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Phrenic nerve stimulation prevents 
diaphragm atrophy in patients with respiratory 
failure on mechanical ventilation
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Abstract 

Background: Diaphragm atrophy and dysfunction is a major problem among critically ill patients on mechanical 
ventilation. Ventilator-induced diaphragmatic dysfunction is thought to play a major role, resulting in a failure of 
weaning. Stimulation of the phrenic nerves and resulting diaphragm contraction could potentially prevent or treat 
this atrophy. The subject of this study is to determine the effectiveness of diaphragm stimulation in preventing atro-
phy by measuring changes in its thickness.

Methods: A total of 12 patients in the intervention group and 10 patients in the control group were enrolled. Dia-
phragm thickness was measured by ultrasound in both groups at the beginning of study enrollment (hour 0), after 24 
hours, and at study completion (hour 48). The obtained data were then statistically analyzed and both groups were 
compared.

Results: The results showed that the baseline diaphragm thickness in the interventional group was (1.98 ± 0.52) mm 
and after 48 hours of phrenic nerve stimulation increased to (2.20 ± 0.45) mm (p=0.001). The baseline diaphragm 
thickness of (2.00 ± 0.33) mm decreased in the control group after 48 hours of mechanical ventilation to (1.72 ± 0.20) 
mm (p<0.001).

Conclusions: Our study demonstrates that induced contraction of the diaphragm by pacing the phrenic nerve not 
only reduces the rate of its atrophy during mechanical ventilation but also leads to an increase in its thickness – the 
main determinant of the muscle strength required for spontaneous ventilation and successful ventilator weaning.

Trial registration: The study was registered with ClinicalTrials.gov (18/06/2018, NCT03559933, https:// clini caltr ials. gov/ 
ct2/ show/ NCT03 559933).
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Background
Mechanical ventilation (MV) is one of the most com-
mon forms of organ support routinely administered 
in the intensive care unit (ICU), with the proportion 
of patients requiring MV reaching up to 40% [1–3]. 

Mechanical ventilation has a number of adverse effects 
such as ventilator-associated pneumonia [4], lung inju-
ries [5, 6], and a recently widely studied issue known as 
ventilator-induced diaphragmatic dysfunction (VIDD) 
[7, 8]. The time required to wean patients from MV is 
directly proportional to ICU length of stay (LOS) which 
increases morbidity, mortality, and healthcare costs 
[5, 6, 9]. Almost half of ventilated patients have diffi-
cult or prolonged weaning [10]. General muscle weak-
ness is a common problem in patients hospitalized in 
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the ICU [11, 12]. While muscle wasting in the limbs 
is a rather gradual process which typically develops 
over weeks [13], diaphragmatic atrophy and dysfunc-
tion appear more rapidly [14, 15]. VIDD is thought to 
be a complex process caused not only by muscle inac-
tivity during MV, but also associated with many other 
risk factors such as malnutrition [16], sepsis or other 
systemic infections [17], and a number of intravenous 
drugs commonly used in intensive care such as neuro-
muscular blockers [18] and glucocorticoids [19]. Dia-
phragmatic muscle thinning is an essential component 
of VIDD [20, 21]. Among the methods for assessing the 
thickness of the diaphragm and its excursion during 
the respiratory cycle, ultrasonography has proved to be 
the most effective. It is a non-invasive, easily accessible 
examination with the possibility of repeated measure-
ments [22].

Recently, various possibilities for the prevention or 
treatment of diaphragm atrophy have been explored. 
Stimulation of the phrenic nerves leading to contractions 
of the diaphragm seems to be a promising approach. 
Surgically implanted diaphragmatic stimulation sys-
tems have long been known and are used in some spe-
cific neurological diseases [23], but they are not suitable 
for temporary therapy. In the field of temporary, mini-
mally invasive phrenic nerve stimulation, a transvenous 
approach using a special central venous catheter inserted 
into the left subclavian vein seems very promising [24, 
25]. Another possibility currently being explored is a use 
of transcutaneous magnetic stimulation [26]. Bilateral 
phrenic nerve stimulation is achieved using the repeti-
tive cervical magnetic stimulation approach on the neck. 
Although this would be a suitable solution because mag-
netic stimulation is not painful, this approach has so far 
only been studied in healthy, spontaneously ventilating 
volunteers and its feasibility among critically ill patients 
on MV in unknown.

Stimdia Medical, Inc., has developed the novel Percu-
taneous Electrical Phrenic Nerve Stimulation (PEPNS) 
System, which uses transcutaneous lead insertion close 
to the phrenic nerve in the neck region using ultrasound 
navigation and its feasibility and effectiveness has been 
demonstrated in a human, multicenter, non-randomized 
study [27]. The clinical study protocol evaluated the effect 
of stimulation on diaphragm thickness using a standard-
ized technique consisting of repeated measurements of 
its thickness by ultrasound, in the eighth or ninth inter-
costal space, each time in the same place on the dia-
phragm [28–30]. Due to the routine use of ultrasound 
measurement of the diaphragm and its excursion as a 
predictor of successful weaning and extubation in our 
clinic, and in order to increase the robustness of stimu-
lated patients’ data, we also measured a control group of 

patients with comparable demographic data who did not 
receive diaphragmatic stimulation.

The aim of the study was to determine the effectiveness 
of diaphragm stimulation in increasing its thickness as a 
potential prevention of diaphragm atrophy in patients on 
mechanical ventilation with respiratory failure.

Methods
Design and setting
The prospective, interventional, controlled, double-
center study was conducted at the Department of Anes-
thesiology and Intensive Care, 1st Faculty of Medicine 
of Charles University and Military University Hospital 
in Prague, Czech Republic, and at the Department of 
Anaesthesia and Critical Care, Royal College of Surgeons 
in Ireland, Beaumont Hospital, Dublin, Ireland. The study 
was approved by Institutional Review Boards at both 
institutions (Study Protocol in detail in Additional file 1).

Participants and interventions
The interventional group (N=12) consisted of two uni-
laterally and ten bilaterally stimulated patients, four were 
predominantly ventilated on spontaneous modes such as 
pressure support ventilation (PSV), while the remaining 
eight patients were on assist-control ventilation (ACV) 
or some combination of ACV and PSV during stimula-
tion days. Using ultrasound guidance multipolar stimula-
tion electrodes were inserted near the phrenic nerve in 
the neck area. Due to the long time required to obtain 
informed consent from patients’ relatives, at study enroll-
ment (hour 0) – patients had spent an average of 165 
hours on mechanical ventilation. The intervention group 
received stimulation therapy using the PEPNS system 
[27], with six, two-hour stimulation treatment sessions 
occurring over 48 hours. During treatment every fourth 
breath was stimulated and the stimulation current was 
adjusted to keep the patients’ work of breathing within 
0.2-2 joules/L. The PEPNS system recognized the onset 
of inspiration, regardless of the ventilation mode, using 
the system’s airway flow sensor which triggered bilateral 
stimulation of the phrenic nerves. Stimulation ceased 
when the patient started to exhale as determined again 
by the flow sensor. The effectiveness of stimulation was 
continuously monitored by changes in tidal volume and 
increase in WOB. The majority of patients had trauma as 
the leading diagnosis (nine out of twelve) seven of whom 
had traumatic brain injury (TBI), the remaining patients 
had sepsis, rupture of the arteriovenous malformation, 
and lung infection (details in Additional file 2).

In the control group (N=10) of non-stimulated 
patients, nine were on ACV during the enrollment 
period, and one was exclusively on PSV mode. Patients 
in the control group who met inclusion criteria were 
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consecutively enrolled in the study during a similar 
time window as the intervention group. The average 
time spent on mechanical ventilation before enrollment 
in the study was 159 hours. As with the stimulated 
group, the majority of patients had traumatic and/or 
neurosurgical diagnoses (seven out of ten). The others 
were after extensive, complicated abdominal surgery, 
and one patient was treated for respiratory infection 
(details in Additional file 2). The comparison of demo-
graphic characteristics of the interventional and con-
trol group is presented in Table 1.

Measurement
Diaphragm thickness was measured using a standard-
ized ultrasound technique [28–30] and imaging was per-
formed using B-mode with a linear probe at 10-15 MHz 
at the zone of apposition between the eighth or ninth 
intercostal space on the both sides in the midaxillary line 
(Fig. 1).

Diaphragm thickness was measured once a day at base-
line (0 hours), after 24±4 hours, and after 48±4 hours, 
always at the end of expiration during relaxation of the 
diaphragm prior to the initiation of the next breath. The 
measurement was performed on three separate breaths 
with three measurements attempted on each breath 
when possible. To increase accuracy, the measurements 
were performed in three different ways. At the end of 
expiration, the ultrasound image was frozen and a total 
of three values were measured in different parts of the 
diaphragm (Fig.  2). This was done over a total of three 
separate breath cycles. The calculated average value of 
diaphragm thickness was then recorded. The image doc-
umentation of the entire measurement was then saved 
to disk for further analysis. This consisted of a manual 
control measurement in the locations originally marked 
by the electronic caliper of the ultrasound device fol-
lowed by measurement of other locations along the 
course of the diaphragm using the acquired images from 
the scan. These measurements were performed by a dif-
ferent physician than the one who performed the origi-
nal ultrasound. In contrast to published data from the 
intervention group [27], data from patients who received 

Table 1: The demographic characteristics of the interventional 
and control study groups

The values are presented as mean ± standard deviation

 N—number of subjects; BMI—Body Mass Index

Parameter Intervention group Control group p

N 12 10 —

Sex (Male:Female) 11:1 6: 4 —

Age (years) 61.9 ± 7.5 60.2 ± 9.9 0.65

Weight (kg) 89.3 ± 24.4 82.5 ± 12.8 0.43

Height (cm) 174.7 ± 6.7 173.9 ± 7.3 0.80

BMI (kg·m–2) 29.1 ± 6.6 27.3 ± 3.8 0.46

Time on ventilator 
before the study 
(hours)

165 ± 67 159 ± 37 0.82

Fig. 1 Ultrasound linear probe orientation (a) and view of the diaphragm (b) identified as a 3-layer structure comprised of two hyperechoic lines 
representing the pleural and peritoneal membranes and a middle hypoechoic layer representing the diaphragm muscle itself
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only left phrenic nerve stimulation were also statistically 
processed.

Statistical analysis
Results are presented as mean ± standard deviation (SD). 
Normal distribution of data was confirmed using the Sha-
piro-Wilk test (Statistica v7.1, StatSoft, Inc., Tulsa, OK, 
USA). The statistical significance of the diaphragm thick-
ness in time within the study groups was tested using 
ANOVA for repeated measurements followed by Fisher’s 
least significant difference post-hoc tests (Statistica v7.1). 
A paired T-test was used for testing the statistical signifi-
cance of overall diaphragm thickness before and after the 
experiment. Statistical differences with p values less than 
0.05 by two-tailed tests were considered significant.

Results
Diaphragm thickness was analyzed in terms of % change 
in thickness from baseline (0 hours), then at 24 ± 4 
hours, and at 48 ± 4 hours. Using this approach allowed 
comparison of the effect of electrical stimulation between 
patients by minimizing the influence of the natural vari-
ability in diaphragm thickness between patients  (dia-
phragm thicknesses from all measurement are in detail in 
Additional file 3).

From the interventional group, patient 05 was meas-
ured only on the left side since the right side was not 
stimulated after early lead removal. Patient 06 was 
excluded from the analysis due to difficulty in acquiring 
a quality ultrasound image due to extensive pleural effu-
sion and body habitus.

During the experiment, the original diaphragm thick-
ness (i.e. the baseline) in the interventional group was 
(1.98 ±  0.52) mm and after 48 hours of phrenic nerve 
stimulation increased to (2.20  ±  0.45) mm (p=0.001). 
In the control group the original diaphragm thickness of 

(2.00 ± 0.33) mm decreased after 48 hours of mechanical 
ventilation to (1.72 ± 0.20) mm (p<0.001).

The details of changes in diaphragm thickness dur-
ing the experiment are presented in Fig. 3 for the inter-
ventional group and in Fig. 4 for the control group. The 
results are presented separately for right and left side 
measurements.

Figure  5 shows the overall increase (right and left 
together) in diaphragm thickness in the interventional 
group after 48 hours. This increase was statistically sig-
nificant (p=0.0003). By 48 hours, the diaphragm thick-
ness was on average almost 15% thicker than at baseline 
in the interventional group and 12% thinner than at base-
line in the control group (p = 0.0002).

Discussion
The principle finding in this study was that ICU patients 
who received phrenic nerve stimulation during mechani-
cal ventilation experienced an increase in diaphragm 
muscle thickness, whereas similar ventilated patients who 
did not receive stimulation experienced a corresponding 
decrease in thickness. This effect was observed on both 
sides of the diaphragm with a nearly 15% increase in 
diaphragm thickness seen in the stimulated group and a 
more than 12% decrease in thickness seen in the control 
group.

The thickness of the diaphragm progressively decreases 
during assist-control ventilation (ACV) modes and, con-
versely, increases during pressure support ventilation 
(PSV), when all breaths are initiated by the patient’s spon-
taneous respiratory activity [30]. Francis et al. observed a 
reduction in diaphragm thickness in patients on ACV of 
approximately 5-6% per day, which is consistent with pre-
vious findings by Grosu et al. [31] and a gradual increase 
among patients who started on ACV during the study 
and continued on PSV. Another interesting variable is 

Fig. 2 Ultrasound measurement of the right side of the diaphragm, linear probe, 10 MHz (a), measurement was made from the middle of the 
pleural line to the middle of the peritoneal line (b) detail
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the level of PEEP used. It has been hypothesized that 
lung volume at the end of expiration with the use of PEEP 
puts the passive diaphragm in a contracted position, so 
it is possible that the diaphragm atrophied at a relatively 
faster rate than in patients not on PEEP [30]. However, 
because the use of PEEP for prevention of lung atelecta-
sis [32] is standard practice in the ICU, it is not possible 
to investigate its effect on the rate of diaphragm atrophy. 
In our study, it should be noted that in both groups the 

patients were predominantly ventilated on ACV mode, 
but some were irregularly switched to PSV during the 
day/night so it is not possible to precisely quantify the 
effect of ventilation mode on the change in diaphragm 
thickness. In addition, some patients on PSV in the con-
trol group in contrast to the findings of previous studies 
still experienced a reduction in diaphragm thickness. In 
addition, one patient from the intervention group had 
been on PSV for many days prior to enrollment in the 

Fig. 3 Increase in diaphragm thickness in the interventional group

Fig. 4 Decrease in diaphragm thickness in the control group
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study, but nevertheless responded to 48 hours of stimula-
tion with a significant increase in diaphragm thickness. 
Thus there is likely an effect not only of the selected ven-
tilation mode (ACV or PSV), but also of the intensity of 
ventilation support itself as well as the selected PEEP 
level. In addition, the authors believe that “external” 
stimulation of the phrenic nerve allows the involvement 
of much larger muscular units of the diaphragm leading 
to more effective contraction than when the stimulus 
is induced spontaneously (i.e. physiologically from the 
brain center). This assumption allows for the possibility 
of the use of phrenic nerve stimulation for active rehabili-
tation of the diaphragm even in patients who are exclu-
sively on PSV, i.e. those who are already in the advanced 
phase of weaning. The possibility of using low stimula-
tion currents allows for tolerance of stimulation even in 
fully conscious patients. However, precise insertion of 
the stimulation electrodes in the immediate vicinity of 
the phrenic nerve is required to achieve this.

We performed multiple measurements of diaphragm 
thickness, first using the cursor of the ultrasound device, 
and later manually on the acquired images includ-
ing measurements in additional parts of the diaphragm 
which were verified by an independent physician. The 
reason was to exclude subjective variability in measure-
ment and relative error of the ultrasound device’s meas-
urements which were, in any case, expected to be very 
low (+/- 0.36 %) using a linear probe with a frequency of 
10 Hz, and measuring in the axillary plane [33].

The study has several limitations. First, although the 
increase in diaphragm thickness in the stimulated group 
was significant, as was the decrease in the control group, 

but because of the relatively large variability in dia-
phragm thickness in patients on mechanical ventilation 
described in the literature [34], it would be appropri-
ate to verify this in a larger sample of patients. Unfor-
tunately, the sample size was limited by the number of 
patients enrolled in the intervention group. Second, 
the stimulation protocol was designed to pace the dia-
phragm every fourth breath in two-hour sessions spaced 
every eight hours for 48 hours. It would be appropriate 
to try other timing protocols and to estimate how long 
of a stimulation period would be suitable for a particu-
lar patient. It is very likely that even with the current 
stimulation schedule, most patients would require much 
longer stimulation times to achieve clinically significant 
results. It would certainly be interesting to compare indi-
vidual subgroups of stimulated patients with each other, 
according to the presence or absence of a primary pul-
monary pathology. It can be assumed that patients with 
lung disease could benefit from stimulation more than 
those without it. Unfortunately, our group of patients 
is too small to draw these conclusions. Third, almost all 
patients in the intervention group were sedated during 
stimulation sessions. Although patients were regularly 
scored for possible signs of pain using the CPOT (Criti-
cal Care Pain Observation Tool) scoring system and no 
signs of pain were recorded during stimulation, only 
one patient was fully conscious. Therefore, to find a safe 
painless stimulation current limit, it would be necessary 
to enroll more unsedated patients. Fourth, because ven-
tilation modalities have not been standardized and can-
not be determined the proportion of spontaneous effort 
and the level of inspiratory effort, they may have differed 
between groups. However, given that routine intensive 
care of the ventilated patient proceeded in the same way, 
i.e. there were changes in ventilatory support due to the 
intermittent need to deepen sedation for intensive care 
procedures (patient transport, invasive interventions, 
hygiene procedures, etc.), we believe that there were no 
significant differences between the intervention and con-
trol groups.

Our previous experience with diaphragm stimulation 
led us to the idea of   using this method in patients with 
respiratory failure presenting a background of chronic 
lung disease such as COPD. Exacerbation of this disease 
due to infection usually needs targeted antibiotic or 
antifungal therapy, which requires at least several days 
to achieve clinical effect. Unfortunately, this time may 
necessarily be spent on MV leading to an acceleration 
of diaphragmatic atrophy and therefore may prolong or 
completely prevent successful ventilator weaning. Hos-
pital mortality in mechanically ventilated patients with 
COPD is almost 25%, 1-year mortality approaches 40%, 
and 5-year mortality exceeds 70% [35]. These patients 

Fig. 5 Increase in diaphragm thickness after 48 hours with 
stimulation and its corresponding decrease after 48 hours in the 
control group (without stimulation) compared to baseline at hour 0
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often eventually require a tracheostomy and long-term 
intensive care dependent on ventilatory support for 
weeks or more. If such patients were stimulated at the 
initiation of MV, we could gain time for pharmacologi-
cal therapy of the infection to take effect without an 
increased risk of prolonged weaning due to diaphragm 
atrophy and long-term MV with all of its possible con-
sequences. Unfortunately, due to the lengthy process in 
obtaining informed consent from the patients’ relatives, 
we were able to start stimulation in our patients after 
about a week on mechanical ventilation. The authors 
believe that there are a number of other diseases where 
stimulation of the diaphragm in sedated patients on 
MV would be appropriate. The aim of further research 
should therefore be to look for indications for individ-
ual diseases and find out which patients could benefit 
the most from this method.

Conclusion
Our study demonstrates that induced contraction of 
the diaphragm by pacing the phrenic nerve has poteni-
tal not only to reduce the rate of its atrophy during 
mechanical ventilation but, in fact, probably leads to 
an increase in its thickness — the main determinant of 
the muscle strength required for spontaneous ventila-
tion. Percutaneous electrical phrenic nerve stimulation 
represents a promising new approach to maintaining 
diaphragm strength and may offer a future option for 
preventing or even treating ventilator induced dia-
phragm dysfunction in patients on mechanical ventila-
tion. However, we recognize that this parameter is only 
one piece of a larger puzzle in the weaning process and 
does not necessarily lead to a reduction in time on the 
ventilator. Our findings, nevertheless, open the way for 
further research in this field.

Abbreviations
ACV: Assist-control ventilation; BMI: Body mass index; CPOT: Critical care pain 
observation tool; COPD: Chronic obstructive pulmonary disease; ICU: Intensive 
care unit; MV: Mechanical ventilation; N: Number of subjects; LOS: Length of 
stay; PEEP: Positive end expiratory pressure; PEPNS: Percutaneous electrical 
phrenic nerve stimulation; PSV: Pressure support ventilation; SD: Standard 
deviation; TBI: Traumatic brain injury; VIDD: Ventilator-induced diaphragmatic 
dysfunction.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12890- 021- 01677-2.

Additional file 1. Study Protocol.

Additional file 2. Detailed patient demographics.

Additional file 3. Diaphragm Thickness Measurements.

Acknowledgements
The authors would like to thank Stimdia Medical, Inc., who supported this 
study. Further warm thanks include James O’Rourke, MD. from the Depart-
ment of Anaesthesia and Critical Care, Royal College of Surgeons in Ireland, 
Beaumont Hospital, Dublin, Ireland, who performed ultrasound measure-
ments on a group of stimulated patients in his department. Further thanks 
include Martin Pochop, MD. for language correction.

Authors’ contributions
MS was a principal investigator and author of this manuscript, TH was 
co-investigator, KR contributed to data analysis and statistics. TT was study 
consultant, supervisor and contributed to data interpretation. All authors read 
and approved the final manuscript.

Funding
The authors M.S., T.H. and T.T. received grant support from Stimdia Medical, 
Inc., who funded the PEPNS Study. The author K.R. has not identified any con-
flict of interest. The study was supported by Czech Technical University Grant 
No. SGS20/202/OHK4/3T/17.

Availability of data and materials
All data generated or analyzed during this study are included in this publisher 
article in its supplementary information files.

Declaration

Ethics approval and consent to participate
The study was approved by Ethics Committee in both sites, Beaumont Hos-
pital Ethics (Medical Research) Committee, REC reference: 17/47, 26Mar2018 
and Military University Hospital Prague Ethic committee, REC reference: 
108/12-31/2018, 21May2018. Informed consent in the interventional group 
was obtained from either the patient or the patients legally authorized repre-
sentative if the patient was unable to consent. All methods were performed in 
accordance with the relevant guidelines and regulations.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Anesthesiology  and Intensive Care, First Faculty of Medicine, 
Charles University and Military University Hospital, U Vojenské nemocnice 
1200, Prague 169 02, Czech Republic. 2 Department of Biomedical Technology, 
Faculty of Biomedical Engineering, Czech Technical University, Prague, Czech 
Republic. 

Received: 22 April 2021   Accepted: 22 September 2021

References
 1. Esteban A, Anzueto A, Alia I, et al. How is mechanical ventilation 

employed in the intensive care unit? An international utilization review. 
Am J Respir Crit Care Med. 2000;161:1450–8.

 2. Pfuntner A, Wier LM, Stocks C. Most frequent procedures performed in 
U.S. hospitals, 2011: Statistical Brief #165. Healthcare Cost and Utilization 
Project (HCUP) Statistical Briefs. Rockville: Agency for Healthcare Research 
and Quality; 2013.

 3. 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.

 4. Timsit JF, Esaied W, Neuville M, Bouadma L, Mourvllier B. Update on 
ventilator-associated pneumonia. F1000Res. 2017;6:2061.

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

https://doi.org/10.1186/s12890-021-01677-2
https://doi.org/10.1186/s12890-021-01677-2


Page 8 of 8Soták et al. BMC Pulm Med          (2021) 21:314 

 6. Beduneau G, Pham T, Schortgen F, Piquilloud L, Zogheib E, Jonas M, et al. 
Epidemiology of Weaning Outcome according to a New Definition. The 
WIND study. Am J Respir Crit Care Med. 2017;195(6):772–83

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

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

 9. Dasta JF, McLaughlin TP, Mody SH, et al. Daily cost of an intensive care 
unit day: the contribution of mechanical ventilation. Crit Care Med. 
2005;33:1266–71.

 10. Esteban A, Ferguson ND, Meade MO, et al. Evolution of mechanical 
ventilation in response to clinical research. Am J Respir Crit Care Med. 
2008;177:170–7.

 11. Schweickert WD. ICU-acquired weakness. Chest. 2007;131:1541.
 12. Jaber S, Petrof BJ, Jung B, Chanques G, Berthet J, Rabuel C, Bouyabrine 

H, Courouble P, Koechlin-Ramonatxo C, Sebbane M, Similowski T, Scheu-
ermann V, Mebazaa A, Capdevila X, Mornet D, Mercier J, Lacampagne A, 
Philips A, Matecki S. Rapidly Progressive Diaphragmatic Weakness and 
Injury during Mechanical Ventilation in Humans. Am J Respir Crit Care 
Med. 2011;183:364–71.

 13. Gruther W, Benesch T, Zorn C, Paternostro-Sluga T, Quittan M, Fialka- 
Moser V, et al. Muscle wasting in intensive care patients: ultrasound 
observation of the M. quadriceps femoris muscle layer. Acta DermVe-
nereol. 2008;40:185–9.

 14. Gilbert R, Auchincloss JH, Peppi D. Relationship of rib cage and abdo-
men motion to diaphragm function during quiet breathing. Chest. 
1981;80:607–12.

 15. Demoule A, Jung B, Prodanovic H, Molinari N, Chanques G, Coirault C, 
et al. Diaphragm dysfunction on admission to ICU: prevalence, risk factors 
and prognostic impact - a prospective study. Am J Respir Crit Care Med. 
2013;188:213–9.

 16. Hermans G, Casaer MP, Clerckx B, Güiza F, Vanhullebusch T, Derde S, 
et al. Effect of tolerating macronutrient deficit on the development of 
intensive-care unit acquired weakness: a subanalysis of the EPaNIC trial. 
Lancet Respir Med. 2013;1:621–9.

 17. Peñuelas O, Keough E, López-Rodríguez L, Carriedo D, Gonçalves G, 
Barreiro E, Lorente JÁ. Ventilator-induced diaphragm dysfunction: trans-
lational mechanisms lead to therapeutical alternatives in the critically 
ill. Intensive Care Med Exp. 2019 Jul 25;7(Suppl 1):48. https:// doi. org/ 10. 
1186/ s40635- 019- 0259-9. PMID: 31346 802; PMCID: PMC66 58639.

 18. Testelmans D, Maes K, Wouters P, Powers SK, Decramer M, Gayan-Ramirez 
G. Infusions of rocuronium and cisatracurium exert different effects on rat 
diaphragm function. Intensive Care Med. 2007;33:872–9.

 19. Maes K, Testelmans D, Cadot P, Deruisseau K, Powers SK, Decramer 
M, et al. Effects of acute administration of corticosteroids during 
mechanical ventilation on rat diaphragm. Am J Respir Crit Care Med. 
2008;178:1219–26.

 20. Levine S, Nguyen T, Taylor N, Friscia ME, Budak MT, Rothenberg P, et al. 
Rapid disuse atrophy of diaphragm fibers in mechanically ventilated 
humans. N Engl J Med. 2008;358:1327–35.

 21. Manno E, Navarra M, Faccio L, Motevallian M, Bertolaccini L, Mfochivè 
A, et al. Deep impact of ultrasound in the intensive care unit: the “ICU-
sound” protocol. Anesthesiology. 2012;117:801–9.

 22. Zambon M, Greco M, Bocchino S, Cabrini L, Beccaria PF, Zangrillo A. 
Assessment of diaphragmatic dysfunction in the critically ill patient with 

ultrasound: a systematic review. Intensive Care Med. 2017 Jan;43(1):29–
38. https:// doi. org/ 10. 1007/ s00134- 016- 4524-z (Epub 2016 Sep 12 
PMID: 27620292).

 23. Le Pimpec-Barthes F, Legras A, Arame A, Pricopi C, Boucherie JC, Badia A, 
et al. Diaphragm pacing: the state of the art. J Thorac Dis. 2016;8(Suppl 
4):S376–86.

 24. Evans D, Shure D, Clark L, et al. Temporary transvenous diaphragm pac-
ing vs. standard of care for weaning from mechanical ventilation: study 
protocol for a randomized trial. Trials. 2019;20(1):60. Published 2019 Jan 
17. doi:https:// doi. org/ 10. 1186/ s13063- 018- 3171-9

 25. Reynolds S, Ebner A, Meffen T, Thakkar V, Gani M, Taylor K, Clark L, 
Sadarangani G, Meyyappan R, Sandoval R, Rohrs E, Hoffer JA. Diaphragm 
Activation in Ventilated Patients Using a Novel Transvenous Phrenic 
Nerve Pacing Catheter. Crit Care Med. 2017 Jul;45(7):e691–4. https:// doi. 
org/ 10. 1097/ CCM. 00000 00000 002366 (PMID: 28441238).

 26. Adler D, Gottfried SB, Bautin N, Mirkovic T, Schmidt M, Raux M, et al. 
Repetitive magnetic stimulation of the phrenic nerves for diaphragm 
conditioning: a normative study of feasibility and optimal settings. Appl 
Physiol Nutr Metab. 2011;36(6):1001–8.

 27. O’Rourke J, Soták M, Curley GF, Doolan A, Henlín T, Mullins G, Tyll T, Omlie 
W, Ranieri MV. Initial Assessment of the Percutaneous Electrical Phrenic 
Nerve Stimulation System in Patients on Mechanical Ventilation. Crit Care 
Med. 2020 May;48(5):e362–70. https:// doi. org/ 10. 1097/ CCM. 00000 00000 
004256. PMID: 32191 413; PMCID: PMC71 61723.

 28. Cohn D, Benditt JO, Eveloff S, McCool FD. Diaphragm thickening during 
inspiration. J Appl Physiol. 1997;83(1):291–6.

 29. Ueki J, De Bruin PF, Pride NB. In vivo assessment of diaphragm contrac-
tion by ultrasound in normal subjects. Thorax. 1995;50:1157–61.

 30. Francis CA, Hoffer JA, Reynolds S. Ultrasonographic Evaluation of 
Diaphragm Thickness During Mechanical Ventilation in Intensive Care 
Patients. AJCC. 2016;25(1):e1–8.

 31. 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.

 32. Neumann P, Rothen HU, Berglund JE, Valtysson J, Magnusson A, Heden-
stierna G. Positive end-expiratory pressure prevents atelectasis during 
general anaesthesia even in the presence of a high inspired oxygen 
concentration. Acta Anaesthesiol Scand. 1999 Mar;43(3):295–301. https:// 
doi. org/ 10. 1034/j. 1399- 6576. 1999. 430309.x (PMID: 10081535).

 33. SONIX Touch Q Extended User Manual, 00.040.708, Revision B, Ultrasonix 
Medical Corporation, 130 - 4311 Viking Way, Richmond, BC V6V 2K9, 
Canada

 34. Goligher EC, Fan E, Herridge MS, Murray A, Vorona S, Brace D, Rittayamai 
N, Lanys A, Tomlinson G, Singh JM, Bolz SS, Rubenfeld GD, Kavanagh BP, 
Brochard LJ, Ferguson ND. Evolution of Diaphragm Thickness during 
Mechanical Ventilation. Impact of Inspiratory Effort. Am J Respir Crit 
Care Med. 2015 Nov 1;192(9):1080-8. doi: https:// doi. org/ 10. 1164/ rccm. 
201503- 0620OC. PMID: 26167730.

 35. Nevins ML, Epstein SK. Predictors of outcome for patients with COPD 
requiring invasive mechanical ventilation. Chest. 2001;119:1840–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1186/s40635-019-0259-9.PMID:31346802;PMCID:PMC6658639
https://doi.org/10.1186/s40635-019-0259-9.PMID:31346802;PMCID:PMC6658639
https://doi.org/10.1007/s00134-016-4524-z
https://doi.org/10.1186/s13063-018-3171-9
https://doi.org/10.1097/CCM.0000000000002366
https://doi.org/10.1097/CCM.0000000000002366
https://doi.org/10.1097/CCM.0000000000004256.PMID:32191413;PMCID:PMC7161723
https://doi.org/10.1097/CCM.0000000000004256.PMID:32191413;PMCID:PMC7161723
https://doi.org/10.1034/j.1399-6576.1999.430309.x
https://doi.org/10.1034/j.1399-6576.1999.430309.x
https://doi.org/10.1164/rccm.201503-0620OC
https://doi.org/10.1164/rccm.201503-0620OC

	Phrenic nerve stimulation prevents diaphragm atrophy in patients with respiratory failure on mechanical ventilation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Design and setting
	Participants and interventions
	Measurement
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


