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1   |   BACKGROUND

The most common support of organ function routinely 
administered in intensive care units (ICUs) is mechani-
cal ventilation (MV),1 which carries significant adverse 
effects. In recent years, an area of interest for intensivists 
has been ventilator-induced diaphragmatic dysfunction 

(VIDD).2,3 This complex process plays a major role in 
prolonged weaning which occurs in almost half of me-
chanically ventilated patients.4 As the time spent on MV 
increases morbidity, mortality, and healthcare costs in-
crease proportionally.5,6

It is well known that like any other muscle in the 
body, the diaphragm atrophies when not in active use. 
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Abstract
Background: Prolonged mechanical ventilation caused by ventilator-induced 
diaphragm dysfunction (VIDD) is a serious problem in critically ill patients. 
Identification of patients who will have difficulty weaning from ventilation along 
with attempts to reduce total time on mechanical ventilation is some of the aims 
of intensive care medicine.
Observations: This article briefly summarizes current options for temporary 
phrenic nerve stimulation therapy in an effort to keep the diaphragm active as 
direct prevention and treatment of ventilator-associated diaphragmatic dysfunc-
tion in patients on mechanical ventilation. The results of feasibility studies using 
different approaches are promising but so far, the clinical relevance is low. One 
important question is which tool would reliably identify early signs of diaphrag-
matic dysfunction and also be useful in guiding therapy. The authors present a 
brief overview of the current options considering the advantages and disadvan-
tages of the available examination modalities. Despite the fact that current data 
point out some limitations of ultrasound examination, we believe that it still has 
a unique position in the bedside examination of critically ill patients on mechani-
cal ventilation.
Conclusion: Temporary phrenic nerve stimulation, regardless of the specific ap-
proach used, has the potential to directly treat or reverse VIDD, and ultrasound 
examination plays an important role in the comprehensive care of critically ill 
patients.
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The thickness of the diaphragm progressively decreases 
during the use of assist-control ventilation modes and, 
conversely, increases during pressure support ventila-
tion (PSV).7 Therefore, ventilation strategy in ICUs is to 
keep the patient minimally sedated and preferentially use 
PSV mode, where all breaths are initiated by the patient's 
spontaneous respiratory activity. However, deep sedation 
cannot always be avoided and the patient may, therefore, 
be forced to spend many hours or even days on fully con-
trolled ventilation with all its adverse effects. Various 
temporary stimulation methods are being studied in an at-
tempt to keep the diaphragm active even when the patient 
is under deep sedation.

2   |   TEMPORARY PHRENIC NERVE 
STIMULATION METHODS

Three approaches in the published research are par-
ticularly promising in the fight against VIDD. The first 
is electrical stimulation using electrodes inserted per-
cutaneously near the phrenic nerves in the cervical re-
gion.8,9 Although the PEPNS (Percutaneous Electrical 
Phrenic Nerve Stimulation) study was performed on a 
small sample of 12 stimulated patients, the results con-
firmed the feasibility of using this method in the human 
population. The authors demonstrated safe insertion of 
the stimulation electrodes using ultrasound guidance, 
excellent synchronization of stimulation with the pa-
tient's respiratory effort (regardless of the chosen venti-
lation mode) and good tolerance of stimulation without 
the need for deep sedation. Moreover, 48-h stimulation 
carried out in six 2-h sessions resulted in an increase in 
diaphragm thickness of 15%. A prospective, controlled, 
randomized clinical trial to analyze the effect of neuro-
stimulation of the diaphragm on weaning outcomes is 
currently being prepared.

The second approach studied is non-invasive elec-
trical stimulation of the phrenic nerves applied, again, 
in the neck area. Keogh et al. demonstrated that non-
invasive capture of the phrenic nerve is feasible using 
surface electrodes without the application of pressure 
and characterized the stimulation parameters required to 
achieve therapeutic diaphragm contractions.10 The non-
invasiveness and the ease of electrode application are the 
main advantages of this approach. However, the study has 
so far only been conducted on healthy volunteers. The 
potential clinical validity of non-invasive phrenic nerve 
stimulation for maintaining diaphragm activity requires a 
clinical study of the efficacy of this approach in the inten-
sive care environment.10

The last promising, minimally invasive method of 
temporary phrenic nerve stimulation is the transvenous 

approach. In the RESCUE 1 study, the authors demon-
strated the feasibility and safety of their novel device 
Lungpacer IntraVenous Electrode Catheter, a 9.5F, single-
use, central venous catheter placed in the left subclavian 
vein, designed to bilaterally stimulate the phrenic nerves 
to induce diaphragmatic contraction.11 The follow-up 
multicenter, open-label, randomized, controlled study 
RESCUE 2 aimed to evaluate the effects of temporary 
transvenous diaphragm neurostimulation on weaning 
outcomes and maximal inspiratory pressure.12 The study 
enrolled 112 patients, with 43 of the 57 patients in the 
treatment group being successfully bilaterally stimulated. 
Although the authors demonstrated a significant incease 
in maximal inspiratory pressure, suggesting reversal of the 
course of diaphragm dysfunction, stimulation did not lead 
to an increase in the proportion of patients successfully 
weaned from MV.12 The authors offer several explanations 
for this limitation. One was the wide heterogeneity of the 
studied population of critically ill patients, as well as of 
the various centres where the study was conducted. The 
calculation of optimal statistical power was forgone to 
ensure reasonable feasibility leading to an underpowered 
study. Furthermore, only 79% of patients in the treatment 
group received more than 50% of the target number of 
stimulations, which probably contributed to the lack of a 
significant difference between groups. The authors chose 
maximal inspiratory pressure (MIP) as one of the primary 
parameters, in spite of the fact that there is evidence that 
peak MIP is not specific enough to be clinically useful as 
a predictor of weaning outcomes. It might be more ap-
propriate to use sustained maximum inspiratory pressure 
(SMIP) instead of MIP.13 Finally, the inclusion of stan-
dardized weaning protocols in centers where they did not 
previously exist certainly led to improved outcomes for 
patients in the control group.

The current evidence regarding methods of tempo-
rary stimulation of the phrenic nerves could be sum-
marized as follows: electrodes can be successfully 
inserted or applied to the skin to stimulate the phrenic 
nerves.8,10–12 The success of induction of diaphragmatic 
contractions in response to stimulation of the phrenic 
nerves is high.8,10–12 As it is possible to reliably synchro-
nize electrical stimulation with MV, even when initiating 
supported breath by the patient's respiratory effort, stim-
ulation is well tolerated and does not lead to the need for 
deep sedation.8,12 It has been verified that neurostimula-
tion, whether applied transcutaneously or transvenously, 
has no serious side effects and is safe.8,10–12 And finally, it 
has been shown that stimulation of the diaphragm leads 
to a significant increase not only in ventilation param-
eters such as MIP,12 but also in ultrasound-measured 
parameters of diaphragm thickness8,9,12 and thickening 
fraction.8,9,12
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3   |   EVALUATION OF 
DIAPHRAGMATIC DYSFUNCTION 
IN CRITICALLY ILL PATIENTS

3.1  |  Common assements in patients 
with diaphragm dysfunction

Considering the high incidence of VIDD in patients on 
MV3 and the knowledge of the effect of unnecessarily 
excessive ventilatory support on the development of dia-
phragmatic dysfunction, it is essential to have a moni-
toring tool to dynamically adjust the adequate level of 
ventilatory support. Another indication is the detection of 
possible asynchronies between the patient and the venti-
lation mode. Finally, monitoring of diaphragm function 
would be useful to predict success or failure of weaning 
trials and to titrate ventilatory assistance in case of already 
prolonged weaning.14

Several approaches can be used to evaluate diaphragm 
function at the bedside.15 The reference method used to 
diagnose diaphragm dysfunction is measuring pressure-
generating capacity. The capacity of the diaphragm to 
generate pressure, which inscreases abdominal pressure 
and decreases thoracic pressure resulting in transdia-
phragmatic pressure (Pdi). However, determining the 
maximum Pdi requires full patient cooperation, which is 
difficult to achieve in critically ill patients. A reasonable 
alternative in sedated patients is the detection of Pdi in re-
sponse to supramaximal bilateral phrenic nerve magnetic 
stimulation (Pdi, Tw). To measure transdiaphragmatic 
pressure, it is necessary to use esophageal and gastric bal-
loons. Alternatively, changes in tracheal pressure during 
magnetic stimulation (Ptr, stim) can be used.16

Another bedside method is the measurement of di-
aphragm electrical activity (EAdi). This can be achieved 
either by using a dedicated esophageal catheter with 
multi-array electrodes or by using surface electromyogra-
phy. The advantage is the non-invasiveness and the possi-
bility of continuous EAdi recording. However, the EAdi 
values themselves are difficult to interpret due to wide 
inter-patient variability.17 The use of EAdi monitoring in 
conjunction with the breathing pattern allows the calcu-
lation of several other interesting parameters such as the 
neuromechanical efficiency ratio (∆Pdi/∆EAdi) to esti-
mate inspiratory effort18 or the neuroventilatory efficiency 
index (VT/EAdi) to predict the success of the spontaneous 
breathing trial.19

The routine use of ultrasound by intensivists offers a 
unique opportunity for bedside assessment of diaphragm 
function using this method. This technique is now very at-
tractive because it is non-invasive, the equipment is readily 
available in most ICUs and the examination is technically 
easier to perform than the previous methods mentioned. 

There are generally two parameters used: determination 
of diaphragm excursion and measurement (with calcula-
tion) of diaphragm thickening. Low-frequency curvilinear 
or phased-array probes (1–5  MHz), using the liver and 
spleen as an acoustic window in B-mode and M-mode are 
used for obtaining diaphragm excursion. The range of di-
aphragm movement toward or away from the transducer 
during breathing is measured. Normal values reported in 
adults are between 0.9 and 9 cm when measured from rest-
ing expiratory position to deep inspiration.20 Diaphragm 
thickness is measured using a linear probe (10–15 MHz) 
in B-mode at the zone of apposition between the eighth 
or ninth intercostal space on both sides in the midaxillary 
line. The diaphragm is identified as a three-layer struc-
ture comprised of two hyperechoic lines representing 
the pleural and peritoneal membranes and a middle hy-
poechoic layer representing the diaphragm muscle itself. 
Measurement is obtained at the end of expiration during 
relaxation of the diaphragm prior to the initiation of the 
next breath. For increased accuracy, it is appropriate to 
measure several values in the course of the diaphragm 
and during several separate breaths.9 Finally, thicken-
ing fraction is calculated in the same zone of apposition. 
Thickening fraction = thickness at end inspiration − thick-
ness at end expiration/thickness at end expiration.21

3.2  |  Barriers of current assesments

The gold standard in the diagnosis of diaphragmatic dys-
function in critically ill patients in the ICU is the measure-
ment of the transdiaphragmatic twitch pressure (PdiTw) 
generated in response to bilateral phrenic nerve magnetic 
stimulation.16 However, this diagnostic method requires 
special equipment and operater experience and is thus 
only available in specialized centres.

Measurement of diaphragm electrical activity would 
be more appropriate for many clinics from this perspec-
tive. However, as already mentioned, EAdi values alone 
are difficult to interpret due to wide inter-patient vari-
ability and there are only limited data of normal values. 
The same is applicable to the neuromechanical efficiency 
ratio, in addition to poor repeatability requiring repeated 
measurements during brief period of airway occlusion to 
find the lowest variability to more accurately estimate the 
patient's inspiratory effort.22

The initial enthusiasm for the use of ultrasound in 
monitoring diaphragm function and its applicability as a 
predictor of successful weaning has been attenuated by 
studies where generally poor correlation between these 
parameters and parameters such as pressure-generated 
capacity or weaning outcomes where observed.14 This 
is due to several of its limitations. In particular, image 
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acquisition and analysis is operator-dependent and re-
quires training.23 Particularly, it depends on the timing of 
the examination - ideally during a spontaneous breath-
ing trial or during fully controlled diaphragm activation 
achieved in a sedated patient by exogenous electrical or 
magnetic stimulation.24 The poor correlation of diaphrag-
matic atrophy with pressure-generating capacity suggests 
that atrophy alone is only one of several markers of dia-
phragm dysfunction.25 The limitation of the usefulness of 
the diaphragmatic thickening fraction is explained by the 
difference between measuring a one-dimensional param-
eter and the actual three-dimensional movement of the 
diaphragm muscle.15

4   |   USEFULNESS OF 
ULTRASOUND EXAMINATION IN 
CONJUNCTION WITH TEMPORARY 
PHRENIC STIMULATION

Although neurostimulation of the diaphragm has been 
shown to have a positive effect on both diaphragm thick-
ness and ventilation parameters, no clinically significant 
effect of stimulation in shortening weaning time from MV 
has yet been achieved. Some of the probable reasons for the 
failure of the RESCUE 2 trial have been mentioned above. 
However, several other questions remain unanswered. It 
is necessary to define the target group of patients to de-
termine who would benefit most from temporary phrenic 
nerve stimulation. It is also not clear when it is appropri-
ate to start stimulation therapy, whether from the begin-
ning of the initiation of MV, or only after initial weaning 
attempts fail and long-term MV is expected. Furthermore, 
the ideal intensity of stimulation is not precisely known, 
both for individual sessions and for the intervals between 
stimulations, including the total duration of therapy. 
Finally, it is not known which parameters (ventilation or 
ultrasound) are most indicative as targets for clinical out-
comes and which should be monitored as a standard.

If muscle weakness is found in a mechanically ven-
tilated patient, first, causes such as electrolyte imbal-
ance, endocrine disorders such as hypothyroidism, 
profound malnutrition, severe renal failure, unneces-
sary use of muscle relaxants, and use of corticosteroids 
should be diagnosed.24 Nevertheless, the most com-
mon causes of respiratory muscle weakness in criti-
cally ill patients remains infection-induced along with 
ventilator-induced diaphragmatic dysfunction.24 Thus, 
the approach to the patient is always comprehensive in 
order to treat the infection and at the same time take 
steps to prevent VIDD, including minimal use of sed-
ative drugs and gradually reducing the level of venti-
latory support. If the need for deep sedation cannot be 

avoided or the infection is not fully under control, ac-
tive rehabilitation of the diaphragm by electrical stim-
ulation could be considered. The use of ultrasound 
parameters such as diaphragm thickness together with 
the calculation of the thickening fraction at the initi-
ation of MV to establish a baseline and target subse-
quent pacing to these values could be beneficial but 
would need to be clinically validated.

Nevertheless, ultrasound examination still has an 
indispensable role in the complex therapy of critically 
ill patients requiring MV. The daily use of lung and 
pleural ultrasonography in conjunction with other crit-
ical care modalities allows the intensivist to rapidly di-
agnose and manage the treatment of a wide range of 
disease processes that are associated with VIDD and 
are involved in prolonged weaning time.26 Ultrasound 
has a unique role in the detection of pneumothorax, 
with a pooled sensitivity of 78.6% (95% CI 68.1–98.1) 
and specificity of 98.4% (95% CI 97.3–99.5), superior 
to chest radiography with pooled sensitivity of 39.8% 
(95% CI 29.4–50.3) and specificity of 99.3% (95% CI 
98.4–100).27 Furthermore, given the high incidence of 
pleural effusions seen in critically ill patients, which 
can be associated with prolonged time on MV,28 ultra-
sonography again has an important role. It can be used 
not only to determine the presence of pleural fluid, but 
also to estimate its volume,29 or to predict the charac-
teristics of the fluid and ultimately to safely guide its 
evacuation.30 The risks of ultrasound-guided drainage 
of pleural effusions in patients on positive pressure ven-
tilation are low.31 In conjunction with other modalities 
such as bedside echocardiography and imaging of the 
deep venous system, ultrasound examination can help 
to rule out pulmonary embolism.32 Ultrasound features 
of lung consolidation may help to identify the cause 
and could guide adequate treatment.26 If the air bron-
chogram is absent or static in the consolidated lung, air 
passage is prevented in the corresponding airway and 
de-obstructive bronchoscopy is indicated.26 However, 
if a dynamic air bronchogram is detected, pneumonia 
is the more likely etiology of the consolidation and, 
therefore, microbiological sampling and initiation of 
antibiotic therapy should be initiated.33 In the case of 
pneumonia and using color Doppler ultrasonography, 
the consolidation has a typical appearance.34 Lung ul-
trasonography may also be useful in monitoring the 
development of respiratory infection.35 To assess these 
changes, a scoring system based on lung tissue aera-
tion assessment—Lung ultrasonography score26,36,37 
was proposed to allow pseudo-quantification of re-
gional loss of aeration. Differentiation between acute 
cardiogenic pulmonary edema (ACPE) and acute respi-
ratory distress syndrome (ARDS) is difficult in clinical 
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practice.38 Different pathophysiology in patients with 
ARDS and ACPE leads to a different pleuropulmonary 
ultrasound pattern allowing the use of ultrasound as a 
unique bedside imaging modality.39 Another interesting 
indication for the use of chest ultrasound is during lung 
recruitment maneuver with optimization of PEEP set-
tings.40 Thus, it can provide information when regional 
ventilation is impaired in the case excessive PEEP lev-
els where lung sliding is impaired or severely reduced 
and reappears when the level of PEEP is subsequently 
reduced.41 As already mentioned, in conjunction with 
echocardiography, chest ultrasound may help in deter-
mining the cause of weaning failure.42

5   |   CONCLUSION

Ventilator-induced diaphragm dysfunction is a serious 
problem in intensive care medicine. There is currently 
no established strategy to directly treat or reverse VIDD. 
Rather, a combination of interventions is used in an at-
tempt to mitigate its effects. Temporary stimulation of 
phrenic nerves is currently a highly researched approach 
to directly combat VIDD. The results of recent studies on 
this topic are very promising, but their clinical relevance is 
still low and further clinical studies are needed. A funda-
mental question is how to identify patients who will have 
difficulty weaning off MV and would benefit most from 
active diaphragm rehabilitation using neurostimulation. 
The most recent research in lung ultrasound examination 
doubts its role in the diagnosis of diaphragmatic dysfunc-
tion and in the prediction of failure or success of weaning 
from MV. The authors believe that in terms of a compre-
hensive approach to the critically ill patient, ultrasound 
examination still has an indispensable role, especially in 
identifying potentially treatable causes associated with 
prolonged weaning time.

AUTHOR CONTRIBUTIONS
Michal Soták prepared and drafted the manuscript; Karel 
Roubík revised and edited the manuscript critically for 
important intellectual consent; and Tomáš Tyll super-
vised, revised, and edited the manuscript. All authors read 
and approved the final manuscript.

ACKNOWLEDGMENTS
This article was supported by Czech Technical University 
Grant No. SGS20/202/OHK4/3T/17. The authors would 
like to thank Martin Pochop, M.D., for his proofreading.

FUNDING INFORMATION
This article was supported by Czech Technical University 
Grant No. SGS20/202/OHK4/3T/17.

CONFLICT OF INTEREST
Author M.S. received personal fees for expertise from 
Stimdia Inc. The other authors declare that they have no 
competing interests.

ORCID
Michal Soták   https://orcid.org/0000-0002-4107-8352 

REFERENCES
	 1.	 Wunsch H, Kramer A, Gershengorn HB. Validation of intensive 

care and mechanical ventilation codes in Medicare data. Crit 
Care Med. 2017;45(7):e711–4.

	 2.	 Petrof BJ, Hussain SN. Ventilator-induced diaphragmatic 
dysfunction: what have we learned? Curr Opin Crit Care. 
2016;22(1):67–72.

	 3.	 Dres M, Goligher EC, Heunks LMA, Brochard LJ. Critical 
illness-associated diaphragm weakness. Intensive Care Med. 
2017;43(10):1441–52.

	 4.	 Esteban A, Ferguson ND, Meade MO, Frutos-Vivar F, 
Apezteguia C, Brochard L, et al. Evolution of mechanical ven-
tilation in response to clinical research. Am J Respir Crit Care 
Med. 2008;177(2):170–7.

	 5.	 Zilberberg MD, de Wit M, Shorr AF. Accuracy of previous es-
timates for adult prolonged acute mechanical ventilation vol-
ume in 2020: update using 2000–2008 data. Crit Care Med. 
2012;40(1):18–20.

	 6.	 Dasta JF, McLaughlin TP, Mody SH, Piech CT. Daily cost of an 
intensive care unit day: the contribution of mechanical ventila-
tion. Crit Care Med. 2005;33(6):1266–71.

	 7.	 Francis CA, Hoffer JA, Reynolds S. Ultrasonographic evalua-
tion of diaphragm thickness during mechanical ventilation in 
intensive care patients. Am J Crit Care. 2016;25(1):e1–8.

	 8.	 O'Rourke J, Soták M, Curley GF, Doolan A, Henlín T, Mullins G, 
et al. Initial assessment of the percutaneous electrical phrenic 
nerve stimulation system in patients on mechanical ventila-
tion. Crit Care Med. 2020;48(5):e362–70.

	 9.	 Soták M, Roubík K, Henlín T, Tyll T. Phrenic nerve stimulation 
prevents diaphragm atrophy in patients with respiratory failure 
on mechanical ventilation. BMC Pulm Med. 2021;21(1):314.

	10.	 Keogh C, Saavedra F, Dubo S, Aqueveque P, Ortega P, Gomez 
B, et al. Non-invasive phrenic nerve stimulation to avoid 
ventilator-induced diaphragm dysfunction in critical care. Artif 
Organs. 2022;46:1988–97.

	11.	 Ataya A, Silverman EP, Bagchi A, Sarwal A, Criner GJ, 
McDonagh DL. Temporary transvenous diaphragmatic 
neurostimulation in prolonged mechanically ventilated 
patients: a feasibility trial (RESCUE 1). Crit Care Explor. 
2020;2(4):e0106.

	12.	 Dres M, de Abreu MG, Merdji H, Müller-Redetzky H, Dellweg 
D, Randerath WJ, et al. Randomized clinical study of temporary 
transvenous phrenic nerve stimulation in difficult-to-wean pa-
tients. Am J Respir Crit Care Med. 2022;205(10):1169–78.

	13.	 Bruton A. A pilot study to investigate any relationship between 
sustained maximal inspiratory pressure and extubation out-
come. Heart Lung. 2002;31(2):141–9.

	14.	 Dres M, Demoule A. Diaphragm dysfunction during weaning 
from mechanical ventilation: an underestimated phenomenon 
with clinical implications. Crit Care. 2018;22(1):73.

 15251594, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aor.14453 by C

zech T
echnical U

niversity, W
iley O

nline L
ibrary on [26/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-4107-8352
https://orcid.org/0000-0002-4107-8352


      |  469THE ULTRASOUND EVALUATION IN THE DIAPHRAGM PACING

	15.	 Laveneziana P, Albuquerque A, Aliverti A, Babb T, Barreiro E, 
Dres M, et al. ERS statement on respiratory muscle testing at 
rest and during exercise. Eur Respir J. 2019;53(6):1801214.

	16.	 Dres M, Demoule A. Monitoring diaphragm function in the 
ICU. Curr Opin Crit Care. 2020;26(1):18–25.

	17.	 Piquilloud L, Beloncle F, Richard JM, Mancebo J, Mercat A, 
Brochard L. Information conveyed by electrical diaphrag-
matic activity during unstressed, stressed and assisted spon-
taneous breathing: a physiological study. Ann Intensive Care. 
2019;9(1):89.

	18.	 Bellani G, Mauri T, Coppadoro A, Grasselli G, Patroniti N, 
Spadaro S, et al. Estimation of patient's inspiratory effort 
from the electrical activity of the diaphragm. Crit Care Med. 
2013;41(6):1483–91.

	19.	 Dres M, Schmidt M, Ferre A, Mayaux J, Similowski T, Demoule 
A. Diaphragm electromyographic activity as a predictor of 
weaning failure. Intensive Care Med. 2012;38(12):2017–25.

	20.	 Boussuges A, Gole Y, Blanc P. Diaphragmatic motion studied 
by m-mode ultrasonography: methods, reproducibility, and 
normal values. Chest. 2009;135(2):391–400.

	21.	 Matamis D, Soilemezi E, Tsagourias M, Akoumianaki E, 
Dimassi S, Boroli F, et al. Sonographic evaluation of the dia-
phragm in critically ill patients. Technique and clinical applica-
tions. Intensive Care Med. 2013;39(5):801–10.

	22.	 Jansen D, Jonkman AH, Roesthuis L, Gadgil S, van der Hoeven 
JG, Scheffer GJ, et al. Estimation of the diaphragm neuromus-
cular efficiency index in mechanically ventilated critically ill 
patients. Crit Care. 2018;22(1):238.

	23.	 Goligher EC, Laghi F, Detsky ME, Farias P, Murray A, Brace D, 
et al. Measuring diaphragm thickness with ultrasound in me-
chanically ventilated patients: feasibility, reproducibility and 
validity. Intensive Care Med. 2015;41(4):734.

	24.	 Supinski GS, Morris PE, Dhar S, Callahan LA. Diaphragm dys-
function in critical illness. Chest. 2018;153(4):1040–51.

	25.	 Guimarães-Costa R, Similowski T, Rivals I, Morélot-Panzini C, 
Nierat MC, Bui MT, et al. Human diaphragm atrophy in amyo-
trophic lateral sclerosis is not predicted by routine respiratory 
measures. Eur Respir J. 2019;53(2):1801749.

	26.	 Mayo PH, Copetti R, Feller-Kopman D, Mathis G, Maury E, 
Mongodi S, et al. Thoracic ultrasonography: a narrative review. 
Intensive Care Med. 2019;45(9):1200–11.

	27.	 Alrajab S, Youssef AM, Akkus NI, Caldito G. Pleural ultraso-
nography versus chest radiography for the diagnosis of pneu-
mothorax: review of the literature and meta-analysis. Crit Care. 
2013;17(5):R208.

	28.	 Mattison LE, Coppage L, Alderman DF, Herlong JO, Sahn SA. 
Pleural effusions in the medical ICU: prevalence, causes, and 
clinical implications. Chest. 1997;111(4):1018–23.

	29.	 Balik M, Plasil P, Waldauf P, Pazout J, Fric M, Otahal M, et al. 
Ultrasound estimation of volume of pleural fluid in mechani-
cally ventilated patients. Intensive Care Med. 2006;32(2):318.

	30.	 Havelock T, Teoh R, Laws D, Gleeson F, BTS Pleural Disease 
Guideline Group. Pleural procedures and thoracic ultrasound: 
British Thoracic Society pleural disease guideline 2010. Thorax. 
2010;65(Suppl 2):ii61–76.

	31.	 Gordon CE, Feller-Kopman D, Balk EM, Smetana GW. 
Pneumothorax following thoracentesis: a systematic review 
and meta-analysis. Arch Intern Med. 2010;170(4):332–9.

	32.	 Nazerian P, Vanni S, Volpicelli G, Gigli C, Zanobetti M, 
Bartolucci M, et al. Accuracy of point-of-care multiorgan ultra-
sonography for the diagnosis of pulmonary embolism. Chest. 
2014;145(5):950–7.

	33.	 Mongodi S, Via G, Girard M, Rouquette I, Misset B, Braschi 
A, et al. Lung ultrasound for early diagnosis of ventilator-
associated pneumonia. Chest. 2016;149(4):969–80.

	34.	 Xirouchaki N, Pediaditis M, Proklou A, Georgopoulos D. Tree-
like colour doppler in diagnosing pneumonia in critically ill: 
a picture is worth a thousand words. Intensive Care Med. 
2018;44(4):494–5.

	35.	 Bouhemad B, Liu ZH, Arbelot C, Zhang M, Ferarri F, Le-Guen 
M, et al. Ultrasound assessment of antibiotic-induced pulmo-
nary reaeration in ventilator-associated pneumonia. Crit Care 
Med. 2010;38(1):84–92.

	36.	 Chiumello D, Mongodi S, Algieri I, Vergani GL, Orlando A, Via 
G, et al. Assessment of lung aeration and recruitment by CT 
scan and ultrasound in acute respiratory distress syndrome pa-
tients. Crit Care Med. 2018;46(11):1761–8.

	37.	 Mongodi S, Pozzi M, Orlando A, Bouhemad B, Stella A, Tavazzi 
G, et al. Lung ultrasound for daily monitoring of ARDS patients 
on extracorporeal membrane oxygenation: preliminary experi-
ence. Intensive Care Med. 2018;44(1):123–4.

	38.	 Pesenti A, Musch G, Lichtenstein D, Mojoli F, Amato MBP, 
Cinnella G, et al. Imaging in acute respiratory distress syn-
drome. Intensive Care Med. 2016;42(5):686–98.

	39.	 Copetti R, Soldati G, Copetti P. Chest sonography: a useful 
tool to differentiate acute cardiogenic pulmonary edema from 
acute respiratory distress syndrome. Cardiovasc Ultrasound. 
2008;6:16.

	40.	 Cylwik J, Buda N. Lung ultrasonography in the monitoring of 
intraoperative recruitment maneuvers. Diagnostics (Basel). 
2021;11(2):276.

	41.	 Markota A, Golub J, Stožer A, Fluher J, Prosen G, Bergauer A, 
et al. Absence of lung sliding is not a reliable sign of pneumo-
thorax in patients with high positive end-expiratory pressure. 
Am J Emerg Med. 2016;34(10):2034–6.

	42.	 Mayo P, Volpicelli G, Lerolle N, Schreiber A, Doelken P, 
Vieillard-Baron A. Ultrasonography evaluation during the 
weaning process: the heart, the diaphragm, the pleura and the 
lung. Intensive Care Med. 2016;42(7):1107–17.

How to cite this article: Soták M, Roubík K, Tyll T. 
Temporary phrenic nerve stimulated patients: What 
is the role of ultrasound examination?. Artif Organs. 
2023;47:464–469. https://doi.org/10.1111/ 
aor.14453

 15251594, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aor.14453 by C

zech T
echnical U

niversity, W
iley O

nline L
ibrary on [26/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/aor.14453
https://doi.org/10.1111/aor.14453

	Temporary phrenic nerve stimulated patients: What is the role of ultrasound examination?
	Abstract
	1|BACKGROUND
	2|TEMPORARY PHRENIC NERVE STIMULATION METHODS
	3|EVALUATION OF DIAPHRAGMATIC DYSFUNCTION IN CRITICALLY ILL PATIENTS
	3.1|Common assements in patients with diaphragm dysfunction
	3.2|Barriers of current assesments

	4|USEFULNESS OF ULTRASOUND EXAMINATION IN CONJUNCTION WITH TEMPORARY PHRENIC STIMULATION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	REFERENCES


