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Abstract

Rationale: Tissue Doppler imaging (TDI) is an echocardiographic
method that measures the velocity of moving tissue.

Objectives:Weapplied this technique to thediaphragm to assess the
velocity of diaphragmatic muscle motion during contraction and
relaxation.

Methods: In20healthyvolunteers, diaphragmaticTDIwasperformed
to assess the pattern of diaphragmatic motion velocity, measure its
normal values, and determine the intra- and interobserver variability of
measurements. In 116 consecutive ICU patients, diaphragmatic
excursion, thickening, andTDIparameters of peak contractionvelocity,
peak relaxation velocity, velocity–time integral, and TDI-derived
maximal relaxation ratewere assessed duringweaning. In a subgroupof
18 patients, transdiaphragmatic pressure (Pdi)-derived parameters
(peak Pdi, pressure–time product, and diaphragmatic maximal
relaxation rate) were recorded simultaneously with TDI.

Measurements andMainResults: In terms of reproducibility, the
intercorrelation coefficients were.0.89 for all TDI parameters

(P, 0.001). Healthy volunteers and weaning success patients
exhibited lower values for all TDI parameters compared with
weaning failure patients, except for velocity–time integral, as follows:
peak contraction velocity, 1.356 0.34 versus 1.506 0.59 versus
2.666 2.14 cm/s (P, 0.001); peak relaxation velocity, 1.196 0.39
versus 1.536 0.73 versus 3.366 2.40 cm/s (P, 0.001); and TDI-
maximal relaxation rate, 3.646 2.02 versus 10.256 5.88 versus
29.476 23.95 cm/s2 (P, 0.001), respectively. Peak contraction
velocity was strongly correlated with peak transdiaphragmatic
pressure and pressure–time product, whereas Pdi-maximal
relaxation rate was significantly correlated with TDI-maximal
relaxation rate.

Conclusions: Diaphragmatic tissue Doppler allows real-time
assessment of the diaphragmatic tissue motion velocity.
Diaphragmatic TDI-derived parameters differentiate patients
who fail a weaning trial from those who succeed and correlate
well with Pdi-derived parameters.

Keywords: diaphragmatic ultrasonography; velocity of
diaphragmatic motion; weaning

Doppler ultrasound detects the frequency
shift of ultrasound signals reflected by
moving objects. Tissue Doppler imaging
(TDI) is an echocardiographic technique
that uses the same Doppler principles to

measure the high-amplitude, low-velocity
signal of cardiac tissue motion. TDI
measurements are robust, easy to obtain,
and offer valuable information in various
cardiac pathologies.

In recent years, ultrasonography
has been used extensively to evaluate
diaphragmatic motion characteristics, such
as excursion and thickening (1), with
derived measurements repeatedly being
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shown to carry prognostic implications in
the outcome of weaning (2–4). However,
TDI of diaphragmatic tissue motion has
been studied so far very little in adults (5);
moreover, no information exists regarding
the waveform pattern of diaphragmatic
motion velocity and its reference values in
healthy subjects and in ICU patients with
respiratory failure.

We designed a prospective observational
study first to evaluate the waveform pattern of
diaphragmatic TDI, measure the velocities of
diaphragmatic contraction and relaxation in
healthy individuals, report the normal values,
and assess the reproducibility of the method.
Second, we recorded the diaphragmatic TDI
pattern and values in intubated ICU patients
during a spontaneous breathing trial,
comparing weaning success and weaning
failure cases. Finally, in a subgroup of patients,
we correlated TDI measurements to
parameters derived from the corresponding
transdiaphragmatic pressure (Pdi) waveforms,
aiming at a better understanding of the clinical
significance of the TDI values and their
derived parameters. Some of the results of our
study have been previously reported in the
form of abstracts (6, 7).

Methods

Study Design
The study was conducted from June 2018
to June 2019. TDI was performed on 20
healthy volunteers (10 men and 10 women,
aged between 25 and 48 years) to assess the

diaphragmatic TDI waveform, acquire the
range of normal values of the diaphragmatic
motion velocities during inspiration and
expiration, and evaluate the reproducibility
of the method. For the latter, TDI
measurements were performed in two
different occasions by a single operator and
separately by a second independent
operator. A total of over 150 breaths were
recorded, accounting for about 8–10 breaths
per participant.

After completion of the TDI
assessment in healthy volunteers,
consecutive ICU patients, mechanically
ventilated for more than 48 hours, were
screened for participation in the study.
Exclusion criteria were age ,18 years,
neuromuscular diseases, flail chest or
multiple rib fractures, chest tubes in place,
morbid obesity, spinal cord injuries, and
inability to obtain a clear TDI signal of the
right hemidiaphragm.

The sonographic examination in the
ICU patients was performed at the end of a
30-minute T-piece weaning trial or
immediately before reconnection to the
ventilator in the case of weaning failure
occurring before; however, weaning failure
before the end of the weaning trial occurred
only in a minority of patients. We assessed our
patients during spontaneous breathing because
TDI assesses only the absolute tissue velocity
and is unable to discriminate passive from
active motion. Patients underwent a T-piece
trial if they met the following criteria:
appropriate mental status and cooperation,
adequate oxygenation (oxygen saturation as
measured by pulse oximetry. 92%, FIO2

40%)
and cough reflex, cardiovascular stability
without vasopressor or inotropic support, and
normal metabolic status. Reinstitution of

mechanical ventilation was initiated if signs of
respiratory distress (diaphoresis or tachypnea),
hypoxemia and/or hypercapnia, or
deterioration of the cardiovascular status
(hypertension and tachycardia) were observed.
Weaning success was considered if ventilatory
support, including noninvasive ventilation, was
not required for 48 hours after extubation.

Ultrasound Technique
All ultrasound measurements were
performed on the right hemidiaphragm
because of the limited acoustic window on
the left. TDI images were obtained with a
phased array 2–4 MHz probe (Philips Sparq
ultrasound machine). The probe was placed
in the subcostal position between the
midclavicular and anterior axillary lines,
with the patients being examined while
breathing spontaneously laying on a bed
with the back elevated at 308. As TDI
measurements are angle dependent, we
aimed for the ultrasound beam to reach
perpendicularly the middle or posterior
third of the hemidiaphragm. The sample
volume was initially selected at 18.5 mm
and occasionally adjusted to incorporate
the whole range of diaphragmatic motion.
The velocity scale used was 5 cm/sec to
match the lower velocity of the moving
diaphragm compared with that of the
beating heart (Figure 1). Additional
detail on the method for making these
measurements is provided in the data
supplement (Video E1 in the data
supplement and Figures E1A and E1B).
Eight to ten breaths per subject were saved
for subsequent quantitative analysis.

On each TDI waveform, the following
parameters were identified and measured
(Figure 2A):
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Figure 1. Diaphragmatic tissue Doppler imaging (TDI) in a healthy individual breathing quietly.
Diaphragmatic TDI exhibits two waves, one during diaphragmatic contraction (above the baseline)
and one during diaphragmatic relaxation (below the baseline).

At a Glance Commentary

Scientific Knowledge on the
Subject: In our article, we present the
application of tissue Doppler imaging
(TDI) on the diaphragm. This
technique allows real-time assessment
of the velocity of diaphragmatic muscle
motion, a characteristic never studied
before in either healthy adults or ICU
patients.

What This Study Adds to the Field:
Our study demonstrates that weaning
success and weaning failure patients
have strikingly different diaphragmatic
TDI patterns. The former resemble the
diaphragmatic TDI characteristics of
healthy individuals.
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1. Peak contraction velocity (PCV),
defined as the maximal diaphragmatic
velocity during contraction, measured in
cm/s;

2. Velocity–time integral (VTI), defined
as the area under the TDI curve

during inspiration, measured in
(cm/s) $ s;

3. Peak relaxation velocity (PRV), defined
as the maximal diaphragmatic
velocity during relaxation, measured
in cm/s;

4. TDI-derived maximal relaxation rate
(TDI-MRR), defined as the slope of the
initial steepest part of the diaphragmatic
motion velocity curve during relaxation,
measured in cm/s2.

Pdi Measurements
Pdi measurements were obtained in the
same breaths, concomitantly recorded
with the TDI measurements (Figure 2B).
Additional detail is provided in the online
supplement. For the Pdi measurements,
double-balloon feeding catheters (Nutrivent)
were used, and the position of the catheter
was adjusted after performance of a dynamic
occlusion test (8). Both balloons were
inflated with 2–4 ml of air and connected to
a differential pressure transducer (TSD
104A; Biopac Systems Inc.), calibrated
before each study with a water manometer.

Parameters measured in each Pdi
waveform included (Figure 2B) the
following:

1. Peak Pdi, defined as peak value of Pdi
measured in cm H2O;

2. Diaphragmatic pressure–time product
(PTPdi), measured in cm H2O $ s;

3. Pdi-MRR (i.e., the diaphragmatic MRR),
defined as the slope of the initial steepest
part of the descending part of the Pdi
curve measured in cm H2O/s.

Because of the methods’ complexity and
high cost, Pdi measurements were performed
only in a subgroup of 24 consecutive patients.
Inability to obtain a satisfactory Pdi tracing
because of the poor quality of the signals,
despite good positioning of the double
balloon catheter additionally verified with
X-ray in six patients, led to exclusion from
further assessment.

The study protocol was approved by
the scientific and ethics committee of the
hospital (research protocol no. 526, June 1,
2018) according to national legislation, and
written consent was obtained from the
subjects or their surrogates.

Statistical Analysis
Recorded variables, including TDI- and
Pdi-derived parameters, are presented as
means6 SD or medians with 25th–75th
interquartile range (IQR), according to
normality of distribution of values, as
appropriate. Outcome was assessed as
dichotomous categorical variable (weaning
success vs. weaning failure). Group
comparisons were performed with
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Figure 2. (A) Depiction of the tissue Doppler imaging (TDI) parameters measured (peak contraction
velocity, peak relaxation velocity, TDI-derived maximal relaxation rate, and the velocity–time integral);
to demonstrate the points where measurements were performed, we have used the smooth control
option, which softens the appearance of the trace data, allowing the TDI waveform to appear as a
single continuous line. Reprinted from Reference 6. (B) Depiction of the transdiaphragmatic pressure
(Pdi) parameters measured and correlated (peak Pdi, diaphragmatic pressure–time product, and
Pdi-derived maximal relaxation rate) with the TDI parameters. Pdi-MRR= transdiaphragmatic
pressure–derived maximal relaxation rate; PTPdi = diaphragmatic pressure–time product;
VTI = velocity–time integral.
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chi-square, Student’s t test, or Mann-
Whitney U test, whereas correlation was
examined with Spearman’s rho correlation
coefficient, and R2 values were provided.

Our primary hypothesis (that TDI
variables differ between weaning success
and weaning failure patients) was tested
with statistical analysis of comparison of two
independent groups. Sample size was
calculated in advance with GPower 3.1
statistical program. It was therefore
determined for a error probability test of
0.05, statistical power of 0.8, and effect size
of 0.5 (medium) at 102 patients (Figure E2).

Finally, reliability analysis included
assessment of intra- and interobserver
variability with two-way mixed effects for
absolute agreement between measurements
for each variable separately. Interclass
Correlation Coefficient (ICC) and its
relative 95% confidence intervals were
estimated, and ICC values .0.8 were
considered very strong. Reproducibility was
also assessed by calculating the mean
difference between all pairs of
measurements, along with its limits of
agreement (means6 1.963 SD), which,
according to Bland and Altman plotting,
reflect the range that has 95% statistical
validity. In addition, the coefficient of
variance was calculated by the formula
(SD/mean)3 100% to assess intrasubject
variability.

All statistical analyses and respective
graphs were performed using SPSS 25
software (IBM SPSS Statistics version 25.0).

P values were considered statistically
significant at the 0.05 level.

Results

Healthy Control Subjects
A total 168 different breaths from the
control group of 20 healthy volunteers
(about 8–10 breaths per participant) were
recorded. Mean values for TDI-derived
parameters are shown in Table 1.

Excellent intra- and interobserver
reproducibility was found for all variables,
with an ICC above 89% for all
measurements. Differences between
measurements and limits of agreement
(means6 1.963 1.96 SD) are also recorded
in Table 1 and were used to create
respective Bland and Altman plots (Figures
E3A and E3B, E4A and E4B, E5A and E5B,
E6A and E5B).

Finally, coefficient of variance values
were all ,10% (range, 2.49–8.81), implying
a narrow range of measurement variability.

Study Population
A total of 116 consecutive ICU patients were
enrolled in the study. Sixty-seven patients
(57.8%) succeeded the weaning trial,
whereas 49 (42.2%) failed. Baseline
characteristics are shown in Table 2. Groups
did not differ in sex, age, length under
mechanical ventilation, or reason for ICU
admission.

Additional Evaluations and
Diaphragmatic Assessments
Diaphragmatic assessments in ICU patients
included measurements of diaphragmatic
displacement and thickening followed by
TDI measurements during weaning as well
as recordings of respiration timings. Results
are shown in Table 2. Statistically significant
differences between groups were found in
PCVs and PRVs and TDI-MRR (P< 0.001
for all three variables). These differences
between the two groups are also clearly
demonstrated in their respective TDI
pattern (Figures 3A and 3B).

Interestingly, when TDI-derived values
from ICU patients were compared with
those recorded in healthy control subjects,
PCVs and PRVs did not differ between
weaning success patients and healthy
volunteers (median PCV, 1.36; IQR,
1.06–1.79; vs. 1.35 cm/s; IQR, 1.21–1.57;
P= 0.984; and median PRV, 1.36; IQR,
0.96–1.78; vs. 1.19 cm/s; IQR, 0.96–1.40, for
weaning success and healthy control
subjects, respectively). Figure 4
demonstrates the distribution of TDI
measurements for all participants.

Pdi Measurements
In a subgroup of 18 patients, peak Pdi, PTPdi,
and Pdi-MRR were recorded (Table 2).
All three Pdi-derived parameters were
significantly lower (P < 0.05) in patients
who succeeded the weaning trial (n= 8)
than in weaning failure patients (n=10).

Table 1. Reliability Analysis of TDI Measurements (N=168)

Interobserver Variability

Variable Observer #1 Observer #2 Difference Limits of Agreement ICC (95% CI) CV (%)

PCV, cm/s 1.3860.34 1.2760.34 0.10560.010 20.081 to 0.291 0.96 (0.95–0.97) 5.91
VTI, cm 1.0160.53 1.1960.55 0.09560.101 20.103 to 0.293 0.98 (0.98–0.99) 5.86
PRV, cm/s 1.2160.39 1.1660.39 0.05560.077 20.096 to 0.206 0.98 (0.97–0.99) 4.09
TDI-MRR, cm/s2 3.5261.97 3.8462.32 0.32160.996 21.631 to 2.273 0.89 (0.86–0.92) 8.81

Interobserver Variability

Variable
Observer #1 First

Measure
Observer #1 Second

Measure Difference
Limits of

Agreement ICC (95% CI)
CV
(%)

PCV, cm/s 1.386 0.34 1.3960.35 0.0086 0.076 20.141 to 0.157 0.98 (0.97–0.98) 2.70
VTI, cm 1.016 0.53 1.0960.53 0.0046 0.073 20.139 to 0.147 0.99 (0.98–0.99) 3.18
PRV, cm/s 1.216 0.39 1.2160.39 0.0026 0.063 20.121 to 0.125 0.99 (0.98–0.99) 2.49
TDI-MRR, cm/s2 3.526 1.97 3.5561.92 0.0256 0.584 21.120 to 1.170 0.96 (0.94–0.97) 6.11

Definition of abbreviations: CI = confidence interval; CV=coefficient of variance; ICC= interclass correlation coefficient; PCV=peak contraction velocity;
PRV=peak relaxation velocity; TDI = tissue Doppler imaging; TDI-MRR=TDI-derived maximal relaxation rate; VTI = velocity–time integral.
Data are presented as means6SD.
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Further statistical analysis found
significant correlation between peak Pdi and
PCV (R2 = 0.727; P, 0.001), PTPdi and PCV
(R2 = 0.650; P=0.007), and Pdi-MRR and
TDI-MRR (R2 = 0.634; P, 0.001) (Figures
5A and 5C). A weaker correlation was
recorded between VTI and PTPdi (Figure 5D).

Discussion

The contraction and relaxation properties of
the diaphragm have not been previously
assessed with TDI, and no information
exists concerning the diaphragmatic TDI
pattern and range of normal values in
normal individuals or in ICU patients.
Our study provides the TDI pattern of
diaphragmatic contraction and relaxation
along with their peak corresponding values,
the inspiratory VTI, and the TDI-derived

relaxation rate in normal individuals and in
weaning success and weaning failure
patients. We found that weaning failure
patients exhibited significantly higher peak
contraction and relaxation velocities and
higher relaxation rate compared with both
healthy participants and weaning success
patients (Table 2 and Figure 4).

Studies in weaning from mechanical
ventilation have demonstrated that the
fundamental abnormality in control of
breathing in weaning failure is a shortening
of inspiratory time (Ti) (9). The duration of
Ti has a direct impact on the work
performed by the diaphragm through
changes in inspiratory flow and the
Ti/Ttotal ratio (10), and incorporation of
both diaphragmatic excursion and Ti into a
single index has been proposed as a
potential weaning predictor (11). Such
decreases in inspiratory timing mean that

high inspiratory velocities of diaphragmatic
motion are expected in weaning failure;
interestingly, in our study, no statistical
significant difference was found in Ti,
Texpiratory, Ttotal, and, therefore, in
respiratory rate between weaning success
and weaning failure patients (Table 2),
suggesting that other mechanisms are
possibly involved. However, when we look
at Figures 5A and 5C, we observe that the
higher the values of PCV and TDI-MRR,
the greater the likelihood of weaning
failure, and above a certain cutoff point, no
patient succeeds. To evaluate the possible
use of TDI-MRR as a weaning failure
predictor, we estimated the area under the
receiver operating characteristic, followed
by sensitivity and specificity estimations
for various cutoff limits (see online
supplement). Area under the receiver
operating characteristic was 0.80 (95%

Table 2. ICU Patient Baseline Characteristics, Diaphragmatic Evaluations, and Between-Group Comparisons

Total (n=116) Weaning Success (n= 67) Weaning Failure (n=49) P Values

Demographics
Sex, M 87 (75.2) 47 (70.1) 40 (81.6) 0.158
Age, yr 666 13 66613 67613 0.752

ICU admission
Length under MV, d 6 (4–7) 6 (4–8) 5 (4–7) 0.431

Reason for ICU admission 0.382
Respiratory failure 22 (18.9) 14 (20.9) 8 (16.3)
Multiple trauma 16 (13.8) 6 (5.2) 2 (4.1)
Sepsis 16 (13.8) 12 (17.9) 4 (8.2)
Coma 6 (5.2) 5 (7.4) 1 (2.0)
Neurosurgery 10 (8.6) 5 (7.4) 5 (10.2)
Cardiac surgery 8 (6.9) 6 (5.2) 2 (4.1)
Other major surgery 10 (8.6) 2 (3.0) 8 (16.3)
Other 28 (24.1) 17 (25.4) 11 (22.4)

Additional evaluations
Respiratory rate 26.8060.50 25.5064.00 28.5066.30 NS

Ti 0.956 0.20 0.9960.22 0.8660.23 NS
Te 1.326 0.40 1.3760.28 1.3060.45 NS
Ttot 2.206 0.43 2.3660.40 2.1660.40 NS

Additional diaphragmatic evaluations
Displacement, cm 1.276 0.48 1.3160.44 1.2260.53 0.102
Thickening fraction, % 0.246 0.11 0.2560.11 0.2360.10 0.439

TDI measurements
PCV, cm/s 1.55 (1.11–2.35) 1.36 (1.06–1.79) 2.02 (1.28–2.89) 0.001
VTI, cm 0.78 (0.51–1.01) 0.73 (0.49–0.96) 0.89 (0.55–1.11) 0.178
PRV, cm/s 1.68 (1.05–2.69) 1.36 (0.96–1.78) 2.70 (1.41–4.86) ,0.001
TDI-MRR, cm/s2 11.83 (6.70–21.30) 10.31 (5.66–13.74) 21.75 (11.83–38) ,0.001

Pdi measurements*
Peak Pdi, cm H2O 22.11 (16.94–29.39) 16.70 (15.30–19.47) 29.39 (22.11–48.52) 0.003
PTPdi, cm H2O $ s 5.30 (3.89–6.95) 4.42 (3.51–5.22) 6.44 (4.91–8.91) 0.043
Pdi-MRR, cm H2O/s 81.71 (55.30–123.50) 39.30 (32.30–58.57) 110.63(85.77–147.52) ,0.001

Definition of abbreviations: MV=mechanical ventilation; NS=nonsignificant; PCV=peak contraction velocity; Pdi= transdiaphragmatic pressure;
Pdi-MRR=diaphragmatic maximal relaxation rate; PRV=peak relaxation velocity; PTPdi=diaphragmatic pressure–time product; TDI= tissue Doppler imaging;
TDI-MRR= tissue Doppler imaging–derived maximal relaxation rate; Te=expiratory time; Ti= inspiratory time; Ttot= total time; VTI=velocity–time integral.
Table entries represent means6SD, medians (25th–75th interquartile range), or n (%), as appropriate. Comparisons between groups were performed with
Student’s t test, Mann-Whitney U test, or chi-square, respectively.
*Pdi measurements were performed in 18 patients (8 in the weaning success and 10 in the weaning failure group). Number of repeated measurements
was 301 for peak Pdi, 266 for PTPdi, and 283 for Pdi-MRR.
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confidence interval, 0.71–0.89; P, 0.001)
(Figure E7).

Another reason for the high
contraction velocities observed in the
weaning failure patients of our study is
related to the fact that most weaning failure
patients also develop an increase in
respiratory motor output as they experience
progressive ventilatory failure (9). The
resulting increase in _VE can be achieved
either through an increase in rate or depth
of breathing, but whether an increase in
diaphragmatic motion velocity constitutes
part of this respiratory response is not
known because diaphragmatic velocity has
undergone limited investigation to date.
This does not seem an unlikely possibility,
as the mouth pressure developed 100 ms
after occlusion, an index widely used as a
measurement of respiratory motor output,
is highly dependent on the contractile state
of the inspiratory muscles; the latter is also
influenced, among other variables, by the
velocity of diaphragmatic shortening (12).

Pdi measurement assesses
diaphragmatic contractility, but technical
limitations and the lack of precise reference
values in critically ill patients have restricted
widespread clinical application of the
method. In cardiac TDI, peak systolic
velocity is related to ejection fraction and is
used to identify systolic dysfunction;
measurement of peak systolic tissue
velocities are among the simplest and most
robust parameters measured with TDI,
with high levels of concordance between
observers (13). Therefore, it seemed
reasonable to correlate the TDI PCV with
peak Pdi and PTPdi, the latter representing
indexes of diaphragmatic contractile
performance. High correlation coefficients

were indeed observed (R2 = 0.727 and 0.650,
respectively), suggesting a potential
application of this noninvasively acquired
parameter to quantify diaphragmatic
performance.

Diaphragmatic MRR is traditionally
calculated as the slope of a tangent drawn to
the steepest portion of the descending part
of the Pdi curve. However, the necessity of
inserting balloon catheters for this purpose
has restricted its clinical use. On the
contrary, the TDI-MRR provides real-time

rate of change in diaphragmatic velocity.
Therefore, with TDI, the diaphragmatic
relaxation rate becomes a parameter directly
available rather than indirectly derived from
the Pdi waveform, obviating the need to
assume that changes in the Pdi curve reflect
changes in diaphragmatic tension and
length (14). Direct measurement of the
diaphragmatic relaxation rate can be
particularly important in patients in whom
alterations in lung mechanics impair the
transmission of pleural pressure to the
upper airways or when postinspiratory
activity of the diaphragm is present (14).
Close agreement between Pdi-MRR and
TDI-MRR (R2 = 0.634; P, 0.001) may lead
to a reappraisal of diaphragmatic relaxation
rate in everyday clinical practice and the
employment for prognostication.

In our study, higher TDI-MRR and
Pdi-MRR values were observed in weaning
failure patients compared with weaning
success patients (Table 2 and Figure 5C).
These high values can be explained by the
fact that the diaphragm must return rapidly
to its initial length to preserve its pressure-
generating capacity. Delayed diaphragmatic
relaxation will result in incomplete
expiration to functional residual capacity
and will place the diaphragm at a
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mechanical disadvantage for subsequent
inspiratory shortening. This suggests that
rapid diaphragmatic relaxation may serve as
a compensatory mechanism to overcome
impending fatigue. This hypothesis is further
supported by the fact that diaphragmatic
perfusion occurs mainly during relaxation;
therefore, rapid return of the diaphragm to
its optimal muscle length becomes extremely
important for the maintenance of adequate
diaphragmatic perfusion, especially under
conditions of loaded breathing (15, 16). All
these remarks possibly imply that high
values of diaphragmatic relaxation are
necessary to avoid fatigue.

Another correlation that we looked
into was the one between the VTI of the
inspiratory part of the diaphragmatic TDI
waveform and work of breathing derived

from the Pdi tracing. The reason we
assumed that this sonographic parameter
could possibly represent an index of
diaphragmatic work is because it is defined
as the area under the diaphragmatic
velocity–time curve, similarly to PTPdi
being defined as the area under the
Pdi-time waveform. However, a wide
scatter of VTI and PTPdi values was
observed in our study, resulting in a weak
correlation between the VTI and PTPdi
(Figure 5D); these findings limit the
potential of this sonographic index to
quantify the diaphragmatic work of
breathing. Previous studies that have
examined the potential of other
ultrasonographic indices, mainly
thickening fraction, to quantify
diaphragmatic inspiratory effort have

demonstrated a significant correlation
between thickening fraction and PTPdi
(17, 18); however, a considerable overlap
between values has also been observed,
meaning that a given thickening fraction
can be associated with a wide range of
PTPdi values. These observations may
simply highlight the fact that the degree of
diaphragmatic contraction and
corresponding work of breathing may
vary between subjects (19).

Our study demonstrates that
measurement of diaphragmatic motion
velocity using TDI is a straightforward
method with a fast learning curve. This is
an extremely important feature for an
ultrasound technique, considering the
technical difficulties of other sonographic
approaches of diaphragmatic assessment,
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such as measurement of diaphragmatic
thickness and thickening fraction or even
the more recently described diaphragmatic
assessment by speckle tracking ultrasound.
Measurement of diaphragmatic thickness
and thickening fraction requires accurate
assessment of structures and structural
changes of only a few millimeters,
inevitably carrying a subsequent
low reproducibility ratio (17, 19).
Diaphragmatic speckle tracking, which has
also recently been used to sonographically
assess the diaphragmatic motion and
strain, requires dedicated software and
considerable time to perform, limiting its
potential utility in clinically relevant
settings.

There are some limitations in our
study. First, we performed TDI
measurements on the right hemidiaphragm
because it is technically easier. Additionally,
in some patients with large diaphragmatic
displacement, contamination of the TDI
sample volume with liver tissue may

be observed. However, it has been
demonstrated that adjacent tissues move
similarly with the diaphragm during quiet
and deep breathing (20). Second, although
we found different TDI pattern and indices
between weaning success and weaning
failure patients, larger studies are needed
to prove if TDI can be used as a better
screening test during weaning compared
with other sonographic indices.
Furthermore, the potential of the TDI
parameters described, especially
contraction and relaxation velocities,
remains to be established. Weaning failure
represents a multifaceted problem in ICU
patients. It would seem highly likely that
diaphragmatic TDI patterns will be
different in patients who fail because of
respiratory muscle fatigue compared with
patients who fail weaning because of
impaired respiratory drive. Moreover,
larger numbers of patients with
homogenous lung diseases are needed to
assess the TDI pattern and values to better

clarify details of respiratory mechanics in
different causes of weaning failure.

In conclusion, this study describes a
new sonographic approach that allows
real-time assessment of the velocity of
diaphragmatic motion. This feature of
diaphragmatic motion has not been widely
evaluated so far, despite some recent studies
raising the question of the role of assessment
of diaphragmatic velocity in everyday
clinical practice (21, 22). Interestingly, a
recent multicenter study on diaphragmatic
ultrasound failed to demonstrate an
association between low values of
diaphragmatic displacement and thickening
fraction and increased risk of extubation
failure (23); such observations underline
the need to assess alternative sonographic
indices for the evaluation of diaphragmatic
function in ICU patients during the
weaning process. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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