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Abstract

Background

The recovery of diaphragmatic function is vital for successful extubation from mechanical
ventilation. Recent studies have detected diaphragm atrophy in ventilated adults by using
ultrasound, but no similar report has been conducted in children. In the current study, we
hypothesized that mechanically ventilated children may also develop diaphragm atrophy
and diaphragmatic dysfunction.

Materials and methods

Children who were admitted to the pediatric intensive care unit and were newly intubated for
mechanical ventilation were enrolled into this prospective case—control study. Diaphragm
ultrasound assessments were performed daily to evaluate diaphragmatic function in the
enrolled children until their discharge from the pediatric intensive care unit. Diaphragm thick-
ness and the diaphragmatic thickening fraction (DTF) were measured through these
assessments.

Results

A total of 31 patients were enrolled, and overall, 1389 ultrasound assessments were per-
formed. Immediately after intubation, the initial diaphragm thickness and DTF were mea-
sured to be 1.94 £ 0.44 mm and 25.85% + 3.29%, respectively. In the first 24 hours of
mechanical ventilation, diaphragm thickness and the DTF decreased substantially and
decreased gradually thereafter. After extubation, the DTF was significantly different
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between the successful and failed extubation groups (P < 0.001), and a DTF value of <17%
was associated with extubation failure.

Conclusions

Diaphragm ultrasound is a noninvasive method for measuring diaphragmatic function in
mechanically ventilated children. In this study, significant diaphragm atrophy and a
decreased DTF were observed within 24 hours of mechanical ventilation. The recovery of
diaphragm thickness and the DTF may be a potential predictor of successful extubation
from mechanical ventilation.

Introduction

Critically ill children on ventilation account for one-third of inpatients admitted to pediatric
intensive care units (PICUs) [1]. Many recent studies have shown that in adults, mechanical
ventilation (MV) may result in atrophy and dysfunction of the diaphragm [2,3]. The reduction
of diaphragmatic contraction ability caused by MV is termed ventilator-induced diaphrag-
matic dysfunction (VIDD), and contributes to a longer weaning time and higher mortality [4].
In healthy individuals, measuring diaphragm thickness during the respiratory cycle can reflect
the strength of diaphragmatic contractions [5]. Several recent studies have illustrated that dia-
phragm ultrasound is a feasible and precise method for evaluating the VIDD [6,7,8]. In adults,
the thickness of the right hemidiaphragm and the diaphragmatic thickening fraction (DTF)
are used to assess VIDD development [6,7,9]. Furthermore, the DTF is applied as a predictor
of successful extubation from MV [10,11].

In the pediatric population, no gold standard has been established for weaning children
from ventilators, and no optimal ventilator settings have been identified in PICU practice
[12,13]. Conventionally, diaphragm ultrasound is often used to evaluate diaphragmatic palsy
in children after cardiac surgical procedures. A recent study on adults revealed that bedside
diaphragm ultrasound can accurately estimate the DTF and detect diaphragm atrophy in
patients on MV. Moreover, the DTF may be an important predictor of successful extubation
[7,10]. However, to date, no study has used diaphragm ultrasound to investigate VIDD devel-
opment in children. Moreover, the feasibility and accuracy of diaphragm ultrasound in criti-
cally ill children on MV remain unknown. In response, this study primarily aimed to detect
diaphragmatic contractile dysfunction and atrophy in mechanically ventilated children; we
also assessed whether the DTF can be applied to predict successful extubation.

Materials and methods
Study design and patients

This prospective case—control study was performed in the PICU of a 3000-bed tertiary hospital
(Linkou Chang Gung Memorial Hospital, Taiwan) from February 2016 to January 2017. This
study was approved by the Institutional Review Board of Chang Gung Memorial Hospital, and
the guardians of all enrolled children signed an informed consent form.

Children aged 1 month to 18 years who were newly intubated for MV were enrolled into
this study. Diaphragm ultrasound assessments were performed daily to measure diaphragm
thickness and the DTF in the enrolled children until their discharge from the PICU. Patients
with underlying neuromuscular disease, chronic respiratory failure, or cerebral palsy, and
those who received MV for less than 24 hours, were excluded.
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The routine sedative medication of our PICU was midazolam, starting at 2 mcg/kg/min
and titrated to obtain a State Behavioral Scale (SBS) of 0/-1. Adjuvant analgesia is provided as
5-25 mcg/kg/min of ketamine. Muscle relaxant medication didn’t administrate in the study.
Sedative and analgesia medications were discontinued 12 hours before extubation.

The initial setting of ventilator was pressure control to keep tidal volume with 8-10 mL/kg,
SpO2 > 90% and PaCO2 within 35~45 mmHg. We used protective lung ventilation with low
tidal volume (4-6 mL/kg) and permissive hypercapnia for patients with ARDS [14].All venti-
lated children underwent our clinical weaning protocols, which consisted of synchronized
intermittent mandatory ventilation (SIMV) plus pressure support (PS) under the following
ventilator and clinical conditions: fraction of inspired oxygen (FiO,) < 30%, positive end-expi-
ratory pressure <6 mmHg, partial pressure of oxygen/FiO2 > 200, respiratory rate <20
breaths/min, no vasopressor or sedation drug use, no fever, and stable hemodynamics. Extuba-
tion failure was defined as reintubation within 48 hours of extubation due to the following
conditions: conscious change, respiratory rate >40 breaths/min, blood oxygen saturation
<90%, and partial pressure of carbon dioxide >50 mmHg.

Diaphragm ultrasound

Daily diaphragm ultrasound was performed using a PHILIPS (CX50 POC) portable system
with a 4-10-HMz linear probe and resolution limit of 0.01 mm. The evaluation of diaphragm
thickness was performed as previously described [9-11,15-18]. To obtain a horizontal view of
the diaphragm, the linear probe was placed perpendicular to the right chest wall and below the
costal margin, in the intercostal space between the eighth and tenth ribs (i.e., between the ante-
rior axillary and midaxillary lines), to observe the zone of apposition of the muscle 0.5-2.5 cm
below the costophrenic sinus. The diaphragm was visualized superficial to the liver and con-
sisted of three layers: a nonechogenic central layer and two hyperechogenic layers (the parietal
pleura and peritoneum). In the B-mode image, diaphragm thickness was measured from the
middle of the pleural line to the middle of the peritoneal line (Fig 1). Subsequently, the index
of DTF was defined as

DTF = (End-inspiratory thickness — End-expiratory thickness) /End-expiratory thickness
x 100%

This index has been proven to be a feasible and accurate parameter for evaluating diaphrag-
matic functioning and respiratory effort in ventilated and nonventilated patients [6,7,8].

wl —=

1
PERITONEUM

Fig 1. Diaphragm ultrasound at the zone of apposition. (a) Thickness measurement at end-expiration, (b) Thickness
measurement at end-inspiration.

https://doi.org/10.1371/journal.pone.0183560.g001
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To evaluate the repeatability and reproducibility of diaphragmatic measurements, three
measurements were conducted over three daily consecutive respiratory cycles, and the average
of the three measurements was calculated. Moreover, two skilled intensivists conducted five
measurements on five nonventilated children and five measurements on five ventilated chil-
dren in the PICU.

Data collection

In this study, the demographic and clinical data of patients were collected. Daily ventilator set-
tings, including positive end-expiratory pressure, peak inspiratory pressure (PIP), FiO,, and
respiratory rate, were recorded during the study period.

Statistical analyses

The demographic data of patients are presented as mean + standard deviation, median (inter-
quartile range [IQR]), or number (percentage). The intraobserver repeatability and interob-
server reproducibility were assessed using the intraclass correlation coefficient. Comparisons
between the two groups were conducted using the Wilcoxon rank-sum test. The change in the
DTF over time was determined using the generalized estimating equation [19], which accounts
for possible correlations in repeated measurements within a patient. All statistical analyses
were performed using SPSS (version 22.0; SPSS Inc., Chicago, IL, USA), and a P value of
<0.05 was considered statistically significant.

Results
Patient characteristics

Thirty-one mechanically ventilated children were enrolled in this study. The median MV
duration was 7 days (IQR, 4-15), which is slightly higher than the 6 days reported by Khemani
et al [20]. The median PICU stay was 9 days (IQR, 7-23) and the total PICU stay of all 31
patients was 463 patient-days, during which 1389 ultrasound assessments were performed.
The median age of the enrolled children was 3 years, and 54.8% were boys. Patient characteris-
tics are summarized in Table 1. For all patients, the ventilator mode was initially set as pressure
control.

Ultrasound measurements

Table 2 presents the average of daily ultrasound measurements conducted during the 7 days of
MV. The data of all ultrasound assessments were pooled for the intubation and extubation
groups, which the intubation group contained 353 patients-days and the extubation group
contained 110 patients-days. Thus, the end-inspiratory thickness of the diaphragm and the
DTF were significantly higher in the extubation group than in the intubation group

(1.86 + 0.46 vs 1.66 + 0.44 mm and 24.9 + 3.3 vs 14.8% + 4%, respectively; both P < 0.001).

The clinical characteristics of children with successful and failed extubation are shown in
Table 3. In this study, six children did not receive extubation due to death and the DTF after
extubation was significantly higher in the successful group (P < 0.001).

The DTF decreased substantially during the first 2 days of MV and gradually decreased
thereafter (Fig 2A and 2B). After intubation, most patients exhibited an initial mean decrease
0f 9.4% for the DTF, from 25.8% on day 1 to 16.4% on day 2 of intubation. Subsequently, the
DTF decreased from 16.4% on day 2 to 13.5% on day 7, with an average decrease of 0.58% per
day (Fig 2A). As shown in Table 2, the mean diaphragm thickness also decreased from 1.92
mm on day 1 to 1.75 mm on day 2 of intubation (a 8.8% decrease). Subsequently, diaphragm
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Table 1. Demographics of intubated children admitted to the PICU.

Baseline data

No. of patients 31
Age (yr) 3(0.5-11.9)
Male 17 (54.8)
Weight (kg) 22.5+20.8
Admission diagnosis category, n(%)
Pulmonary 12 (38.7)
Sepsis 6(19.4)
Cardiovascular 2(6.4)
Neurologic 9(29.1)
Other 2(6.4)
Initial Ventilatory setting
Pressure control ventilation 31
Set respiratory rate (min-1) 25.6+8.9
PIP (cmH20) 21.4+5.1
PEEP (cmH20) 6.4+1.9
FiO2 (%) 53.9 £ 26.1
Outcomes
Days of mechanical ventilation 7 (4-15)
ICU length of stay 9 (7-23)
ICU mortality (%) 7 (22.6)

Result are presented as median (IQR), meanSD, or number (percent)
PIP = peak inspiratory pressure; PEEP = positive end-expiratory pressure; FiO, = fraction of inspired
oxygen; PICU = pediatric intensive care unit

https://doi.org/10.1371/journal.pone.0183560.t001

thickness measured from day 2 to day 7 of intubation indicated a gradual reduction of the
thickness, with an average decrease of 0.68% per day.

A significant difference was observed in the DTF between the successful and failed extuba-
tion groups. Moreover, all the three DTF were less than 17% (16.7%, 13.3%, 13.5%) in the
failed group (Fig 3). All of the 3 failed cases met the Berlin Definition of severe ARDS. The first
failed case was a 2-year-old child, admitted due to pneumonia with Pseudomonas aeruginosa
infection. The worst oxygenation ratio (PaO2/FIO2) was 63. Sedative medication was adminis-
trated for 43 days and the total duration of intubation was 44 days. The second case was a
1-year-old child with underlying tracheomalacia and hyperteactive airway, admitted due to
suspected viral pneumonia. The worst oxygenation ratio was 88. The third was a 11-year-old
with the underlying of T-cell lymphoma admitted due to severe septic shock and bilateral
pneumonia. The worst oxygenation ratio was 70. Sedative medication was administrated for
13 days and the total duration of intubation was 53 days.

Repeatability and reproducibility

The correlation coefficients of interobserver reproducibility of the DTF, end-inspiratory thick-
ness, and end-expiratory thickness were 0.9 (0.649-0.947), 0.996 (0.983-0.999), and 0.996
(0.985-0.999) respectively. Similarly, the correlation coefficients of intraobserver repeatability
of the DTF, end-inspiratory thickness, and end-expiratory thickness were 0.828 (0.803-0.851),
0.915 (0.902-0.927), and 0.913 (0.899-0.925) respectively. All correlation coefficients were
above 0.75, which indicated good agreement [21].
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Table 2. Average of daily ultrasound measurements over time in the first week of MV.

Day1(n=31) |Day2(n=28) |Day3(n=25) |Day4(n=23) |Day5(n=20) |Day6(n=17) |Day7 (n=15)
End-inspiratory thickness (mm) 1.92+0.48 1.75+0.41 1.7410.44 1.67+0.46 1.66+0.42 1.69+0.39 1.69+0.45
End-expiratory thickness (mm) 1.52+0.38 1.5+£0.35 1.52+0.39 1.46+0.4 1.45+0.37 1.49+0.36 1.49+0.42
Diaphragmatic thickening fraction (%) | 25.8+3.3 16.4+4.2 14.5+2.6 14.3+2.9 14.3+2.6 14.2+2.8 13.5+£3.7
https://doi.org/10.1371/journal.pone.0183560.t002
Discussion

Table 3. Characteristics of successful and failed extubation groups.

This study is the first to analyze the role of diaphragm ultrasound in the weaning policy of chil-
dren on MV, and two critical findings were observed. First, atrophy of the diaphragm and
reduction of the DTF were immediately observed within the first 24 hours of MV initiation.
This finding is consistent with that of previous studies in adults [2,3,22]. Second, the recovery
of the DTF after extubation may be an initial predictor of successful extubation from MV
potentially.

Recent studies have extensively demonstrated disuse atrophy and contractile dysfunction of
the diaphragm in mechanically ventilated adults [3,22,23]. The biopsy reported that MV
adversely affect the diaphragmatic fiber architecture (decreased slow- and fast-twitch fibers,

Baseline data Success Failure P value
No. of patients 22 3
Age (yr) 1.8 (0.5-5) 2(1-11) 0.913
Male 10 1
Weight (kg) 16.5+15.7 17.3+20.5 0.938
Admission diagnosis category, n(%)
Pulmonary 7(31.8) 3(100) 0.024
Sepsis 4(18.2) 0 0.42
Cardiovascular 1(4.5) 0 0.71
Neurologic 8(36.4) 0 0.21
Other 2(9.1) 0 0.58
Initial Ventilatory setting
Set respiratory rate (min’") 24.8+8.1 32.7+ 11 0.256
PIP (cmH20) 20.1+4.8 23.7+45 0.193
PEEP (cmH20) 59+1.5 61 0.214
FiO2 (%) 45+20.5 73.3+11.6 0.032
Diaphragmatic measurements
Initial mean thickness of diaphragm (mm) 1.89+0.36 1.78+0.29 0.738
DTF at Day 1 (%) 26.3+3.5 231+1.9 0.094
DTF before extubation (%) 15.6+2.7 14.2+4.02 0.451
DTF after extubation (%) 23.9+3.2 145+1.9 <0.001
Outcomes
Days of mechanical ventilation 10.1+94 24+18.7 0.065
ICU length of stay 14.8+11.7 25+20.4 0.193
ICU mortality, n(%) 1(4.5) 0 0.712

Result are presented as median (IQR), meanSD, or number (percent)

PIP = peak inspiratory pressure; PEEP = positive end-expiratory pressure; FiO, = fraction of inspired oxygen; PICU = pediatric intensive care unit;
DTF = diaphragmatic thickening fraction

https://doi.org/10.1371/journal.pone.0183560.t003
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Fig 2. Average of daily ultrasound measurements over time in the first week of MV. (a) Mean daily
diaphragmatic thickening fraction (DTF), (b) change in DTF. Cl = confidence interval; **P < 0.005.

https://doi.org/10.1371/journal.pone.0183560.9002

atrophied diaphragmatic fibers, and disrupted sarcomere structure) histologically, and the
mitochondrial respiration also been damaged biochemically [3,22]. Reactive oxygen species
overproduction induced by impaired mitochondrial respiration may also induce oxidative
damage in diaphragmatic proteins and lipids. Moreover, altered diaphragmatic gene expres-
sion secondary to MV results in the dysregulation of diaphragmatic protein synthesis and the
activation of proteolysis, which accelerate protein breakdown and fiber atrophy [22,23].
Finally, the diaphragmatic force produced decreases, contributing to diaphragmatic contractile

dysfunction.
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Fig 3. Diaphragmatic thickening fraction (DTF) after extubation in children with failed and successful
extubation. **P < 0.005.

https://doi.org/10.1371/journal.pone.0183560.g003
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VIDD detection has been extensively described in adults; however, no clinical parameter
for VIDD detection has been established in ventilated children. The current study demon-
strated the DTF in children averaged 25.8% immediately after intubation, consistent with the
DTF range of 25%-40% during resting tidal breathing in healthy adults [6,24]. Moreover, the
mean DTF decreased substantially within the first 2 days of intubation and then decreased
steadily from day 3 to day 7. The mean diaphragm thickness also decreased significantly within
the first 2 days and decreased steadily thereafter. This initial decrease is more rapid than the
average decrease of 6% per day in ventilated adults reported by Grosu et al [25]. The more
rapid decrease in the DTF and diaphragm thickness in mechanically ventilated children may
be attributed to the presence of fewer type 1 fibers (slow-twitch, high-oxidative), which have
higher oxidative capacity [26]. The loss of sparse type 1 fibers immediately after intubation
may result in poor resistance to diaphragmatic fatigue in children and the initial substantial
deterioration of diaphragmatic contractions.

For all patients, the mean DTF before extubation was approximately 16%, but no significant
difference was observed in the DTF between the successful and failed extubation groups in our
study. This finding contradicts that of Ferrari et al, in which DTF > 36% during the forced
inspiration breath was a favorable predictor of successful extubation in adults [10]. Indeed,
our study found that the DTF did not recover to the baseline value before extubation, which
may be due to the latency of diaphragmatic recovery under the weaning mode of SIMV + PS
[7]. Although a spontaneous breathing trial under a T-piece is the routine weaning policy in
adults, it is not recommended in children due to the high resistance of ventilator circuits sec-
ondary to the small diameters of the endotracheal tube [13]. This study found that DTF < 17%
immediately after extubation could predict the need for reintubation potentially. Although low
validity was obtained for the DTF cutoff value for predicting extubation failure (only three
cases of extubation failures were noted), this cutoff can provide useful clinical information for
predicting the need for reintubation. Furthermore, the postextubation DTF may be a favorable
indicator for further interventions, such as noninvasive positive pressure ventilation, to
improve the diaphragmatic contraction force after extubation and to avoid reintubation [7].

The three cases of extubation failure in our study had higher initial ventilator settings,
including a higher FiO,, higher respiratory rate setting, higher PIP, lower DTF, and lower dia-
phragm thickness. Both predisposing dysfunction of the respiratory system and the prolonged
course of dyspnea in these three patients may have exacerbated diaphragmatic muscle wasting
before intubation. Furthermore, other risk factors for extubation failure, including longer intu-
bation duration (>15 days) and younger age (<2 years), were observed in two patients; under-
lying leukemia, increased sedation (>>10 days), and inotropic agent use were also noted in one
patient. All of these risk factors have also been reported by Kurachek et al [27] and Fontela
etal [28].

Consecutive real-time diaphragmatic ultrasound can easily be performed in intubated
children. In the current study, it was simple and easy for clinicians to practice and monitor
diaphragmatic functioning by using the B-mode of diaphragmatic ultrasound. The high
repeatability and reproducibility are comparable with those in previous studies in adults [6,7].
In addition, daily ultrasound measurement could be performed as rapidly as within approxi-
mately 5-10 minutes. Thus, diaphragm ultrasound is a feasible tool to monitor diaphragmatic
activity and atrophy in mechanically ventilated children.

Our study has some limitations to note. First, we studied a relatively small population,
although the case number is comparable with that of previous studies with similar findings
[9,29]. Second, in this study, we did not analyze other variables that might affect diaphragmatic
contraction, such as severity scores of disease, inotropic agent use, sedatives or neuromuscular
blocking agents, and various disease etiologies. However, none of these aforementioned
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variables were determined to exert statistically significant effects on diaphragmatic function

in a previous study [7]. Third, the postextubation DTF can’t be a powerful predictor for suc-
cessful extubation due to small case numbers. However, it can be a potential predictor for
noninvasive or invasive positive pressure ventilation. Finally, because no reference values of
diaphragm thickness and the DTF have been established in children, it is difficult to determine
whether the initial diaphragmatic function of our enrolled children is abnormal or not. Based
on our preliminary study in normal children, the postextubation diaphragm thickness and
DTF of children with successful extubation were comparable with those of the normal popula-
tion. However, studies with larger sample size should be conducted to establish the reference
values and determine the difference in diaphragmatic function between children with different
ventilation support.

In conclusion, diaphragm ultrasound is a promising tool for assessing diaphragmatic func-
tion in mechanically ventilated children. The end-inspiratory diaphragm thickness and DTF
measured using ultrasound can provide useful information for evaluating diaphragmatic func-
tion and its contribution to respiratory work. Furthermore, these measured parameters may
be used to titrate optimal ventilator settings. In the children in this study, diffuse diaphragm
atrophy and decreased DTF were immediately observed within the first 24 hours of MV. The
recovery of diaphragm thickness and the postextubation DTF may be useful for predicting suc-
cessful extubation from MV potentially.

Acknowledgments

The authors are grateful to the financial support of the Ministry of Health and Ware
(KMRPB3F032) and Chang Gung Memorial Hospital (CMRPG3E1211-3).

Author Contributions

Conceptualization: En-Pei Lee, Shao-Hsuan Hsia, Hsiu-Feng Hsiao, Shen-Hao Lai.
Data curation: En-Pei Lee, Min-Chi Chen, Jainn-Jim Lin, Oi-Wa Chan, Shen-Hao Lai.
Formal analysis: En-Pei Lee, Jainn-Jim Lin, Shen-Hao Lai.

Funding acquisition: Shao-Hsuan Hsia, Shen-Hao Lai.

Investigation: En-Pei Lee, Shao-Hsuan Hsia, Hsiu-Feng Hsiao, Jainn-Jim Lin, Chia-Ying Lin,
Mei-Chin Yang, Shen-Hao Lai.

Methodology: En-Pei Lee, Shao-Hsuan Hsia, Shen-Hao Lai.
Project administration: En-Pei Lee, Shao-Hsuan Hsia, Chia-Ying Lin, Mei-Chin Yang.

Resources: Shao-Hsuan Hsia, Hsiu-Feng Hsiao, Min-Chi Chen, Jainn-Jim Lin, Chia-Ying Lin,
Mei-Chin Yang, Shen-Hao Lai.

Software: En-Pei Lee, Hsiu-Feng Hsiao, Min-Chi Chen, Oi-Wa Chan.
Supervision: Shao-Hsuan Hsia, Jainn-Jim Lin, Oi-Wa Chan, Shen-Hao Lai.
Validation: Min-Chi Chen, Oi-Wa Chan.

Visualization: En-Pei Lee, Hsiu-Feng Hsiao, Min-Chi Chen, Jainn-Jim Lin, Sui-Ling Liao,
Shen-Hao Lai.

Writing - original draft: En-Pei Lee.

Writing - review & editing: Shao-Hsuan Hsia, Sui-Ling Liao, Shen-Hao Lai.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183560 August 22, 2017 9/11


https://doi.org/10.1371/journal.pone.0183560

@° PLOS | ONE

Evaluation of diaphragmatic function in mechanically ventilated children: An ultrasound study

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Farias JA, Frutos F, Esteban A, Flores JC, Retta A, Baltodano A, et al. What is the daily practice of
mechanical ventilation in pediatric intensive care units? A multicenter study. Intensive Care Med. 2004;
30:918-925. https://doi.org/10.1007/s00134-004-2225-5 PMID: 15029473

Vassilakopoulos T, Petrof BJ. Ventilator-induced diaphragmatic dysfunction. Am J Respir Crit Care
Med. 2004; 169:336—341. https://doi.org/10.1164/rccm.200304-489CP PMID: 14739134

Levine S, Nguyen T, Taylor N. Rapid disuse atrophy of diaphragm fibers in mechanically ventilated
humans. N Engl J Med. 2008; 358:1327—1335. https://doi.org/10.1056/NEJMoa070447 PMID:
18367735

Demoule A, Jung B, Prodanovic H, Molinari N, Chanques G, Coirault C, et al. Diaphragm dysfunction
on admission to the intensive care unit. Prevalence, risk factors, and prognostic impact-a prospective
study. Am J Respir Crit Care Med. 2013; 188:213-9. https://doi.org/10.1164/rccm.201209-16680C
PMID: 23641946

McCool FD, Conomos P, Benditt JO, Cohn D, Sherman CB, Hoppin FG Jr. Maximal inspiratory pres-
sures and dimensions of the diaphragm. Am J Respir Crit Care Med. 1997; 155(4):1329-34. https://doi.
org/10.1164/ajrccm.155.4.9105075 PMID: 9105075

Goligher EC, Laghi F, Detsky ME, Farias P, Murray A, Brace D, et al. Measuring diaphragm thickness
with ultrasound in mechanically ventilated patients: Feasibility, reproducibility and validity. Intensive
Care Med. 2015; 41:642—-649. https://doi.org/10.1007/s00134-015-3687-3 PMID: 25693448

Zambon M, Beccaria P, Matsuno J, Gemma M, Frati E, Colombo S, et al. Mechanical Ventilation and
Diaphragmatic Atrophy in Critically Ill Patients: An Ultrasound Study. Crit Care Med. 2016; 44(7):1347—
52. https://doi.org/10.1097/CCM.0000000000001657 PMID: 26992064

Vivier E, Mekontso Dessap A, Dimassi S, Vargas F, Lyazidi A, Thille AW, et al. Diaphragm ultrasonog-
raphy to estimate the work of breathing during non-invasive ventilation. Intensive Care Med. 2012;
38:796-8083. https://doi.org/10.1007/s00134-012-2547-7 PMID: 22476448

Umbrello M, Formenti P, Longhi D, Galimberti A, Piva |, Pezzi A, et al. Diaphragm ultrasound as indica-
tor of respiratory effort in critically ill patients undergoing assisted mechanical ventilation: a pilot clinical
study. Critical Care. 2015; 19:161. https://doi.org/10.1186/s13054-015-0894-9 PMID: 25886857

Ferrari G, De Filippi G, Elia F, Panero F, Volpicelli G, Apra F. Diaphragm ultrasound as a new index of
discontinuation from mechanical ventilation. Crit Ultrasound J. 2014; 6(1):8. https://doi.org/10.1186/
2036-7902-6-8 PMID: 24949192

DiNino E, Gartman EJ, Sethi JM, McCool FD. Diaphragm ultrasound as a predictor of successful extu-
bation from mechanical ventilation. Thorax. 2014; 69(5):423-7. https://doi.org/10.1136/thoraxjnl-2013-
204111 PMID: 24365607

Newth CJ, Venkataraman S, Willson DF, Meert KL, Harrison R, Dean JM, et al. Weaning and extubation
readiness in pediatric patients. Pediatr Crit Care Med. 2009; 10(1):1-11. https://doi.org/10.1097/PCC.
0b013e318193724d PMID: 19057432

Randolph AG, Wypij D, Venkataraman ST, Hanson JH, Gedeit RG, Meert KL, et al. Effect of mechanical
ventilator weaning protocols on respiratory outcomes in infants and children: a randomized controlled
trial. JAMA. 2002; 288(20):2561-8. PMID: 12444863

Acute Respiratory Distress Syndrome Network, Brower RG, Matthay MA, et al. Ventilation with lower
tidal volumes as compared with traditional tidal volumes for acute lung injury and the acute respiratory
distress syndrome. N Engl J Med 2000; 342(18):1301-8 https://doi.org/10.1056/
NEJM200005043421801 PMID: 10793162

Cohn D, Benditt JO, Eveloff S, McCool FD. Diaphragm thickening during inspiration. J Appl Physiol
(1985) 1997; 83:291-6

Matamis D, Soilemezi E, Tsagourias M, Akoumianaki E, Dimassi S, Boroli F, et al. Sonographic evalua-
tion of the diaphragm in critically ill patients. Technique and clinical applications. Intensive Care Med.
2013; 39:801-10 https://doi.org/10.1007/s00134-013-2823-1 PMID: 23344830

Zambon M, Cabrini L, Zangrillo A. Diaphragmatic ultrasound in critically ill patients. Annual Update in
Intensive Care and Emergency Medicine. Vincent JL (Ed). Berlin, Heidelberg, Springer-Verlag; 2013.
p. 427-38

Zambon M, Cabrini L, Beccaria P, Zangrillo A, Colombo S. Ultrasound in critically ill patients: Focus on
diaphragm. Intensive Care Med. 2013; 39:986. https://doi.org/10.1007/s00134-013-2882-3 PMID:
23503895

Liang Kung-Yee, Zeger Scott L. Longitudinal Data Analysis Using Generalized Linear Models. Biome-
trika. 1986; 73(1):13-22.

Khemani RG, Markovitz BP, Curley MAQ. Epidemiologic factors of mechanically ventilated PICU
patients in the United States. Pediatr Crit Care Med. 2007; 8:A39.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183560 August 22, 2017 10/11


https://doi.org/10.1007/s00134-004-2225-5
http://www.ncbi.nlm.nih.gov/pubmed/15029473
https://doi.org/10.1164/rccm.200304-489CP
http://www.ncbi.nlm.nih.gov/pubmed/14739134
https://doi.org/10.1056/NEJMoa070447
http://www.ncbi.nlm.nih.gov/pubmed/18367735
https://doi.org/10.1164/rccm.201209-1668OC
http://www.ncbi.nlm.nih.gov/pubmed/23641946
https://doi.org/10.1164/ajrccm.155.4.9105075
https://doi.org/10.1164/ajrccm.155.4.9105075
http://www.ncbi.nlm.nih.gov/pubmed/9105075
https://doi.org/10.1007/s00134-015-3687-3
http://www.ncbi.nlm.nih.gov/pubmed/25693448
https://doi.org/10.1097/CCM.0000000000001657
http://www.ncbi.nlm.nih.gov/pubmed/26992064
https://doi.org/10.1007/s00134-012-2547-7
http://www.ncbi.nlm.nih.gov/pubmed/22476448
https://doi.org/10.1186/s13054-015-0894-9
http://www.ncbi.nlm.nih.gov/pubmed/25886857
https://doi.org/10.1186/2036-7902-6-8
https://doi.org/10.1186/2036-7902-6-8
http://www.ncbi.nlm.nih.gov/pubmed/24949192
https://doi.org/10.1136/thoraxjnl-2013-204111
https://doi.org/10.1136/thoraxjnl-2013-204111
http://www.ncbi.nlm.nih.gov/pubmed/24365607
https://doi.org/10.1097/PCC.0b013e318193724d
https://doi.org/10.1097/PCC.0b013e318193724d
http://www.ncbi.nlm.nih.gov/pubmed/19057432
http://www.ncbi.nlm.nih.gov/pubmed/12444863
https://doi.org/10.1056/NEJM200005043421801
https://doi.org/10.1056/NEJM200005043421801
http://www.ncbi.nlm.nih.gov/pubmed/10793162
https://doi.org/10.1007/s00134-013-2823-1
http://www.ncbi.nlm.nih.gov/pubmed/23344830
https://doi.org/10.1007/s00134-013-2882-3
http://www.ncbi.nlm.nih.gov/pubmed/23503895
https://doi.org/10.1371/journal.pone.0183560

@° PLOS | ONE

Evaluation of diaphragmatic function in mechanically ventilated children: An ultrasound study

21.

22,

23.

24,

25.

26.

27.

28.

29.

Kramer MS, Feinstein AR. Clinical biostatistics. LIV. The biostatistics of concordance. Clin Pharmacol
Ther. 1981; 29(1):111-23. PMID: 7460469

Powers SK, Kavazis AN, Levine S. Prolonged mechanical ventilation alters diaphragmatic structure and
function. Crit Care Med. 2009; 37(10Suppl):S347-53.

Powers SK, Wiggs MP, Sollanek KJ, Smuder AJ. Ventilator-induced diaphragm dysfunction: cause and
effect. Am J Physiol Regul Integr Comp Physiol. 2013; 305(5):R464—77. https://doi.org/10.1152/
ajpregu.00231.2013 PMID: 23842681

Baldwin CE, Paratz JD, Bersten AD. Diaphragm and peripheral muscle thickness on ultrasound: intra-
rater reliability and variability of a methodology using non-standard recumbent positions. Respirology.
2011; 16(7):1136-43. https://doi.org/10.1111/j.1440-1843.2011.02005.x PMID: 21645172

Grosu HB, Lee YI, Lee J, Eden E, Eikermann M, Rose KM. Diaphragm muscle thinning in patients who
are mechanically ventilated. Chest. 2012; 142(6):1455-60. https://doi.org/10.1378/chest.11-1638
PMID: 23364680

Polla B, D’Antona G, Bottinelli R, Reggiani C. Respiratory muscle fibres: specialisation and plasticity.
Thorax. 2004; 59(9):808—17. https://doi.org/10.1136/thx.2003.009894 PMID: 15333861

Kurachek SC, Newth CJ, Quasney MW, Rice T, Sachdeva RC, Patel NR, et al. Extubation failure in
pediatric intensive care: a multiple-center study of risk factors and outcomes. Crit Care Med. 2003; 31
(11):2657—64. https://doi.org/10.1097/01.CCM.0000094228.90557.85 PMID: 14605539

Fontela PS, Piva JP, Garcia PC, Bered PL, Zilles K. Risk factors for extubation failure in mechanically
ventilated pediatric patients. Pediatr Crit Care Med. 2005; 6(2):166—70. https://doi.org/10.1097/01.
PCC.0000154922.65189.48 PMID: 15730603

Vivier E, Mekontso Dessap A, Dimassi S, Vargas F, Lyazidi A, Thille AW, et al. Diaphragm ultrasonog-
raphy to estimate the work of breathing during non-invasive ventilation. Intensive Care Med. 2012; 38
(5):796-8083. https://doi.org/10.1007/s00134-012-2547-7 PMID: 22476448

PLOS ONE | https://doi.org/10.1371/journal.pone.0183560 August 22, 2017 11/11


http://www.ncbi.nlm.nih.gov/pubmed/7460469
https://doi.org/10.1152/ajpregu.00231.2013
https://doi.org/10.1152/ajpregu.00231.2013
http://www.ncbi.nlm.nih.gov/pubmed/23842681
https://doi.org/10.1111/j.1440-1843.2011.02005.x
http://www.ncbi.nlm.nih.gov/pubmed/21645172
https://doi.org/10.1378/chest.11-1638
http://www.ncbi.nlm.nih.gov/pubmed/23364680
https://doi.org/10.1136/thx.2003.009894
http://www.ncbi.nlm.nih.gov/pubmed/15333861
https://doi.org/10.1097/01.CCM.0000094228.90557.85
http://www.ncbi.nlm.nih.gov/pubmed/14605539
https://doi.org/10.1097/01.PCC.0000154922.65189.48
https://doi.org/10.1097/01.PCC.0000154922.65189.48
http://www.ncbi.nlm.nih.gov/pubmed/15730603
https://doi.org/10.1007/s00134-012-2547-7
http://www.ncbi.nlm.nih.gov/pubmed/22476448
https://doi.org/10.1371/journal.pone.0183560

