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Abstract

Purpose Ultrasonographic assessment of diaphragm func-
tion with patients on low levels of pressure support (PS)
predicts extubation outcomes, but similar information
regarding extubation success under other conditions is
lacking. The purpose of this study was to determine whe-
ther ultrasound (US) measurements of the diaphragm made
on various levels of PS can predict time until successful
extubation.

Methods Fifty-six intubated patients underwent ultrasound
of the right hemidiaphragm during a PS wean at varying
levels of pressure support (PS 5/5 cm of H,O, 10/5 cm of
H,0, and 15/5 cm of H,0). The diaphragm was visualized
using a 7.5-10 mHz transducer in the zone of apposition of
the diaphragm to the lower rib cage. The percent change in
diaphragm thickness between end-expiration and end-in-
spiration (Atdi%) was calculated at each level of PS.
Results Atdi% >20 is a robust predictor of extubation
success within 48 h of US at PS 5/5 cm of H,O and
10/5 cm of H,O (sensitivity 84.6 and 88.9 % and
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specificity 79.0 and 75.0 %, respectively). At PS greater
than 10/5 cm of H,0, its predictive power was greatly
diminished. Of nine patients who were extubated with
Atdi% below the cutoff, 66.6 % required emergent rein-
tubation in the next two days.

Conclusions Diaphragm US is a valid predictor of extu-
bation success at some but not all PS settings. Using a
Atdi% of 20 % on PS levels up to 10/5 cm of H,O may
reduce both unnecessarily prolonged intubations and pre-
vent emergent reintubations.

Keywords Mechanical ventilation - Weaning -
Ultrasound - Extubation - Diaphragm

Introduction

Despite advances in critical care medicine, the aptitude of
clinicians to correctly predict extubation outcomes is lim-
ited. Failure to extubate appropriate patients in a timely
manner is associated with significant morbidity including
ventilator-associated pneumonia and diaphragm muscle
atrophy [1]. Prematurely discontinuing mechanical venti-
lation is equally as harmful and is associated with mortality
rates of as high as 42 % [2]. Even with evidence-based
guidelines for discontinuation of ventilatory support, rein-
tubation rates range from 25 to 33 % [3, 4].

A clinician’s subjective ability to predict extubation is
poor (sensitivity 35 %, specificity 79 %) [5], so several
objective predictors of extubation have been developed to
aid in clinical decision-making [6, 7]. The most widely
used predictor for successful extubation is the rapid shal-
low breathing index (RSBI). Using a cutoff of 105 breaths/
min/L, this metric has a sensitivity of 97 % and specificity
of 64 % with “T-Piece” weaning trials [8]. Utilization of
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the RSBI is limited because many weaning trials use
pressure support (PS) ventilation and the RSBI includes the
contribution of accessory respiratory muscles which may
mask the presence of diaphragm weakness and its inability
to sustain unassisted breathing [9, 10].

Ultrasound (US) evaluation of the diaphragm has been
studied as a surrogate marker for diaphragmatic function.
In human studies, diaphragm thickness measured at end-
inspiration is related to maximal inspiratory pressure [11]
and the change in diaphragmatic thickness during inspira-
tion strongly correlates with inspired lung volume [12].
Diaphragm US can also be used to evaluate diaphragmatic
dysfunction [13] and paralysis [14]. Since the diaphragm is
the major contributor to unassisted breathing, assessment
of diaphragmatic function should theoretically predict
extubation outcomes. To this end, US measures of
diaphragmatic dome excursion have been used to predict
extubation outcomes with some success [15]. This tech-
nique, however, does not directly visualize the diaphragm
muscle and motion of the dome can be affected by passive
displacement by the ventilator and adjacent abdominal
contents [16, 17]. To overcome these limitations, US has
been used to visualize the diaphragm in the zone of
apposition to the rib cage. In fact, measurement and cal-
culation of the percent change in thickness of the dia-
phragm over the entire respiratory cycle predict extubation
outcomes at a PS of 5/5 cm H,O or on T-piece better than
either the RSBI or measurements of diaphragmatic dome
excursion [18, 19]. While it has been shown that US
measurements of the diaphragm on T-piece or low levels
PS predict extubation success, no study so far has estab-
lished the validity of these measurements under other
conditions. The purpose of this study is to determine
whether percent change in diaphragmatic thickness as
measured by US predicts extubation outcomes at various
levels of pressure support.

Methods
Subjects

All adult patients (age greater than 18 years old) intubated
and mechanically ventilated for greater than 24 h were
prospectively recruited from the intensive care unit (ICU)
at Einstein Medical Center Philadelphia, an urban tertiary
care center, between July 2014 and August 2015. Patients
were excluded if they had an ischemic or hemorrhagic
stroke, spinal cord injury, neuromuscular disease, preg-
nancy, or any pathology that would obscure visualization
of the right hemidiaphragm. Terminal or self-extubation
within 48 h of the ultrasound was censored from the final
analysis. Informed consent was obtained from the
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designated decision maker, either the power of attorney or
legal next of kin, in accordance with the Einstein Medical
Center Institutional Review Board (IRB# 4541).

Ultrasound Measurements

Team members included individuals formally trained in the
use of ultrasound with prior clinical experience, who
underwent approximately one hour of training to standardize
their imaging technique and window. The diaphragm was
visualized with B-Mode ultrasound using a linear 7-10 mHz
probe (Sonosite M-Turbo, FujiFilm, Tokyo, Japan) at the
zone of apposition located on the right mid-axillary line
between the eighth and tenth ribs as previously described
[12]. All subjects were evaluated with the head of the bed
angled between 20° and 40° of elevation. A 15- to 30-s video
clip was recorded on the ultrasound, exported, and analyzed
using ImageJ (NIH, Bethesda, MD, USA). Thickness was
measured from the inside edge of the diaphragmatic pleura to
the inside edge of the peritoneal membrane (Fig. 1). This
thickness was measured at approximately 25, 50, and 75 %
along the length of the diaphragm at end-expiration (EE) and
end-inspiration (EI). The average thickness was determined
from these three measurements and then averaged over three
respiratory cycles. The percent change in diaphragmatic
thickness (Atdi%) was calculated by (([Thickness at
EIlavg — [Thickness at EE]avg)/[Thickness at EE]avg) X
100. Team members analyzing the ultrasound images did not
perform any of the ultrasounds and were blinded to which
patients were extubated within 48 h. The intraclass correla-
tion coefficient was 0.814.

Protocol

During PS weaning initiated by the primary ICU team, the
US technician imaged the diaphragm. Diaphragms were
visualized with ultrasound at PS settings of 15/5 cm of
H,0, 10/5 cm of H,O, and 5/5 cm of H,O; the location of
the probe on the patient was marked to minimize vari-
ability of the imaging window. Patients were maintained on
the indicated PS for at least 5 min prior to US imaging. The
primary ICU team extubated patients when able to tolerate
PS of 10/5 cm of H,O or less for at least 2 h without
exhibiting clinical signs of respiratory fatigue (increase in
respiratory rate >30 breaths/min, heart rate >120 beats/
min, SBP <90 mmHg or >180 mmHg, presence of con-
fusion, agitation, diaphoresis, cyanosis, or evidence of
increasing respiratory effort). All decisions to extubate
were made without knowledge of US results. Patients were
followed until discharge or death. Demographics, clinical
information, and other ventilator metrics were obtained by
chart review. Etiologies of respiratory failure with an
incidence of one were combined into a miscellaneous
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Fig. 1 Measurement of diaphragmatic thickness by B-Mode ultra-
sound. A representative ultrasound image of a patient’s diaphragm at
end-expiration (a) and end-inspiration (b). The distance between the

group that consisted of such causes as diffuse alveolar
hemorrhage, hepatic encephalopathy, toxic ingestion, non-
ST segment elevation myocardial infarction, angioedema,
delirium tremens, Lemeir’s Syndrome, acute respiratory
distress syndrome, metabolic acidosis, and metabolic
encephalopathy.

Analysis

Demographics, clinical information, and ventilator metrics
were all summarized with descriptive statistics and com-
pared using either Mann—Whitney test (two-group com-
parisons, continuous variables), or Kruskal-Wallis test
with Dunn’s post hoc multiple comparison test (three-
group comparison, continuous variables), or Z-test (two-
group comparison, proportions), or Chi-squared test (three-
group comparison, proportions). Percent change of
diaphragmatic thickness (Atdi%) stratified by PS level and
time to extubation compared using a two-way analysis of
variance (ANOVA) with a Bonferroni post hoc test.
Receiver operating characteristic (ROC) curves were cre-
ated to identify the optimal Atdi% threshold for extubation
within 48 h of ultrasound. For each PS level, sensitivity,
specificity, positive predictive value, and negative pred-
icative value were calculated. P < 0.05 was considered
statistically significant. All statistical analyses were con-
ducted on GraphPad Prism (GraphPad Software Inc., La
Jola, CA, USA) and SPSS (IBM, Armonk, NY, USA).

Results

Fifty-six patients were enrolled in the study group, but four
were censored prior to the final analysis due to self-extu-
bation (Fig. 2). Of the remaining 52 patients, 26 were
extubated within 48 h of US and 19 remained intubated for
a longer period. Additionally, seven patients were extu-
bated within 48 h of ultrasound but required emergent
reintubation within the following two days. Patients

diaphragmatic pleura (arrow) and peritoneal membrane (arrow head)
represents the diaphragmatic thickness. The lung (asterisk) is
visualized at end-inspiration

Patients Screened
N =107

Excluded N = 51
25 Refused
9 No Decision Maker
11 Pathology
Obscuring Right
Hemidiaphragm
6 Ischemic or
Hemorrhagic Stroke

4

\ 4
Consented and

Enrolled
N =56
Excluded for Self
> Extubation
N=4
A 4 v
Extubated Extubated
>48 Hours <48 Hours
N=19 N =233
v v
Remained i
Reintubated
Extubated <48 hoare
>48 Hours N=7
N =26

Fig. 2 Overview of study design and participants

extubated within 48 h and patients extubated after 48 h
(columns 2 and 3 in Table 1) did not significantly differ in
age, gender, BMI, severity of illness, reason for intubation,
and etiology of respiratory failure. There was no difference
in the time to first PS weaning trial. As expected, patients
who were unable to be extubated within 48 h had signifi-
cantly longer total weaning time (p < 0.001), total venti-
lation time (p < 0.001), longer ICU stays (p = 0.028) and
higher rates of in hospital mortality (p < 0.001).

All 52 patients had ultrasound measurements of
diaphragmatic thickness at 5/5 cm of H,O and 10/5 cm of
H,O while 36 had imaging at 15/5 cm of H,O. At pressure
support of 5/5 cm of H,O patients who were able to be
successfully extubated within 48 h of ultrasound had a
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Table 1 Population demographics and ventilator metrics

Total patients

Extubated <48 h Extubated >48 h Reintubated <48 h

N=52 N =26 N=19 N=7

Demographics

Age (years) 62 £+ 17 60 + 20 64 + 13 60 + 12

Male 50 % (26) 54 % (14) 47 % (9) 43 % (3)

BMI 27+9 26 + 10 28 + 10 27+ 6

APACHEIL 243+ 6 239+ 6 253+ 7 23.0+ 6

SOFA 7.6 £ 3.0 7.1 +£24 82 +£40 77+ 1.8
Reason for intubation

Hypoxic respiratory failure 52 % (27) 46 % (12) 58 % (11) 57 % (4)

Hypercapnic respiratory failure 21 % (11) 15 % (4) 26 % (5) 29 % (2)

Pending respiratory failure 6 % (3) 8 % (2) 5% (1) 0

Airway protection 21 % (11) 31 % (8) 11 % (2) 14 % (1)
Etiology of respiratory failure

Sepsis 17 % (9) 4 % (1) 32 % (6) 29 % (2)

Pneumonia 17 % (9) 15 % (4) 26 % (5) 0

Aspiration 17 % (9) 15 % (4) 21 % (4) 14 % (1)

Congestive heart failure 8 % (4) 12 % (3) 5% (1) 0

Status epilepticus 8 % (4) 12 % (3) 5% (1) 0

Status asthmaticus 4 % (2) 8 % (2) 0 0

COPD exacerbation 10 % (5) 12 % (3) 0 29 % (2)

Other 19 % (10) 23 % (6) 11 % (2) 29 “123% (2)
Ventilator metrics

Total ventilation time (h) 141 £ 102 79 + 51 240 £ 95 106 £ 49

Weaning time (h) 84 + 90 29 + 39 180 £ 73 25 + 21

Time to spontaneous breathing trial on PSV (h) 57 £ 36 49 + 28 60 £+ 39 80 £ 46

Time between SBT and ultrasound (h) 29 £+ 39 20 £ 35 46 + 44 12 £ 20

Time between ultrasound and extubation (h) 55+3 8+8 133 £+ 67 13 £ 17

Time between extubation and reintubation (h) 25+ 13
Outcomes

ICU length of stay (days) 11£38 8§+9 13+4 19 +£7

In hospital mortality 33 % (17) 12 % (3) 63 % (12) 29 % (2)

Other = diffuse alveolar hemorrhage, hepatic encephalopathy, toxic ingestion, non-ST segment elevation myocardial infarction, angioedema,
delirium tremens, Lemeir’s Syndrome, acute respiratory distress syndrome, metabolic acidosis, and metabolic encephalopathy

2.12-fold larger percent change in diaphragmatic thickness
during the respiratory cycle compared with those who were
unable to be extubated within 2 days (Fig. 3a). These same
patients had a significant 1.96-fold increase in Atdi% on
pressure support settings of 10/5 cm H,O. However, at
pressure support of 15/5 cm of H,O the average Atdi% for
each group did not statistically differ.

Receiver operating characteristic (ROC) curves were
created at each level of pressure support to establish the
optimal Atdi% threshold for predicting extubation within
48 h (Fig. 3b). As expected, Atdi% measured at 5/5 cm of
H,0 and 10/5 cm of H,O was equally robust in its ability
to predict extubation (AUC 0.864 and 0.824,
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respectively). However, the area under the ROC curve for
Atdi% at PS 15/5 cm of H,O was significantly less (AUC
0.667). Based on the ROC curve, Atdi% at PS 5/5 cm of
H,0 and 10/5 cm of H,O had an optimal cut off of 20 %,
which corresponded with sensitivity of 84.6 and 88.9 %
and specificity of 79.0 and 75.0 %, respectively. At PS
15/5 cm of H,0, the optimal cutoff was 10 % which had
markedly reduced sensitivity and specificity (Table 2).
Stratifying the cohort by reason for intubation demon-
strated that Atdi% predicted extubation success more
often in patients intubated for respiratory failure (hypoxic
or hypercapnic) than those intubated for airway protection
at all levels of pressure support (Table 2, sensitivity
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Fig. 3 Atdi% is a robust predictor of extubation success within 48 h
of ultrasound for pressure support levels up to 10/5. a Patients
extubated within 48 h of ultrasound had significantly greater Atdi% at
5/5 cm H,O and 10/5 cm H,O. At 15/5 cm H,O there was no
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significant difference between the two groups. b ROC curves of
Atdi% as a predictor of time to successful extubation showing 20 %
as the optimal cut off at 5/5 cm H,O and 10/5 cm H,O. At 15/5 cm
H,O, the optimal Atdi% cutoff was 10 %

Table 2 Diagnostic

performance of Atdi% on PS Population Optimal Atdi% cutoff (%) Sen Spec PPV NPV

various levels of PS stratified by 55 All cohort 20 846 790 846 750
reason for intubation ) ) ’ ’

Respiratory failure 94.4 82.5 85.0 93.3

Airway protection 75.0 333 75.0 333

10/5 All cohort 20 88.9 75.0 84.2 81.8

Respiratory failure 84.6 80.0 84.6 80.0

Airway protection 80.0 50.0 80.0 50.0

15/5 All cohort 10 61.1 58.3 68.6 50.0

Respiratory failure 69.2 60.0 69.2 60.0

Airway protection 40.0 50.0 66.6 25.0

Sen sensitivity, Spec specificity, PPV positive predictive value, NPV negative predictive value

94.4 % and specificity 82.5 % vs. sensitivity 75.0 % and
specificity 33.3 %).

To better understand how diaphragmatic ultrasound
compares to established extubation metrics, we compared
Atdi% with RSBI. The Atdi% had a significant negative
linear correlation with RSBI at a PS of 5/5 cm H,O
(p = 0.025) but not at PS of 10/5 cm H,O or 15/5 cm
H,O (Supplementary Fig. 1A—C). Using an RSBI cutoff
of 105 breaths/min/L, RSBI had similar sensitivity but
markedly lower specificity when compared with Atdi% at
PS 5/5 cm H20 (Supplementary Table 1). At higher
levels of PS, Atdi% was a far better predictor of extu-
bation success within 48 h. The combination of RSBI
and Atdi% was not significantly better than Atdi% alone.

Seven study patients extubated within 48 h required
emergent reintubation within the following two days. These
subjects did not differ from the prior two groups with
regards to their demographics, severity of illness, reason for
intubation, or etiology of respiratory failure (Table 1).
However, they did have significantly longer ICU stay
compared to those extubated within 48 h (p < 0.001).
85.7 % (six out of seven) of these patients had Atdi% less
than the extubation threshold of 20 % (Fig. 4)

801
754 L
70
404
2
5 304
< Extubation
20---- - Threshold
10 i
0. ®

Reintubated within
48 hours

Fig. 4 The majority of patients requiring emergent reintubation had a
Atdi% below the proposed extubation threshold. Of the seven patients
reintubated within 48 h, 85.7 % had Atdi% <20 %

Discussion

Ultrasound is a readily available, easy to use, and non-
invasive imaging modality that is commonly used for
procedures and clinical evaluation in the modern ICU [18].
Recently, US measurements have been used to assess
diaphragmatic function and predict extubation success
[15, 18, 19]. We establish Atdi% as a robust and specific
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predictor of successful extubation within 48 h of US
measurement at PS levels as high as 10/5 cm of H,O in the
general ICU population. At PS 15/5 cm of H20 there was
no significant difference between the groups extubated
within 48 h and those extubated after 48 h, and therefore,
Atdi% had no predictive capacity. This observation sug-
gests that Atdi% could predict extubation outcomes at PS
levels as great as 10/5 cm of H,O but not at 15/5 cm of
H,0. Atdi% better predicts extubation outcomes in patients
who were intubated for respiratory failure as compared to
those intubated for airway protection. Finally, we demon-
strate that emergent reintubations occurred when the dia-
phragm failed to thicken sufficiently (i.e., Atdi% was less
than the proposed extubation threshold of 20 %).

Our study extends prior work that indicated that changes
in diaphragm thickness measured at PS 5/5 cm of H,O or
on T-piece can be used to predict extubation outcomes.
DiNino et al. showed that Atdi% of 30 % at initiation of
weaning predicted extubation success of ICU patients [18].
A subsequent study by Ferrari et al. established that a
Atdi% of 36 % predicted successful weaning in patients
requiring long-term ventilator support [19]. We show that a
Atdi% of 20 % or higher measured at PS up to 10/5 cm of
H,O accurately predicted successful extubation within the
next 48 h. Our Atdi% threshold is less than those of the
previous studies for several technical reasons. First, our
study utilized an image processing program (ImageJ, NIH,
Bethesda, MD, USA) for the analysis which achieved
greater accuracy and precision than those achieved in
previous studies. Furthermore, diaphragm thickness was
measured at the inner most part of the pleura and peri-
toneum compared to the midline of these structures as in
other studies. This variability reveals the need for a stan-
dard protocol before Atdi% can be utilized globally to
predict extubation success.

Interestingly, the predictive power of Atdi% drastically
decreases above pressure supports of 10/5 cm of H,O. We
hypothesize that at low levels of PS the ventilator supplies
only enough support to overcome only the intrinsic resis-
tance of the ventilatory circuit. To generate adequate
spontaneous breathing, the diaphragm must maximally
contract resulting in a large change in thickness [20, 21]. At
PS greater than 10/5 cm of H,O, the ventilator offsets the
work of breathing resulting in submaximal diaphragmatic
contraction [16, 22]. This added support does not allow for
true assessment of the diaphragms capabilities when
mechanical support is removed, and hence cannot reliably
predict extubation outcomes.

Atdi% at a PS of 5/5 cm H,O correlates with RSBI but
both metrics provide very different information about the
respiratory system. RSBI represents the combined function
of the diaphragm and accessory muscles while direct
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visualization of the diaphragm and calculation of Atdi%
evaluates diaphragm activation alone. By excluding the
impact of the accessory muscles, which are unlikely to
support unassisted respiration for a significant amount of
time, Atdi% has much higher specificity than RSBI (79.0
vs. 42.1 %) [20, 21]. This increased specificity results in
fewer premature extubations and subsequent reintubations.
Consistent with this, all but one patient reintubated within
48 h of extubation were deemed appropriate for extubation
by the RSBI but six of the seven would not have been
extubated using our proposed cutoff of Atdi%.

A potential limitation of the study is the sample size.
While adequate to detect changes in the main cohort, it did
not have a sufficient size to allow for subgroup analysis.
Specifically, with only seven patients requiring reintubation
we did not have an adequate sample size to confirm the trend
that reintubated patients had an average Atdi% less than the
proposed extubation threshold. Including patients with
intracranial hemorrhage and stroke would have increased
our sample size; however, successful extubation of such
patients is more reliant on mental status than diaphragmatic
strength and would have diluted the results of the study.

We conclude that ultrasound measurements of Atdi%
obtained at PS up to 10/5 cm of H,O can predict extubation
success in the next 48 h. This is important since some
patients are unable to wean on a PS of 5/5 cm H,O. This
study bridges the predictors described in prior studies to
today’s clinical practice. Furthermore, it establishes a 48-h
window during which successful extubation can be expected.
This result opens the possibility of a novel weaning protocol
where patients undergo daily diaphragmatic ultrasound
during PS support weans until Atdi% is greater than 20 %. At
that time successful extubation can be expected in the next
48 h. Incorporation of Atdi% into established weaning pro-
tocols may improve a clinician’s predictive power and
thereby reduce unnecessarily prolonged intubations and
prevent emergent reintubations.
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