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Abstract

Background: Bedside measures of patient effort are essential to properly titrate the level of pressure support ventilation.
We investigated whether the tidal swing in oesophageal (APes) and transdiaphragmatic pressure (APdi), and ultraso-
nographic changes in diaphragm (TFdi) and parasternal intercostal (TFic) thickening are reliable estimates of respiratory
effort. The effect of diaphragm dysfunction was also considered.

Methods: Twenty-one critically ill patients were enrolled: age 73 (14) yr, BMI 27 (7) kg m~2, and Paoy/Fio, 33.3 (9.2) kPa. A
three-level pressure support trial was performed: baseline, 25% (PS-medium), and 50% reduction (PS-low). We recorded
the oesophageal and transdiaphragmatic pressure—time products (PTPs), work of breathing (WOB), and diaphragm and
intercostal ultrasonography. Diaphragm dysfunction was defined by the Gilbert index.

Results: Pressure support was 9.0 (1.6) cm H,O at baseline, 6.7 (1.3) (PS-medium), and 4.4 (1.0) (PS-low). APes was
significantly associated with the oesophageal PTP (R?=0.868; P<0.001) and the WOB (R?>=0.683; P<0.001). APdi was
significantly associated with the transdiaphragmatic PTP (R°=0.820; P<0.001). TFdi was only weakly correlated with the
oesophageal PTP (R?=0.326; P<0.001), and the correlation improved after excluding patients with diaphragm dysfunction
(R?=0.887; P<0.001). TFdi was higher and TFic lower in patients without diaphragm dysfunction: 33.6 (18.2)% vs 13.2 (9.2)%
and 2.1 (1.7)% vs 12.7 (9.1)%; P<0.0001.

Conclusions: APes and APdi are adequate estimates of inspiratory effort. Diaphragm ultrasonography is a reliable indi-
cator of inspiratory effort in the absence of diaphragm dysfunction. Additional measurement of parasternal intercostal
thickening may discriminate a low inspiratory effort or a high effort in the presence of a dysfunctional diaphragm.

Keywords: critical care; diaphragm; intercostal muscle; oesophageal pressure; pressure support ventilation; ultraso-
nography; work of breathing

ultrasonography-observed thickening of the dia-

Editor’s key points phragm and parasternal intercostal muscles.

e The authors investigated the utility of bedside tools in e Tidal swings of oesophageal and transdiaphragmatic
estimating inspiratory effort, including the tidal swing pressure were closely related to gold-standard indices
in oesophageal and transdiaphragmatic pressure and of inspiratory effort.
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e Inspiratory diaphragmatic thickening correlated
weakly with inspiratory effort, although this improved
when diaphragmatic dysfunction was excluded.

e Where diaphragmatic thickening is low, parasternal
intercostal thickening may allow improved consider-
ation of inspiratory effort.

Mechanical ventilation is the most used supportive therapy in
the ICU.! Pressure support ventilation (PSV) is the mode of
assisted ventilation generally used during the weaning
phase.?® Under PSV, the work necessary to generate the
ventilation is shared between the ventilator and the patient.*
In recent years, a U-shaped relationship between ventilator
assistance and complications has emerged, as both under-
and over-assistance can lead to deleterious consequences.” A
safe compromise between the benefits and risks is to achieve
acceptable levels of muscle unloading while preserving
spontaneous breathing.’

As patient inspiratory effort cannot be adequately assessed
from physical examination or ventilator waveforms,® direct
measures are required to properly titrate the ventilatory sup-
port. Oesophageal pressure (Pes) and transdiaphragmatic
pressure (Pdi) represent the reference methods for measuring
the pressure generated by the respiratory muscles.”® With this
regard, the ‘gold-standard’ parameters for the assessment of
respiratory effort are work of breathing (WOB) and
pressure—time product (PTP).° However, their calculation is
complex and requires offline analysis, confining this tech-
nique mainly to the research setting; easier, bedside-available
tools for the assessment of patient effort are required for
everyday clinical practice. The tidal swing of Pes (APes) has
recently been suggested as a target.’ Such assessment is
relatively straightforward and can be performed in real time at
the bedside. As PTP is calculated as the integral over time of
the Pes (or Pdi) tracing on a breath-by-breath basis, a close
relationship with the tidal swings of Pes (or Pdi) is very likely.
However, a formal validation of this parameter compared with
gold standard is lacking in critically ill patients, with several
issues potentially limiting its use to assess breathing effort.
Indeed, if the strength of this association between APes (or Pdi)
and the gold-standard indices of inspiratory effort is high,
then the former could be used at the bedside as a reasonable
proxy for breathing effort, avoiding the need for specific soft-
ware or other technology to perform the calculations.

Ultrasound has gained in popularity as a diagnostic tool in
the ICU. In the last decades, diaphragm ultrasound has
emerged as a potential tool for monitoring the respiratory
effort of critically ill patients.’®'! However, few studies have
investigated the relationship between diaphragm and inter-
costal muscle ultrasound and gold-standard indices of respi-
ratory effort in critically ill patients.

The aims of the present study were (i) to test whether the
bedside assessment of APes is a reliable indicator of gold-
standard indices of respiratory effort, and (ii) to assess the
change in diaphragm and parasternal intercostal inspiratory
thickening with increasing patient effort. Secondary outcomes
were the correlation between transdiaphragmatic tidal pres-
sure swing and indices of respiratory effort and the impact of
diaphragm dysfunction on the ultrasonographic assessment
of respiratory effort.

Methods
Subjects

Consecutive patients were enrolled if they were intubated and
undergoing PSV with a PEEP >5 cm H,0. Exclusion criteria were
haemodynamic instability requiring vasopressors, hypo-
xaemia requiring PEEP >10 cm H,0 or Fio, >60%, pressure
support >10 cm H,0, Richmond Agitation and Sedation Scale
score <—1, and history of chronic obstructive pulmonary dis-
ease (COPD). The study was approved by the Institutional Re-
view Board (Comitato Etico Interaziendale Milano Area 1,
11941/2017), and written informed consent was obtained ac-
cording to Italian regulations.

Measurements

Detailed methods are reported in the Supplementary material,
including calculation of inspiratory WOB and both oesopha-
geal and transdiaphragmatic PTPs. Patients were studied in
the semi-recumbent position. As per choice of the consultant
intensivist, the lungs of the patients were ventilated with
either a Mindray SV800 (Mindray Medical International,
Shenzhen, China) or a Hamilton-G5 ventilator (Hamilton
Medical AG, Bonaduz, Switzerland). In both cases, the venti-
lation mode was set as follows: flow triggering at 2 L min~2,
pressure ramp 200 ms, and cycling off at 25% of the peak
inspiratory flow. Automatic tube compensation was not used.

Flow was measured with a heated pneumotachograph
(Fleisch No. 1, Metabo SA, Epalinges, Switzerland). Airway
pressure (Paw) was measured proximal to the tracheal tube
with a dedicated pressure transducer (MPX 2010DP; Motorola,
Solna, Sweden). Pes was measured using a standard balloon
catheter (Smart Cath; Viasys, Palm Springs, CA, USA), and
correct positioning was assessed by the occlusion test.'? A
similar catheter was advanced into the stomach to measure
gastric pressure (Pga). Both balloons were inflated with 1.5 ml
of air and connected to air-filled pressure transducers. Flow,
Paw, Pes, and Pga were collected at a sampling rate of 100 Hz,
and then stored for subsequent analysis (Colligo; Elekton,
Milan, Italy). Transdiaphragmatic pressure was obtained by
electronic subtraction as Pga—Pes.

Pattern of breathing and respiratory effort

In each step, tidal volume, ventilatory frequency, minute
ventilation, inspiratory time, duty cycle (inspiratory/total
time), peak inspiratory flow, dynamic intrinsic PEEP (PEEPi),
WOB'® (expressed per minute or per litre of ventilation),
oesophageal and transdiaphragmatic PTP'* (expressed per
breath and per minute), and the tidal swing in oesophageal
and transdiaphragmatic pressures (APes and APdi, respec-
tively) were measured. Mean values were computed over five
consecutive breaths. End-expiratory and end-inspiratory oc-
clusions were performed to measure P0.1'°> and Pmusc, in-
dex.’® Supplementary Figure S1 illustrates the parameters for
the assessment of inspiratory breathing effort.

The inspiratory contribution of the diaphragm was
assessed with the Gilbert index, defined as APga/APdi during
the phase of lowest support.'” Lower values indicate a lower
contribution of the diaphragm to inspiratory effort. A negative
index was used to define diaphragm dysfunction.®
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Fig 1. Ultrasonographic view of the diaphragm and parasternal intercostal muscles. Upper left panel: B-mode scan of the diaphragm in the
zone of apposition. The diaphragm (d) is identified as a three-layer structure (non-echogenic central layer bordered by two echogenic
layers, the peritoneum and the diaphragmatic pleurae, indicated by the white arrows). ic, intercostal muscles; L, lung; Li, liver; S, sub-
cutaneous tissue. Upper right panel: M-mode image of diaphragm thickening during inspiration. Lower left panel: B-mode scan of the
intercostal muscles. The parasternal intercostals (pIC) are identified above the pleural line and between the hyper-echogenic layers of the
fascial borders, as indicated by the white arrows. L, lung; pm, pectoralis muscle; R2, second rib; R3, third rib; S, subcutaneous tissue. Lower
right panel: M-mode image of parasternal intercostal thickening during inspiration.

Ultrasonographic measurements

Ultrasonography was performed by the same trained operator
(PF), with 9 yr of experience and qualifications in respiratory
ultrasound, using a Mindray TE7 Ultrasound System (Mindray
Medical International) with a 12 MHz linear probe. Images
were recorded for a subsequent computer-assisted quantita-
tive analysis by a trained investigator (MU), unaware of the
ventilatory condition.

Diaphragm thickness was assessed in the zone of apposi-
tion of the diaphragm to the ribcage. The linear probe was
placed above the right 10th rib in the mid-axillary line, as
described previously.!® The inferior border of the costo-

_ (end — inspiratory thickness — end — expiratory thickness)

phrenic sinus was identified as the transition from the arti-
factual representation of the lung to the visualisation of the
liver.

The inspiratory thickening of the parasternal intercostal
muscles was assessed with a linear probe placed 3 cm laterally
from the sternum and oriented along the sagittal plane, be-
tween the second and third ribs, as described.’ Muscle
thickness was measured above the pleural line between the
two hyper-echogenic layers of the fascial borders. For both the
diaphragm and the parasternal intercostal muscles, three
subsequent measures were averaged. The thickening fraction
of each muscle (TF) was calculated as

TF= - :
end — expiratory thickness

*100
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Table 1 Patient characteristics at baseline. Data are expressed
as mean (standard deviation) or number (percentage), as
appropriate. Age is expressed as mean (range). Fio,, fraction of
inspired oxygen; n, sample size; SAPS II, Simplified Acute
Physiology Score, second version. Septic shock was caused by

meningitis, pancreatitis, neck fasciitis, or urinary tract
infection.
Variable Study population
(n=21)
Age 73 (25—88) yr
Male sex 17 (81%)
Actual body weight 79.3 (18.7) kg
Ideal body weight 64.5 (4.8) kg
Body height 1.70 (0.06) m
BMI 27.0 (6.7) kgm~2
SAPS II 37.6 (13.3)
Diagnosis
Pneumonia 10 (47.7%)
Septic shock 5 (23.8%)
Acute decompensated heart 4 (19.0%)
failure
Aspiration 2 (9.5%)
PEEP 7.0 (2.0) cm H,0
Fiop 0.36 (0.06)

Figure 1 shows the ultrasonographic view of the diaphragm
and parasternal intercostal muscles.

Protocol

The study consisted of two consecutive phases. Initially, the
patients underwent a trial of three levels of PSV, lasting 30 min
each. The first level was set by the attending physician (PS-

baseline). Pressure support was reduced by 25% (PS-medium),
and then by 50% (PS-low), in this order. PEEP and Fio, were
unchanged, as was the sedation level. During the last 5 min of
each step, the pattern of breathing and indices of respiratory
effort were assessed, arterial blood was sampled for gas de-
terminations, and haemodynamic parameters were recorded.
To avoid any possible development of fatigue at low levels of
assistance, which might have then influenced the following
steps, we decided to perform a decremental pressure support
test and we did not randomise the sequence of pressure sup-
port levels.

In the second phase, the patients were deeply sedated and
switched to square flow, controlled mechanical ventilation
with tidal volume 750 ml and PEEP O cm H,O. This step was
necessary to obtain quasi-static measurements of partitioned
respiratory mechanics, which are in turn needed for the exact
calculation of WOB and PTP. Chest-wall compliance was
measured with end-expiratory and end-inspiratory occlu-
sions. The absence of spontaneous breathing was verified by
observing the Pes waveform.

Statistics

As, to our knowledge, no previous publications have addressed
a similar topic, a formal sample size calculation was not per-
formed, and we enrolled a convenience sample with a similar
size to other physiological investigations. Data were analysed
using Stata 13.0 (StataCorp, College Station, TX, USA) for Win-
dows. Normality was assessed by the Shapiro—Francia test.
Descriptive results are reported as mean (standard deviation) if
normally distributed, or median [25th—75th percentiles]
otherwise. The analysis on the variables recorded over the
three steps (PS-baseline, PS-medium, and PS-low) was per-
formed by analysis of variance for repeated measurements,
with step as a within-subject factor. The comparison between

Table 2 Respiratory pattern, drive, and effort in the different study steps. Data are expressed as mean (standard deviation). PS,
pressure support; PTP, pressure—time product. The analysis on the variables recorded over the three different steps (PS-baseline, PS-
medium, and PS-low) was performed on all the patients by analysis of variance for repeated measurements, with step as a within-
subject factor. The significance of the within-subject factors was corrected with the Greenhouse—Geisser method. Pairwise post hoc
multiple comparisons were carried out according to Tukey honestly significant difference method when appropriate. *P<0.01 vs PS-

baseline; tP<0.01 vs PS-medium.

Variable Pressure support level P-value
PS-baseline PS-medium PS-low
Ventilatory frequency (bpm) 19.8 (7.3) 21.2 (6.2) 22.8 (6.6)*t 0.0080
Tidal volume (ml) 516 (112) 516 (124) 512 (121) 0.8650
Minute ventilation (L min~?) 9.9 (3.2) 10.6 (2.8) 11.4 (3.3)" 0.0098
Inspiratory time (s) 1.11 (0.27) 1.02 (0.20)* 1.00 (0.22)* 0.0082
Duty cycle 0.34 (0.09) 0.36 (0.10)* 0.36 (0.08)* 0.0003
Peak inspiratory flow (ml s %) 771 (169) 750 (168) 734 (164)* 0.0489
Intrinsic PEEP (cm H,0) 0.6 (0.5) 0.6 (0.5) O 7 (0.5) 0.1450
Mean airway pressure (cm H0) 9.1 (2.2) 8.4 (2.0)* 7 (1.9t <0.0001
Oesophageal pressure swing (cm H,0) —2.6 (1.8) —4.5 (2.6)* —7 2 (3.4)"t <0.0001
Transdiaphragmatic pressure swing (cm H,0) 3.5(2.2) 5.2 (2.5)* 7.4 (3.1)% <0.0001
Oesophageal PTP/breath (cm H,O s) 2.73 (1.17) 4.07 (2.28)" 5.92 (2.78)*t <0.0001
Oesophageal PTP (cm H,0 s min™?) 55.4 (35.1) 84.2 (55.2)* 130.9 (69.7)*t <0.0001
Transdiaphragmatic PTP/breath (cm H,0 s) 3.12 (1.37) 4.48 (2.14)" 5.89 (2.54)" 0.0419
Transdiaphragmatic PTP (cm H,0 s min™?) 64.1 (39.4) 94.9 (56.8)* 132.3 (70.9)*t <0.0001
Work of breathing per litre (J L™% 0.19 (0.17) 0.34 (0.23)* 0.57 (0.36)*t <0.0001
Work of breathing per minute (J min~?) 2.0 (2.3) 3.8 (3.2)" 6.9 (5.7)"t <0.0001
P0.1 (cm H,0) 1.0 (0.6) 1.5 (0.6)* 2.0 (0.9)* <0.0001
Pmusc, index (cm H,0) 2.4 (1.9) 4.6 (1.7) 6.8 (1.9)*t <0.0001
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Fig 2. Correlation of oesophageal tidal pressure swing with
oesophageal pressure—time product (PTP) (upper panel) or work
of breathing (lower panel) during the different phases of the
study. The analysis was conducted on all patients by a linear
fixed-effects model for repeated measures to deal with the lon-
gitudinal structure of our data set (patients with repeated mea-
surements over time). The extent of the association between
variables was expressed as the coefficient of determination (R?).

patients with and without diaphragm dysfunction was per-
formed by analysis of variance for repeated measurements,
with step as a within-subject factor and diaphragm dysfunc-
tion as a fixed between-subject factor. The model included the
interaction effect of step on diaphragm dysfunction. The sta-
tistical significance of the within-subject factors was corrected
with the Greenhouse—Geisser method. Pairwise post hoc mul-
tiple comparisons were carried out according to Tukey method.
Regression was conducted by a linear fixed-effects model for
repeated measures to deal with the longitudinal structure of
our data set (patients with repeated measurements over time).
The association between variables was expressed as the coef-
ficient of determination (R?). Two-tailed P-values <0.05 were
considered for statistical significance.

Results
Patient characteristics

Twenty-one consecutive patients were enrolled. The patient
characteristics at baseline are reported in Table 1. The patients

Oesophageal PTP per breath (cm HoO*s)

Fig 3. Diaphragm inspiratory thickening and oesophageal
pressure—time product (PTP) during the different phases of the
study in all patients (upper) and only in patients without dia-
phragm dysfunction (lower panel). The analysis was conducted
by a linear fixed-effects model for repeated measures to deal
with the longitudinal structure of our data set (patients with
repeated measurements over time). The extent of the associa-
tion between variables was expressed as the coefficient of
determination (R?). The analysis was conducted on all patients
(upper panel; n=21) and only in patients without diaphragm
dysfunction (lower panel; n=13). Diaphragm dysfunction was
defined as a negative Gilbert index.

were studied after an average ICU stay of 5 [3; 8] days. Both
diaphragm and parasternal intercostal ultrasound examina-
tions could be performed in all patients. Pressure support was
on average 9.0 (1.6) cm H,0 at baseline, and it was reduced to
6.7 (1.3) (PS-medium) and 4.4 (1.0) (PS-low) during the study
(P<0.0001).

Effects of PSV changes

Table 2 reports the respiratory pattern during the three steps.
Reduction of pressure support was associated with a signifi-
cant increase of ventilatory frequency, whereas tidal volume
was not modified. As a result, minute ventilation significantly
increased. Inspiratory time shortened and the duty cycle was
longer with lower levels of support. On the other hand, the
reduction of pressure support was not associated with
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Fig 4. Relationship between diaphragm and intercostal inspi-
ratory thickening (upper panel), and comparison of diaphragm
and intercostal inspiratory thickening in patients with or
without diaphragm dysfunction (lower panel). The analysis was
conducted on all patients. *P<0.01 vs patients without dia-
phragm dysfunction.

changes in PEEPi, whereas mean airway pressure significantly
decreased.

Respiratory drive and effort

The indices of respiratory drive and effort during the different
steps are reported in Table 2. As expected, the progressive
reduction of support led to a significant increase in both APes
and APdji, and in the oesophageal and transdiaphragmatic PTP
(per breath and per minute). Similarly, WOB—both per litre of
ventilation and per minute—significantly increased. APes was
significantly associated with both the oesophageal PTP per
breath (R?=0.868; P<0.001) and per minute (R?=0.666; P<0.001),
and with the WOB per litre of ventilation (R?=0.683; P<0.001)
and per minute (R?=0.549; P<0.001) (Fig. 2, upper and lower
panels). Similarly, APdi was significantly associated with the
transdiaphragmatic PTP per breath (R?=0.820; P<0.001) and per
minute (R?=0.599; P<0.001) (Supplementary Fig. S2).

Ultrasonographic indices of respiratory effort

Diaphragm and parasternal intercostal thicknesses are re-
ported in Supplementary Table S1. The expiratory thickness of

both muscles was unchanged in the different steps, whereas
the inspiratory thickness, and hence the thickening fraction,
significantly increased with lowering levels of support
(Supplementary Fig. S3). Diaphragm thickening fraction
significantly correlated with the oesophageal PTP per breath or
per minute, albeit with a low coefficient of determination
(R?=0.326; P<0.001 and R?=0.279; P<0.001, respectively) (Fig. 3,
upper panel). Diaphragm thickening fraction was significantly
associated with the transdiaphragmatic PTP per breath and
per minute (R?=0.482; P<0.001 and R?=0.510; P<0.001,
respectively).

Gas exchange and haemodynamic parameters

The reduction of pressure support was not associated with any
modification in gas exchange or haemodynamic parameters
(Supplementary Table S2).

Effect of diaphragm dysfunction

Eight patients (38.1%) had diaphragm dysfunction, as defined
by a negative value of the APga/APdi ratio (i.e. the Gilbert in-
dex) during the phase of lowest support. Supplementary
Table S3 shows the characteristics of patients with and
without diaphragm dysfunction. After excluding these pa-
tients from the analysis, diaphragm thickening fraction had a
stronger correlation with the oesophageal PTP per breath or
per minute (R2:0.887; P<0.001 and R?=0.653; P<0.001, respec-
tively) (Fig. 3, lower panel). The relationship of diaphragm and
intercostal thickening in patients with and without diaphragm
dysfunction is reported in Figure 4 (upper panel). The average
value of diaphragm thickening fraction was higher and that of
parasternal intercostal was lower in patients without as
compared with patients with diaphragm dysfunction: 33.6
(18.2)% vs 13.2 (9.2)%; P<0.001 and 2.1 (1.7)% vs 12.7 (9.1)%;
P<0.001, respectively (Fig. 4, lower panel).

Discussion

The main findings of this study are (i) the bedside-available
APes and APdi were related to the gold-standard indices of
inspiratory effort, such as the PTP or WOB; (ii) the ultrasono-
graphic assessment of diaphragm thickening yielded an only
acceptable estimate of respiratory effort, which was signifi-
cantly improved when patients with diaphragm dysfunction
were excluded from the analysis; and (iii) the ultrasonographic
assessment of parasternal intercostal thickening could help in
the bedside assessment of respiratory effort in the presence of
a low thickening fraction of the diaphragm.

The balance between the beneficial and detrimental effects
of spontaneous breathing effort is one of the contemporary
challenges in critical care.” Preserving spontaneous activity
might protect against the development of diaphragm con-
tractile dysfunction.?’>?! However, an excessive respiratory
drive can generate pressures incompatible with lung protec-
tion.?? As a consequence, spontaneous breathing during me-
chanical ventilation has been considered a ‘double-edged
sword’,”> requiring an appropriate bedside monitoring of
inspiratory effort. Despite being suggestive of an increased
workload, specific breathing patterns, the use of accessory
muscles, an increased ventilatory frequency or a reduced tidal
volume, and the inspection of ventilator waveforms do not
allow any quantitative assessment of breathing effort.®?*
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Bedside estimation of patient inspiratory effort

The contraction of inspiratory muscles increases the size of
the ribcage, reducing pleural pressure. When the diaphragm
contracts, a pressure gradient is generated between the
abdomen and the thorax (i.e. Pdi).”” Pes, the most accurate
clinically available estimate of pleural pressure, provides a
global assessment of all inspiratory muscles,’® whereas Pdi is
specific to the diaphragm.’®

The standard method to assess breathing effort is calcula-
tion of the WOB.” However, as work is performed when a
volume is displaced, WOB is insensitive to isometric contrac-
tions. Moreover, duration and frequency of contractions are
not taken into account. To overcome this limitation, the
concept of PTP was developed.’* When calculated from Pes
tracings, it represents a global assessment of respiratory
muscle activity (PTPes). As a specific measurement of dia-
phragm effort, diaphragm PTP (PTPdi) can be constructed from
Pdi tracings. Pressure—time product is sensitive to the fre-
quency and duration of contractions (including isometric ef-
forts), and it correlates with oxygen consumption over a broad
range of inspiratory loads.”

All these measurements are difficult to obtain and interpret
at the bedside, as they generally need an offline calculation. As
such, both are rarely used in clinical care and are mostly
considered a research tool.*’

On the other side, the assessment of APes or APdi is rela-
tively straightforward and can be performed at the bedside,
making it the ideal candidate for monitoring patient effort.
However, several theoretical limitations must be considered.
First, the duration and frequency of contractions are not taken
into account.’® Moreover, APes is not corrected for the chest-
wall recoil pressure or PEEPi, potentially leading to under- or
overestimation of the real effort. Several investigations used
APes or APdi during PSV as an estimate of the respiratory
muscle effort.?? 32 However, to the best of our knowledge, no
previous formal validation of the relationship of such tidal
swings has been performed in critically ill patients.

That increasing levels of pressure support progressively
unload the respiratory muscles is not a new finding.>> >° The
novelty of our study is that both APes and APdi are strongly
correlated with gold-standard indices of respiratory effort,
such as WOB and PTP, over a relatively wide range of loading
conditions. Of note, we found a higher correlation between
APes and PTP per breath vs that per minute, likely suggesting
that the role of ventilatory frequency has to be considered.
Moreover, APes had a higher correlation with PTP than with
WOB, possibly because it can be sensitive to the presence of
isometric contractions.

Respiratory muscle ultrasound

Several recent studies demonstrated the utility of diaphragm
ultrasonography to monitor respiratory workload.’®!!
Although the duration of the ultrasound examination was
not formally measured in this investigation, in our clinical
experience, a thorough (diaphragm and intercostal) respira-
tory muscle ultrasonographic assessment can generally be
performed in less than 5 min. The inspiratory thickening
fraction of the diaphragm (TFdi) has shown fair correlation to
APdi, PTPdi, and PTPes.>* % The noninvasive nature, low
costs, steep learning curve, and straightforward calculations
are its main advantages. However, TFdi is insensitive to
duration and frequency of contractions, and does not account

for recruitment of accessory muscles.’’ Moreover, those
studies included highly selected patient groups, namely, pa-
tients undergoing noninvasive ventilation or postoperative
patients. Notably, these are populations, in which diaphragm
dysfunction is uncommon. On the other side, in critically ill
patients with acute respiratory failure, a prevalence up to 60%
has been reported.>**°

Several risk factors are known to be associated with the
occurrence of diaphragm dysfunction in the ICU; some may be
present before ICU admission, such as inadequate nutrition,
sepsis, and the severity of the disease,*’ whereas others
develop during the stay, likely as a consequence of treatment
and supportive therapies, such as corticosteroids, neuromus-
cular blocking agents, or mechanical ventilation itself.*? In our
study, eight out of 21 patients (38.1%) showed signs of dia-
phragm dysfunction. No prior phrenic nerve dysfunctions
were described in our case mix, so we assume that the
dysfunction of the diaphragm has likely been acquired in the
ICU. Although investigation of the causes leading to dia-
phragm dysfunction was not the primary aim of our study, we
found that those patients had a higher duration of mechanical
ventilation before enrolment in the study and a more severe
disease, as described by a higher Simplified Acute Physiology
Score, second version.

As expected, we found that TFdi increased with decreasing
levels of support. However, at variance with previous re-
ports,>®* TFdi correlated poorly with PTPes. The relationship
of the two variables disclosed the presence of two groups of
patients: one with a linear increase between TFdi and PTPes,
and one, in which, despite the increase in the global inspira-
tory effort, diaphragm thickening did not increase. We
reasoned that the presence of diaphragm dysfunction might
affect the relationship between diaphragm thickening and
inspiratory effort. Interestingly, when patients with dia-
phragm dysfunction were removed from the analysis, a much
stronger relationship between TFdi and PTPes was found,
suggesting that the presence of diaphragm dysfunction limits
the use of TFdi as an index of patient effort.

Intercostal muscle ultrasound

Diaphragm dysfunction is associated with a compensatory
increase in the activation of the (inspiratory) parasternal
intercostal muscles,*>** and a greater recruitment of ribcage
muscles was demonstrated in weaning failure as compared
with weaning success patients.>>*> We speculated that the
assessment of extra-diaphragmatic respiratory muscle activ-
ity could help to identify conditions of increased inspiratory
effort in the presence of diaphragm dysfunction.

We found a complex relationship between TFic and TFdi: a
low TFdi could be associated with low or elevated levels of
TFic. On the other hand, high levels of TFic were only present
in the case of a low diaphragm thickening, suggesting that
intercostal muscles may be recruited in case of an increased
respiratory workload in the presence of diaphragm dysfunc-
tion. In other words, a low TFdi may reflect a low inspiratory
effort, or an elevated effort with inspiratory work performed
by accessory muscles, possibly because of the concomitant
presence of diaphragm dysfunction. The assessment of TFic
might help to distinguish these two situations. As a further
analysis, we found that patients without diaphragm
dysfunction had a higher diaphragm and a lower intercostal
thickening than those with diaphragm dysfunction.
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To the best of our knowledge, no prior studies investigated
TFic in critically ill patients. Recent studies in healthy volun-
teers or COPD patients showed how the ultrasonographic
assessment of parasternal intercostal muscle thickness is both
reliable and reproducible,’®*® and that these muscles thicken
during inspiration.*’

Our study has some limitations: first, we studied a rela-
tively small population, which is, however, comparable with
that of similar physiological studies.>>® Moreover, the pa-
tients were observed over a limited time frame: we are un-
aware if and how much the results would change over time
and their clinical relevance. Patients with COPD were
excluded, and the average PEEPi was relatively low, so the
results cannot be directly extrapolated in case of severe flow
limitation. The reliability of oesophageal pressure measure-
ments was assessed with an occlusion test after placement of
the catheter. Although the calibration procedure was not
repeated after every reduction in pressure support, it is un-
likely that the different conditions might have affected the
Paw—Pes relationship, as both studies in healthy volunteers
and in patients with respiratory failure demonstrated how
neither changes in mean airway pressure nor in lung volumes
affected this ratio.'>*® Moreover, we measured flow with an
in-line Fleisch pneumotachograph, which might have slightly
increased resistance and dead space, and airway pressure was
measured with a dedicated pressure transducer. However, as
two possible mechanical ventilators could be used, we
preferred to use the same data acquisition system rather than
capturing the data directly from the two different ventilators.

Eventually, our study lacked a direct assessment of dia-
phragm weakness, and diaphragm dysfunction was defined as
a negative Gilbert index. The gold-standard method for the
quantification of diaphragm strength involves magnetic or
electrical phrenic nerve stimulation; however, these tech-
niques require specific apparatuses not always available.
Moreover, several investigations defined diaphragm dysfunc-
tion similarly.*>*%->0

In conclusion, the present study provides new physiolog-
ical guidance for the bedside monitoring of inspiratory effort
during PSV. We found that APes and APdi are adequate in-
dicators of gold-standard indices of inspiratory effort. More-
over, diaphragm ultrasound is a reliable indicator of
inspiratory effort, provided that no diaphragm dysfunction is
present, whereas the presence of diaphragm dysfunction
negatively affects the relationship between diaphragm thick-
ening and inspiratory effort. The additional measurement of
parasternal intercostal thickening may help to discriminate if
a low diaphragm thickening depends on a low inspiratory
effort or a high effort in the presence of diaphragm
dysfunction.
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