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Abstract

Background: Phrenic nerve injury is a common complication of cardiac and thoracic surgical
procedures, with potentially severe effects on the health of a child. This review aims to sum-
marise the available literature on the diagnosis and management of PNI post-cardiac surgery in
paediatric patients with CHD.Main body:The presence of injury post-surgery can be difficult to
detect and may present with non-specific symptoms, emphasising the importance of an effec-
tive diagnostic strategy. Chest X-ray is usually the first investigation for a suspected diagnosis of
PNI, which is usually confirmed using fluoroscopy, ultrasound scan, or phrenic nerve stimu-
lation (gold standard). Management options include supportive ventilation and/or invasive
diaphragmatic plication surgery. While the optimal timing of plication surgery remains con-
troversial, it is now the most widely accepted treatment for PNI in children post-CHD surgery,
especially for very young patients who cannot be weaned off supportive ventilation. Further
research is needed to determine the optimal timing of surgical intervention for positive out-
comes and to explore the benefits of using minimally invasive surgical techniques in children.
Conclusion: PNI is a common and serious complication of CHD surgery, therefore, its diagnosis
and management in the paediatric population are of major importance. Further research is
needed to determine the optimal timing of surgical intervention for positive outcomes and
to explore the benefits of using minimally invasive surgical techniques in children.

The phrenic nerve is one of the most important nerves in the human body due to its pivotal role
in the respiratory process. This nerve innervates the diaphragm to enable its primary motor
functions, therefore, its injury can lead to dysfunction or paralysis of this major respiratory
muscle. While a number of diseases can lead to phrenic nerve injury including diabetes, herpes
zoster virus, invasion of the nerve by a tumour, and neurological conditions like multiple scle-
rosis and muscular dystrophy, the most common cause of PNI is cardiac or thoracic surgery,
accounting for around 64% of phrenic nerve injuries.1

Approximately 23 neonates per 1000 are diagnosed with CHD requiring surgical interven-
tion.2 Surgical procedures involving the heart and surrounding structures in young patients
carry the risk of resulting in harmful complications due to the small size and close proximity
of structures within the surgical field. Diaphragmatic paralysis is one of the most common com-
plications with a prevalence of 1.9–12.9% as seen in recent prospective studies.3 The incidence of
these injuries is higher following some procedures such as the Fontan operation, Blalock–
Taussig–Thomas Shunt, arterial switch operations, correction of Tetralogy of Fallot, and ven-
tricular septal defect closure.2

As neonates and infants are primarily diaphragmatic breathers with intercostal muscles play-
ing little role in the respiratory process, they often present withmore severe clinical symptoms in
comparison to older children and adults.2 Early signs of nerve injury can be more non-specific –
such as unexplained shortness of breath, orthopnoea, fatigue, and insomnia.1 However, over
time, DP can lead to more severe consequences such as recurrent pneumonia, atelectasis, res-
piratory distress, and difficulty or failure to wean off mechanical ventilation.2 This reliance on
mechanical ventilation is particularly seen as a result of bilateral DP which causes a 60% reduc-
tion in an infant’s respiratory function.4 There are many methods to detect DP, and the most
commonly used modalities in practice are bedside ultrasonography and fluoroscopy.4 The man-
agement plan for this condition remains controversial and mainly revolves around the optimal
preservation of respiratory function, often through the implementation of prolonged mechani-
cal ventilation or transthoracic diaphragmatic plication.5 The aim of this review is to explore the
pathophysiology and risk factors of PNI, the diagnostic criteria, and the available management
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options in order to appropriately guide the preservation of dia-
phragmatic and respiratory function in children.

Pathophysiology

The common occurrence of PNI resulting from surgery for CHD
correlates directly with the anatomical position of the phrenic
nerve and the structures adjacent to its route (Fig 1).

Consisting of motor, sensory, and sympathetic nerve fibres, the
phrenic nerve begins its descent from the anterior rami of the C3,
C4, and C5 nerve roots.6 As the longest branch of the cervical
plexus, it begins its journey from the neck and travels from a lateral
position medially over the anterior scalenus anterior muscle.7 The
nerve then descends vertically behind the prevertebral fascia pos-
terior to the sternocleidomastoid, internal jugular vein, thoracic
duct, and several other important structures in the neck before
finally entering the thorax through the superior thoracic aperture.7

The right and left phrenic nerves differ slightly in their routes.
The shorter and more vertical right nerve descends lateral to the
brachiocephalic nerve and the superior caval vein towards the peri-
cardium covering the right atrium and inferior caval vein.4 The left
nerve travels laterally to the aortic arch and descends anteriorly
between the mediastinal and pericardial pleura. It then crosses
anteriorly to the internal thoracic artery as it reaches the pericar-
dium on the opposing side covering the left ventricle.1,4,7 The right
phrenic nerve innervates the right diaphragmatic dome lateral to
the inferior caval vein, and the left nerve supplies the left diaphrag-
matic dome. The two phrenic nerves together provide motor
innervation to the muscle resulting in the inspiratory and expira-
tory movements required for successful respiration.6

Due to the unique course of the left phrenic nerve, its exposure
increases its susceptibility to damage from nerve hypothermia
through ice-cold slush that is used to protect the myocardium dur-
ing cardiac surgery.4 This nervemay also be damaged by prolonged

Figure 1. A diagram showing the pathways of
the right and left phrenic nerves.6
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stretching of the pericardium, nerve stretch via retractors, or dur-
ing dissection/removal of structures on the left side such as the thy-
mus or the vertical vein.4 The right phrenic nerve can easily be
severed or subjected to electrocoagulation injury, as is often the
case if the superior caval vein is being dissected.6 Damage to the
nerve can present as diaphragmatic dysfunction or unilateral/bilat-
eral diaphragmatic paralysis. This often manifests as respiratory
distress in children.1

Incidence and risk factors

Cardiac surgery for CHD is one of the most common causes of
PNI in children, with an incidence between 0.3% and 12.8%.2

Recent studies have demonstrated an incidence of post-operative
diaphragmatic paralysis due to PNI between 0.46% and 5.5% of
patients.2,8–10 The degree of risk of PNI may depend on the type
of surgical procedure that patients receive. The risk is higher in
CHD corrective surgeries as they generally require open-heart sur-
gery, which is extensive and involves more structural changes to
repair defects when compared to palliative surgery.5 The surgical
procedures that are commonly responsible for causing diaphrag-
matic paralysis are the Fontan, Blalock-Taussig-Thomas shunt,
arterial switch operation, and Tetralogy of Fallot repair.4 A study
by Akbariasbagh et al reported a prevalence rate of PNI in 16.6% of
patients as a complication of these procedures.2 Furthermore,
Joho-Arreola et al also reported an incidence of 17.6%, 12.8%,
and 10.8%, respectively, for patients who received the aforemen-
tioned procedures.5

Although these surgical procedures account for the highest inci-
dence of PNI, several other procedures can also cause this injury.
For instance, Akay et al demonstrated that PNI was most common
in patients following Tetralogy of Fallot (31.5%), Blalock-Taussig-
Thomas shunt (11.1%), and VSD closure with pulmonary artery
patch plasty (11.1%).10 In addition, a study conducted by
Georgiev et al highlighted that the highest number of patients
(16.2%) who suffered from diaphragmatic palsy had undergone
the arterial switch procedure, followed by 12.8% that had
Tetralogy of Fallot repair and 12.2% that had superior cavopulmo-
nary connection surgery.9 Other risk factors that can increase a
patient’s susceptibility to PNI include cyanotic heart defects (which
require open-heart surgery to correct, risking phrenic nerve dam-
age) as well as having undergone previous cardiac surgery. Indeed,
there is a statistically significant increase in diaphragmatic injury in
patients with cyanotic CHDs compared to non-cyanotic CHDs.2

Previous cardiac surgery can increase the risk of complications
as the resultant adhesions and fibrosis can make future interven-
tions more technically challenging.2

Diagnosis

Diagnosis of PNI is a complex and challenging process, without
universally accepted guidelines. Many of the clinical signs of
PNI are non-specific. Therefore, it is important that clinicians keep
a high index of suspicion for patients undergoing cardiac surgery.
Most traumatic phrenic nerve palsies are unilateral and are mainly
seen incidentally on routine follow-up chest X-rays. However, it is
important to carry out a thorough history and clinical examination
of high-risk patients (such as those post-cardiac surgeries) to iden-
tify the presence of signs and symptoms. These include shortness
of breath, persistent tachypnoea, difficulty with feeding, recurrent
pneumonia, and atelectasis. Additionally, PNI may also result in
diaphragmatic paralysis, which can cause respiratory distress

due to the paradoxical movement of the diaphragm on the injured
side. These patientsmay also find it difficult to wean off ventilation,
which can prolong the duration of their intensive care and hospi-
tal stay.8

Physical examination of the patient may show decreased breath
sounds on the affected side, dullness to percussion, and paradoxical
movement of the epigastrium during respiration and dullness on
percussion.1 If the patient’s history and clinical examination sug-
gest PNI, investigations must be carried out to confirm the diag-
nosis. As mentioned, in cases of unilateral diaphragm paralysis,
a chest X-ray may show an abnormally raised diaphragm on the
affected side. However, chest X-ray only has a positive predictive
value of 33% for the diagnosis of diaphragmatic palsy and therefore
should not be used to make a definitive diagnosis.11

Pulmonary function tests are commonly used in order to assess
diaphragmatic weakness and palsy. Cases of unilateral weakness
usually result in a mild decrease in forced vital capacity, but total
lung capacity and functional residual capacity may remain within
the normal range. Supine positioning of the patient can result in a
further decrease in forced vital capacity by 10–20%.11

Ultrasound examination is a simple and non-invasive method
of assessing diaphragmatic dysfunction and can be carried out at
the bedside. It can be used to evaluate the diaphragmatic thickness
and inspiratory diaphragm thickening fraction, amongst other var-
iables. Ultrasound has been shown to be more sensitive than fluo-
roscopy in the diagnostic process.12 Furthermore, there is
widespread availability of ultrasonography in most units, which
helps to explain why it remains one of the most frequently used
imaging modalities for PNI.13

Phrenic nerve stimulation is the gold-standard imaging
modality for the diagnosis of PNI and diaphragmatic weakness.
Stimulation of the phrenic nerve results in negative pressure
generated by the diaphragm, which can be measured using the
transdiaphragmatic pressure.11 Transcutaneous phrenic nerve
stimulation is performed at the level of the neck on the affected
side, producing an involuntary contraction of the diaphragm.
However, some patients may find this uncomfortable, and it
may prove to be technically difficult to perform in patients with
anatomical variations.11

Fluoroscopy is another diagnostic investigation that may be uti-
lised for the diagnosis of PNI. It is an imagingmodality that uses X-
rays to allow for instantaneous assessment of internal structures.
X-ray beams are constantly discharged and displayed on a screen
and a real-time, dynamic image is produced.14 Linhart et al evalu-
ated whether fluoroscopy of spontaneous breathing was more sen-
sitive than phrenic nerve stimulation for detecting PNI during
cryoablation for paroxysmal AF.15 Out of 133 patients undergoing
cryoablation who were either monitored with fluoroscopy or
phrenic nerve stimulation, the study found that all cases of phrenic
nerve palsy were detected by fluoroscopy before phrenic nerve
stimulation, thereby deeming fluoroscopy to be more sensitive.15

Its use in this regard may potentially be extended to patients sus-
pected of having PNI post-cardiac surgery.

There has also been the development of diaphragmatic electro-
myographic monitoring modalities to allow for the prediction of
PNI. Lakhani et al16 evaluated whether the use of a modified lead
I and recordings of diaphragmatic compound action potentials
would predict PNI. It was found that patients who suffered PNI
were found to have a significant decrease in CMAPwhen compared
to those who did not suffer PNI (from 0.33mV ± 0.14 mV to 0.09
mV ± 0.05mV). The authors, therefore, concluded that CMAP
recording is a reliable method of assessing and predicting PNI.16
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Prevention and management

Successful prevention of PNI requires an in-depth understanding
of the anatomy of this important structure and the aspects of the
surgical procedure that cause injury to the PN. This allows the sur-
geon to modify techniques such as using cold liquid saline rather
than ice slush, and the use of insulation pads to protect the PN
from ice slush, thereby preventing hypothermic injury to the
PN. Careful identification of the PN prior to opening up the peri-
cardium and ensuring the opening itself and the use of cautery is
kept at a distance from the PN also aid in preventing mechanical
and thermal injury. Direct mechanical trauma and indirect injury
due to the stretching of the PN from the use of sternal retractors
have been mentioned, but preventing this is challenging due to the
essential nature of these instruments.20

Management of PNI in children post-CHD surgery can either
be conservative with prolonged ventilatory support or invasively in
the form of diaphragmatic plication surgery, with the principal aim
of preserving respiratory function.4 For patients with incidental
asymptomatic post-operative PNI, supportive treatment with
muscle strengthening training and physiotherapy input is the
mainstay. These patients benefit from regular follow-up to identify
any deterioration in clinical status and referral for surgical treat-
ment early. For symptomatic patients, supportive ventilation
may comprise a 4–6-week trial of continuous positive airway pres-
sure during which injury to the phrenic nerve may spontaneously
recover.17 However, while this approach may avoid subjecting the
patient to surgical risk, there are several disadvantages. First, spon-
taneous recovery is often unpredictable – studies have shown
recovery time to range widely from between 5 days and 12 months
– and in 16% of cases, recovery never occurs.18,19 Aguirre et al also
highlight the significant cost that arises from keeping a patient in
an ICU bed on supportive ventilation for prolonged periods, which
can be up to $3000 (AUD) per day.20

Meanwhile, diaphragmatic plication surgery aims to flatten the
dome of the diaphragm to provide the lungs with greater volume
for expansion.21 and is especially effective in unilateral diaphrag-
matic paralysis.22 This is thought to be because the downward
movement of the healthy side of the diaphragm during inspiration
produces negative intrathoracic pressure, and the abdominal con-
tents are drawn into the paralysed side of the thorax due to the
paradoxical upwardmovement of the paralysed side. Plication cor-
rects this paradoxical movement, allowing lung expansion on the
affected side, thereby improving respiratory kinetics for gas
exchange.23,24 The diaphragm can be approached for plication
from either the thorax or the abdomen via open or minimally inva-
sive surgery.20 If diaphragmatic paralysis is bilateral then a trans-
verse upper abdominal incision is used, however, if it is unilateral,
then a transthoracic repair through a posterolateral thoracotomy

via the seventh intercostal space is preferred. In addition, there are
two main plication techniques. One involves passing sutures through
the diaphragm three or four times, tying them together, and repeating
this across the diagram. The other involves using Babcock forceps to
hold up the diaphragm, then placing a row of interrupted sutures at
the base and folding down the held-up section, which is then sutured a
second time to create three overlapping layers in the thinned out cen-
tral portion of the diaphragm. Both methods create a tense and firm
diaphragm, eliminating paradoxical movement (Fig 2).4

While supportive ventilation was once the favoured treatment
option for PNI post-CHD surgery, diaphragmatic plication is now
the most widely accepted treatment, especially in children under
the age of 1.4 In patients with confirmed diaphragmatic paralysis
and respiratory insufficiency, diaphragmatic plication has been
shown to be the best option to wean patients frommechanical ven-
tilation, reduce the risk of pulmonary infections, and shorten hos-
pital stay.5,9,22,25,26 Moreover, Kizilcan et al27 found normal
placement of the plicated diaphragm in a 1–11-year follow-up
in 12 patients after plication surgery and satisfactory diaphragm
function in 9 of the 12.27 There is, however, conflicting advice in
the literature regarding the optimal timing of plication surgery –
some studies recommending it to be undertaken as soon as PNI
is diagnosed,28 while others propose a 1–6-week period of support-
ive ventilation to allow the possibility of spontaneous recovery
before performing surgery.16,18,23,25,29,30,31 Nonetheless, if the dia-
phragm atrophies then undertaking plication too late can impair
outcomes. Therefore, a decision for early surgical intervention
must be made on paediatric patients where surgery would be most
beneficial. Key indications for undertaking plication surgery
include the respiratory status of the patient3 and age, as older chil-
dren are more likely to spontaneously recover with supportive ven-
tilation due to their lower reliance on diaphragmatic breathing.32

Thus, children who are able to breathe spontaneously without the
need for oxygen supply or clinical signs of respiratory insufficiency
may not require plication, whereas newborns or infants without
pulmonary risk factors who cannot be weaned from mechanical
ventilation should be considered for plication surgery urgently
after the diagnosis is confirmed.22 Furthermore, in exceptional cir-
cumstances such as children with univentricular physiology, the
risks of performing a thoracic procedure are significantly lower
than leaving the patient intubated for several weeks with higher-
than-normal pulmonary resistance.4 A full list of indications
described in the literature is shown in Table 1.

The use of minimally invasive surgical techniques for diaphrag-
matic plication adults has been described in several studies.32,33

However, literature detailing their use in children is limited.4

The benefits of using such techniques are well documented34,35

and include reduced pain, improved cosmetic results, pulmonary

Figure 2. Techniques one and two, respectively, for diaphrag-
matic plication.4
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function, and lower morbidity. In a review of video-assisted dia-
phragmatic plication in children, Hines et al describe that when
plication is performed through a regular thoracotomy, the benefi-
cial effects are delayed due to loss of pulmonary function associated
with the pain of the thoracotomy, which is less so the case with
minimally invasive surgery – as exemplified by the fact that two
paediatric patients were discharged within just 24 hours of sur-
gery.36 Though experience with using these techniques in children
is limited, the demonstrated benefits suggest that their use to man-
age PNI post-CHD surgery will inevitably increase in the future.

Limitations

Current literature suggests that PNI is often an incidental finding
in patients post-CHD surgery.4 Further research may be required
to identify methods that help to detect PNI in the early stages after
CHD surgery. Although routine follow-up chest X-ray has a high
sensitivity for detecting incidental PNI’s, it only has a positive pre-
dictive value of 33%.11 This highlights the need for further research
to explore whether more accurate diagnostic modalities such as
ultrasonography and pulmonary function tests should be used rou-
tinely after CHD surgery.

There is also limited data on the quality of life of patients after
PNI; current literature has little evaluation of life expectancy or
recovery (Table 1). Health-related quality of life in children is
regarded as a complex, multidimensional, subjective concept that
includes various aspects related to the patient’s health such as social,
emotional, cognitive, and physical functioning.37 It may be expected
that patients with diaphragmatic palsy would have a lower quality of
life compared to patients who did not suffer from this complication.
This is due to the fact that PNI can result in serious respiratory distress
due toweakness of the intercostalmuscles,mobilemediastinum, hori-
zontal orientation of the rib cage, and recumbent position.3 These
clinical features have the potential to cause far-reaching effects on
the overall well-being of the child. To investigate this further, future
studies could perhaps involve the use of HRQoL questionnaires such
as the cardiac disease-specific Paediatric quality of life inventory for
children less than 5 years of age.38 This step would allow for a better
understanding of the length of time that the patient has been impacted
by PNI and the overall impact it has had on their life.

Furthermore, with regards to the management of PNI, dia-
phragmatic plication is currently the most commonly used treat-
ment strategy.4 However, there is a lack of consensus regarding
when this procedure should be performed. Therefore, further stud-
ies may help identify the optimal timing of the procedure in order
to improve patient outcomes.

Minimally invasive surgical techniques are being trialled as a
new technique for diaphragmatic plication in children.4 However,
the lack of literature means that it is difficult to conclusively deter-
mine whether this technique is superior to current methods. Further
research into this promising new technique is therefore also
warranted.36 Ta
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Table 1. Indications for diaphragmatic plication for PNI post-CHD surgery4,20

Age under 6 months

Respiratory distress (Tachypnoea, Oxygen dependency, CO2 retention)

Inability to wean from ventilator

Children with cavopulmonary shunts with the intention to prevent an
increase in pulmonary vascular resistance
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Conclusion

PNI is a common and serious complication of CHD surgery. It
results in diaphragmatic paralysis which is of particular clinical
significance given that young children are primarily diaphragmatic
breathers. Therefore, the diagnosis and management of PNI in the
paediatric population are of major importance. Traditionally, a
conservative management approach has been favoured, whereby
patients remain on mechanical ventilation whilst spontaneous
phrenic nerve recovery is awaited. However, increasingly, surgical
diaphragmatic plication is performed due to the uncertainty of
spontaneous recovery and the costs associated with prolonged
mechanical ventilation. While current literature suggests that sur-
gical management is preferred, there is a lack of consensus regard-
ing the optimal timing of diaphragmatic plication. Further
research is needed in both ascertaining the optimal timing of sur-
gical intervention for positive outcomes and determining the ben-
efits of using novel minimally invasive techniques over existing
interventions in children (Tables 2 and 3).
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