contribute to the greater PIMAX observed when using
a one-way valve.

Conclusions

Maximal inspiratory pressure measurements using a unidirectional valve, selectively
permitting exhalation, yield greater values, in mechanically ventilated infants and children,
than complete airway occlusion. We recommend a period of occlusion of 8 inspiratory
efforts or 12 seconds as being adequate for measuring maximal inspiratory pressure in
ventilated children.
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A diagram of the 3 way slide valve and its position in the ventilator circuit. Arrows show
direction of airflow with the valve positioned at standby, for PIMAXgcc and PIMAXyn;
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Bland and Altman plot of the agreement between PIMAXgcc and PIMAXyn; with the

mean of PIMAXocc and PIMAXy; plotted on the horizontal axis and the difference

between PIMAXgcc and PIMAX N plotted on the vertical axis. Dashed lines represent the

mean difference and 2SD
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Table 2

Occlusions resulting in the maximum inspiratory pressure. Mean (SD) PIMAX results for both techniques,
number of efforts and time to reach PIMAX, the pressure generated for the first inspiratory effort during the
occlusion and the median (range) respiratory drive as indicated by the PO.1.

PIMAXoce PIMAXyy — Pvalue

PIMAX (cmH,0) 305(9.0) 455(152)  <0.001
No. of efforts 6.6 (2.8) 7.2(2.9) 0.2
Timeto PIMAX (sec) 11.3 (3.1) 10.9 (2.9) 1
P0.1 (cmH,0) 2.2(1.0-54) 24(0.9-61) 09

1% inspiratory effort (cmH,0)  15.8 (6.8) 16.5 (11.0) 0.63
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Table 3

All occlusions. Mean (SD) number of efforts and time to reach maximum occlusion pressure, the pressure
generated for the first inspiratory effort during the occlusion and the median (range) respiratory drive as
indicated by the P0.1 for all sets of occlusions for both techniques (n=66).

PlMAXOCC P|MAXUNI P value

No. of efforts 6.2 (2.6) 7.2(3.1) 0.08
Timeto max occlusion

pressur e (se) 112 (3.2) 10.7 (3.4) 0.4
P0.1 (cmH,0) 2.0(0.9-6.5) 2.5(0.7-6.2) 0.3

1% inspiratory effort (cmH,0)  13.2(65)  14.6 (8.8) 031
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