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a b s t r a c t
introduction: Mechanical ventilation (MV) is a lifesaving procedure for critically ill patients. diaphragm activation and stimulation may 
counteract side effects, such as ventilator-induced diaphragm dysfunction (Vidd). the effects of stimulation on diaphragm atrophy and patient 
outcomes are reported in this systematic review.
EVidEncE acQuisition: studies investigating diaphragmatic stimulation versus standard of care in critically ill patients and evaluating 
clinical outcomes were extracted from a Medline database last on January 23, 2023, after registration in prospero (crd42021259353). selected 
studies included the investigation of diaphragmatic stimulation versus standard of care in critically ill patients, an evaluation of the clinical 
outcomes. these included muscle atrophy, Vidd, weaning failure, mortality, quality of life, ventilation time, diaphragmatic function, length of 
stay in the intensive care unit (icu), and length of hospital stay. all articles were independently evaluated by two reviewers according to their 
abstract and title and, secondly, a full texts evaluation by two independent reviewers was performed. to resolve diverging evaluations, a third 
reviewer was consulted to reach a final decision. Data were extracted by the reviewers following the Oxford 2011 levels of evidence guidelines 
and summarized accordingly.
EVidEncE synthEsis: seven studies were extracted and descriptively synthesized, since a metanalysis was not feasible. patients undergo-
ing diaphragm stimulation had moderate evidence of higher maximal inspiratory pressure (Mip), less atrophy, less mitochondrial respiratory 
dysfunction, less oxidative stress, less molecular atrophy, shorter MV time, shorter icu length of stay, longer survival, and better sf-36 scores 
than control.
CONCLUSIONS: Evidence of the molecular and histological benefits of diaphragmatic stimulation is limited. The results indicate positive 
clinical effects of diaphragm activation with a moderate level of evidence for Mip and a low level of evidence for other outcomes. diaphragm 
activation could be a therapeutic solution to avoid diaphragm atrophy, accelerate weaning, shorten MV time, and counteract Vidd; however, 
better-powered studies are needed to increase the level of evidence.
(Cite this article as: panelli a, Grunow JJ, Verfuß Ma, bartels hG, brass Z, schaller sJ. outcomes in critically ill patients after diaphragmatic 
stimulation on ventilator-induced diaphragmatic dysfunction: a systematic review. Eur J phys rehabil Med 2023;59:772-81. doi: 10.23736/s1973-
9087.23.08031-0)
Key words: Critical care; Phrenic nerve; Respiration, artificial; Ventilators, mechanical.

European Journal of physical and rehabilitation Medicine 2023 december;59(6):772-81
doi: 10.23736/s1973-9087.23.08031-0

panElli
systEMatic rEViEW on diaphraGM stiMulation

© 2023 thE authors
open access at https://www.minervamedica.it



systEMatic rEViEW on diaphraGM stiMulation panElli

Vol. 59 - no. 6 EuropEan Journal of physical and rEhabilitation MEdicinE 773

panElli
systEMatic rEViEW on diaphraGM stiMulation

peripheral muscle stimulation prevents muscle atrophy in 
critically ill patients without evidence of improved muscle 
strength;15 similar evidence regarding diaphragm atrophy 
and its function has not been assessed. in parallel to pe-
ripheral muscles, we hypothesize that the muscle activa-
tion consequent to diaphragm stimulation could decelerate 
the progression of diaphragm atrophy.

the present report aimed to answer the following re-
search questions systematically:

• does diaphragmatic stimulation of the diaphragm 
prevent muscle atrophy (diaphragm thickness or reduc-
tion of thickness loss) or Vidd (clinical outcomes of dia-
phragm weakness) in critically ill patients ventilated by 
active muscle contraction?

• do diaphragmatic stimulation of the diaphragm im-
prove outcomes in critically ill patients?

Evidence acquisition

Study registration

this systematic review is fully compliant with the pris-
Ma16 (preferred reporting items for systematic reviews and 
meta-analyses) guidelines and the systematic review has 
been prospectively registered in an international database 
of prospectively registered systematic reviews prospero 
(crd42021259353) on June 28, 2021. the review protocol 
was applied as intended without the need for amendments.

Eligibility criteria

only systematic reviews with or without meta-analyses, 
randomized controlled trials, observational studies, and 
case reports with a substantial number of cases published 
in English or German were reviewed.

Population

Critically ill adults (≥18 years old) were the population of 
interest.

Intervention

the reviewed intervention was any type of diaphragmatic 
stimulation leading to involuntary contraction either di-
rectly or via the phrenic nerve, independent of modality 
(electrically, magnetically, or both).

Comparator

standard of care and no stimulation (or sham stimulation) 
were accepted comparators.

Introduction

Mechanical ventilation (MV) is a life-saving interven-
tion for critically ill patients while simultaneously 

carrying a significant burden regarding its side effects. One 
side effect is icu acquired weakness (icuaW) and ven-
tilator-induced diaphragm dysfunction (VIDD), defined as 
a reduction in the diaphragm force-generating capacity;1 

the latter can overlap with icuaW or be uncorrelated to 
it.2 Vidd is a very prevalent condition present in mechani-
cally ventilated patients; 80% of icu patients develop 
one or more forms of neuromuscular dysfunction,3 one of 
which is the diaphragm weakness associated to critical ill-
ness.4 Vidd occurs early, within 18-69 hours of inactivity 
and mechanical ventilation3 and leads to weaning failure 
in more than 50% of patients with confirmed diaphragm 
dysfunction,3 prolonged stay in the intensive care unit 
(icu),5 and increased icu mortality.4 the main clinical 
consequence of Vidd is a weaning failure from the ven-
tilator;3 difficult weaning occurs in about 30% of patients 
mechanically ventilated for more than 3 days. Ventilator 
weaning failure results in extended hospital stays and in-
creased patient morbidity and mortality.6

the pathophysiology of Vidd is multifaceted; the atro-
phy molecular pathway activated by higher oxidative stress 
was identified as the main pathophysiological mechanism 
leading to diaphragm muscle tissue disarrangement and di-
aphragm thickness reduction.7-9 the bioenergetic machin-
ery is also compromised; Martin et al. compared the left 
and right hemidiaphragm, while one side was inactive, and 
the other was activated by electric stimulation.10 the inac-
tive hemidiaphragm showed reduced mitochondrial bio-
mass and intrinsic respiratory chain dysfunction within 48-
72 hours after diaphragm paralysis during MV in humans.11

VIDD diagnosis and quantification of diaphragm dys-
function have not been standardized. diagnostic tools 
for Vidd include lung function testing ultrasound (us) 
diaphragm assessment to measure diaphragm thickness 
and thickening fraction according to the most recent Erc 
guidelines.12 us imaging is an easily available diagnostic 
tool to assess two classes of parameters: 1) static param-
eters – the assessment of diaphragm thickness at the end 
of inspiration (tdi insp) or expiration (tdi exp);9, 13 and 2) 
dynamic parameters – the assessment of diaphragm thick-
ness fraction (ΔTdi%) and diaphragm excursion (DE).14

currently, there is no therapeutic protocol for Vidd 
treatment. the aim of the present review was to determine 
the outcomes of diaphragm muscle stimulation in prevent-
ing Vidd and improving outcomes in critically ill patients. 
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levels of Evidence developed by the oxford centre for 
Evidence-based Medicine (cEbM https://www.cebm.net, 
university of oxford, oxford, uK).19

Risk of bias assessment

risk of bias assessment was performed according to the 
cochrane methods using three different collaboration 
tools available on cochrane’s website (https://methods.
cochrane.org):

• robins-i tool, for non-randomized studies;20

• rob 2 tool, for randomized clinical trials;21

• robis tool, for systematic reviews and meta-analy-
ses.22

three reviewers assessed bias for eligible studies. in the 
case of incongruence, a further reviewer verified or cor-
rected the bias assessment.

Data synthesis

the extracted data were descriptively synthesized. how-
ever, a prospective meta-analysis was not planned.

Evidence synthesis

The initial literature search identified 6533 articles. Five 
hundred six unique titles and abstracts were selected as 
potentially relevant. figure 1 depicts the search and evalu-
ation process. seven articles were included in the system-
atic review: questions 1 and 2, respectively, yielded three 
and four articles out of seven extracted. results are sum-
marized supplementary digital Material 2 (supplemen-
tary table i), while the risk of bias is presented in figure 
2.10, 20-29 a metanalysis, however, was not feasible.

Classification of diaphragm stimulation techniques

the included studies were performed using different kinds 
of diaphragm stimulation or activation. these techniques 
can be classified as invasive and non-invasive.

the invasive diaphragm stimulation techniques 
are transcutaneous electrical diaphragmatic stimula-
tion23, 30 and percutaneous electrical phrenic nerve stim-
ulation (pEpns),24 where a needle or stimulation device 
is inserted close to the phrenic nerves; invasive phrenic 
nerve pacing, by which the phrenic nerves can be stimulat-
ed directly by surgical access to the nerves;10, 25, 26 tempo-
rary transvenous phrenic nerve stimulation, by which both 
phrenic nerves can be stimulated through a central venous 
line equipped with two electrodes.27

among the non-invasive techniques, the only study 

Outcomes

clinical outcomes included muscle atrophy, Vidd (clini-
cal outcomes of diaphragm weakness), weaning failure 
(reintubation or niV rescue after extubation), mortality, 
quality of life (barthel index, activities of daily living, sf-
36 score), ventilation time, diaphragmatic function, icu 
length of stay, and hospital length of stay.

Information sources

We used the Medline database for the systematic litera-
ture search and performed the search on June 28, 2021. a 
search update was performed on January 31, 2023. ref-
erences were further screened for relevant studies, which 
were included if they met selection criteria.

Search strategy

the previously listed databases were searched for publi-
cations according to the keywords and Medical subject 
headings (Mesh) connected with boolean logic opera-
tors17 defined to cover the relevant PICO questions. The 
search terms used are presented in the supplementary 
digital Material 1 (supplementary text file 1).

Selection process

The identified articles were evaluated in a two-step pro-
cess using a web-based tool (rayyan, https://rayyan.ai) 
that allowed blinded collaboration, and each article was 
assessed by two reviewers.18 In the first step, all articles 
were independently evaluated by two reviewers according 
to their abstract and title. duplicates were removed at this 
stage.

In the second step, the full texts of all identified articles 
were retrieved and evaluated by two independent review-
ers to determine their eligibility for inclusion. to resolve 
diverging evaluations, a third reviewer was consulted to 
reach a final decision.

Data extraction

data regarding study design, population characteristics, 
specifications of the intervention, and relevant outcome 
parameters, as listed under outcomes, were extracted by 
the reviewers using the oxford 2011 levels of Evidence 
table.

Level of evidence

the evidence grade for the studies included in the system-
atic review was assessed according to the oxford 2011 



systEMatic rEViEW on diaphraGM stiMulation panElli

Vol. 59 - no. 6 EuropEan Journal of physical and rEhabilitation MEdicinE 775

tion was observed in the stimulated hemidiaphragm (better 
state iii and iV respiratory rates, both p<0.05);

• the oxidative stress and lipid peroxidation levels (4-
HNE) were significantly lower in the stimulated hemidia-
phragm (p<0.05);

• autophagy biomarker levels (beclin-1 and lc3ii/i) 
were significantly higher (indicating less oxidative stress 
and atrophy) in the stimulated hemidiaphragm (p<0.05);

•  the antioxidant enzyme activities of cuZnsod and 
Mnsod (superoxide dismutase) were not statistically dif-
ferent between the stimulated and non-stimulated hemi-
diaphragm.

a prospective control double-center study compared 
pEpns with control (standard of care) using an ultrasound 
diaphragm assessment of thickness. both phrenic nerves 
were identified using ultrasound to steer the percutaneous 
stimulation. patients in the intervention group experienced 
an increase in diaphragm thickness at 48 h (baseline: 
1.98±0.52 mm; at 48 h: 2.20±0.45 mm; p=0.001), while 
a diaphragm thickness reduction occurred in the control 
patients (baseline: 2.00±0.33 mm; at 48 h: 1.72±0.2 mm; 
p<0.001). the average diaphragm thickness was 15% 

that fulfilled the inclusion criteria was performed with 
diaphragm external neuromuscular electrical stimulation 
(nMEs), by which a diaphragm contraction is achieved 
through a thoracic belt equipped with external elec-
trodes.28

Worth noting, even though not fulfilling the inclusion 
criteria for the present systematic review, was the study us-
ing non-invasive magnetic phrenic nerve stimulation, per-
formed with butterfly-shaped transcranial magnetic stimu-
lation (tMs) coils, however too cumbersome to achieve 
usability in the critical care setting.31

Preventing muscle atrophy or VIDD by diaphragmatic 
stimulation

two case-control series studies analyzed biopsies from an 
electrically stimulated hemidiaphragm. they compared 
them with biopsies of the contralateral inactive hemidia-
phragm, using high-resolution respirometry and western 
blotting, respectively.10, 26 both studies showed positive 
outcomes of diaphragm stimulation:

• significantly less mitochondrial respiratory dysfunc-

figure 1.—selection process for 
scientific literature.

6027 records excluded:
• wrong outcome: 5765
• wrong population: 182
• wrong publication type: 29
• wrong study design: 24
• foreign language: 20
• wrong intervention: 6
• background article: 1

499 records excluded:
wrong outcome: 198
wrong study design: 115
wrong population: 91
wrong publication type: 56
foreign language: 35
wrong topic: 3
retracted article: 1

Research Question 1
Do diaphragmatic activation and

stimulation of the diaphragm 
prevent muscle atrophy or VIDD 
in critically ill patients by active 

muscle contraction?
3 out of the 7 articles

inherent to Question 1

Research Question 2 
Do diaphragmatic activation 

and stimulation of the 
diaphragm improve outcome 

in critically ill patients?

4 out of the 7 articles
inherent to Question 2

6533 records identified through database
search (MEDLINE) by five investigators

Data range searched: 1910-2022

6533 abstract screening, blindly, 
by at least two reviewers

506 full-text articles assessed for eligibility
blindly by at least two reviewers

7 articles retrieved
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sure (Mip) than the control group (p<0.001), which was 
identified by comparing the last MIP measurement at ICU 
discharge with the first MIP measurement at MV start. The 
rapid shallow breathing index showed no statistical dif-
ferences between the two intervention groups. surprisingly, 
MV duration was shorter in the control group (15.8±5.75 
h) than in both intervention groups (diaphragm stimula-
tion: 27.5±12.16 h, quadriceps stimulation: 23.3±10.61 h; 
p<0.001).

in a retrospective case series performed on mechanically 
ventilated spinal cord injury patients, duarte et al. tested the 
difference in MV time and icu length of stay of transcu-
taneous electrical diaphragm stimulation against a standard 
weaning protocol.23 The intervention group had a significant-
ly shorter MV time (1.77 times shorter) and icu length of 
stay (2.54 times shorter) than the control group; however, p 
values were not published for this study. the authors implic-
itly assumed that, as known in the scientific literature, spinal 
cord injury patients develop diaphragm muscle atrophy if 
the corresponding nerves no longer stimulate the muscle.23

romero et al. assessed outcomes after phrenic nerve 
stimulation compared to standard mechanical ventilation 
in patients with respiratory failure and spinal cord injury 
(SCI). Survival length, defined as time (days) between SCI 
and death or end of the study, was higher in the stimulated 
group (or=0.98; 95% ci: 0.97-0.99; p=0.04) and better 
social functioning measured with the sf-36 question-
naire for quality of life (phrenic nerve stimulation group 
7.67±1.8 vs. MV group 5.67±1.17; p<0.001) in compari-
son with the MV group.25

temporary transvenous diaphragm neurostimulation 
was used by dres et al. to achieve diaphragmatic stimula-
tion and contraction.27 using an invasive transvenous de-
vice, the researchers were able to perform phrenic nerve 
stimulation in the intervention group and compare the re-
sults with those of controls, who received a standard wean-
ing protocol. no differences in MV duration or incidence 
of death were found between the groups. however, the in-
tervention group had a higher Mip at day 8 in comparison 
with the control (+10.9 cmh2o vs. +3.8 cmh2o, absolute 
difference 7 [95% ci: 1; 14] cmh2o, p=0.029) as well as 
on day 15 (+11.9 cmh2o vs. +4.5 cmh2o, absolute differ-
ence 7 [95% ci: 1; 14] cmh2o, p=0.024).27

inclusion criteria, exclusion criteria, type of study, ox-
ford Evidence Grades, type of intervention, type of control 
and measurements are presented in supplementary table 
i. results and characteristics of the included study popula-
tion are summarized in table i.10, 23-28 the risk of bias is 
shown in figure 2.10, 20-29

thicker in the intervention group and 12% thinner in the 
control group; this difference was statistically significant 
(p<0.001).24

Improving outcome by diaphragmatic stimulation

a prospective randomized pilot study by leite et al. com-
pared three different therapeutic protocols in 67 critically 
ill icu patients.28

• diaphragm group – one daily session of electrical 
diaphragm stimulation, in addition to one standard daily 
physical therapy;

• quadriceps group – one daily session of electrical 
quadriceps stimulation, in addition to one standard daily 
physical therapy;

• the control group underwent two sessions of daily 
physical therapy, including gross motor therapy and respi-
ratory therapy.

diaphragm stimulation and quadriceps stimulation had 
similar outcomes with better maximum inspiratory pres-

Figure 2.—Risk of bias, “traffic light” plot. Low, medium and high risk 
of bias are depicted in gray (green in the online version), light gray (yel-
low in the online version) and dark gray (red in the online version), 
respectively.10, 23-28

bias assessment was performed according to cochrane’s guidelines,29 using 
robins-i tool (for non-randomized studies),20 rob 2 tool (for randomized 
clinical trials)21 and robis tool (for systematic reviews and meta-analyses).22
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Table I.—  Results summary of seven articles identified for the systematic review.
Evidence Grade study results bias

Evidence Grade 3 duarte et al.23 retrospective case series MV time 1.77 times shorter for tEds in comparison with 
sWp alone.

icu stay 2.54 times shorter for tEds in comparison with 
sWp alone.

Evidence Grade 2 leite et al.28 prospective randomized pilot 
study

diaphragm electrical stimulation (dG) did not produce better 
results than quadriceps stimulation (QG).

Maximum inspiratory pressure (Mip) higher for both dG and 
QG, in comparison with cG.

difference for all muscle strength indexes (rapid shallow 
breathing index and Mrc) between dG and QG not 
significant.

QG had shorter icu stay and better barthel index than both 
dG and cG.

duration of mechanical ventilation (MV) shorter for cG in 
comparison with both dG and QG (cG: 15.8±5.75 hours, 
dG: 27.5±12.16 hours, QG: 23.3±10.61 hours; p=0.0001).

DG and QG had no significant difference in MV duration.
Evidence Grade 4 Martin et al.10 case control series study diaphragm pacing produces positive mitochondrial effects: 

the stimulated hemidiaphragm has better mitochondrial state 
iii and iV (respiratory rates) than the control, which suffers 
higher grade of mitochondrial respiratory rate dysfunction.

Evidence Grade 3 Mankowski et al.26 case control series study 4-hnE (marker of lipid peroxidation levels and oxidative 
stress) lower in the stimulated hemidiaphragm.

antioxidant enzyme activities of cuZnsod and Mnsod were 
not different between the hemidiaphragms.

Macroautophagy biomarker levels of beclin-1 and the lc3ii/i 
ratio were significantly higher in the stimulated side.

Evidence Grade 3 romero et al.25 retrospective study of non-
randomized, prospectively 
collected data

phrenic nerve stimulation group had higher probability of 
survival than MV group (or=0.98; 95% ci: 0.97-0.99; 
p=0.04).

phrenic nerve stimulation group had better social functioning 
(sf-36) than MV group (pnp group 7.67±1.8 vs. MV group 
5.67±1.17; p=0.0002).

Evidence Grade 2 dres et al.27 Multicenter, open label, 
randomized, controlled study

No significant difference in MV time and incidence of death 
between the two groups.

Significant difference in MIP changes from baseline to last 
measurement: +16.6 cmh2o (intervention) and +4.8 cmh2o 
(control); p=0.001, 95% ci: 11.8 [5;19] cmh2o.

Significant change in MIP over time differed significantly 
between groups by day 8: +10.9 cmh2o (intervention) and 
+3.8 cmh2o (control); p=0.029, 95% ci: 7 [1;14] cmh2o.

adjusting for baseline differences in Mip and bMi, 
significant change in MIP reached at day 15: +11.9 cmH2o 
(intervention) and +4.5 cmh2o (control); p=0.024, 95% ci: 
7 [1;14] cmh2o.

Evidence Grade 3 soták et al.24 prospective, interventional, 
controlled, double-center study

pEpns group (4 patients in psV, 8 patients in acV and/or 
psV) experienced an increase in diaphragm thickness at 48 h 
(baseline: 1.98±0.52 mm; 48 h: 2.20±0.45 mm; p=0.001).

control group (9 patients in acV, 1 patient in psV) 
experienced a decrease in diaphragm thickness at 48h of MV 
(baseline: 2.00±0.33 mm; 48 h: 1.72±0.2 mm; p<0.001).

an overall increase shown (right and left together) in 
diaphragm thickness in the pEpns group after 48 hours. 
This increase was statistically significant (P=0.0003). By 48 
hours MV, the diaphragm thickness was on average almost 
15% thicker than at baseline in the pEpns group and 12% 
thinner than at baseline in the control group (p=0.0002).
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stimulation had higher Mip than control patients.28 these 
findings were reinforced by assessing MIP using temporary 
transvenous diaphragmatic neurostimulation in difficult-
to-wean patients.27 higher Mip as an index of “readiness 
to wean” was established in reviews45 and prospective 
studies46 nevertheless, some remarks should be made re-
garding these results. first, Mip and diaphragm thickness 
combined are better predictors for successful weaning than 
Mip alone.47 secondly, although improved muscle strength 
is an important variable when considering “readiness to 
wean,”48 Mip is an ancillary clinical parameter, while MV 
time is an important outcome for critically ill patients;49 in 
the included studies shorter MV time after diaphragm stim-
ulation was not found, nevertheless no population adjust-
ment was performed and the studies are likely underpow-
ered. Third, the control group in the first study28 received 
an intensive pt protocol (two sessions per day) and the 
intervention group received one session of pt per day; two 
sessions of physical therapy are considered standard care in 
some clinics, and control patients should receive the kind 
of physical therapy normally used in loco; muscle or dia-
phragm stimulation is not meant to substitute for physical 
therapy; on the contrary, it should be used as a prophylac-
tic therapy to avoid diaphragm atrophy and Vidd. fourth, 
many authors have suggested the importance of p0.1 and 
occlusion pressure, as shown in a recent systematic review 
and meta-analysis.50 p0.1 and occlusion pressure were nev-
er measured after diaphragm stimulation; on the contrary, 
occlusion was performed with bilateral magnetic phrenic 
stimulation to diagnose Vidd in critically ill patients.51 
these two, however, measure diaphragm drive and effort: 
p0.1 and occlusion pressure cannot assess muscle function. 
since diaphragm stimulation is intended as muscle func-
tion enhancement, no change in p0.1 and occlusion pres-
sure (i.e., diaphragm drive and effort) should be expected. 
While Mip is a good assessment for muscle function, p0.1 
and occlusion pressure are not expected to be good param-
eters to assess the outcome after diaphragm stimulation: no 
studies to confirm this were performed.

The interesting finding concerning MIP after diaphragm 
stimulation adds information about the possible therapeu-
tical outcomes in critically ill patients. these results must 
fit in a wider context since many pathological determi-
nants can influence MV time, and the level of evidence is 
insufficient to postulate general assumptions concerning 
positive effects on Vidd.

No scientific literature on long-term survival after dia-
phragm stimulation in the critical ill was found; similarly 
aimed randomized controlled studies have never been 

Discussion

diaphragm stimulation might be an option to prevent or 
treat Vidd; nevertheless, evidence of the positive or neg-
ative outcomes of diaphragm stimulation on diaphragm 
muscle atrophy and critically ill patient outcomes has nev-
er been assessed by any systematic review.

the crosstalk between the oxidative pathways and at-
rophy pathways is the key molecular actor for Vidd.32-34 

hints of the positive impact of stimulation on diaphragm 
atrophy chain reactions at a molecular level, resulting in 
less oxidative stress and less atrophy, has been shown.10, 26 
the causative role of mitochondrial dysfunction and oxi-
dative stress in the pathophysiology of Vidd is, however, 
controversial, as van der berg et al. suggested that treat-
ment aimed at mitochondria may not be beneficial for 
critically ill patients since mitochondrial function in the 
diaphragm was preserved and oxidative stress levels were 
not increased, even in severely ill patients.35 important key 
biomarkers for muscle atrophy as titin36 or diaphragm-
specific atrophy mRNA markers37, 38 were not assessed in 
the included studies. hints of less oxidative stress have 
been demonstrated, suggesting a positive effect in coun-
teracting Vidd. nevertheless, a broader spectrum of mo-
lecular tests is needed to confirm these results.

diaphragm atrophy can easily be assessed by ultrasound 
in the icu setting to predict weaning outcomes.39 patients 
without diaphragm atrophy have a higher rate of liberation 
from MV,40 shorter icu length of stay41 and shorter MV 
time in the icu setting.7, 9, 13, 42-44 diaphragm ultrasound 
can assess diaphragm thickness, a known predictor of MV 
time. These findings reinforce the results of Soták et al.: 
diaphragm stimulation by phrenic stimulation maintains 
or increases diaphragm thickness, avoiding or decelerating 
diaphragm atrophy.24 no indication of a difference in MV 
time between intervention and control is available and the 
study power and optimal population were not calculated; 
moreover, considering that the patients were enrolled sev-
eral days after intubation could be a source of confound-
ing, the pathological mechanisms which initiate Vidd 
are triggered within 72 h after the start of MV.7, 8, 11 the 
results are promising, nevertheless, some limitations and 
confounding were found: indicators of a positive effect of 
diaphragm stimulation on diaphragm thickness have been 
shown but insufficient to assess effects on key outcomes 
as MV time.

We found the best available evidence of diaphragmat-
ic stimulation for Mip. in a prospective randomized pilot 
study by leite et al., patients who received diaphragm 



systEMatic rEViEW on diaphraGM stiMulation panElli

Vol. 59 - no. 6 EuropEan Journal of physical and rEhabilitation MEdicinE 779

References

1. Vassilakopoulos t, petrof bJ. Ventilator-induced diaphragmatic dys-
function. am J respir crit care Med 2004;169:336–41. 
2. dres M, Goligher Ec, heunks lM, brochard lJ. critical illness-
associated diaphragm weakness. intensive care Med 2017;43:1441–52. 
3. Jung b, Moury ph, Mahul M, de Jong a, Galia f, prades a, et al. 
diaphragmatic dysfunction in patients with icu-acquired weakness and 
its impact on extubation failure. intensive care Med 2016;42:853–61. 
4. Medrinal c, prieur G, frenoy É, robledo Quesada a, poncet a, 
bonnevie t, et al. respiratory weakness after mechanical ventilation 
is associated with one-year mortality - a prospective study. crit care 
2016;20:231. 
5. supinski Gs, callahan la. diaphragm weakness in mechanically 
ventilated critically ill patients. crit care 2013;17:r120. 
6. Esteban a, alía i, ibañez J, benito s, tobin MJ; the spanish 
lung failure collaborative Group. Modes of mechanical ventila-
tion and weaning. a national survey of spanish hospitals. chest 
1994;106:1188–93. 
7. Kilapong b, aditianingsih d, sedono r, sugiarto a, salamah t. dia-
phragm muscle thinning in mechanically ventilated critically ill patients. 
J pak Med assoc 2021;71:s78–83.
8. levine s, nguyen t, taylor n, friscia ME, budak Mt, rothenberg 
p, et al. Rapid disuse atrophy of diaphragm fibers in mechanically venti-
lated humans. n Engl J Med 2008;358:1327–35. 
9. Goligher Ec, fan E, herridge Ms, Murray a, Vorona s, brace d, et al. 
Evolution of diaphragm thickness during Mechanical Ventilation. im-
pact of inspiratory Effort. am J respir crit care Med 2015;192:1080–8. 
10. Martin ad, Joseph aM, beaver tM, smith bK, Martin td, berg K, 
et al. Effect of intermittent phrenic nerve stimulation during cardiotho-
racic surgery on mitochondrial respiration in the human diaphragm. crit 
care Med 2014;42:e152–6. 
11. picard M, Jung b, liang f, azuelos i, hussain s, Goldberg p, et 
al. Mitochondrial dysfunction and lipid accumulation in the human 
diaphragm during mechanical ventilation. am J respir crit care Med 
2012;186:1140–9. 
12. 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;53:1801214. 
13. Goligher Ec, dres M, fan E, rubenfeld Gd, scales dc, her-
ridge Ms, et al. Mechanical Ventilation-induced diaphragm atrophy 
strongly impacts clinical outcomes. am J respir crit care Med 
2018;197:204–13. 
14. huang d, Ma h, Zhong W, Wang X, Wu y, Qin t, et al. using M-
mode ultrasonography to assess diaphragm dysfunction and predict the 
success of mechanical ventilation weaning in elderly patients. J thorac 
dis 2017;9:3177–86. 
15. Wollersheim t, Grunow JJ, carbon nM, haas K, Malleike J, 
ramme sf, et al. Muscle wasting and function after muscle activation 
and early protocol-based physiotherapy: an explorative trial. J cachexia 
sarcopenia Muscle 2019;10:734–47. 
16. Moher d, liberati a, tetzlaff J, altman dG; prisMa Group. pre-
ferred reporting items for systematic reviews and meta-analyses: the 
prisMa statement. plos Med 2009;6:e1000097. 
17. Elston dM. Getting the most out of online literature searches-More 
on boolean logic. J am acad dermatol 2020;82:299–300. 
18. ouzzani M, hammady h, fedorowicz Z, Elmagarmid a. rayyan-a 
web and mobile app for systematic reviews. syst rev 2016;5:210. 
19. howick J, Glasziou p, Greenhalgh t, heneghan c, liberati a, Mos-
chetti i, et al. Explanation of the 2011 ocEbM levels of Evidence. 
cEbM; 2011 [internet]. available from: https://www.cebm.ox.ac.uk/
resources/levels-of-evidence/explanation-of-the-2011-ocebm-levels-of-
evidence [cited 2023, oct 10].

performed. however, survival was assessed in two stud-
ies; the first assessed 30-day survival stating that no dif-
ference between diaphragm stimulation and control was 
identified.27 romero et al. showed positive outcomes after 
phrenic nerve stimulation, longer survival rates, and better 
sf-36 scores in comparison with the standard of care.25 
the population considered is only limited to patients with 
cervical spine injury. the low level of evidence concern-
ing survival after diaphragm activation does not allow any 
certain assumption on the general icu population.

the techniques used are heterogeneous and space be-
tween highly invasive electric pacing to non-invasive 
techniques. phrenic nerve stimulation with invasive tech-
niques is feasible, nevertheless presents risks comparable 
to the mechanical, infectious, or thrombotic side effects 
of a central venous line.52 safety could be increased with 
magnetic stimulators of the phrenic nerve, which have 
only been used for diagnostic purposes.53, 54

Limitations of the study

We limited our search to English and German literature. 
due to the focus on the critically ill population, we may 
have missed other important factors not commonly evalu-
ated in studies of critically ill patients yet, like residual 
autonomy (e.g., better management of the voice like tim-
bre, length of sentences, or autonomy in dialogue). fur-
thermore, we prospectively decided not to perform a meta-
analysis because we assumed that the heterogeneity would 
be too high. The assumption was confirmed during the 
execution of the systematic review, and a statistician was 
involved in the attempt of performing a statistical analy-
sis that could summarize the results of the seven studies 
included; according to the expert opinion, no statistical 
analysis was scientifically meaningful in the given circum-
stances.

Conclusions

in summary, there is some evidence available regarding 
the molecular benefits and prevention of diaphragmatic 
atrophy by diaphragmatic stimulation. hints and indica-
tors of positive outcomes like higher Mip and longer sur-
vival are available in the scientific literature. Preventive 
approaches to Vidd have not been extensively studied, 
and the few available publications are not adequately pow-
ered and insufficient to confirm a clinical benefit. Invasive 
procedures to achieve diaphragmatic stimulation in criti-
cally ill patients present limitations and risks, and further 
experimental efforts are needed to assess these issues.



panElli  systEMatic rEViEW on diaphraGM stiMulation

780 EuropEan Journal of physical and rEhabilitation MEdicinE december 2023 

ing of the diaphragm in a controlled mechanical ventilation model re-
veals key genes involved in ventilator-induced diaphragmatic dysfunc-
tion. bMc Genomics 2021;22:472. 
38. Gill lc, ross hh, lee KZ, Gonzalez-rothi EJ, dougherty bJ, 
Judge ar, et al. rapid diaphragm atrophy following cervical spinal cord 
hemisection. respir physiol neurobiol 2014;192:66–73. 
39. llamas-Álvarez aM, tenza-lozano EM, latour-pérez J. dia-
phragm and lung ultrasound to predict Weaning outcome: systematic 
review and Meta-analysis. chest 2017;152:1140–50. 
40. sklar Mc, dres M, fan E, rubenfeld Gd, scales dc, herridge 
Ms, et al. association of low baseline diaphragm Muscle Mass With 
prolonged Mechanical Ventilation and Mortality among critically ill 
adults. JaMa netw open 2020;3:e1921520. 
41. Guzel s, umay E, Gundogdu i, bahtiyarca Zt, cankurtaran d. Ef-
fects of diaphragm thickness on rehabilitation outcomes in post-icu 
patients with spinal cord and brain injury. Eur J trauma Emerg surg 
2022;48:559–65. 
42. nakanishi n, oto J, ueno y, nakataki E, itagaki t, nishimura M. 
change in diaphragm and intercostal muscle thickness in mechanically 
ventilated patients: a prospective observational ultrasonography study. J 
intensive care 2019;7:56. 
43. ni yn, Xu h, li WJ, sun JK, liang bM, liang Za. could the loss 
of diaphragm thickness measured by computer tomography predict the 
rate of reintubation? J thorac dis 2020;12:581–91. 
44. schepens t, Verbrugghe W, dams K, corthouts b, parizel pM, Jo-
rens pG. the course of diaphragm atrophy in ventilated patients assessed 
with ultrasound: a longitudinal cohort study. crit care 2015;19:422. 
45. nemer sn, barbas cs. predictive parameters for weaning from me-
chanical ventilation. J bras pneumol 2011;37:669–79. 
46. trivedi s, davis r, Engoren Mc, lorenzo J, Mentz G, Jewell Es, et 
al. use of the change in Weaning parameters as a predictor of success-
ful re-Extubation. J intensive care Med 2022;37:337–41. 
47. Zhang p, Jiang hJ, Zhou Q, ye XM, li Z, yuan lp, et al. [the pre-
dictive value of ultrasonic measurement of the diaphragmatic thickening 
fraction combined with the maximal inspiratory pressure in mechanical 
ventilation patients]. Zhonghua Jie he he hu Xi Za Zhi 2020;43:778–
83. [chinese].
48. Martin ad, smith bK, davenport pd, harman E, Gonzalez-rothi 
rJ, baz M, et al. inspiratory muscle strength training improves wean-
ing outcome in failure to wean patients: a randomized trial. crit care 
2011;15:r84. 
49. Worraphan s, thammata a, chittawatanarat K, saokaew s, Keng-
kla K, prasannarong M. Effects of inspiratory Muscle training and 
Early Mobilization on Weaning of Mechanical Ventilation: a sys-
tematic review and network Meta-analysis. arch phys Med rehabil 
2020;101:2002–14. 
50. sato r, hasegawa d, hamahata nt, narala s, nishida K, takahashi 
K, et al. the predictive value of airway occlusion pressure at 100 msec 
(p0.1) on successful weaning from mechanical ventilation: a systematic 
review and meta-analysis. J crit care 2021;63:124–32. 
51. dres M, dubé bp, Mayaux J, delemazure J, reuter d, brochard l, 
et al. coexistence and impact of limb Muscle and diaphragm Weakness 
at time of liberation from Mechanical Ventilation in Medical intensive 
care unit patients. am J respir crit care Med 2017;195:57–66. 
52. lockwood J, desai n. central venous access. br J hosp Med 
(lond) 2019;80:c114–9. 
53. demoule a, Molinari n, Jung b, prodanovic h, chanques G, 
Matecki s, et al. patterns of diaphragm function in critically ill patients 
receiving prolonged mechanical ventilation: a prospective longitudinal 
study. ann intensive care 2016;6:75. 
54. demoule a, Jung b, prodanovic h, Molinari n, chanques G, coi-
rault 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. 

20. schünemann hJ, cuello c, akl Ea, Mustafa ra, Meerpohl JJ, 
thayer K, et al.; GradE Working Group. GradE guidelines: 18. how 
robins-i and other tools to assess risk of bias in nonrandomized stud-
ies should be used to rate the certainty of a body of evidence. J clin 
Epidemiol 2019;111:105–14. 
21. Sterne JA, Savović J, Page MJ, Elbers RG, Blencowe NS, Boutron 
i, et al. rob 2: a revised tool for assessing risk of bias in randomised 
trials. bMJ 2019;366:l4898. 
22. higgins Jp, altman dG, Gøtzsche pc, Jüni p, Moher d, oxman 
ad, et al.; cochrane bias Methods Group; cochrane statistical Meth-
ods Group. the cochrane collaboration’s tool for assessing risk of bias 
in randomised trials. bMJ 2011;343:d5928. 
23. duarte Gl, bethiol al, ratti ld, franco G, Moreno r, tonella 
rM, et al. transcutaneous electrical diaphragmatic stimulation reduces 
the duration of invasive mechanical ventilation in patients with cervi-
cal spinal cord injury: retrospective case series. spinal cord ser cases 
2021;7:26. 
24. soták M, roubík K, henlín t, tyll t. phrenic nerve stimulation 
prevents diaphragm atrophy in patients with respiratory failure on me-
chanical ventilation. bMc pulm Med 2021;21:314. 
25. romero fJ, Gambarrutta c, Garcia-forcada a, Marín Ma, diaz de 
la lastra E, paz f, et al. long-term evaluation of phrenic nerve pac-
ing for respiratory failure due to high cervical spinal cord injury. spinal 
cord 2012;50:895–8. 
26. Mankowski rt, ahmed s, beaver t, dirain M, han c, hess p, et 
al. intraoperative hemidiaphragm electrical stimulation reduces oxida-
tive stress and upregulates autophagy in surgery patients undergoing 
mechanical ventilation: exploratory study. J transl Med 2016;14:305. 
27. dres M, de abreu MG, Merdji h, Müller-redetzky h, dellweg 
d, randerath WJ, et al.; rEscuE-2 study Group investigators. ran-
domized clinical study of temporary transvenous phrenic nerve 
Stimulation in Difficult-to-Wean Patients. Am J Respir Crit Care Med 
2022;205:1169–78. 
28. leite Ma, osaku Ef, albert J, costa cr, Garcia aM, czapiesvski 
fd, et al. Effects of neuromuscular Electrical stimulation of the Quad-
riceps and diaphragm in critically ill patients: a pilot study. crit care 
res pract 2018;2018:4298583. 
29. cochrane methods. cochrane; 2023 [internet]. available from: 
https://methods.cochrane.org/ [cited 2023, oct 10].
30. 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 Ventilation. crit care 
Med 2020;48:e362–70. 
31. sander bh, dieck t, homrighausen f, tschan ca, steffens J, ray-
mondos K. Electromagnetic ventilation: first evaluation of a new meth-
od for artificial ventilation in humans. Muscle Nerve 2010;42:305–10. 
32. smuder aJ, sollanek KJ, nelson Wb, Min K, talbert EE, Kavazis 
an, et al. crosstalk between autophagy and oxidative stress regulates 
proteolysis in the diaphragm during mechanical ventilation. free radic 
biol Med 2018;115:179–90. 
33. hyatt hW, ozdemir M, yoshihara t, nguyen bl, deminice r, 
powers sK. calpains play an essential role in mechanical ventilation-
induced diaphragmatic weakness and mitochondrial dysfunction. redox 
biol 2021;38:101802. 
34. dridi h, yehya M, barsotti r, reiken s, angebault c, Jung b, et al. 
Mitochondrial oxidative stress induces leaky ryanodine receptor during 
mechanical ventilation. free radic biol Med 2020;146:383–91. 
35. van den berg M, hooijman pE, beishuizen a, de Waard Mc, paul 
Ma, hartemink KJ, et al. diaphragm atrophy and Weakness in the ab-
sence of Mitochondrial dysfunction in the critically ill. am J respir 
crit care Med 2017;196:1544–58. 
36. van der pijl r, strom J, conijn s, lindqvist J, labeit s, Granzier 
h, et al. titin-based mechanosensing modulates muscle hypertrophy. J 
cachexia sarcopenia Muscle 2018;9:947–61. 
37. Liu R, Li G, Ma H, Zhou X, Wang P, Zhao Y. Transcriptome profil-



systEMatic rEViEW on diaphraGM stiMulation panElli

Vol. 59 - no. 6 EuropEan Journal of physical and rEhabilitation MEdicinE 781

Conflicts of interest
stefan J. schaller holds stocks in small amount from alphabet inc, bayer aG and siemens aG; he also received honoraria for lectures from fresenius Kabi 
deutschland Gmbh, springer Verlag Gmbh for educational purposes and advanz pharma; and received funds not directly related to the manuscript by fre-
senius Kabi deutschland Gmbh, asp Gmbh, and federal Joint committee (G-ba).
Funding
this work was supported by a project grant and equipment by stiMit aG, biel, switzerland. the funding body had no role in the design, collection, analysis, 
and interpretation of the data and in writing the manuscript.
Authors’ contributions
alessandro panelli has given substantial contributions to data acquisition, analysis, interpretation and investigation, manuscript writing and revision, Julius J. 
Grunow, Michael a. Verfuß, hermann G. bartels and Zarina brass to data collection, analysis and investigation, and manuscript revision, stefan J. schaller 
to study design, data collection, analysis, interpretation and investigation, and manuscript revision. All authors read and approved the final version of the 
manuscript.
History
Manuscript accepted: october 9, 2023. - Manuscript revised: July 11, 2023. - Manuscript received: May 10, 2023.
Supplementary data
for supplementary materials, please see the htMl version of this article at www.minervamedica.it


