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Oppersma E, Hatam N, Doorduin J, van der Hoeven JG, Marx
G, Goetzenich A, Fritsch S, Heunks LM, Bruells CS. Functional
assessment of the diaphragm by speckle tracking ultrasound during
inspiratory loading. J Appl Physiol 123: 1063–1070, 2017. First
published May 18, 2017; doi:10.1152/japplphysiol.00095.2017.—As-
sessment of diaphragmatic effort is challenging, especially in criti-
cally ill patients in the phase of weaning. Fractional thickening during
inspiration assessed by ultrasound has been used to estimate dia-
phragm effort. It is unknown whether more sophisticated ultrasound
techniques such as speckle tracking are superior in the quantification
of inspiratory effort. This study evaluates the validity of speckle
tracking ultrasound to quantify diaphragm contractility. Thirteen
healthy volunteers underwent a randomized stepwise threshold load-
ing protocol of 0–50% of the maximal inspiratory pressure. Electric
activity of the diaphragm and transdiaphragmatic pressures were
recorded. Speckle tracking ultrasound was used to assess strain and
strain rate as measures of diaphragm tissue deformation and defor-
mation velocity, respectively. Fractional thickening was assessed by
measurement of diaphragm thickness at end-inspiration and end-
expiration. Strain and strain rate increased with progressive loading of
the diaphragm. Both strain and strain rate were highly correlated to
transdiaphragmatic pressure (strain r2 � 0.72; strain rate r2 � 0.80)
and diaphragm electric activity (strain r2 � 0.60; strain rate
r2 � 0.66). We conclude that speckle tracking ultrasound is superior
to conventional ultrasound techniques to estimate diaphragm contrac-
tility under inspiratory threshold loading.

NEW & NOTEWORTHY Transdiaphragmatic pressure using
esophageal and gastric balloons is the gold standard to assess dia-
phragm effort. However, this technique is invasive and requires
expertise, and the interpretation may be complex. We report that
speckle tracking ultrasound can be used to detect stepwise increases in
diaphragmatic effort. Strain and strain rate were highly correlated with
transdiaphragmatic pressure, and therefore, diaphragm electric activ-
ity and speckle tracking might serve as reliable tools to quantify
diaphragm effort in the future.

diaphragm; mechanical ventilation; speckle tracking ultrasound;
transdiaphragmatic pressure

UNDER PHYSIOLOGICAL CONDITIONS, the pressure developed by the
inspiratory muscles is only �5% of maximum inspiratory
pressure (17). However, under pathological conditions, such as
an acute exacerbation of chronic obstructive pulmonary disease
or a failed trial of weaning from mechanical ventilation, the
load imposed on the respiratory muscles increases considerably
(6, 32). Excessive inspiratory muscle loading may result in
fatigue or injury of the diaphragm (16, 35, 37). Accordingly, in
selected patients, evaluating respiratory muscle effort may be
of clinical relevance (15, 22). Today, measurement of trans-
diaphragmatic pressure (Pdi) using esophageal and gastric bal-
loons is the gold standard to assess effort of the diaphragm.
However, this technique is invasive and requires expertise, and
interpretation may be complex (1, 15).

Diaphragmatic function has been studied by B-mode and
M-mode ultrasound (3, 29, 31). Fractional thickening (FT) of
the diaphragm has been used in previous studies to quantify
effort of the diaphragm (3, 18, 25). However, Goligher et al.
(19) reported low correlations (r2 � 0.28) in healthy subjects
between Pdi and diaphragmatic thickening fraction, indicating
limited validity of FT to quantify diaphragm effort.

Two-dimensional deformation ultrasound or speckle track-
ing (ST) ultrasound is an innovative ultrasound technique
enabling distinct assessment of muscle function (2). The gray
value pattern in ultrasound images remains relatively constant
for any small region in muscle tissue; this is called a speckle.
In the speckle tracking technique, a defined cluster of speckles
is tracked from one frame to another during a contractile cycle.
This enables the angle-independent, two-dimensional quantifi-
cation of the percentage of deformation (strain; %) and defor-
mation velocity (strain rate; s). For readers with additional
interest in basic deformation imaging methodology, we may
humbly refer to the references of Collier et al. (9) and Smiseth
et al. (38).

Speckle tracking echocardiography has become a popular
tool for both research and clinical purposes (2, 10, 26, 44).
Previously, we have demonstrated the feasibility of ST of the
diaphragm during respiratory muscle unloading with noninva-
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sive ventilation (20). ST has not been validated as a measure of
diaphragm contractility using Pdi as a gold standard. We
hypothesize that strain and strain rate, obtained by ST, can be
used to quantify diaphragm contractility during inspiratory
loading, and this study aims to investigate the validity of these
parameters. Part of this work has been presented previously at
the international conference of the European Respiratory So-
ciety (33).

MATERIALS AND METHODS

Subjects. We enrolled 15 healthy volunteers with a body mass
index of �25 kg/m2. This study was conducted at the Radboud
University Medical Center, and the protocol was approved by the
local ethics review committee and conducted in accordance with the
Declaration of Helsinki and its later amendments. All subjects gave
their writtenm informed consent. Preexisting neuromuscular disorders
or lung diseases were defined as exclusion criteria.

Measurements. A multielectrode esophageal catheter with two
balloons (NeuroVent Research, Toronto, ON, Canada) was inserted,
and the balloons were inflated with air, as described previously (13,
14). The flow, electric activity of the diaphragm (EAdi), esophageal
pressure (Pes), and gastric pressure (Pga) were recorded continuously
(13). EAdi signals were amplified and digitized (Porti 16, 22 bits, 71.5
nV/least significant bit; TMSi) at a sampling frequency of 2 kHz.
Pressure signals and flow were digitized (Porti 16, 22 bits, 1.4
�V/least significant bit; TMSi) at a sampling frequency of 2 kHz.
Data were stored and buffered on an external drive for offline analysis.
Transdiaphragmatic pressure (Pdi) was calculated as Pes subtracted
from Pga. Tidal volume (VT) was obtained by digital integration of the
flow signal. Diaphragm ultrasound was performed using a 9-MHz
linear transducer with a Vivid E 9TM ultrasound machine (General
Electric Healthcare, Horton, Norway).

Study protocol. The protocol starts with the measurement of max-
imum inspiratory pressure (MIP). The mean mouth pressure (Pmo)
during sustained maximum inspiration for 1 s, as recommended by the
ATS/ERS statement on respiratory muscle testing (1) against a closed
valve at functional residual capacity, is defined as the MIP. The

maneuver is repeated at least five times until three reproducible
efforts, with �10% variance, are obtained. Subjects were seated in the
upright position.

Inspiratory loading. An in-house-developed inspiratory threshold
apparatus, modified from Chen et al. (7), was used to perform negative
pressure threshold loading. In short, the device consisted of a cylin-
drical adjustable pressure chamber, which was connected to a nonre-
breathing valve. The negative pressure was generated by a powerful
commercially available vacuum cleaner. Pressure in the chamber was
measured continuously using a differential pressure transducer
(range � 375 mmHg; Freescale). The dead space of the device can be
estimated at �600 ml. Subjects were seated in the upright position
with uncast abdomen, breathing through a mouthpiece while wearing
a nose clip. Inspiratory loading of 0, 10, 20, 30, 40, and 50% of MIP
was applied in random order. Every loading task was applied for 3
min and alternated with 5 min of unloaded breathing. During the
loading tasks, EAdi, Pes, Pga, Pmo, and flow were recorded continu-
ously (Fig. 1).

Ultrasound recording. The ultrasound transducer was positioned in
the right anterior axillary line longitudinal to the body axis (between
the 9th-11th intercostal space) (Fig. 2 top, and Supplemental Video
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Fig. 1. Representative tracing of electric activity of the diaphragm (EAdi), flow,
electric activity of the diaphragm (Pdi), esophageal pressure (Pes), gastric
pressure (Pga), and mean mouth pressure (Pmo) during inspiratory threshold
loading [20% of maximum inspiratory pressure (MIP); random subject].
Shaded areas are inspiration.

Fig. 2. A: B-mode picture of a scanned diaphragm area between chest wall and
liver. Double arrow indicates the diaphragm between to hyperechoic lines,
which are the equivalent to the border between diaphragm/pleura and perito-
neum. Note the gray “dots” inside the diaphragm (“speckles”). B: region of
interest tracked by the software.
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S1; Supplemental Material for this article can be found online at the
Journal of Applied Physiology web site). We chose the strongly
longitudinal approach vs. the individual intercostal space to reduce
angle dependence of the measurements. The hemidiaphragm is
thereby displayed above the liver as a central, less echogenic layer
between the peritoneal and pleural echogenic layer (Fig. 2 top, and
Supplemental Video S1). The region of interest (ROI) was positioned
as described below during the offline data analysis (Fig. 2, bottom).
This probe position was marked on the skin for the purpose of
standardization (18). Ultrasound recordings of the diaphragm were
made at the final minute of every inspiratory loading task. A 10-s
recording with the highest possible frame rate was used for offline
analysis. Strain describes the relative change in length between an
initial reference state (L0) and the compressed/shortened state (L). The
conventional strain is defined as: ε � (L � L0)/L0. Positive strain
means stretching, whereas negative strain means shortening. An
increase in strain, as described in the following data presentation,
refers to a more negative value of strain, and thus an increase in
shortening; e.g., �10 to �15% corresponds to an increase in strain (or
shortening).

Strain rate indicates the rate of deformation as follows: ε� � dε/dt.
Strain rate is an instantaneous measurement not requiring a relation to a
reference state.

Examples for insufficient and sufficient tracking are displayed in
Supplemental Videos S1 and and S4.

Data analysis. EAdi, Pes, Pga, Pdi, Pmo, and flow were analyzed
offline using algorithms developed in Matlab R2013a (The Math-
works, Natick, MA). EAdi refers to a method using a standard
electrode, acquisition, and analysis system to overcome signal filter-
ing and processing effects when quantifying the diaphragm, as de-
scribed previously (13).

Pes at end expiration was calculated as a measure of lung volume
and corrected for active expiration (36). The recorded ultrasound data
were analyzed offline, with the speckle tracking technique using the
two-dimensional (2D) strain modality of EchoPac’s Q-analysis tool
(software version BT 12; General Electric Healthcare). Although the
GE software is designed to trigger by the ECG signal by default, the
cine loops were adjusted to one entire breathing cycle based upon
simultaneously recorded respiratory curves. The software allows for
manually moving the loop to the desired cycle, resulting in an
adequate measurement independent of the cardiac cycle. The ROI was
placed at the lower echogenic line (peritoneal line) to the upper
echogenic line (pleural line) starting at the right side of the sector
(cranial) and ending at the left sector side (caudal) with approximately
five to seven points (Fig. 2 bottom, and Supplemental Videos S2 and
S3). In some loops, especially in the higher loading steps (40 and 50%
MIP), several attempts of ROI placement were necessary to achieve
proper tracking. Here, fewer points with a narrower ROI had to be
selected to allow adequate tracking. We refer to Supplemental Videos
S4 for an example of not appropriate tracking. In general, these offline
measurements can be finished in several minutes.

FT was also calculated from the ultrasound images. In the 2D
image, diaphragmatic thickness at end expiration and end inspiration
was measured at the same point following the longitudinal downward
motion of the respective location. FT was measured at minimum in
three different breaths and calculated by the following equation:
(thickness at inspiration � thickness at expiration)/thickness at expi-
ration. The quality of the recorded loops varied in some volunteers,
depending on the load and general movement of the thorax, especially
in high-loading steps. Loops were discarded from the analysis if no
sufficient border tracking could be developed (see Supplemental
Videos S5 and S6).

Statistical analysis. Values are presented as means � SD, and P �
0.05 was considered significant. Statistical analyses were performed
with SPSS 21.0 (SPSS, Chicago, IL). Repeated-measures one-way
ANOVA was used to test the effect of inspiratory loading on EAdi, Pes

at end expiration, Pdi, strain, strain rate, and FT. Correlations between

EAdi, Pdi, FT, and strain and strain rate were assessed using repeated-
observations correlation (4, 5). This method accounts for multiple
measurements within subjects by removing the differences between
subjects and looking only at changes within subjects.

RESULTS

Subjects. All included subjects (baseline characteristics:
male/female, 7/8; age, 21.3 � 2.3 yr; BMI 21.6 � 1.7 kg/m2)
completed the protocol without adverse effects. Two data sets
were lost from analysis due to technical issues (file damage).
Mean MIP value for the group was 100 � 32 cmH2O.

Physiological measurements. Mean mouth pressure for all
subjects was �1.2 � 0.4, �13.7 � 4.6, �26.3 � 7.6, �37.9 �
11.7, �49.9 � 14.3, and �59.7 � 16.9 cmH2O for 0–50%
inspiratory loading. The stepwise increase in inspiratory load-
ing resulted in an increase in both Pdi and EAdi (Fig. 3). Pdi

increased from 14.3 � 5.9 cmH2O at unloaded breathing via
the mouthpiece to 60.8 � 24.4 cmH2O at 50% loading.
Likewise, EAdi increased from 20.3 � 11.3 �V at zero loading
to 66 � 23.2 �V at 50% loading. Pes at end expiration
decreased from �3.7 � 3.7 cmH2O at zero loading to �6.0 �
5.3 cmH2O at 50% loading (P � 0.03). There were no changes
in VT or respiratory frequency during the different inspiratory
loading steps (Table 1).

Ultrasound assessment. In all assessable data sets, a ROI
could be tracked in the offline ultrasound analysis during
diaphragm contraction and relaxation. Table 2 shows the thick-
ness of the diaphragm at end expiration, end inspiration, and
thickening fraction as well as the repeatability coefficients.
Repeated-measures one-way ANOVA showed that with in-
creasing load both strain and strain rate increased (P � 0.001).
Strain increased from �22 � 7.6% at zero loading to
�41.5 � 10.1 at 50% loading. Consistent with strain, strain
rate increased from �0.48 � 0.2 s at zero loading to
�1.5 � 0.7 s at 50% loading (Fig. 3).

Strain and strain rate were both significantly correlated with
EAdi and Pdi. Strain vs. EAdi showed a correlation of r2 � 0.60
(P � 0.0001), whereas strain vs. Pdi data showed a correlation
of r2 � 0.72 (P � 0.0001). Correlations between strain rate
and Pdi (r2 � 0.80, P � 0.0001) and between strain rate and
EAdi (r2 � 0.66, P � 0.0001) were even higher than those
reported for strain (Fig. 4).

Diaphragm thickness during zero loading was 2.4 � 0.7 and
3.8 � 1.2 mm during end expiration and end inspiration, re-
spectively, and did not change during inspiratory loading
(Table 1). Consequently, FT was not affected by incremental
inspiratory loading (P � 0.70). Also, no significant correla-
tions between EAdi and FT (P � 0.790), between Pdi and FT
(P � 0.495), or between FT and strain (P � 0.654) and strain
rate (P � 0.364) were found.

DISCUSSION

The present study is the first to evaluate speckle tracking
ultrasound of the diaphragm during inspiratory muscle load-
ing. We found that the ST parameters strain and strain rate
are highly correlated with Pdi, the gold standard for dia-
phragmatic contractility, and also with EAdi. Strain rate had
the highest correlation with Pdi and EAdi. Furthermore, ST
proved to be superior to diaphragm fractional thickening, as
assessed by conventional ultrasound to quantify diaphrag-
matic effort.
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Validation of the physiological model. Two methods for
loading of the diaphragm have been described in the literature:
inspiratory threshold loading and inspiratory resistive loading.
The load imposed by the latter method is highly dependent on
the inspiratory flow generated by the subject; low flow will

result in minimal loading. We used a threshold load, as this
may best reflect loading in intensive care patients where elastic
properties of the respiratory system are increased due to pul-
monary edema, chest wall edema, and pleural fluid. Our setup
for inspiratory threshold loading was modified from Chen et al.

Fig. 3. Top and middle: means � SD of EAdi,
Pdi, strain, and strain rate as function of in-
spiratory loading (%MIP) for all subjects. Re-
peated measures 1-way ANOVA showed a
significant effect of increased loading on all
variables (P � 0.001). Bottom: individual data
of all subjects, strain, and strain rate as func-
tion of inspiratory loading (%MIP).

Table 1. Physiological response to the different loading steps

Inspiratory loading (%MIP)

P Value0 10 20 30 40 50

VT, ml 1,076 � 350 1,183 � 427 1,147 � 425 1,053 � 346 1,049 � 418 936 � 329 0.161
Resp. frequency, breaths/min 13.5 � 4.2 15.3 � 4.4 15.6 � 5.4 16.7 � 6.1 16.1 � 5.7 17.3 � 5.7 0.133
Diaphragm thickness end expiration, mm 2.4 � 0.7 2.4 � 0.6 2.6 � 0.5 2.6 � 0.7 2.5 � 0.6 2.4 � 0.7 0.783
Diaphragm thickness end inspiration, mm 3.8 � 1.2 4.0 � 1.5 4.1 � 1.7 3.9 � 1.8 4.0 � 1.4 3.6 � 1.4 0.452

Values are means � SD. MIP, maximum inspiratory pressure; VT, tidal volume. P value is given of repeated-measures 1-way ANOVA.
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(7). Figure 1 shows a representative example of one subject at
loading of 10% of MIP. It should be noted that at 0% inspira-
tory loading Pdi, EAdi, VT, and TF were higher than expected
for a healthy subject (13). This is most likely the result of the
additional resistance and instrumental dead space imposed by
the experimental device. As expected, increasing the inspira-
tory load as a percentage of MIP resulted in an increase in Pdi

(Fig. 3).
Speckle tracking ultrasound of the diaphragm. Tracking of

unique grayscale scatter patterns, i.e. “speckles,” is one of the
most useful tools in cardiac imaging to assess cardiac function
and is closely correlated with contractile myocardial function
and outcome (2, 26, 41, 44). These speckle patterns are the
ultrasonic correlate of interferences of ultrasound inside the
tissue, i.e., different tissue patterns (muscle fibers, epimysium,
etc.) and their movement toward each other. Movement of
speckle patterns reflects myofibrils/muscle tissue during its
contraction, although speckles do not represent specific single
myofibrils. It is important to mention that strain and strain rate

approximate contractile function but are not equal to contrac-
tion (11, 43).

Software tools to derive deformation data out of two- or
three-dimensional ultrasonic cine loops are usually designed to
track speckles in between endomyocard and epimyocard as
hyperechoic leading structures. The parameters strain and
strain rate define different but load-dependent variables; mus-
cle deformation (strain) and deformation velocity (strain rate)
can be inferred. Importantly, in contrast to conventional ultra-
sound techniques, this measure is probe angle independent,
which is of fundamental importance if the diaphragm is inves-
tigated. An important advantage of ST is that, compared with
conventional ultrasound, the ST software recognizes the same
region of the diaphragm. A limitation is that defining ROIs and
the software calculations are based on an algorithm patented by
GE, which is not open to the public.

Within the current study, we did not assess intra- and
interobserver variability. This has been evaluated extensively
by Orde et al. (34). Their study demonstrated that ST of the
right diaphragm is feasible and reproducible (34). Diaphragm
images were recorded from the end of expiration through the
end of inspiration at 60% maximal inspiratory capacity. The
current study is the first to demonstrate that diaphragm strain
and strain rate are highly correlated with Pdi, the gold standard
for diaphragm effort. In addition, a high correlation was found
between these two ST measures and EAdi.

Fractional thickening during inspiratory loading. Dia-
phragm FT during inspiration as a measure for loading has
been studied previously (12, 19, 40, 42). Umbrello et al. (40)
found that diaphragm thickening is a reliable indicator of
respiratory effort, and Vivier et al. (42) as well found a parallel
decrease in FT and the diaphragmatic pressure-time product
per breath during noninvasive ventilation with increasing lev-

Table 2. Thickness of the diaphragm at end expiration and
end inspiration and thickening fraction

End-Expiration
Thickness

End-Inspiration
Thickness

Thickening
Fraction, %

0% 2.4 � 0.7 3.8 � 1.2 59.9 � 32.1
10% 2.4 � 0.6 4.0 � 1.5 67.9 � 35.0
20% 2.6 � 0.5 4.1 � 1.7 55.0 � 39.2
30% 2.6 � 0.7 3.9 � 1.8 48.9 � 34.7
40% 2.5 � 0.6 4.0 � 1.4 61.5 � 48.1
50% 2.4 � 0.7 3.6 � 1.4 50.6 � 46.7
Repeatability coefficient 1.07 mm 2.54 mm 85.2%

Data are shown as means � SD in mm for all subjects. Bottom row shows
the values for the repeatability coefficient of the measurements.

Fig. 4. Correlation of Pdi and EAdi vs. strain
and strain rate for all subjects during inspira-
tory loading from 0 to 50%.

1067Speckle Tracking Ultrasound of the Diaphragm • Oppersma E et al.

J Appl Physiol • doi:10.1152/japplphysiol.00095.2017 • www.jappl.org
Downloaded from www.physiology.org/journal/jappl by ${individualUser.givenNames} ${individualUser.surname} (130.089.046.045) on May 7, 2018.

Copyright © 2017 American Physiological Society. All rights reserved.



els of support. Goligher et al. (19) reported a rather low but
significant correlation (r2 � 0.3; P � 0.01) for FT vs. both Pdi

and EAdi in healthy subjects (n � 5) (19). In the current study,
no significant correlation between FT and Pdi or EAdi was
found. To evaluate whether insufficient ultrasound training of
our investigators contributed to this discrepancy, the repeat-
ability coefficient of thickness at end expiration was calculated,
as this measure is unaffected by our loading protocol (Table 2).
This demonstrates that the relatively high variation in FT in the
present study is due mainly to the variation in thickness at end
inspiration but also that the repeatability at end expiration in
our study was relatively high compared with the study by
Goligher et al. (1.07 vs. 0.2 mm in the current study and the
Goligher et al. study, respectively) (19).

Another possible explanation for the apparent discrepancy
with the study by Goligher et al. (19) is the difference in
inspiratory loading protocol used. In their study, thickness was
measured at different lung volumes, whereas in our study
inspiratory threshold loading was imposed, whereas volume was
kept more or less constant (Table 1), which may have important
implications. Finally, the current study is a single point study and
not a follow-up study where patients were ventilated; our popu-
lation consisted of healthy, not ventilated subjects, which also
may account for the discrepancy with the study by Goligher et
al. (19). In a study by Cohn et al. (8), healthy subjects were
instructed to target specific lung volumes up to total lung
capacity. A nonlinear relationship was found for FT vs. lung
volume (polynomial equation was calculated with an r2 of
0.99). Because subjects were instructed to keep the glottis
open, the diaphragm was active at the targeted lung volumes,
and thus changes in diaphragm thickness resulted from changes
in volume and pressure. When thickness is measured at differ-
ent lung volumes with closed glottis (diaphragm relaxed),
volume affects diaphragm thickness only at lung volume
	50% of vital capacity (19). Finally, Ueki et al. (39) measured
diaphragm during maximal inspiratory effort against a closed
valve (isovolumetric). They reported a strong correlation be-
tween maximum inspiratory pressure and diaphragm FT
r2 � 0.67). The relationship between isometric inspiratory
pressure and FT was not studied systematically.

Apparently, the relationship between diaphragm thickness
and effort (Pdi, EAdi), is complex and depends upon other
possible factors on the pressure developed, lung volume and
thoracic cage configuration (8, 19, 39), which may explain the
poor or absent correlation between FT and Pdi in the studies
discussed. However, because chest cage configuration was not
controlled in this study, we cannot derive any conclusions
about the influence of the chest cage configuration on the
relation between diaphragm thickness and effort.

The strong correlation between Pdi and strain as well as
strain rate in the current study indicates that speckle tracking
ultrasound-derived parameters may provide a good estimation
of diaphragm effort, at least under inspiratory threshold load-
ing. The performance of speckle tracking ultrasound under
different loading conditions (isometric contractions, high in-
spiratory volume) remains to be evaluated.

Future perspectives and clinical implications. Regarding de-
formation analysis of the diaphragm, the software deriving the
ST data has to be adapted to diaphragmatic ultrasonic mor-
phology, allowing quick, easy, and reproducible analysis, pref-
erably on site. The offline setting of the actual data analysis is

currently the only way to ensure proper data analysis, which
hampers its use as bedside tool. In echocardiography, most
vendors provide a simplified software tool for ST, allowing
measurements on site.

Only a few days of controlled mechanical ventilation are
associated with atrophy of the diaphragm (23, 30). The reduc-
tion in diaphragm force, assessed by bilateral magnetic stim-
ulation of the phrenic nerves, is ~30% in the first 5–6 days of
invasive mechanical ventilation, indicating the rapid develop-
ment of diaphragm weakness (24). Despite the growing evi-
dence that diaphragm weakness develops in critically ill pa-
tients and contributes to weaning failure and thus prolonged
ventilation (21, 24, 28), respiratory muscle function is poorly
monitored in these patients. Importantly, current state of the art
techniques for monitoring, such as EAdi and Pdi, are invasive
and not widely available, and their interpretation may be rather
complex (15). An ideal assessment of diaphragm function must
be available at bedside, fast and easy to acquire, and allow
standardized quantification. Guiding of ventilator weaning and
assessing diaphragm contractile force during spontaneous
breathing trials and/or pressure support ventilation might allow
us to adapt ventilation and weaning protocols individually.
Both sufficient loading and prevention of excessive loading are
decisive for weaning success. ST of the diaphragm might serve
as a diagnostic tool that can provide direct insight into dia-
phragm activity and force generation.

In conclusion, speckle tracking ultrasound as noninvasive
techniques can be used to detect stepwise increases in dia-
phragmatic effort. Deformation (strain) and deformation veloc-
ity (strain rate) were highly correlated with transdiaphragmatic
pressure and electric activity of diaphragm. Speckle tracking
ultrasound might serve as reliable tool to guide weaning at the
bedside in the future.
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