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Abstract:

The  diaphragm  is  the  most  important  respiratory  muscle,  and  its  function  may  be  limited  by  acute  and  chronic  diseases.  A  diaphragmatic
ultrasound, which quantifies dysfunction through different approaches, is useful in evaluating work of breathing and diaphragm atrophy, predicting
successful weaning, and diagnosing critically ill patients. This technique has been used to determine reduced diaphragmatic function in patients
with chronic obstructive pulmonary disease and interstitial diseases, while in those with COVID-19, diaphragmatic ultrasound has been used to
predict weaning failure from mechanical ventilation.
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1. INTRODUCTION

The  diaphragm  is  a  dome-shaped,  fibromuscular
respiratory muscle that separates the thorax from the abdomen.
It is the most important respiratory muscle and is responsible
for  75%  of  respiratory  movements  [1].  Diaphragmatic
movement  facilitates  inspiratory  and  expiratory  air  flow  for
respiration,  airway  clearance,  and  speech  [2],  and
diaphragmatic  dysfunction  (DD)  may  partly  explain  the
symptoms  of  patients  with  respiratory  diseases,  such  as
dyspnea, decreased functional capacity, and respiratory failure.
Causes  of  DD  are  varied;  the  principal  etiologies  are
neurological, neuromuscular, and respiratory etiologies [3], and
other  causes  are  related  to  sepsis,  cardiogenic  shock,  and
hypercapnic respiratory failure [2]. DD has also been reported
in 80% of patients on mechanical ventilation [4].

The  gold  standard  for  the  evaluation  of  diaphragmatic
function is transpulmonary pressure measurement after phrenic
nerve  stimulation  [5].  Other  methods  include  fluoroscopy,
computed axial tomography, and magnetic resonance imaging
[6].  Recently,  the  use  of  diaphragmatic  ultrasound  (DU)  has
increased due to its high availability, low associated costs, and
safety, though its effectiveness depends on the collaboration of
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each  patient.  DU  has   been  used  to   evaluate  patients  with
interstitial lung disease, chronic obstructive pulmonary disease
(COPD) [7],  those  weaning  from mechanical  ventilation  [8],
and most recently, patients with COVID-19 [9, 10].

2. DIAPHRAGM ULTRASOUND

DU  is  a  useful  tool  for  evaluating  diaphragmatic
movement,  both  statically  and  dynamically.  Diaphragmatic
thickness  is  a  static  measure  obtained  by  measuring  the
distance  between  the  two  hyperechoic  layers  in  the  zone  of
apposition  (ZOA).  On  the  other  hand,  diaphragmatic
thickening is a dynamic variable that represents the relationship
between the difference in diaphragmatic thickness between two
lung volumes divided by the thickness of  the largest  volume
[11]. Another dynamic process is a diaphragmatic excursion,
which  can  be  determined  through  various  methods:
measurement of the downward movement of the left branch of
the portal vein in the supine position while the patient is seated;
measurement of the craniocaudal movement of the diaphragm
in  the  supine  position  [12];  movement  of  the  lung  silhouette
(curtain sign) in both hemidiaphragms with the patient seated;
and measurement of the length of the diaphragm in the ZOA
with  residual  volume  and  at  total  lung  capacity,  while  the
patient is seated [13].
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3. DIAPHRAGM ULTRASOUND IN INTENSIVE CARE
UNITS

Diaphragmatic weakness is one of the main complications
of invasive mechanical ventilation (IMV). Comorbidities, acute
pathology, drugs, and mechanical ventilation itself are factors
that  lead  to  this  dysfunction  [14],  which  produces  weaning
failure [15],  prolonged mechanical ventilation [4],  prolonged
stays in intensive care units (ICU) [16], and increased mortality
[2].  DU  evaluates  DD  in  four  scenarios:  diagnosis  of
dysfunction,  evaluation  of  work  of  breathing  (WOB),
identification  of  atrophy,  and  prediction  of  IMV  weaning
outcome [17]. To diagnosis DD, the absence of neuromuscular
relaxation associated with spontaneous mechanical ventilation
is  required  [18].  Diaphragmatic  paralysis  is  diagnosed  by
evaluating  paradoxical  movement  or  immobility  of  the
hemidiaphragm  during  unassisted  deep  breathing.
Diaphragmatic  paresis  is  defined  as  the  excursion  of  the
hemidiaphragm  less  than  10  mm  during  deep  unassisted
breathing  [19].

Valette et al. reported that the prevalence of DD in patients
with acute  respiratory failure  at  the time of  admission to  the
ICU was 2.2%; all patients had acute hypercapnic respiratory
failure associated with alveolar hypoventilation [19]. Lu et al.
found a 34% prevalence of DD among a cohort of patients with
prolonged mechanical ventilation, which was defined as 3 or
more unsuccessful spontaneous ventilation tests, or more than
7 days of ventilation after the first spontaneous ventilation test
[20].

With  respect  to  the  evaluation  of  WOB,  Umbrello  et  al.
studied  25  patients  who  were  ventilated  in  pressure  support
mode  during  the  postoperative  period  following  major
surgeries. The authors compared diaphragmatic thickness and
excursion versus  the diaphragmatic and esophageal pressure-
time product (indicators of WOB), and their results suggested
that thickness evaluated by DU is a good indicator of changes
in WOB compared to changes in pressure-time product [21].
Additionally,  Vivier  et  al.  evaluated  12  patients  on  non-
invasive  ventilation  after  weaning  from  IMV.  The  thickness
and thickening fraction were compared with the diaphragmatic
pressure-time  product  at  three  different  levels  of  pressure
support.  Results  showed  that  higher  levels  of  support  were
associated with decreases in the pressure-time product and the
thickening fraction; diaphragmatic thickening fraction is thus
an alternative to non-invasively evaluate WOB [22].

DU  can  also  evaluate  atrophy  and  monitor  expiratory
diaphragmatic thickness. Zambon et al. prospectively followed
40  patients  with  IMV  from  their  ICU  admission  until
discharge.  A  7.5%  decrease  in  diaphragmatic  thickness  was
observed in patients ventilated in controlled modalities, a 5.3%
decrease  among  those  with  high-support  ventilation,  and  a
1.5%  decrease  in  those  with  low-support  ventilation;  in
contrast, a 2.3% increase in thickness was observed in patients
with spontaneous ventilation [17]. Goligher et al. evaluated the
clinical  impact  of  diaphragmatic  atrophy by daily  evaluating
diaphragmatic  thickness  in  211  patients  in  VMI.  Thickness
decreased in 10% of the patients  analyzed,  and this  decrease
was  associated  with  a  lower  probability  of  weaning  from
mechanical  ventilation,  a  prolonged  stay  in  the  ICU,  and  an

increased  risk  of  complications.  Nevertheless,  an  increase  in
thickness  was  also  associated  with  prolonged  mechanical
ventilation.  Patients  who  presented  a  thickening  fraction
between 15 and 30% during the first 3 days of ventilation were
associated with a shorter duration of IMV [14].

Thickening  fraction  has  also  been  used  as  a  predictor  of
weaning  success.  DiNino  et  al.  prospectively  followed  63
patients  on  spontaneous  T-tube  ventilation  and  pressure
support  and  observed  that  a  thickening  fraction  over  30%
predicted successful weaning, with 88% of patients achieving
spontaneous  ventilation  and  71%  requiring  only  pressure
support [23]. Different studies have corroborated the usefulness
of the thickening fraction for predicting weaning, establishing
cut-off values ranging from 20 to 34% [4, 24].

Another measure that has proven useful to predict weaning
success  is  the  diaphragmatic  excursion.  Kim  et  al.  analyzed
this parameter in 88 patients who required IMV for more than
48  hours  under  spontaneous  ventilation  test  conditions,  and
established  10  mm  as  the  excursion  cut-off  value  for  the
prediction  of  weaning  success  [25].  Other  authors  have
reported  excursions  between  9.5  to  14  mm  as  predictors  of
success  [15,  26].  Nevertheless,  there  is  not  yet  sufficient
evidence  from  clinical  trials  to  support  the  superiority  and
routine  use  of  one  indicator,  i.e.,  thickening  fraction,  or
another, i.e., diaphragmatic excursion, in the weaning process.

4.  DIAPHRAGM  ULTRASOUND  IN  CHRONIC
OBSTRUCTIVE PULMONARY DISEASE

COPD is characterized by persistent respiratory symptoms
associated  with  chronic  airflow  limitation  and  parenchymal
destruction [21]. Dynamic lung hyperinflation (DLH) plays a
central  role  in  the  development  of  dyspnea  and  decreased
functional  capacity  in  EPOC,  and  it  has  two  components:  a
static component, characterized by a decrease in lung elastance
and  destruction  of  the  lung  parenchyma,  and  a  dynamic
component  which  indicates  the  inability  to  eliminate  all
exhaled air before the next inspiration. Airflow limitation and
DLH  are  the  main  causative  factors  of  dyspnea  in  COPD
patients.

DU  and  specific  measurements,  like  diaphragmatic
thickening and diaphragmatic excursion, can play a role in the
evaluation  of  DD  and  can  be  correlated  with  pulmonary
function tests, as evidenced by a number of studies. Baria et al.
evaluated  the  diaphragmatic  thickness  and  the  thickening
fraction  in  patients  with  COPD  and  compared  them  with  a
cohort of healthy people. There were no differences observed
in  diaphragmatic  thickness  or  in  the  thickening  fraction
between  the  groups,  except  for  the  subgroup  with  severe  air
trapping  [7].  For  their  part,  Okura  et  al.  evaluated
diaphragmatic  thickening  at  different  volumes:  total  lung
capacity, residual functional capacity, and residual volume in
COPD and healthy patients. COPD patients showed a reduced
diaphragmatic  thickness  in  total  lung capacity  (TLC) though
not functional residual capacity (FRC) or residual volume (RV)
compared  to  healthy  control.  Furthermore,  the  thickening
fraction  was  lower  in  COPD  patients  [27].

Other researchers have evaluated the relationship between
diaphragmatic  variables  and  exacerbations  in  patients  with
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COPD.  Lim  et  al.  studied  diaphragmatic  thickening  and
diaphragmatic  excursion  in  patients  hospitalized  due  to  a
COPD  exacerbation,  from  day  3  of  their  admission  until  2
weeks post-discharge and found that diaphragmatic thickening
decreases  at  the  moment  of  exacerbation  compared  to  the
patients’  follow-up  ultrasound;  however,  diaphragmatic
excursion  did  not  change.  The  authors  also  showed  a
correlation between change in diaphragmatic excursion and the
period of time before the next crisis [28]. Eryüksel et al. also
evaluated  the  association  between  diaphragmatic  thickening
and the possibility of developing symptoms and exacerbations
in  a  cohort  of  COPD  patients  by  examining  demographic,
symptomatic, and functional variables, and they observed that
diaphragmatic thickening is correlated with age, but not with
sex,  smoking,  body  mass  index  (BMI),  exacerbations,  or
symptom scores [29]. In the same vein, Ogan et al. evaluated
diaphragmatic  thickening  at  tidal  volume  and  at  maximum
inspiration in COPD patients and healthy subjects. There was
no correlation found between these parameters and severity of
COPD, respiratory function, the frequency of exacerbations or
symptoms (mMRC) [30].

Ramachandran et al. evaluated diaphragmatic function in
patients  with  moderate  COPD  by  measuring  diaphragmatic
excursion,  diaphragmatic  thickening,  and  the  length  of  the
ZOA  in  TLC,  FRC,  and  RV.  They  reported  a  lower
diaphragmatic thickness compared to the control group and a
small area of diaphragmatic apposition in patients with COPD
in residual volume. There were no significant differences found
in diaphragmatic  excursion [13].  Shiraishi  et  al.  also studied
the correlation between maximum diaphragmatic excursion and
ventilatory parameters in COPD patients and found that these
patients  had  a  reduced  maximum  diaphragmatic  excursion
compared  to  healthy  subjects.  They  also  demonstrated  that
diaphragmatic  excursion  is  directly  correlated  with  maximal
oxygen  consumption  and  with  the  change  in  inspiratory
capacity  in  both  COPD  and  healthy  patients  [31].  He  et  al.
prospectively observed 137 patients, distributed in four groups,
i.e., those with COPD, idiopathic pulmonary fibrosis (IPF), IPF
with  emphysema,  and  healthy  controls,  to  evaluate
diaphragmatic  excursion.  Their  results  showed  that
diaphragmatic  mobility  is  in  negative  correlation  with  the
degree of emphysema but does not correlate with the degree of
fibrosis [32].

In summary, the variables evaluated through DU in COPD
patients correlate with pulmonary function tests and can predict
the risk of  COPD exacerbation,  though they do not  correlate
with symptoms or the severity of COPD.

5.  DIAPHRAGM  ULTRASOUND  IN  INTERSTITIAL
LUNG DISEASE

Interstitial lung disease (ILD) is a heterogeneous group of
conditions characterized by bilateral opacities that extensively
compromise the pulmonary fields [33]. This group of diseases
is associated with substantial morbidity and mortality [34] and
impaired quality of life [35].  There is also growing evidence
that respiratory muscle function is impaired [36, 37]. Several
underlying  pathophysiological  mechanisms  have  been
proposed: physical deconditioning, systemic pro-inflammatory

states  [38],  hypoxia,  malnutrition  and  sarcopenia,
corticosteroid-induced  myopathy  [39],  and  muscle  overload
due to increased lung elastic recoil of the fibrotic lung [35, 40].

Over  the  last  decade,  lung  ultrasonography  has  been
reported as a complementary tool to diagnose ILD and follow-
up with affected patients [41 - 44]. As mentioned above, He et
al.  found  no  differences  in  diaphragm  excursion  between
patients  with  idiopathic  pulmonary  fibrosis  and  healthy
controls [32]. Santana et al. evaluated diaphragmatic mobility
in  40  patients  with  different  types  of  ILD,  who  presented
reduced  diaphragmatic  mobility  during  deep  breathing  and  a
lower  thickening  fraction  compared  to  healthy  controls.  In
addition, the authors were able to determine that diaphragmatic
mobility  correlates  with  the  predicted  forced  vital  capacity
(FVC)  and  that  the  cutoff  value  of  60%  predicted  FVC  is
highly  accurate  for  the  diagnosis  of  DD  [45].  These  results
were  confirmed  by  Boccatonda  et  al.,  who  compared
diaphragmatic  excursion  in  12  IPF  patients  and  12  healthy
subjects  and  found  a  significant  reduction  of  mean
diaphragmatic excursion in IPF patients, which was detectable
in  deep  breathing  maneuver  only.  Furthermore,  there  was  a
positive correlation observed between FVC and diaphragmatic
mobility in subjects with IPF [46]. In another study, Santana et
al. evaluated diaphragmatic mobility and thickness during quiet
and  deep  breathing  and  calculated  thickening  fraction  in  30
subjects  with  IPF  and  30  healthy  controls.  They  observed
similar  diaphragmatic  excursion  in  both  groups  in  quiet
breathing;  patients  with  IPF  had  a  greater  diaphragmatic
thickness  but  a  lower  thickening  fraction  than  the  healthy
participants.  Moreover,  excursion  and  diaphragmatic
thickening  during  deep  breathing  were  positively  correlated
with lung function, exercise tolerance, and quality of life, but
inversely correlated with dyspnea. Most of the fibrotic patients
had  lower  thickening  fraction,  and  they  had  greater  dyspnea
and exercise intolerance, lower quality of life and lung function
[47].

6. DIAPHRAGM ULTRASOUND IN COVID-19

The  use  of  DU  in  COVID-19  patients  is  a  new  and
growing field of research. Corradi et al. prospectively studied
27  COVID-19  patients  admitted  to  the  ICU  for  continuous
positive airway pressure (CPAP) before considering invasive
ventilation.  In  these  patients,  diaphragmatic  thickening  was
measured prior to connection to CPAP. They demonstrated that
diaphragmatic  thickening  less  than  21.4%  predicts  CPAP
failure [9]. This group also retrospectively reviewed a cohort of
77 patients with COVID-19 admitted to the ICU and observed
that a diaphragmatic thickness less than 2.2 mm at the end of
expiration was associated with a higher probability of requiring
IMV or  death  [10].  Lassola  et  al.  prospectively  observed  14
patients  connected  to  IMV.  They  evaluated  the  correlation
between esophageal pressure at three levels of pressure support
and central  venous  pressure  or  thickening fraction.  All  these
variables  were  measured  at  tidal  volume,  and  there  was  a
positive  correlation  between  thickening  fraction  and
esophageal pressure change [48]. In this context, the evaluation
of diaphragmatic function in COVID-19 extends beyond what
is  known  of  DD  in  ICU,  and  DU  is  a  simple,  useful  and
inexpensive  way  to  evaluate  this  function.
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Table 1. Diaphragmatic paralysis can be diagnosed by measuring diaphragmatic thickness and thickening in quiet and deep
breathing, an easy and non-expensive diagnostic technique.

Authors Diseases Thickness Thickening Fraction Thickening Ratio
(Tmax/Tmin)

Excursion ZOA

Zambon et al., 2017 [17] ICU - DD N. E. N. E. N. E. < 10 mm N. E.
Zambon et al., 2016 [51] ICU - Atrophy Yes N. E. N. E. N. E. N. E.

DiNino et al., 2013
[23]

ICU - Weaning Outcome Yes > 30% N. E. N. E. N. E.

Jung et al., 2016 [52] ICU - Weaning Outcome Yes > 20% N. E. N. E. N. E.
Farghaly et al., 2016 [24] ICU - Weaning Outcome Yes > 34% N. E. N. E. N. E.

Kim et al., 2011 [25] ICU - Weaning Outcome N. E. N. E. N. E. > 10 mm N. E.
Dres et al., 2017 [15] ICU - Weaning Outcome N. E. N. E. N. E. > 9.5 mm N. E.
Spadaro et al., 2016

[26]
ICU - Weaning Outcome N. E. N. E. N. E. > 14 mm N. E.

Baria et al., 2014 [7] COPD No N. E. Yes, in severe air
trapping.

N. E. N. E.

Eryüksen et al., 2017 [29] COPD N. E. No. N. E. N. E. N. E.
Lim et al., 2019 [28] COPD N. E. Yes N. E. No N. E.
Ogan et al., 2019 [30] COPD No N. E. N. E. N. E. N. E.
Okura et al., 2020 [27] COPD Yes (TdiTLC). N. E. Yes. N. E. N. E.

Ramachandran et al., 2020 [13] COPD Yes N. E. N. E. No Yes (RV)
Shiraishi et al., 2020 [31] COPD N. E. N. E. N. E. Yes N. E.

He et al., 2014 [32] COPD N. E. N. E. N. E. Yes (TLC) N. E.
He et al., 2014 [32] ILD N. E. N. E. N. E. Yes (TLC) N. E.
Santana et al., 2016

[45]
ILD Yes. Yes. N. E. Yes (DB) N. E.

Boccatonda et al., 2018 [46] ILD N. E. N.E. N. E. Yes (DB) N. E.
Santana et al., 2019

[47]
ILD Yes Yes N. E. Yes (DB) N. E.

Corradi et al., 2020 [10] COVID-19 N. E. Failure
< 21.4%

N. E. N.E. N. E.

Corradi et al., 2021
[9]

COVID-19 Yes N.E. N. E. N. E. N. E.

Lassola et al., 2021 [48] COVID-19 N. E. Yes N. E. N. E. N. E.
ICU: Intensive care unit, DD: Diaphragmatic dysfunction, COPD: Chronic obstructive pulmonary disease, ILD: Interstitial lung disease, N.E.: Not evaluated, TLC: Total
lung capacity, RV: Residual volume, DB: Deep breathing, TdiTLC: diaphragmatic thickening at TLC.

7. DIAPHRAGMATIC PARALYSIS

Diaphragmatic paralysis is typically suspected in dyspneic
patients with an elevated hemidiaphragm in a chest x-ray. The
selection of confirmatory test depends on their availability and
invasiveness.  The  DU  is  used  as  a  diagnostic  tool  in
diaphragmatic paralysis.  Gottersman et al.  evaluated patients
with suspected diaphragmatic paralysis and found that among
patients with unilateral paralysis, diaphragmatic thickness and
thickening were significantly less than in healthy controls [49].
In  the  same  vein,  Boussuges  et  al.  evaluated  paralyzed
diaphragm  by  M-mode  ultrasonography,  and  the  absence  of
movement  and  paradoxical  movement  was  associated  with
paralyzed  diaphragm  during  quiet  and  deep  breathing  [12].
Caleffi-Pereira et al. also studied diaphragmatic paralysis in 27
patients  with  unexplained  dyspnea  and  demonstrated  that
mobility during quiet and deep breathing was reduced in these
patients  compared  with  their  healthy  counterparts;  these
authors also showed that thickness at functional capacity and
total  lung capacity was reduced in paralyzed hemidiaphragm
[50].  Thus,  diaphragmatic  paralysis  can  be  diagnosed  by
measuring diaphragmatic thickness and thickening in quiet and

deep  breathing,  an  easy  and  non-expensive  diagnostic
technique  [51,  52]  (Table  1).

CONCLUSION

Although  DU  is  a  tool  still  under  development,  its
versatility  and  ability  to  give  us  information  in  dynamic
situations suggest that its use will increase significantly in the
coming  years.  In  a  critical  care  setting,  where  patients  are
usually  too  sick  to  carry  out  other  tests  (i.e.,  computed
tomography), DU is invaluable as a bedside tool. Measurement
of  the  static  and  dynamic  variables  is  standardized,  but  it
remains to be determined which of all possible measurements
is best while conducting an ultrasonography evaluation. Most
reports  are  focused  on  weaning  from  mechanical  ventilation
and  adding  information  about  diaphragmatic  dysfunction,  as
summarized  in  this  review.  In  COPD,  several  ultrasound
parameters have been evaluated. It appears that measurements
up  to  total  lung  capacity  increase  the  sensitivity  of  the  test.
Regarding  diaphragmatic  excursion,  lately,  there  have  been
positive  results  when  measuring  maximum  inspiration.  The
measurement  of  diaphragmatic  length  in  the  ZOA  is  a
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promising variable when assessing diaphragmatic function in a
patient  breathing  in  tidal  volume.  In  ILD,  the  diaphragmatic
excursion  is  diminished  and  correlates  with  the  FVC.  Even
more,  thickening  fraction  is  correlated  with  lung  function,
exercise tolerance, and quality of life. The usefulness of DU in
COVID-19 is focused on patients in the ICU. While the utility
of DU in patients with COVID-19 sequelae has yet to be fully
evaluated,  it  is  an  easy  way  to  diagnose  diaphragmatic
paralysis.
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