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Diaphragm dysfunction is a common complication following cardiac surgery. Its
clinical impact is variable, ranging from the absence of symptoms to the acute
respiratory failure. Post-operative diaphragm dysfunction may negatively affect
patients’ prognosis delaying the weaning from the mechanical ventilation (MV),
extending the time of hospitalization and increasing mortality. Ultrasonography
is a valid tool to evaluate diaphragmatic impairment in different settings, like the
Intensive Care Unit, to predict successful weaning from the MV, and the Cardio-
vascular Rehabilitation Unit, to stratify patients in terms of risk of functional
recovery failure. The aim of this review is to describe the pathophysiology of
post-cardiac surgery diaphragm dysfunction, the techniques used for its diagnosis
and the potential applications of diaphragm ultrasound.
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he diaphragm is the most important inspiratory muscle,

being responsible for 70% of the inspired air volume

during regular breathing (Figure 1)."? Patients undergoing
cardiac surgery are at risk of diaphragmatic dysfunction which is
often caused by phrenic nerve injury.”* Postoperative diaphragm
dysfunction may involve one or both the hemidiaphragms and it
may be due to a partial or a complete loss of function (causing
weakness or paralysis, respectively).”® The incidence of diaphragm
dysfunction after cardiac surgery ranges between 1 and 60%, but in
some studies it reaches 75%.”® This variability mainly depends on
the differences in terms of surgical procedures and techniques used
for its diagnosis.”

Many factors are related to the damage of the phrenic
nerve during cardiac surgery, for example, the traumatic injury
following the harvesting of the internal mammary artery (IMA)
which is proximal to the nerve’ and the hypothermic demyelin-
ating damage caused by the ice slush.'®”'* Moreover, a pro-
longed time of curarization and/or intubation may induce
diaphragmatic muscular atrophy leading to an increased risk of
dysfunction."® Eventually, sepsis, uncontrolled hyperglycemia,
malnutrition, severe renal failure, and administration of neuro-
muscular blocking agents or high doses of corticosteroids may
contribute to reduce diaphragmatic muscular strength, espe-
cially in mechanically ventilated patients.'*
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Diaphragm Dysfunction

Diaphragm dysfunction is a condition characterized
by a reduced contractile function of the diaphrag-
matic muscle.'” It can be caused by muscular
weakness, a partial loss of the contractile ability of
the diaphragm, or muscular paralysis, the complete
absence of the diaphragmatic capacity of contrac-
tion.*'*> Weakness or paralysis can involve either
one or both the hemidiaphragms. The type of
respiratory failure possibly caused by diaphragm
dysfunction is a “respiratory pump failure,” considering
the “respiratory pump” as the total anatomical and
functional apparatus that allows ventilation."* The
respiratory pump failure may produce an inadequate
airflow due to a reduced respiratory effort to overcome
increased resistance.'”'> The alteration of ventilation—
perfusion ratio provokes an increase of the physiologi-
cal dead space, which is the part of the air volume that
does not participate in gas exchange.'®

Dysfunction may occur following a surgical pro-
cedure, in mechanically ventilated patients, in meta-
bolic, inflammatory, or neuro-muscular disorders, in

case of mediastinal or abdominal masses and diseases
causing lung hyperinflation."”

Patients with unilateral diaphragmatic paralysis
are usually asymptomatic at rest but may present
exertional dyspnoea; patients with bilateral diaphrag-
matic dysfunction more frequently are symptomatic,
even at rest.'”'” Underlying cardiac diseases, obesity,
or respiratory affections like chronic obstructive pul-
monary disease (COPD) may exacerbate dyspnoea in
diaphragm dysfunction, especially when patients are
in supine position. ™

Patients with severe bilateral diaphragmatic dys-
function may present tachypnoea and anomalous acti-
vation of accessory respiratory muscles of ventilation
at rest.'” The most typical sign of diaphragm paralysis
is the “abdominal paradox” (also known as “thoraco-
abdominal asynchrony”), consisting in the paradoxi-
cal inward motion of the abdomen during the
inspiration.20

The evolution of the diaphragm dysfunction
depends on its own cause. In degenerative neuromus-
cular diseases the course is progressive, *'>* while
in case of post-cardiac surgery only 2% of patients

Figure 1. Anatomical view of the diaphragm (copyright to Encyclopaedia Britannica, Encyclopaedia Britannica, Inc, Chicago, IL, https://

www.britannica.com/).
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have persistent diaphragm paralysis at chest radiogra-
phy after a 6-month follow-up.®

Assessment of Diaphragmatic Function

Several techniques can be used to assess diaphrag-
matic function.

The gold standard is the measurement of the
negative pressure generated by diaphragm contraction
in response to phrenic nerve stimulation (electrical or
magnetic).25 During the stimulation, the difference
between esophageal and gastric pressures (twitch
transdiaphragmatic pressure, PDItw) can be evaluated
using balloon catheters.>>*® PDItw <15 cmH,O is
suggestive of diaphragm dysfunction.”>*”**

At chest x-ray, the presence of an abnormally
elevated hemidiaphragm (defined as the right
hemidiaphragm located >2 cm higher than the left
counterpart or the left hemidiaphragm placed at
the same level or higher than the right one) is typical
of unilateral diaphragm paralysis with a high sensibility
(90%) but a low specificity (33%).” False positives
are attributable to congenital abnormalities of the

Figure 2. Ultrasonographic view of the diaphragm in B-mode.
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diaphragm, hepatomegaly, distension of the splenic
flexure of the colon, pulmonary atelectasis, and pleural
effusion.””

Lung function tests may be performed to quan-
tify the impact of diaphragmatic dysfunction on the
ventilatory mechanics.”® Unilateral diaphragm weak-
ness is typically associated with a mild decrease in
vital capacity (VC) to about 75% of the predicted
value, with a further 10-20% decrease in supine posi-
tion; instead, functional residual capacity (FRC) and
total lung capacity (TLC) are usually preserved in
this situation.>**" In bilateral diaphragm weakness
VC reaches ~50% of predicted value with a further
decrease by 30-40% in supine position and reduced
TLC with elevated residual volume can be found."®*>
Pulmonary function testing can be used to measure
the maximal inspiratory pressure (MIP) and the maxi-
mal sniff nasal inspiratory pressure (SNIP), which are
indices of the respiratory muscles’ strength.*> > SNIP
is measured at FRC using a pressure transducer con-
nected to a catheter placed in the nostril.>> MIP and
SNIP are reduced to about 60% of the predicted
value in patients with unilateral diaphragmatic paraly-
sis and to <30% in those with bilateral paralysis, while
the maximal expiratory pressure (MEP) is usually pre-
served in patients with diseases that affect the dia-
phragm but spare the expiratory muscles.*®

In the end, diaphragmatic ultrasonography (US) is a
novel technique which can be adopted to assess both
anatomical and functional characteristics of the

diaphragm.

Diaphragm Ultrasonography

US is a non-invasive tool that can be rapidly per-
formed at the bedside in different settings like the
intensive care unit (ICU), the CS, and the CR Unit.
It allows the visualization of structures below and
above the diaphragm, possibly identifying extrinsic
causes of pathological diaphragm elevation, such as
abdominal masses and organomegaly.*”

At US, the diaphragm is identifiable by its curved
geometry and muscular echotexture.”” Longitudinally,
the diaphragm is a hypoechoic structure enclosed by
two highly hyperechoic structures which correspond
to the pleura and the peritoneum (Figure 2).*® US
mainly investigated the lateral and posterior portions
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of the diaphragm that represent the crural compo-
nents of the muscle.’” These areas are more mobile
than the central tendon region.*

Diaphragm US is usually performed in the supine
position due to a less side-to-side variability, and
greater reproducibility.*”*" Patients can be evaluated
during quiet breathing, deep inspiration, or sniff
maneuvers. Both hemidiaphragms can be examined
with US. However, while the right hemidiaphragm is
easily visualized through the liver window, the evalua-
tion of the left hemidiaphragm is more complex due
to the limited extension of the splenic window.***"

Ultrasonographic B-mode imaging allow the assess-
ment of diaphragm structure and change in thickness
during the respiratory cycle,*” while M-mode has a
higher temporal resolution and it is useful to evaluate
diaphragmatic excursion and contraction velocity.*

Diaphragm can be visualized through the follow-
ing views (Figure 3):

o Anterior subcostal view: it is the preferred view to
measure diaphragmatic excursion. The anterior
subcostal view is investigated using a low frequency
transducer (2-6 MHz) placed in the anterior

Figure 3. Transducer placement in the different diaphragmatic US views. A, Intercostal view: high-frequency linear transducer (7-18 MHz)
placed at the intercostal space between the seventh and eighth or eighth and ninth ribs along the anterior axillary line. B, Anterior subcostal
view: low-frequency curvilinear transducer (2-6 MHz) placed in the anterior subcostal region between midclavicular and anterior axillary
lines. C, Subxiphoid view: low-frequency curvilinear transducer (2-6 MHz) placed horizontally under the xiphoid process with the probe ori-
ented upwards obtaining a 45° angle with the anterior abdominal wall. D, Posterior subcostal view: low-frequency curvilinear transducer (2—
6 MHz) placed in the posterior subcostal region with the patient in the sitting position.
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subcostal region between midclavicular and
anterior axillary lines. The transducer is directed
medially, cranially, and dorsally. B-mode imaging is
adopted to assess diaphragm thickening, while
M-mode is used to quantify the amplitude of the
excursion pointing the ultrasound beam perpendic-
ularly to the muscular hyperechoic zone. Amplitude
and time of excursion can be used to calculate the
diaphragm velocity of contraction.”’

Posterior subcostal view: it is evaluated with the patient
in the sitting position collocating a low-frequency
transducer in the posterior subcostal region. This
view allows to assess the same parameters which are
obtainable through the anterior subcostal view.”’
Intercostal view: it is assessed positioning a high-
frequency transducer (7-18 MHz) at the intercos-
tal space between the seventh and eighth or eighth
and ninth ribs along the anterior axillary line.””
This view is good for measuring diaphragmatic
thickness in both B-mode and M-mode.

Subxiphoid view: the patient should be in the supine
position. A low-frequency transducer is placed hori-
zontally under the xiphoid process. The probe is

Rizza et al—Focus on Ultrasonographic Assessment

oriented upwards obtaining a 45° angle with the
anterior abdominal wall. Using the B mode, both
hemidomes can be seen at the same time on an
oblique transverse view, and a qualitative comparison
of ultrasound parameters can be done in real-time.**
This view is useful to evaluate diaphragm excursion,
time of excursion and velocity of contraction.

Different parameters can be measured using dia-

phragm US (Figure 4):

« Diaphragm thickness: it is assessed with the intercostal

approach either in B-mode or M-mode visualizing the
so-called “zone of apposition” which is the portion of
the diaphragm leaning on the inferior region of the
ribcage.”"* Thickness measured by US has been
shown to correlate with direct diaphragm thickness
measurements on cadavers.** An end-expiratory
thickness <2 mm is considered as an ultrasonographic
criterium of diaphragmatic atrophy."> The value of
thickness is influenced by the intercostal space where
the probe is positioned as the inferior portions of the
diaphragm are thicker than the superior ones.””

Figure 4. Measurement of the main diaphragmatic US parameters. TF, thickening fraction.

DIAPHRAGMATIC THICKNESS (mm) TIME OF INSPIRATION (sec) VELOCITY OF INSPIRATION (cm/sec)

J Ultrasound Med 2023; 42:2481-2490

Velocity — _ Diaphragm excursion

of contraction Time of inspiration

THICKENING FRACTION

End-inspiratory __ End-expiratory
thickness thickness

End-expiratory thickness
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« Thickening fraction (TF): it represents the change
of diaphragmatic thickness during inspiration. Frac-
tional change in diaphragmatic thickening is calcu-
lated with the following formula: TF = (thickness
at end-inspiration — thickness at end-expiration)/
thickness at end-expiration.*” Physiological TF is a
reproducible parameter which ranges between
28 and 96% and reduces to —35 to 5% in case of
diaphragmatic paralysis.** A value below 20% is
considered as a marker of diaphragm paralysis.>®

« Diaphragm excursion: on M-mode, the diaphragm
appears as a single thick hyperechoic line, and its
movements during the respiratory cycle can be ana-
lyzed with a high temporal resolution.>”* The
excursion is the overall movement that the dia-
phragm performs from the beginning of the respi-
ratory cycle to the inspiratory peak. Lerolle et al
proposed a diaphragm excursion >2.5 cm as cut-off
to exclude severe dysfunction in patients following
cardiac surgery,”® while 1.8 cm corresponded to
the lower limit of normal in a study performed on
210 healthy subjects by Boussuges et al.*> During
quiet breathing, diaphragm weakness is defined as
excursion <1 or 1.5 cm.”"** Diaphragm excursion
during deep breathing in healthy patients is typi-
cally asymmetrical, with higher amplitude on the
left side.”” Side-to-side variability, defined as the
right-to-left ratio of maximal excursion, ranges from
0.5 to 2.5 in quiet breathing and from 0.5 to 1.6 in
deep inspiration.*>?

« Velocity of contraction: it corresponds to the ratio of
excursion over time of inspiration.® It can be evalu-
ated during quiet breathing, deep inspiration, or
sniff maneuvers. The velocity of diaphragm con-
traction has been proved to rise almost 7-fold from
1.52 cm/s (during quiet breathing) to 10.4 cm/s
during sniff.>*

Table 1. Lower Limits of Normal of the Main Diaphragm US
Parameters

Diaphragm US Parameters Lower Limit of Normal

Excursion (cm) 243:50.56
End-inspiratory thickness (cm) 0.22%
End-expiratory thickness (cm) 0.20%
Thickening fraction (%) 20%
Velocity of contraction (cm/s) 1.5258

US, ultrasound.

2486

o Peak contraction velocity, peak relaxation velocity,
and maximal relaxation rate: reproducible tissue
Doppler imaging (TDI) parameters assessed using
a low-frequency transducer. These measurements
resulted lower in critically ill patients in comparison
to healthy subjects, despite there are no specific
cut-offs for diaphragm dysfunction.> In the same
population, peak contraction velocity seems to be
strongly correlated with peak transdiaphragmatic
pressure and pressure-time product, whilst the
transdiaphragmatic pressure-derived maximal relax-
ation rate was significantly correlated with TDI-
maximal relaxation rate.>’

Table 1 shows the lower limit of normal of the
main US diaphragmatic parameters.

Post-Cardiac Surgery Diaphragm
Dysfunction and the Role of Ultrasound
Assessment

Surgical injuries represent one of the major causes of
unilateral diaphragm  dysfunction. Tralhdao et al
described that cardiac surgery procedures are usually
followed by a transient phase of diaphragm functional
impairment called “diaphragmatic stunning,” which is
characterized by a reduced amplitude of excursion. The
stunning starts 48 hours after surgery and lasts, on aver-
age, until the fifth post-operative day.*” In the 36% of
cases, the transient reduction of the excursion was
severe enough to be graded as “dysfunctional,” poten-
tially leading to prolonged MV and other pulmonary
complications.”® The overall incidence of post-cardiac
surgery diaphragm dysfunction is not clear as it depends
on the surgical procedure characteristics and the tech-
niques used for its detection.”” Coronary artery bypass
grafting (CABG) is a technique that may be associated
with a traumatic injury of the left phenic nerve due to
the anatomical proximity to the left IMA. The incidence
of post-CABG diaphragm dysfunction ranges between
1 and 60%.” This enormous variability is partially justi-
fied by the different existing surgical approaches used to
perform the grafting.

Even if some studies have identified CABG as a
predictor of post-operative diaphragm dysfunction,*
our group recently found that diaphragm dysfunction
was even more frequent in patients undergoing

J Ultrasound Med 2023; 42:2481-2490
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other-than-CABG cardiac surgery procedures com-
pared with the surgical revascularization (79.1 vs
46.7%).° This suggests that there are mechanisms
causing post-cardiac surgery diaphragm dysfunction
other than the phrenic nerve damage during the
harvesting of the left IMA. The cardiac cooling with
topical ice slush may induce post-operative diaphragm
dysfunction due to the demyelinating injury caused
by the exposure to low temperatures.”’ The avoid-
ance of hypothermic injury with the use of cardiac
insulation pads and the replacement of topical ice
slush with cardioplegia solutions significantly decrease
the risk of diaphragmatic dysfunction.”

Trying to reduce the factors favoring post-surgical
diaphragm dysfunction is fundamental as it negatively
affects patients’ prognosis with an increased risk of lon-
ger ICU stay, longer time of hospitalization and post-
operative pneumonia.*®® Post-cardiac surgery diaphrag-
matic dysfunction may also impact on the postoperative
rehabilitative period as the affected patients frequently
need tailored programs of respiratory exercises to
improve their clinical status.® Arterial hypertension
and obesity procedures were identified as main pre-
dictors of post-operative diaphragm dysfunction.”

Another determiner of post-cardiac surgery dys-
function is the MV.** Ventilation-induced diaphragm
dysfunction (VIDD) is reported in up to 53% of
mechanically ventilated patients within 24 hours of
intubation and an additional 26% may develop VIDD
while on mechanical ventilation during their stay in
the ICU.* The pathophysiological feature of the
VIDD is the disuse atrophy which is associated with
increased oxidative stress, downregulation of protein
synthesis, and activation of proteolytic pathways
inside the muscle cells.” Moreover, ultrasonographic
assessment of diaphragmatic function has been shown
to predict the failure of weaning from MV,***® boo-
sting the interest for this technique in the ICU in the
last years. In a population of mechanically ventilated
patients in the Intensive Care Unit, Spadaro et al
described a new index, the diaphragmatic-Rapid Swal-
low Breathing Index (dRSBI = respiratory rate/
diaphragm excursion), which resulted more accurate
than traditional RSBI (respiratory rate/tidal volume)
in predicting the weaning outcome following the
T-tube spontaneous breathing trial (SBT).®”

One of the main limitations of diaphragmatic US
is the lack of pathological cut-offs in specific conditions

J Ultrasound Med 2023; 42:2481-2490
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like the post-cardiac surgery context. Although no spe-
cific cut offs have been established for post-operative
cardiac patients, the most reliable parameter to assess
diaphragm function seems to be the excursion, with
the value of 2 cm as a valid cut-off to define diaphragm
dysfunction.”*” Some other authors, instead, adopted TF
<20% as diagnostic criterion for this condition.® However,
although TF seems to be as accurate as excursion to
define diaphragmatic functional impairment, it is also a
less feasible and reproducible measurement.*> The other
US parameters (velocity and respiratory times) show
more physiological variations according to age, gender,
and health status of the patient: they are more useful for a
multiparametric assessment rather than as unique ele-
ments to diagnose diaphragm dysfunction.®

Diaphragm US may be a useful tool to assess
patients’ clinical course even in the setting of CR. The
incidence of diaphragmatic dysfunction, evaluated as US
excursion <2 cm, is about 70% in CR following cardiac
surgery.’ This condition has a negative impact on the
post-operative functional recovery as patients with
persistent diaphragm dysfunction after a 10-session
rehabilitation program show lower level of functional
performance at the 6-minute walking test (6MWT).®
Combined surgical procedures and post-operative pneu-
mothorax are strong predictors of failure of diaphrag-
matic improvement during CRS

Conclusion

Diaphragm dysfunction is a frequent complication after
cardiac surgery which negatively affects patients’ clini-
cal outcomes. Several techniques can be used to diag-
nose diaphragm dysfunction. US is an accurate, non-
invasive tool to identify and monitor post-operative
diaphragm dysfunction in different settings like the CS
and the CR Unit. Diaphragm US parameters are also
useful to optimize the ventilatory weaning among the
ICU patients. Further studies are necessary to establish
definite US cut-offs for diaphragm dysfunction in spe-
cific populations and to define standardized protocols
with the use of diaphragm US in the clinical practice.

Acknowledgment

Open access funding provided by BIBLIOSAN.

2487

85US01 SUOLLILLIOD) SAIER.D 8ot jdde aup Aq peusenoh a1e saole YO 8sn JO S9N 10y Afeiq1 8UIIUO AB]IA UO (SUOTHIPUOD-PUR-SWLB) ALY A3 | 1M AReiq U1 |uO//SANY) SUORIPUOD Pue Swid L 8U} 885 *[202/20/G2] U0 Areiqi aujuo Ao|1m ‘el eueiyooD Ag T629T W (/200 0T/10p/wod Ao |mAriq1iputjuo//sdny wo.y papeojumoq ‘TT ‘€202 ‘€T960SST



Rizza et al—Focus on Ultrasonographic Assessment

Data Availability Statement

Data sharing not applicable to this article as no
datasets were generated or analysed during the
current study.

References

2488

Roussos C, Macklem PT. The respiratory muscles. N Engl
] Med 1982; 307:786-797. https://doi.org/10.1056/
NEJM198209233071304.

Mead J, Loring SH. Analysis of volume displacement and length
changes of the diaphragm during breathing. | Appl Physiol 1982;
53:750-755. https://doi.org/10.1152 /jappl.1982.53.3.750.

Diehl JL, Lofaso F, Deleuze P, Similowski T, Lemaire F,
Brochard L. Clinically relevant diaphragmatic dysfunction
after cardiac operations. | Thorac Cardiovasc Surg 1994; 107:
487-498.

Laghlam D, Lé MP, Srour A, et al. Diaphragm dysfunction after
cardiac surgery: reappraisal. | Cardiothorac Vasc Anesth 2021; 3S:
3241-3247. https://doiorg/10.1053 /jjvca2021.02.023.

Wilcox PG, Pardy RL. Diaphragmatic weakness and paralysis. Lung
1989; 167:323-341. https://doiorg/10.1007/BF02714961.
Maranta F, Cianfanelli L, Rizza V, et al. Diaphragm dysfunction
after cardiac surgery: insights from ultrasound imaging during car-
diac rehabilitation. Ultrasound Med Biol 2022; 48:1179—1189.
https://doi.org/10.1016/jultrasmedbio.2022.02.011.

Aguirre V], Sinha P, Zimmet A, Lee GA, Kwa L, Rosenfeldt F.
Phrenic nerve injury during cardiac surgery: mechanisms, manage-
ment and prevention. Heart Lung Circ 2013; 22:895-902. https://
doi.org/l(ll()l6/j4hlc.20134064010.

Moury PH, Cuisinier A, Durand M, et al. Diaphragm thickening in
cardiac surgery: a perioperative prospective ultrasound study. Ann Inten-
sive Care 2019; 9:50. https://doiorg/10.1186/513613-019-0521-z
Deng Y, Byth K, Paterson HS. Phrenic nerve injury associated with
high free right internal mammary artery harvesting. Ann Thorac
Surg 2003; 76:459-463. https://doiorg/10.1016/50003-4975
(03)00511-3.

Kirklin JK, Westaby S, Blackstone EH, Kirklin JW, Chenoweth DE,
Pacifico AD. Complement and the damaging effects of cardiopulmo-
nary bypass. | Thorac Cardiovasc Surg 1983; 86:845-857. https://doi.
Oryl(ll 136/thx38.5.321.

Canbaz S, Turgut N, Halici U, Balci K, Ege T, Duran E. Electro-
physiological evaluation of phrenic nerve injury during cardiac
surgery — a prospective, controlled, clinical study. BMC Surg 2004;
4:2. https://doiorg/10.1186/1471-2482-4-2.

Dimopoulou I, Daganou M, Dafni U, et al. Phrenic nerve dysfunc-
tion after cardiac operations: electrophysiologic evaluation of risk fac-
tors. Chest 1998; 113:8—14. https://doiorg/10.1378/chest.113.1.8.

13.

14.

1S.

16.

17.

18.

19.

20.

21.

22.

23.

24.

28S.

26.

27.

28.

29.

Levine S, Nguyen T, Taylor N, et al. Rapid disuse atrophy of dia-
phragm fibers in mechanically ventilated humans. N Engl | Med
2008; 358:1327-1338S. https://doi.org/lOA1056/NEJMO€L070447.
Supinski GS, Morris PE, Dhar S, Callahan LA. Diaphragm dys-
function in critical illness. Chest 2018; 153:1040-1051. https://
doiorg/10.1016/j.chest2017.08.1157.

McCool FD, Tzelepis GE. Dysfunction of the diaphragm. N Engl |
Med 2012; 366:932-942. https:/ / doiorg/ 10.1056/NEJMral007236.
Mier-Jedrzejowicz A, Brophy C, Moxham J, Green M. Assessment
of diaphragm weakness. Am Rev Respir Dis 1988; 137:877-883.
https://doi.org/10.1164/ajrcem/1374.877.

Pfeifer M. Respiratory pump failure. Clinical symptoms, diagnostics
and therapy. Internist (Berl) 2012; 53:534-544. https://doi.org/10.
1007/s00108-012-3016-7.

Roussos C, Koutsoukou A. Respiratory failure. Eur Respir ] Suppl
2003; 47:3s—14s. https://doi.org/10.1183/09031936.03.00038503.
Fritsch S, Bickenbach J. Respiratory insufficiency: state of the
art — diagnosis and therapy. Anasthesiol Intensivmed Notfallmed Schmerzther
2018; 53:90-101. https://doiory101055/5*004—3»107167.

Kumar N, Folger WN, Bolton CF. Dyspnea as the predominant
manifestation of bilateral phrenic neuropathy. Mayo Clin Proc
2004; 79:1563-1565. https://doi.org/10.4065/79.

Steier J, Jolley CJ, Seymour J, et al. Sleep-disordered breathing in uni-
lateral diaphragm paralysis or severe weakness. Eur Respir | 2008;
32:1479-1487. https://doiorg/10.1183/09031936.00018808.
Gibson GJ. Diaphragmatic paresis: pathophysiology, clinical fea-
tures, and investigation. Thorax 1989; 44:960-970. https://doi.
org/10.1136/thx44.11.960.

Davis ], Goldman M, Loh L, Casson M. Diaphragm function and
alveolar hypoventilation. Q | Med 1976; 45:87-100.

Hughes PD, Polkey MI, Moxham J, Green M. Long-term recovery
of diaphragm strength in neuralgic amyotrophy. Eur Respir ] 1999;
13:379-384. https://doi.org/10.1183/09031936.99.13237999.
Dubé BP, Dres M. Diaphragm dysfunction: diagnostic approaches
and management strategies. | Clin Med 2016; S:113. https://doi.
org/10.3390/jem5120113.

Mills GH, Ponte J, Hamnegard CH, et al. Tracheal tube pressure
change during magnetic stimulation of the phrenic nerves as an
indicator of diaphragm strength on the intensive care unit. Br |
Anaesth 2001; 87:876-884. https://doiorg/10.1093/bja/87.6.876.
Demoule A, Jung B, Prodanovic H, et al. Diaphragm dysfunction on
admission to the intensive care unit. Prevalence, risk factors, and prog-
nostic impact — a prospective study. Am ] Respir Crit Care Med 2013;
188:213-219. https://doiorg/10.1164/rccm201209-16680C.
Hamnegiard CH, Wragg S, Kyroussis D, et al. Mouth pressure in
response to magnetic stimulation of the phrenic nerves. Thorax
1995; 50:620-624. https://doi.org/10.1136/thx.50.6.620.

Chetta A, Rehman AK, Moxham J, Carr DH, Polkey MI. Chest
radiography cannot predict diaphragm function. Respir Med 2005;
99:39-44. https://doi.org/10.1016/j.rmed 2004.04.016.

J Ultrasound Med 2023; 42:2481-2490

95U8017 SUOWIWIOD SAIIa.D) 3]gedldde ay) Ag peuenob ae sejole VO ‘8sn Jo sa|n 1o} Aeiqiauluo A8]iM UO (SUONIPUOD-pUe-SLUIB)L0D A8 | Afelq 1jpul|uo//:SdNY) SUONIPUOD PuUe SWIB | 8U1 89S " [7202/.0/5z] Uo AriqiTauliuo A8 ‘elfelieuelyood Aq T6Z9T WNl/Z00T 0T/I0p/Woo™Aa| 1M Alelq1jeuluo//sdiy Wwoj papeojumod ‘TT ‘€202 ‘ET960SST


https://doi.org/10.1056/NEJM198209233071304
https://doi.org/10.1056/NEJM198209233071304
https://doi.org/10.1152/jappl.1982.53.3.750
https://doi.org/10.1053/j.jvca.2021.02.023
https://doi.org/10.1007/BF02714961
https://doi.org/10.1016/j.ultrasmedbio.2022.02.011
https://doi.org/10.1016/j.hlc.2013.06.010
https://doi.org/10.1016/j.hlc.2013.06.010
https://doi.org/10.1186/s13613-019-0521-z
https://doi.org/10.1016/s0003-4975(03)00511-3
https://doi.org/10.1016/s0003-4975(03)00511-3
https://doi.org/10.1136/thx.38.5.321
https://doi.org/10.1136/thx.38.5.321
https://doi.org/10.1186/1471-2482-4-2
https://doi.org/10.1378/chest.113.1.8
https://doi.org/10.1056/NEJMoa070447
https://doi.org/10.1016/j.chest.2017.08.1157
https://doi.org/10.1016/j.chest.2017.08.1157
https://doi.org/10.1056/NEJMra1007236
https://doi.org/10.1164/ajrccm/137.4.877
https://doi.org/10.1007/s00108-012-3016-7
https://doi.org/10.1007/s00108-012-3016-7
https://doi.org/10.1183/09031936.03.00038503
https://doi.org/10.1055/s-0043-107167
https://doi.org/10.4065/79
https://doi.org/10.1183/09031936.00018808
https://doi.org/10.1136/thx.44.11.960
https://doi.org/10.1136/thx.44.11.960
https://doi.org/10.1183/09031936.99.13237999
https://doi.org/10.3390/jcm5120113
https://doi.org/10.3390/jcm5120113
https://doi.org/10.1093/bja/87.6.876
https://doi.org/10.1164/rccm.201209-1668OC
https://doi.org/10.1136/thx.50.6.620
https://doi.org/10.1016/j.rmed.2004.04.016

30.

31

32.

33.

34.

3S.

36.

37.

38.

39.

40.

41.

42.

43.

Lisboa C, Paré PD, Pertuzé J, et al. Inspiratory muscle function in
unilateral diaphragmatic paralysis. Am Rev Respir Dis 1986; 134:
488-492. https://doi.org/10.1164/arrd.1986.134.3.488.

Laroche CM, Mier AK, Moxham J, Green M. Diaphragm strength
in patients with recent hemidiaphragm paralysis. Thorax 1988; 43:
170-174. https://doi.org/10.1136/thx43.3.170.

Laroche CM, Carroll N, Moxham J, Green M. Clinical significance
of severe isolated diaphragm weakness. Am Rev Respir Dis 1988;
138:862-866. https://doi.org/10.1164/ajrccm /138 4.862.

Steier J, Kaul S, Seymour J, et al. The value of multiple tests of
respiratory muscle strength. Thorax 2007; 62:975-980. https://
doi.org/ 10.1136/thx2006.072884.

McCool FD, Conomos P, Benditt JO, Cohn D, Sherman CB,
Hoppin FG Jr. Maximal inspiratory pressures and dimensions of
the diaphragm. Am ] Respir Crit Care Med 1997; 155:1329-1334.
https://doi.org/10.1164/ajreccm.1554.9105075.

Laveneziana P, Albuquerque A, Aliverti A, et al. ERS statement on
respiratory muscle testing at rest and during exercise. Eur Respir |
2019; 53:1801214. https://doi.org/10.1183/13993003.01214-2018.
Vincken W, Ghezzo H, Cosio MG. Maximal static respiratory pres-
sures in adults: normal values and their relationship to determinants of
respiratory function. Bull Eur Physiopathol Respir 1987; 23:435-439.
Sarwal A, Walker FO, Cartwright MS. Neuromuscular ultrasound
for evaluation of the diaphragm. Muscle Nerve 2013; 47:319-329.
https://doi.org/10.1002/mus.23671.

Summerhill EM, El-Sameed YA, Glidden TJ, McCool FD. Moni-
toring recovery from diaphragm paralysis with ultrasound. Chest
2008; 133:737-743. https://doiorg/10.1378/chest.07-2200.
Houston JG, Morris AD, Howie CA, Reid JL, McMillan N. Technical
report: quantitative assessment of diaphragmatic movement—a
reproducible method using ultrasound. Clin Radiol 1992; 46:405-407.
https://doi.org/10.1016/50009-9260(05)80688-9.

Gerscovich EO, Cronan M, McGahan JP, Jain K, Jones CD,
McDonald C. Ultrasonographic evaluation of diaphragmatic
motion. | Ultrasound Med 2001; 20:597-604. https://doi.org/10.
7863/jum,2001.206,597.

Gierada DS, Curtin JJ, Erickson SJ, Prost RW, Strandt JA,
Goodman LR. Diaphragmatic motion: fast gradient-recalled-echo
MR imaging in healthy subjects. Radiology 1995; 194:879-884.
https://doi.org/10.1148 /radiology.194.3.7862995.

Baria MR, Shahgholi L, Sorenson EJ, et al. B-mode ultrasound assess-
ment of diaphragm structure and function in patients with COPD.
Chest 2014; 146:680-683. https://doiorg/10.1378/chest.13-2306.
Boussuges A, Gole Y, Blanc P. Diaphragmatic motion studied by
M-mode ultrasonography. Chest 2009; 135:391-400. https://doi.
org/10.1378/chest.08-1541.

Chavhan GB, Babyn PS, Cohen RA, Langer JC. Multimodality
imaging of the pediatric diaphragm: anatomy and pathologic con-
ditions. Radiographics 2010; 30:1797-1817. https://doi.org/10.
1 148/rg30710504—6.

J Ultrasound Med 2023; 42:2481-2490

4S.

46.

47.

48.

49.

S0.

SL

S2.

S3.

54

SS.

S6.

S7.

S8.

Rizza et al—Focus on Ultrasonographic Assessment

Umbrello M, Formenti P. Ultrasonographic assessment of dia-
phragm function in critically ill subjects. Respir Care 2016; 61:542—
555, https://doi.org/10.4187 /respcare.04412.

Houston JG, Fleet M, Cowan MD, McMillan NC. Comparison of
ultrasound  with fluoroscopy in the assessment of suspected
hemidiaphragmatic movement abnormality. Clin Radiol 1995; 50:
95-98. https://doiorg/10.1016/50009-9260(05)82987-3.

Digala LP, Govindarajan R. Thickening fraction as a measure of
ultrasonographic  diaphragm dysfunction in amyotrophic lateral
sclerosis. Clin Neurophysiol Pract 2020; 5:35-37. https://doi.org/
10,1016/jAcnp.2020A01A0014

Goligher EC, Laghi F, Detsky ME, et al. Measuring diaphragm
thickness with ultrasound in mechanically ventilated patients: feasi-
bility, reproducibility and validity. Infensive Care Med 201S; 41:
642-649. https://doi.org/10.1007/500134-015-3687-3.

Zitko U, Hartmann M, Girsch W, et al. Diaphragmatic paresis in
newborns due to phrenic nerve injury. Neuropediatrics 1995; 26:
281-284. https://doi.org/ 10.1055/5-2007-979774.

Lerolle N, Guérot E, Dimassi S, et al. Ultrasonographic diagnostic
criterion for severe diaphragmatic dysfunction after cardiac surgery.
Chest 2009; 135:401-407. https:/ /doi.org/10.1378/chest.08-1531.
Boon AJ, Harper CJ, Ghahfarokhi LS, Strommen JA, Watson JC,
Sorenson EJ. Two-dimensional ultrasound imaging of the dia-
phragm: quantitative values in normal subjects. Muscle Nerve 2013;
47:884-889. https://doi.org/10.1002/mus.23702.

Kim WY, Suh HJ, Hong SB, Koh Y, Lim CM. Diaphragm dys-
function assessed by ultrasonography: influence on weaning from
mechanical ventilation. Crit Care Med 2011; 39:2627-2630.
https://doiorg/IOA1097/CCM,Ob01 3e3182266408.

Dres M, Dubé BP, Mayaux J, 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 | Respir Crit Care Med 2017; 195:57-66. https://doiorg/10.
1164/rccm.201602-03670C.

Ayoub J, Cohendy R, Dauzat M, et al. Non-invasive quantification
of diaphragm kinetics using m-mode sonography. Can | Anaesth
1997; 44:739-744. https://doiorg/10.1007/BF03013389.
Soilemezi E, Savvidou S, Sotiriou P, Smyrniotis D, Tsagourias M,
Matamis D. Tissue Doppler imaging of the diaphragm in healthy
subjects and critically ill patients. Am ] Respir Crit Care Med 2020;
202:1005-1012. https://doi.org/10.1164/rcem.201912-23410C.
Kim SH, Na S, Choi JS, Na SH, Shin S, Koh SO. An evaluation of dia-
phragmatic movement by M-mode sonography as a predictor of pul-
monary dysfunction after upper abdominal surgery. Anesth Analg 2010;
110:1349-1354. https: // doiAorg/ 10.1213/ANE0b013e3181dSe4dSs.
Wait JL, Nahormek PA, Yost WT, Rochester DP. Diaphragmatic
thickness-lung volume relationship in vivo. | Appl Physiol 1989; 67:
1560-1568. https://doi.org/10.1152 /jappl.1989.67.4.1560.

Barret K, Barman S, Brooks H, Yuan J. Ganong’s Review of Medical
Physiology. 26th ed. New York: McGraw Hill Medical; 2019.

2489

95U8017 SUOWIWIOD SAIIa.D) 3]gedldde ay) Ag peuenob ae sejole VO ‘8sn Jo sa|n 1o} Aeiqiauluo A8]iM UO (SUONIPUOD-pUe-SLUIB)L0D A8 | Afelq 1jpul|uo//:SdNY) SUONIPUOD PuUe SWIB | 8U1 89S " [7202/.0/5z] Uo AriqiTauliuo A8 ‘elfelieuelyood Aq T6Z9T WNl/Z00T 0T/I0p/Woo™Aa| 1M Alelq1jeuluo//sdiy Wwoj papeojumod ‘TT ‘€202 ‘ET960SST


https://doi.org/10.1164/arrd.1986.134.3.488
https://doi.org/10.1136/thx.43.3.170
https://doi.org/10.1164/ajrccm/138.4.862
https://doi.org/10.1136/thx.2006.072884
https://doi.org/10.1136/thx.2006.072884
https://doi.org/10.1164/ajrccm.155.4.9105075
https://doi.org/10.1183/13993003.01214-2018
https://doi.org/10.1002/mus.23671
https://doi.org/10.1378/chest.07-2200
https://doi.org/10.1016/s0009-9260(05)80688-9
https://doi.org/10.7863/jum.2001.20.6.597
https://doi.org/10.7863/jum.2001.20.6.597
https://doi.org/10.1148/radiology.194.3.7862995
https://doi.org/10.1378/chest.13-2306
https://doi.org/10.1378/chest.08-1541
https://doi.org/10.1378/chest.08-1541
https://doi.org/10.1148/rg.307105046
https://doi.org/10.1148/rg.307105046
https://doi.org/10.4187/respcare.04412
https://doi.org/10.1016/s0009-9260(05)82987-3
https://doi.org/10.1016/j.cnp.2020.01.001
https://doi.org/10.1016/j.cnp.2020.01.001
https://doi.org/10.1007/s00134-015-3687-3
https://doi.org/10.1055/s-2007-979774
https://doi.org/10.1378/chest.08-1531
https://doi.org/10.1002/mus.23702
https://doi.org/10.1097/CCM.0b013e3182266408
https://doi.org/10.1164/rccm.201602-0367OC
https://doi.org/10.1164/rccm.201602-0367OC
https://doi.org/10.1007/BF03013389
https://doi.org/10.1164/rccm.201912-2341OC
https://doi.org/10.1213/ANE.0b013e3181d5e4d8
https://doi.org/10.1152/jappl.1989.67.4.1560

Rizza

S9.

60.

61.

62.

63.

2490

et al—Focus on Ultrasonographic Assessment

Tralhdo A, Cavaleiro P, Arrigo M, et al. Early changes in diaphrag-
matic function evaluated using ultrasound in cardiac surgery
patients: a cohort study. J Clin Monit Comput 2020; 34:559-566.
https://doi.org/10.1007/s10877-019-00350-8.

O’Brien JW, Johnson SH, VanSteyn SJ, et al. Effects of internal
mammary artery dissection on phrenic nerve perfusion and func-
tion. Ann Thorac Surg 1991; 52:182-188. https://doiorg/10.
1016/0003-4975(91)91334-r.

Curtis JJ, Nawarawong W, Walls JT, et al. Elevated hemidiaphragm
after cardiac operations: incidence, prognosis, and relationship to
the use of topical ice slush. Ann Thorac Surg 1989; 48:764-768.
https://doiorg/10.1016/0003-4975(89)90667-.

Tripp HF, Sees DW, Lisagor PG, Cohen DJ. Is phrenic nerve dys-
function after cardiac surgery related to internal mammary
harvesting? ] Card Surg 2001; 16:228-231. https://doiorg/10.
111 1/j.1540»81912001.tbOOSlZAx.

Bruni A, Garofalo E, Pasin L, et al. Diaphragmatic dysfunction
after elective cardiac surgery: a prospective observational study.

64.

65.

66.

67.

] Cardiothorac Vasc Anesth 2020; 34:3336-3344. https://doi.org/
10.1053/jjvca 2020.06.038.

Jung B, Moury PH, Mahul M, et al. Diaphragmatic dysfunction in
patients with ICU-acquired weakness and its impact on extubation
failure. Intensive Care Med 2016; 42:853-861. https://doi.org/10.
1007/s00134-015-4125-2.

Penelas O, Keough E, Lépez-Rodriguez L, et al Ventilator-
induced diaphragm dysfunction: translational mechanisms lead to
therapeutical alternatives in the critically ill. Infensive Care Med Exp
2019; 7:48. https://doiorg/10.1186/540635-019-0259-9.

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

Spadaro S, Grasso S, Mauri T, et al. Can diaphragmatic ultrasonog-
raphy performed during the T-tube trial predict weaning failure?
The role of diaphragmatic rapid shallow breathing index. Crit Care
2016; 20:303. https://doi.org/10.1186/513054-016-1479-y.

J Ultrasound Med 2023; 42:2481-2490

95U8017 SUOWIWIOD SAIIa.D) 3]gedldde ay) Ag peuenob ae sejole VO ‘8sn Jo sa|n 1o} Aeiqiauluo A8]iM UO (SUONIPUOD-pUe-SLUIB)L0D A8 | Afelq 1jpul|uo//:SdNY) SUONIPUOD PuUe SWIB | 8U1 89S " [7202/.0/5z] Uo AriqiTauliuo A8 ‘elfelieuelyood Aq T6Z9T WNl/Z00T 0T/I0p/Woo™Aa| 1M Alelq1jeuluo//sdiy Wwoj papeojumod ‘TT ‘€202 ‘ET960SST


https://doi.org/10.1007/s10877-019-00350-8
https://doi.org/10.1016/0003-4975(91)91334-r
https://doi.org/10.1016/0003-4975(91)91334-r
https://doi.org/10.1016/0003-4975(89)90667-x
https://doi.org/10.1111/j.1540-8191.2001.tb00512.x
https://doi.org/10.1111/j.1540-8191.2001.tb00512.x
https://doi.org/10.1053/j.jvca.2020.06.038
https://doi.org/10.1053/j.jvca.2020.06.038
https://doi.org/10.1007/s00134-015-4125-2
https://doi.org/10.1007/s00134-015-4125-2
https://doi.org/10.1186/s40635-019-0259-9
https://doi.org/10.1186/2036-7902-6-8
https://doi.org/10.1186/2036-7902-6-8
https://doi.org/10.1186/s13054-016-1479-y

	 Imaging of the Diaphragm Following Cardiac Surgery
	Diaphragm Dysfunction
	Assessment of Diaphragmatic Function
	Diaphragm Ultrasonography
	Post-Cardiac Surgery Diaphragm Dysfunction and the Role of Ultrasound Assessment
	Conclusion
	Acknowledgment
	Data Availability Statement

	References


