Lung (2018) 196:363-368
https://doi.org/10.1007/s00408-018-0106-x

CRITICAL CARE

@ CrossMark

Serial Diaphragm Ultrasonography to Predict Successful
Discontinuation of Mechanical Ventilation

Atul Palkar'© . Paul Mayo? - Karan Singh? - Seth Koenig? - Mangala Narasimhan? - Anup Singh? - Rivkah Darabaner? -
Harly Greenberg? - Eric Gottesman?

Received: 31 October 2017 / Accepted: 27 February 2018 / Published online: 19 March 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Introduction Diaphragm excursion and contraction velocity measured using ultrasonography have been used to assess dia-
phragm function. We aimed to evaluate the performance of diaphragm ultrasonography during weaning from mechanical
ventilation (MV).

Methods Diaphragm ultrasonography was performed on 73 mechanically ventilated patients who were being considered
for extubation on three separate occasions: (1) on assist control mode (A/C) during consistent patient triggered ventilation,
(2) following 30 min during a spontaneous breathing trial (SBT), (3) 4-24 h following extubation. Right hemidiaphragm
excursion and contraction velocity were measured on A/C, during SBT, and following extubation. These measurements were
correlated with the outcome of extubation.

Results Twenty patients failed extubation: 6 of whom required re-intubation and 14 of whom required non-invasive ventila-
tory support. During SBT, the mean diaphragm excursions were 1.7 +0.82 cm in the group who failed extubation compared
to 2.1+0.9 cm in the group who were successfully extubated (p =0.06). To predict successful extubation, a decrease in
diaphragm excursion of < 16.4% between A/C and SBT had a sensitivity of 84.9% and a specificity of 65%. The area under
curve (AUC) for receiver operative characteristics for above cut-off was 0.75. Diaphragm contraction velocity performed
poorly in predicting weaning outcome.

Conclusions Diaphragm excursion measured during SBT is an imperfect predictor of the outcome of extubation. Mainte-
nance of diaphragm excursion between A/C and SBT has good performance characteristics by AUC analysis. Diaphragm
contraction velocity has poor ability to predict outcome of extubation.

Keywords Diaphragm ultrasonography - Diaphragm excursion - Diaphragm contraction velocity - Mechanical ventilation -
Extubation outcome - Weaning

Introduction Ultrasonography has been used to determine diaphragm
thickening, excursion, and contraction velocity as a measure

Difficulty in weaning from mechanical ventilation (MV) is  of its function [4]. Measurements of diaphragm thickening

encountered in approximately 20-25% of patients [1]. Dia-
phragm dysfunction is well described in critically ill patients
(2, 3].
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fraction using M-mode ultrasonography predict extubation
outcome during spontaneous breathing trial (SBT) on T
piece or pressure support ventilation (PSV) mode of MV
[5, 6]. Diaphragm dysfunction as assessed by M-mode ultra-
sonography has been associated with longer total ventilation
time, weaning time, and higher rates of weaning failures [7].

Serial assessment of diaphragm function during weaning
from MV may be of value to predict successful extubation
[8]. The aim of our study was to serially track diaphragm
excursion and contraction velocity using ultrasonogra-
phy, in order to correlate the change in ultrasonography

@ Springer


http://orcid.org/0000-0002-3602-152X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00408-018-0106-x&domain=pdf

364

Lung (2018) 196:363-368

measurements during the weaning process with the outcome
of extubation.

Methods

This was a prospective observational study performed
between June 2015 and February 2017 in the medical
intensive care units (ICU) of North Shore University Hos-
pital, Manhasset, New York and Long Island Jewish Medi-
cal Center, New Hyde Park, New York, both belonging to
Northwell Health. The institutional review board of the
Northwell Health approved the study (IRB protocol #15-
049). Study subjects or their appropriate surrogates gave
informed consent for participation in the study.

Inclusion Criteria

The ICU team decided about the readiness of a patient to be
weaned from MV, the timing of the initiation of the SBT,
and extubation based on their clinical assessment. If the ICU
team decided to extubate a patient, the primary investigator
(AP) was informed.

Exclusion Criteria

Exclusion criteria were age < 18 years, pregnancy, lack of
informed consent, MV for <24 h, unilateral or bilateral dia-
phragm paralysis, use of a paralytic agent during ICU stay,
and do not re-intubate status post extubation.

Study Design

The investigator (AP) performed diaphragm ultrasonography
at three separate times:

1. During assist control (A/C) mode of MV while patients
were consistently triggering the ventilator as they were
being weaned off sedation prior to initiation of the SBT.

2. After completing 30 min of the SBT on PSV with
inspiratory pressure of 5 cm of water and positive end
expiratory pressure of 5 cm of water. There were at least
30 min between the two measurements during A/C and
PSV. At this time, the rapid shallow breathing index
(RSBI) was calculated from the tidal volume delivered
by the ventilator on PSV mode and respiratory rate as
follows: [RSBI =respiratory rate/tidal volume (in lit-
ers)].

3. Following discontinuation of MV. The ultrasonography
was repeated between 4 and 24 h after extubation.

4. The ICU team was blinded to the ultrasonography meas-
urements. The decision to re-intubate or to use non-inva-
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sive ventilation (NIV) after extubation was left up to the
discretion of ICU team.

Definition of Weaning Failure

Weaning failure was defined as the inability to maintain
spontaneous breathing for at least 48 h, without any form of
ventilatory support [9]. Patients who required re-intubation
or NIV within 48 h of extubation were included in the “fail-
ure’ group.

Diaphragm Ultrasonography Measurements

Patients were studied in a semi-recumbent position between
20° and 40°. The right hemidiaphragm was examined using
2-dimensional and M-mode ultrasonography to record dia-
phragm excursion and contraction velocity during tidal
breathing.

Measurement of Diaphragm Excursion

Diaphragm excursion was measured using a 3.5 MHz convex
phase array probe (M turbo P21 probe, SonoSite, Bothell,
WA) as previously described (Fig. 1) [10]. With liver serv-
ing as an acoustic window, the probe was placed immedi-
ately below the right costal margin in the mid-clavicular
line in longitudinal scanning plane with the tomographic
plane angled in the cephalad direction such that the ultra-
sound beam was perpendicular to the posterior third of the
right hemidiaphragm (Fig. 2) [10]. When the diaphragm
was identified with 2-dimensional imaging, the M-mode
interrogation line was adjusted to be perpendicular to the
movement of the posterior one-third of the right hemidi-
aphragm. The diaphragm excursion was measured on the
vertical axis of the M-mode tracing (cm) from the beginning

Fig. 1 Diaphragm excursion and inspiratory time represented by yel-
low and red double arrows, respectively
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Fig.2 Measurement of diaphragm excursion and inspiratory time
using ultrasonography. The ultrasound probe is angulated cephalad to
be perpendicular to the posterior third of right hemidiaphragm. The
dotted line represents M-mode interrogation line

to end of tidal inspiration from the leading edge of the right
hemidiaphragm.

Measurement of Diaphragm Contraction Velocity

From the M-mode tracing, diaphragm contraction veloc-
ity was calculated from the excursion and inspiratory time
(Fig. 1) as follows:

Results

During the study period, we included 73 patients; 53
patients were successfully extubated (i.e., no re-intuba-
tion or NIV for 48 h after extubation). The rate of failure
of extubation was 27%. Six of 20 patients in the group
that failed extubation were re-intubated without use of
NIV within 48 h of extubation. The remaining 14 patients
in the ‘failure’ group were initiated on NIV within 48 h
of extubation either pre-emptively or as rescue therapy.
Seven of these 14 patients were placed on NIV sup-
port immediately following extubation; the remaining
7 patients were initiated on NIV after the development
of respiratory distress following extubation. Three of 14
patients that required NIV were re-intubated within 48 h
following extubation. The remaining 11 patients were
weaned from NIV without the need for re-intubation.
Patient demographics and disease characteristics are sum-
marized in Table 1. When compared to the group that was
successfully extubated, the RSBI was significantly higher
in the group that failed extubation.

Diaphragm excursion and contraction velocity on A/C
mode, during SBT, and following extubation are compared
between the two patient groups in Table 2. Diaphragm con-
traction velocity did not differ significantly between the two

Contraction velocity (cm/s) = Diaphragm excursion (cm)/inspiratory time (s).

The investigator performed diaphragm ultrasonography
measurements when there was a pattern of consistent tidal
breathing pattern in order to exclude variability related to
tidal volume. Three measurements each of diaphragm excur-
sion and contraction velocity were performed during tidal
breathing and their mean was calculated. The duration of
ultrasonography examination was <5 min.

Statistical Analysis

Mann-Whitney U Test was used to compare continuous
variables while Chi-square tests or Fisher’s exact tests were
used to compare categorical variables. Percent change of
diaphragm excursion and contraction velocity between A/C,
SBT, and extubation were calculated separately as

[(post — pre)/pre] x 100.

A separate logistic regression model predicting “success”
of extubation was performed for each of the above meas-
ures. A receiver operating characteristic (ROC) area under
curve (AUC) was constructed to look at the model’s ability
to predict “success.” The level of significance was fixed at
p <0.05. All analyses were performed using SAS version 9.4
(SAS Institute Inc., Cary, NC).

patient groups during A/C, SBT, and following extubation.
Diaphragm excursion did not differ between the two patient
groups on A/C. Patients in the group that failed extuba-
tion had significantly lower diaphragm excursion follow-
ing extubation compared to the group that was successfully
extubated (p =0.02). The difference in diaphragm excursion
between the two groups approached statistical significance
during SBT (p=0.06). During SBT, 6 of 20 patients who
failed extubation and 4 of 53 patients in the group that were
successfully extubated had a diaphragm excursion of < 1 cm.
Diaphragm excursion of <1 cm during SBT had a sensitivity
of 30% and specificity of 92.5% for predicting extubation
failure (AUC 0.64).

The mean percent change in diaphragm excursion
between A/C to SBT in the group who failed extubation was
— 12.6% while that in the group successfully extubated was
18.9%. When measured between A/C and SBT, a decrease in
diaphragm excursion of < 16.4% had a sensitivity of 84.9%
and a specificity of 65% for predicting successful extuba-
tion. (AUC=0.75) (Fig. 1). When measured between A/C
and following extubation between the two patient groups,
a decrease in diaphragm excursion of <5.9% predicted
successful extubation with a sensitivity of 76.9% and a
specificity of 71.4% (AUC=0.74) (Fig. 2). The changes
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Table 1 Clinical characteristics

Extubation outcome

. p value
of study subjects
Failure group (n=20) Success group (n=53)
Age (years) 76+16.9 69+17.2 0.216
Males 9 28 0.55
Body mass index (kg/m?) 24+4.4 26+7.3 0.15
RSBI 75.5+57.4 459+19.6 0.014
In-hospital deaths 6 10 0.35
ICU-LOS? (days) 11.7+1.6 8.0+0.8 0.06
Hospital LOS?* (days) 26.7+4.45 174+14 0.05
Median duration of mechanical ~ 3.5+5.4 4432 0.07
ventilation (days)
Median APACHE IVa 81.5 82.6 0.53
Comorbidities
Asthma/COPD 10 0.35
DM 8 18 0.78
HTN 12 26 0.44
Heart failure 8 19 0.79
Renal failure 8 0.19

APACHE acute physiology and chronic health evaluation, COPD chronic obstructive pulmonary disease,
DM diabetes mellitus, HTN hypertension, ICU-LOS intensive care unit-length of stay

“The mean survival time and its standard error may have been underestimated because the largest observa-
tion was censored from the calculation (since patients who died were excluded from the calculation) and
the estimation was restricted to the largest event time

Table 2 Measures of diaphragm
function between two patient
groups during weaning from

MV

Diaphragm function Ventilation Extubation outcome p value
Failure group Success group

Diaphragm excursion (cm) A/C 2.04+09 1.82+0.7 0.36
SBT 1.65+0.82 2.1+09 0.067
After extubation 1.66+0.8 2.2+0.9 0.02

Contraction velocity (cm/s) A/C 2.55+1.5 2.2+0.96 0.65
SBT 1.84+0.74 2.0+0.87 0.52
After extubation 225+1.08 224+1.44 0.59

Table3 AUC for changes in diaphragm excursion and contraction
velocity during transition between A/C, SBT, and extubation

A Diaphragm function AUC
A/C to SBT A/C to SBT to
extubation  extuba-
tion
A Excursion 0.75 0.74 0.47
A Contraction velocity 0.6 0.56 0.59

in diaphragm contraction velocity for the remaining time-
points showed poor sensitivity and specificity for predicting
successful extubation (Table 3).
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Discussion

The results of this study demonstrate that during wean-
ing from MV support, diaphragm excursion is a better
predictor of extubation outcome than diaphragm contrac-
tion velocity. Both during SBT and following extuba-
tion, patients who failed extubation had lower diaphragm
excursion when compared to the patients who were suc-
cessfully extubated. Diaphragm excursion < 1 cm during
SBT is highly specific to predict failure, but not sensi-
tive. A decrease in diaphragm excursion between A/C and
SBT < 16.4% is sensitive but not highly specific to predict
success weaning. Changes in diaphragm excursion meas-
ured serially between A/C and SBT performed better than
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an arbitrary cut-off for diaphragm excursion alone during
SBT to predict the outcome of extubation.

Several factors may contribute to extubation failure
including alteration in airway resistance, respiratory sys-
tem compliance, load-related cardiac dysfunction, respira-
tory muscle weakness, or failure of airway clearance. The
RSBI may have limited ability to predict extubation outcome
[11-13]. In our study, RSBI was significantly higher in the
patient group that failed extubation compared to the group
who was successfully extubated. However, in both groups
the mean values for RSBI were < 105, emphasizing the limi-
tation of this parameter.

Diaphragm dysfunction is associated with difficult wean-
ing from MV [14]. Jiang et al. used the mean value of inspir-
atory excursions of the spleen and liver during SBT as a
surrogate measurement of diaphragm excursion identifying
a cut-off value of 1.1 cm having a sensitivity and specificity
of 84 and 83%, respectively, to predict the success of extu-
bation [15]. Kim et al. reported that diaphragm excursion
of <10 mm during SBT identified a higher rate of extuba-
tion failure than excursion greater than or equal to 10 mm
[7]. Osman and Hashim found a cut-off value for diaphragm
excursion of <10 mm during SBT-predicted extubation
failure with a 83.3% sensitivity, 100% specificity, 94.3%
negative predictive value, 100% positive predictive value,
and AUC of 0.83 [16]. Saeed et al. studied 30 patients with
chronic obstructive pulmonary disease on MV and reported
that cut-off value for diaphragm excursion of 1.1 cm dur-
ing SBT had a sensitivity of 86.4%, specificity of 87.5%,
and accuracy of 89.5% to predict extubation outcome [17].
Farghaly and Hasan found the cut-off value of > 10.5 mm
for diaphragm excursion during quiet tidal breathing at the
time of SBT for successful extubation with a sensitivity of
87.5% and a specificity of 71.5% [18].

In our study, although the mean diaphragm excursion was
greater in the patient group who were successfully extubated
than those who failed extubation, there was an overlap in
diaphragm excursion between the two groups during SBT.
Fourteen of 20 patients in the group who failed extubation
had diaphragm excursion of 1 cm or greater; this empha-
sizes the limitation of using an arbitrary cut-off value of
diaphragm excursion to predict outcome of extubation.

Our results indicate that maintenance of diaphragm
excursion during serial measurement between A/C and SBT
may have utility in predicting the outcome of extubation
when compared to the measurement of diaphragm excur-
sion alone during SBT. We speculate on this unanticipated
finding. When the patient is transitioned between A/C and
SBT, the mechanical load on the diaphragm increases. If
the ventilatory function of the patient is able to overcome
the increased mechanical load during SBT with preserved
contraction and excursion of the diaphragm, the patient is
more likely to achieve successful extubation. Conversely, a

significant reduction of diaphragm excursion following the
withdrawal of positive pressure support may suggest an inad-
equate response of the ventilatory apparatus to augmented
mechanical load and may portend a failed weaning attempt.
As compared to measurements made on A/C, when the
magnitude of diaphragm excursion continues to decline fol-
lowing extubation, it is likely that the patient would require
re-intubation or NIV support. Conceptually, the maintenance
of diaphragm excursion following withdrawal of ventila-
tory support indicates that the contractile function of the
diaphragm is able to replace the mechanical work of the
ventilator.

The utility of diaphragm contraction velocity using ultra-
sonography for predicting extubation outcomes has not been
studied. In our study, we did not find significant difference in
the diaphragm contraction velocity during SBT or following
extubation between the two patients groups with respect to
the outcome of extubation.

There are limitations to our study. One investigator per-
formed all the ultrasonography measurements. There was no
measurement of inter- or intra-observer variability. Bous-
suges et al. reported that the measurement of diaphragm
excursion using M-mode ultrasonography is easy to perform
and has high correlation coefficients between and within
observers [10]. Measurements were made on the right
hemidiaphragm alone. Left hemidiaphragm is often poorly
visualized. Other investigators [6, 19] suggest measurement
of left hemidiaphragm excursion may not be necessary,
unless there is unilateral phrenic nerve injury. The over-
all extubation failure rate in our study was relatively high
(27%), as patients who needed rescue NIV were included in
the ‘failure’ group. The ICU team decided about initiation of
NIV after extubation based on their clinical assessment. In
the group that failed extubation, seven patients were initiated
on NIV after development of respiratory distress and seven
patients were pre-emptively initiated on NIV immediately
following extubation, The overall rate of re-intubation within
48 h following extubation (12.5%) was comparable to what
has been previously reported [1].

Conclusions

Diaphragm excursion measured during SBT has some utility
to predict the outcome of extubation. Maintenance of dia-
phragm excursion between A/C and SBT is a better predictor
of extubation outcome than is excursion measured alone dur-
ing SBT, although both are imperfect predictors of extuba-
tion outcome. Diaphragm contraction velocity does not have
prognostic value for extubation outcome. The finding that
diaphragm excursion is an imperfect predictor reflects the
complexity of factors that determine outcome of extubation.
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It is not likely that a single parameter will be sufficient for
this purpose.
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