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Abstract Purpose: Ultrasonogra-
phy allows the direct observation of
the diaphragm. Its thickness variation
measured in the zone of apposition
has been previously used to diagnose
diaphragm paralysis. We assessed the
feasibility and accuracy of this
method to assess diaphragmatic
function and its contribution to
respiratory workload in critically ill
patients under non-invasive ventila-
tion. Methods: This was a
preliminary physiological study in the
intensive care unit of a university
hospital. Twelve patients requiring
planned non-invasive ventilation after
extubation were studied while spon-
taneously breathing and during non-
invasive ventilation at three levels of
pressure support (5, 10 and

15 cmH,0). Diaphragm thickness

Introduction

Work of breathing is a central physiologic parameter in
the assessment of a critically ill patient’s respiratory
function [1]. The diaphragm is the main respiratory

was measured in the zone of apposi-
tion during tidal ventilation and the
thickening fraction (TF) was calcu-
lated as (thickness at inspiration —
thickness at expiration)/thickness at
expiration. Diaphragmatic pressure—
time product per breath (PTPg;) was
measured from oesophageal and gas-
tric pressure recordings.

Results: PTPg and TF both
decreased as the level of pressure
support increased. A significant cor-
relation was found between PTPy; and
TF (p = 0.74, p < 0.001). The over-
all reproducibility of TF assessment
was good but the coefficient of
repeatability reached 18 % for inter-
observer reproducibility. Conclu-
sions: Ultrasonographic assessment
of the diaphragm TF is a non-invasive
method that may prove useful in
evaluating diaphragmatic function
and its contribution to respiratory
workload in intensive care unit
patients.

Keywords Ultrasound - Diaphragm -
Ventilation

muscle and plays a central role in the pathophysiology of
respiratory failure [2]. Evidence for ventilator-induced

diaphragmatic dysfunction is now well established in
animal models [3-5] and in critically ill patients [6—8]. On
the other hand, optimal setting of the ventilator should
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theoretically target a clinically acceptable level of work of
breathing. Most assisted modes of ventilation have been
studied regarding their ability to reduce the work of
breathing, especially during weaning from mechanical
ventilation or non-invasive ventilation (NIV) [9, 10].
Several methods have been used in the clinical research
setting in critically ill patients to assess diaphragmatic
function, including diaphragm electromyography, mea-
surement of pleural (or oesophageal) and gastric pressures
and derived variables (work of breathing) [11]. This
highlights the need for simple and accurate methods to
assess diaphragmatic performance in the intensive care
unit (ICU) setting. Ultrasonographic-based determination
of diaphragm excursions may help identify patients with
diaphragmatic  dysfunction during weaning from
mechanical ventilation [12-14]. Ultrasonography also
allows direct visualization of the diaphragm’s thickness in
its zone of apposition. Measurement of the thickening of
this muscle segment was described back in 1989 [15] and
has been used to assess diaphragm contraction in healthy
subjects or to diagnose diaphragm paralysis [16]. We
hypothesized that this measurement could reflect the
magnitude of diaphragmatic work and could help clini-
cians to optimize ventilator settings. Because pressure
support ventilation is known to reduce the work of
breathing, the relationship between TF and the level of
pressure support was of special interest. However, the
accuracy and feasibility of this method have not been
evaluated in ICU patients to date. The purpose of our
study was to determine whether the assessment of dia-
phragm thickening in its zone of apposition could be
feasible, accurate and reliable in critically ill patients and
to assess its usefulness as an index of respiratory work-
load under NIV.

Methods

Patient selection

Patients intubated for 48 h or more, who tolerated a 1 h
spontaneous breathing (SB) trial after recovery from their
acute disease [9], were extubated and considered eligible
for the study. Patients at high risk of respiratory distress
requiring early NIV after extubation were enrolled if they
had at least two of the following risk factors for respiratory
failure after extubation: age older than 65 years, chronic
obstructive pulmonary disease (COPD) or other type of
chronic respiratory failure, heart failure as a cause for
intubation, and an Acute Physiology and Chronic Health
Evaluation [17] (APACHE) II score greater than 12 on the
day of extubation [18, 19]. Exclusion criteria were as
follows: tracheostomy, age younger than 18 years, head
trauma or surgery, recent gastric or oesophageal surgery,
active upper gastrointestinal bleeding, excessive amount

of respiratory secretions, poor cooperation, and decision to
limit life-supporting treatments in the ICU. All included
patients gave their informed consent to participate in the
study, which was approved by the appropriate ethics
committee (Comité de Protection des Personnes, Ile de
France IX, approval number 05-025).

NIV

NIV was applied via a standard ICU ventilator (the type
depending on availability), with an oronasal mask, in
pressure support (PS) mode, as per the standard procedure
in our unit. Baseline measurements were performed dur-
ing SB. Recordings were then obtained during three NIV
periods (with 5, 10 and 15 cmH,0 of PS level), in random
order. Positive end-expiratory pressure (PEEP) was
maintained at 5 cmH,O and the inspired oxygen fraction
was kept constant throughout the three NIV periods. Each
of these three periods, as well as the SB period, lasted
about 15 min. Pressure and flow data were recorded
during the last 5 min of each condition after 5-10 min
with a stable breathing pattern. The ultrasound examina-
tion was performed concomitantly.

Ultrasonography

The patients were studied in the semi-recumbent position
throughout the study. Ultrasonography was performed by
two intensivists both experienced in ultrasonography,
using an Envisor system (Philips Ultrasound, Bothell,
WA) equipped with a high resolution 12 MHz ultrasound
linear probe. Using the signal from the ventilator, airway
pressure was displayed on the screen of the Echo-
Doppler machine during NIV, ensuring accurate deter-
mination of the tracings relative to the respiratory cycle.
Ultrasound recordings of diaphragm thickness were per-
formed as previously reported [15]. Briefly, the
diaphragm was located by placing the transducer in the
intercostal space above the right 10th rib in the midax-
illary or anteroaxillary line and directing the ultrasound
beam perpendicular to the diaphragm (Fig. 1a). The zone
of apposition was assessed at 0.5-2 cm below the
costophrenic sinus. The inferior border of the costo-
phrenic sinus was identified at end-inspiration as the
zone of transition from the artefactual representation of
normal lung (the lung sliding) to the visualization
of diaphragm and liver. The diaphragm thickness was
recorded in time motion (TM) mode. The sweep speed
was adjusted as slow as possible to obtain a minimum of
three cycles on the same image. The diaphragm was
outlined by the two clear bright parallel lines of the
pleural and peritoneal membranes (Fig. Ib and Online
Videos). Several images were recorded and images were
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Fig. 1 Probe placement to
explore the diaphragm in the A
zone of apposition (a), with the
ultrasonographic view of the
normal diaphragm in the zone
of apposition (b) and
illustration of the measurement
of diaphragm thickness at end-
inspiration and end-expiration
in TM mode (c). Tg; thickness
at end-inspiration, Tgg thickness
at end-expiration

)

Zone of apposition

Liver

Lung

C
TF = (TEI-TEE)TEE
Alrway pressure

TEI, thickness at end inspiration; TEE, thickness at end expiration.

deemed invalid if the two clear bright parallel lines of the
pleural and peritoneal membranes were not plainly
identified at each moment of the respiratory cycle.
Ultrasonographic recordings were stored on compact
disks, and a subsequent computer-assisted quantitative
analysis was performed by a trained investigator who
was unaware of the ventilatory condition. The measure-
ments included diaphragm thickness at end-expiration
(Tgg) and at end-inspiration (Tg;). When airway pressure
could not be displayed on the screen of the Echo-Doppler
machine to match the ultrasound tracings to the respira-
tory cycle (during SB), Tgg was measured just before the
thickening start and 7g; was measured at maximal
thickening. Measurements were averaged out of three or
more consecutive breaths on the last valid image recor-
ded at the end of each period. The thickening fraction
(TF) was calculated as (Tg; — Tgg)/Tgg and expressed as
a percentage (Fig. 1c).

Flow and pressure measurements

Flow was measured using a Fleisch N°2 pneumotacho-
graph (Fleisch, Lausanne, Switzerland) connected to a
differential (+2 cmH,0) pressure transducer (MP45,
Validyne, Northridge, CA) and placed between the face
mask and the ventilator Y connector. Airway opening
pressure was measured between the ventilator circuit and
the pneumotachograph using a pressure transducer (MP45,
4100 cmH,0). Oesophageal (P.) and gastric pressures
(Pg,) were measured using a double-balloon catheter
(Marquat, Boissy Saint Léger, France) as previously
described with appropriate placement checked and arte-
facts eliminated (see Supplementary Material for details)
[20, 21]. Transdiaphragmatic pressure (Pg;) was obtained
by electronic subtraction of the P, signal from the
P, signal over at least ten consecutive breaths selected at
the end of the pressure and flow recordings. The
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transdiaphragmatic pressure—time product (PTPg4) per
breath was obtained by measuring the area under the Pgy;
signal from the onset of its positive deflection to its return
to baseline. A difference between the beginning of the
negative oesophageal-pressure deflection and the zero-
flow point was taken as reflecting intrinsic PEEP [22] and
was corrected for any abdominal pressure activity [23].

Assessment of TF reproducibility

Ten recordings (from ten separate patients) were randomly
selected from the study to assess analyser reproducibility.
The same sets of recordings were analysed twice by the
same ultrasonographer to assess intra-analyser reproduc-
ibility and separately by two different ultrasonographers to
assess inter-analyser reproducibility. Observer reproduc-
ibility was assessed in five additional patients (not
included in the study) under NIV and during SB [24]. The
two ultrasonographers performed separate recordings in
these patients, one of them performing them twice in
each patient (30 recordings in total). Multiple recordings
on the same patient were performed in a blind fashion and
separated by a time interval of 5-10 min. Each ultraso-
nographer subsequently analysed his recordings. Repeated
measurements obtained in each patient from the same
ultrasonographer were compared to assess intra-observer
reproducibility. Inter-observer reproducibility was asses-
sed by comparing measurements obtained separately from
the two ultrasonographers in the same patient.

Statistical analysis
Data were analysed using the SPSS Base 13.0 statistical

software package (SPSS, Inc, Chicago,IL). Continuous
variables are reported as median (25-75th percentiles).

Table 1 Characteristics of patients

Friedman test and Wilcoxon paired tests (with post hoc
Bonferonni correction) were used to assess differences
between related variables. Correlations between TF and
respiratory variables were assessed as well as those between
the directional changes (absolute difference) in TF and in
PTPy;. All correlations were calculated using the Spearman
method and performed for the entire data set (including all
four respiratory conditions of each patient) because of the
limited sample size. The reproducibility is expressed by the
intra-class correlation coefficient [25] and the coefficient of
repeatability [26], as proposed by Bland and Altman. Intra-
class correlation coefficient was determined with consis-
tency and 95 % confidence interval. Coefficient of
repeatability is calculated as the British Standards Institu-
tion repeatability coefficient (twice the standard deviation
of the differences in repeated measurements) [26]. Two-
tailed p values less than 0.05 were considered significant.

Results

Patients’ characteristics

Fourteen patients were screened for the study. Of these,
two could not be assessed because of poor ultrasono-
graphic image quality. Twelve patients were therefore
included in the comparison study. Their clinical charac-
teristics are listed in Table 1.

Ultrasonography and pressure measurements

Respiratory data and ultrasound measurements are
reported in Table 2. As expected, the tidal volume
increased with increasing PS, but the respiratory rate did
not significantly change. Increasing PS was associated

Patient Age Male SAPS II APACHE Days COPD Reason for intubation Measurement
(years) sex at ICU score at of MV possible
admission  inclusion
1 77 No 38 9 6 No Pneumonia and cardiogenic pulmonary edema Yes
2 80 No 39 13 3 No Cardiogenic pulmonary edema Yes
3 79 Yes 37 15 1 No Aspiration Yes
4 71 No 45 15 8 No Cardiac tamponade Yes
5 75 No 39 8 2 No Cardiogenic pulmonary edema Yes
6 69 No 64 17 5 No Endocarditis Yes
7 24 Yes 34 16 42 No Pneumonia Yes
8 75 Yes 70 20 2 No Cardiogenic pulmonary edema Yes
9 72 Yes 56 12 6 No Cardiogenic pulmonary edema Yes
10 49 Yes 41 18 17 Yes Septic shock Yes
11 69 Yes 63 15 6 Yes Status epilepticus Yes
12 77 Yes 32 23 17 No Pneumonia Yes
13 83 Yes 62 16 2 No Cardiogenic pulmonary edema No
14 76 Yes 39 12 7 Yes Cardiogenic pulmonary edema No

MYV mechanical ventilation, SAPS II simplified acute physiologic score Il
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Table 2 Respiratory and ultrasonographic data

SB

PS5

PS 10

PS 15

VT’ mL

RR, bpm

TEE? mm

TEL mm

TF, %

PTPdi, CmH20 S

21 (18-28)

2.19 (1.94-2.76)
3.08 (2.77-4.77)
475 (35.9-63.2)
13.5 (8.1-16.9)

324 (231-379)
20 (18-28)

2.26 (1.78-2.46)
3.08 (2.34-3.51)
36.2 (18.6-47.2)*
6.2 (4.7-8.0)*

402 (374-461)*
22 (19-30)

2.29 (1.84-2.52)
2.73 (2.39-3.25)
22.0 (9.6-28.2)*"
4.0 (3.3-5.4)*"

445 (388-547)"
21 (17-29)

2.27 (2.06-2.88)
2.58 (2.34-3.56)
16.3 (9.2-20.8)**
2.7 (2.1-4.3)=#

Vr tidal volume, RR respiratory rate, PTP,; diaphragmatic pres-
sure—time product, T, thickness at end-inspiration, Txg thickness
at end-expiration, TF thickening fraction, SB spontaneous

pressure support level of 10 cmH,O, PS 15 pressure support
level of 15 cmH,O
* p < 0.05 as compared to SB; ¥ p < 0.05 as compared to PS 5;

breathing, PS 5 pressure support level of 5cmH,0, PS 10 " p < 0.05 as compared to PS 10

N >
a
.

Y Y [X)
o o o
L L L

PTPdi, cmy,o.s/breath
(4}

o

T T A4 T —9 1

SB PS5 PS10 PS 15

-20 -

Fig. 2 Diaphragmatic pressure—time product (a) and thickening
fraction (b) during spontaneous breathing and during non-invasive
ventilation at different pressure support levels. PTP,; diaphragmatic
pressure—time product, TF thickening fraction, SB spontaneous
breathing, PS 5 pressure support level of 5 cmH,0, PS 10 pressure
support level of 10 cmH,O, PS 15 pressure support level of
15 cmHZO

with decreased PTPy; and TF (Table 2; Fig. 2). TF was
significantly correlated with PTPy; (p = 0.74, p < 0.001;
Fig. 3) but not with expired tidal volume (p = —0.05,
p = 0.76). There was also a significant correlation
between TF and PTPg; expressed per minute (p = 0.52,
p < 0.001). The directional changes in TF after a change
in the PS level followed reasonably with those in PTPy;,
with a correlation coefficient of 0.35 (p = 0.04).

Reproducibility of TF

Repeatability measurements are reported in Table 3.
Intra-class correlation coefficients were all above 0.97.

100 —
80 —
60 —
2
w 404
=
20
A VENTILATION
AAﬁAA A PS10
A PS15
0 A A A PS5
O sB
rho=0.74, p<0.001
-20 4
T T T T T T
0 5 10 15 20 25

PTPdi, cmH20.s/breath

Fig. 3 Correlation between diaphragmatic pressure—time product
and thickening fraction. PTP,; diaphragmatic pressure—time prod-
uct, TF thickening fraction, SB spontaneous breathing, PS 5
pressure support level of 5 cmH,0, PS 10 pressure support level of
10 cmH,0, PS 15 pressure support level of 15 cmH,O

Coefficients of repeatability ranged around 7-8 % for
intra- or inter-analyser repeatability and around 15-18 %
for intra- or inter-observer repeatability.

Discussion

This preliminary study is the first to evaluate the useful-
ness of diaphragm thickening to assess work of breathing
in ICU patients. We found a parallel decrease in PTPg;
and TF during NIV with increasing PS level and there was
a good correlation between the two parameters.
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Table 3 Thickening fraction reproducibility

Intra-class Coefficient of

correlation repeatability,

coefficient %
Intra-analyser reproducibility 0.987 [0.948-0.997] 7.3
Inter-analyser reproducibility 7.9

0.985 [0.943-0.996] 15.2
0.978 [0.916-0.995] 17.8

Intra-observer reproducibility

[

0.985 [0.939-0.996]
[
Inter-observer reproducibility [

Diaphragmatic pressure—time product per breath
(PTPy;), which is the integration of the area under the
transdiaphragmatic pressure curve versus time, is a very
useful tool for quantifying respiratory muscle effort in
mechanically ventilated patients and assess the oxygen
cost of breathing [27]. It is one of the most direct mea-
sures of patient effort, but its execution requires
considerable attention, confining its use to the research
setting [28-30]. We used this method as a reference
standard to evaluate the accuracy of an alternative non-
invasive method to assess diaphragmatic function and its
contribution to respiratory workload. Ultrasonography
can be used to directly image the diaphragm. Its identi-
fication depends upon bright echoes reflected from the
attached parietal pleural and peritoneal membranes [31].
Ultrasonography has been previously used to monitor
displacement of the diaphragm dome during respiratory
manoeuvres with a 3-5 MHz transducer [14, 32-34]. It
has also been used to assess the length and thickness of
the zone of apposition against the rib cage, at different
lung volumes in 2D mode [35] or TM mode [15, 36, 37].
Because the costal part of the diaphragm is relatively
close to the skin surface, it is possible to use a 8—15 MHz
transducer in this setting, which has less penetration but
enhanced resolution.

Data from a necropsy study indicate that measurement
of diaphragm thickness with ultrasonography in the zone
of apposition is as accurate as measurements performed in
vitro with a ruler [15]. These authors also showed that
ultrasound measurement of diaphragm thickness changes
during contraction (namely the TF), was possible using
the TM mode and linearly correlated with lung volumes
in spontaneously breathing healthy volunteers [15]. In our
study, it was interesting to note that TF values did not
correlate with expired volumes. In fact, using different
levels of PS ventilation, the expired volume was deter-
mined not only by the respiratory effort, but also by the
pressure provided by the ventilator. Our results therefore
show that during NIV, thickening of the diaphragm
reflects muscle effort and not the increase in pulmonary
volume induced by ventilation. In fact, we found a par-
allel decrease in PTPy; and TF with increasing PS and a
significant correlation between both parameters. Dia-
phragm thickening monitoring was recently proposed to
assess for potential functional recovery from diaphragm

weakness or paralysis [38]. Our study suggests that the TF
could be used in the ICU setting to assess diaphragmatic
function and its contribution to respiratory workload in
various situations, including ventilator-induced dia-
phragmatic dysfunction and ICU-acquired paresis.
Moreover, because the directional changes in TF after a
change in the PS level followed reasonably with those in
PTPg;, TF seems promising in providing relevant infor-
mation on patients’ ventilatory support needs.

A common limitation of validation studies is reporting
of reproducibility based solely on repeated analyses of the
same recordings. We therefore assessed reproducibility
based on repeated recordings in addition to repeated
analyses [24]. Mathematically, the intra-class correlation
coefficient is the proportion of the total variance which is
due to the variation between the subjects [39]. An intra-
class correlation coefficient of 1 indicates that the total
variance is due solely to the variation between the sub-
jects, there being no contribution to the total variance
from variation between the observers; whereas an intra-
class correlation coefficient of 0 indicates that none of the
total variance is due to variation between subjects and all
the total variance is attributed to variation between
observers. We found an overall good repeatability of TF
assessment, with intra-class correlation coefficients well
above the 0.75 cut-off usually considered to indicate good
agreement [40]. This finding is similar to a previous study
reporting a good reproducibility of this index [15]. The
coefficient of repeatability which is expressed in the
measurement units is directly related to the 95 % limits of
agreement and is the smallest significant difference
between repeated measurements [26]. In our study, the
coefficient of repeatability was high for intra-observer and
inter-observer reproducibility (15-18 %). In clinical
practice, an 18 % absolute change or difference in TF
may therefore be required for accurate interpretation if the
recordings are made and analysed by different observers
or over prolonged intervals. Whether this agreement is
acceptable or not depends on the range of the measure-
ments encountered in clinical practice [26]. In our work,
TF values ranged from 0 to 80 % for the clinical study.
Median values of TF dropped by more than 30 % between
SB and PS at the highest level of 15 cmH,0. The rela-
tively high coefficient of repeatability of inter-observer
reproducibility highlights the fact that the repeatability of
recordings may be difficult to achieve in some patients. In
fact, the precise localisation of the zone of apposition and
achievement of a stable ultrasound tracing are not simple,
especially in case of increased respiratory workload. In
addition the experience of the ultrasonographer is of
importance, as with other echographic tools. On the other
hand, the intrinsic respiratory variability of the patient
may explain part of the variations observed when
assessing the repeatability of the method because mea-
surements were separated by a time interval of 5-10 min
and only few cycles were selected for the measurements.
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The rhythmic activity of the respiratory central pattern
generators is characterized by a breath-to-breath vari-
ability, which differs from patient to patient and is
influenced by the respiratory load [41]. Using only three
respiratory cycles for TF measurement as previously
suggested [15, 37] may be insufficient in patients with a
high respiratory variability. Future studies may consider
using a minimum of ten respiratory cycles to measure TF,
as is the standard for PTPy; measurements. In addition,
although all efforts were made to maintain the probe
exactly on the same location during the entire study
protocol, we can not exclude subtle displacements that
may have altered the reproducibility.

Our study has some limitations. First, we only asses-
sed the right hemi-diaphragm because its visualization is
easier as compared to the left side whose imaging is often
impeded by gastric and intestinal gas interposition. Sec-
ond, we could not explore two patients because of poor
quality images and this preliminary study has a limited
sample size. Third, we studied a specific group of patients
during post-extubation pressure NIV. Our results may

need replication in other patients groups. In particular,
whether higher PEEP levels may influence the feasibility
and accuracy of the methods needs to be assessed. In fact,
lung volume changes may induce a displacement of the
upper border of the zone of apposition [42]. In particular,
the value of this technique needs to be assessed further in
COPD npatients, especially as different types of hypera-
eration distribution in the lung parenchyma may affect
diaphragm shape and motion [43].

In conclusion, we found a parallel decrease in TF and
PTPg; during NIV with increasing levels of PS. The two
parameters were significantly correlated. TF may prove
useful in assessing diaphragmatic function and its con-
tribution to respiratory workload in the ICU setting, but
further studies are needed to assess this technique in a
greater number of patients with various diseases.
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