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Abstract: Cardiac surgery with median sternotomy causes
iatrogenic damage to the function of the diaphragmmuscle
that is both temporary and permanent. Myocardial infarc-
tion itself causes diaphragmatic genetic alterations, which
lead the muscle to nonphysiological adaptation. The respi-
ratory muscle area plays several roles in maintaining both
physical and mental health, as well as in maximizing re-
covery after a cardiac event. The evaluation of the dia-
phragm is a fundamental step in the therapeutic process,
including the use of instruments such as ultrasound, mag-
netic resonance imaging (MRI), and computed axial to-
mography (CT). This article reviews the neurophysiological
relationships of the diaphragmmuscle and the symptoms of
diaphragmatic contractile dysfunction. The authors discuss
a scientific basis for the use of a new noninstrumental dia-
phragmatic test in the hope of stimulating research.
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Cardiothoracic surgery is always evolving, with tools and
techniques in constant revision, such as robotic and video-
assisted thorascopic surgery (VATS) [1, 2]. Despite the pro-
gressive improvementof the surgical approach, thepatient is
subject to risks during and after the surgery. Some of the
major morbidities include wound infections, sternal insta-
bility, renal failure (acute or chronic), and stroke [3, 4]. Other
potential long-term comorbidities are post-sternotomy pain
syndrome (PSPS),with an incompletelyunderstoodetiology,

and postoperative cognitive dysfunction (POCD) for different
brain events [5, 6]. Another iatrogenic event of cardiac sur-
gery is damage to the functionality of the diaphragmmuscle,
for which, depending on the clinical indication, the surgeon
may resort to diaphragmatic plication [7].

Diaphragm dysfunction can lengthen hospitalization
times, with support in some patients by assisted mechani-
cal ventilation, oxygen therapy, and nocturnal continuous
positive airway pressure (CPAP) [8, 9]. Generally, iatrogenic
damage to the diaphragm is attributed to injury to the
phrenic nerve, reaching as high as 73% for the left phrenic
nerve [10, 11]. Iatrogenic damage may also lead to vascular
injury (in particular, to the internal mammary artery),
which can potentially result in structural and functional
changes in the diaphragm [10]. Iatrogenic effects may arise
from cardiac surgery, such as harvesting the left internal
mammary artery for bypass, which increases the risk of
phrenic injury, or from purely mechanical mechanisms,
such as pulling the retractor to open the sternumor ribs [11].
Hypothermia during surgery is another risk, as is electro-
cautery; such procedures increase the risk of trauma to the
diaphragm [11].

Recently, genetic causes or adaptations not neces-
sarily linked to the aforementioned effects, shed new light
on the morphological adaptation of the diaphragmmuscle
in the postsurgical setting or in the presence of myocardial
infarction. A study of mice undergoing thoracotomy
compared with control mice, which were not operated on
but with myocardial ischemia induced, revealed the pres-
ence of genetic alterations [12]. Some genes responsible for
synaptic stabilization and acetylcholine release were
downregulated, whereas other genes that influencemyelin
structure and the management of membrane depolariza-
tion were upregulated [12]. As for the structure of the
diaphragm muscle, several proteins that form the con-
tractile structure were downregulated, causing contractile
dysfunction and a functional alteration similar to muscle
tissue in elderly people [12]. Surgery not only puts the
function of the diaphragm muscle at risk but also the
presence of a heart attack in the absence of surgery [12].
Currently, we have no other data on younger patients or on
animal models that reflect a younger age.
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Invasive procedures, separately from cardiothoracic sur-
gery, can damage the phrenic nerve. Radiofrequency catheter
ablation due to the presence of atrial fibrillation or other
arrhythmic problems, could cause iatrogenic damage to the
phrenicnerve; thepossiblemechanismsare related to theheat
generated and the electromagnetic field, which may nega-
tively affect the phrenic nerve [13]. Percutaneous transluminal
angioplasty with stent placement for the subclavian artery,
couldbea risk forhemiplegicdamage to thephrenicnerve, yet
the reasons are not clear [14]. This article briefly reviews the
anatomo-neurological path of the diaphragm muscle and
poses a hypothesis of utilizing a noninstrumental functional
test of the same contractile area. The ultimate goal is to easily
and quickly take advantage of an evaluation of the respiratory
muscle as the first screening following cardiac surgery,
myocardial infarction, or other hemodynamic approaches.

Neurological network of the
diaphragm muscle

Central pattern generator (CPG) is involved in the eupneic
action, and such neurological structures include the areas
between the brain stem and the spinal cord [15]. Eupneic
breathing is further divided into specific phases. Pre-
inspiration is managed by the pre-Bötzinger complex (pre-
BötC); from the brain stem, the preBötC neurons send the
impulse of the inhalation, passing through a ramp-like de-
polarization (100–400 ms) or pre-inspiration [16, 17]. The
preBötC sends impulses to the cranial nerve XII during the
pre-inspiratory phase to widen the upper respiratory tract;
the hyoid portion of the tongue is pushed forward, while the
posterior and upper area of the lingual muscular body is
pushed downward and posteriorly [18]. Cranial nerve XII
also receives impulses from the vagus and phrenic nerves
[19]. When the preBötC neurons reach full depolarization,
the inhalation phase begins; this depolarization is influ-
enced by other centers, such as the cerebellum, the
midbrain, and the cortical and subcortical centers, and by
peripheral mechano-metabolic afferents [17].

During the inspiratory phase, the preBötC continues to
stimulate the XII and begins to stimulate the bodies of the
pre-motor neurons and phrenicmotor neurons of the spinal
cord; phrenic neurons are also stimulated by the caudal
ventral group (VRGc), the rostral ventral group (VRGr), the
nucleus tractus solitarius (NTS, also known as the dorsal
brain stem neural group [DRG]) and the parabrachial/Köl-
liker-Fuse complex [20]. The accessory respiratory muscles
will be stimulated by preBötC neurons [17]. The eupneic
phase following the inhalation is the exhalation, in which
Bötzinger neurons (VRGc) send inhibitory signals toward
the preBötC; the Bötzinger neurons (VRGc) will be influ-
enced by the parabrachial/Kölliker-Fuse complex (Pontine

area) [17]. The NTS sends efferents to Bötzinger’s neural
bodies (and to the preBötC) and simultaneously receives
afferents from baroreceptors, chemoreceptors, and other
information derived from the peripheral mechanisms of
respiration (lungs and skeletal muscles) [20]. The vagus
nerve is involved when the diaphragmatic area of the
esophageal hiatus must be coordinated for the passage of a
food bolus; this diaphragmatic area is innervated by the X
cranial nerve [19]. Throughout this process, we must not
forget the sympathetic system, which has a strong rela-
tionship with the subdiaphragmatic and diaphragmatic
ganglia and the stellate ganglion; thus, a breathing disorder
negatively affects the sympathetic system [21, 22].

This perfect respiratory network can be altered when
there is phrenic (and vagus nerve) trauma, such as iatro-
genic damage from surgery, as shown in Figure 1.

Location of the phrenic nerve and
the vagus nerve

The phrenic nerve (C3–C5) involves the prevertebral fascia
of the cervical spine anteriorly, and it runs down in an
oblique direction to arrive above and in front of the anterior
scalene muscle, which covers the phrenic nerve [21].
Continuing posteriorly, it comes into contact with the
omohyoid muscle and the sternocleidomastoid muscle,
which has close contact at the level of its insertion at the
headof the clavicle laterally, before thephrenic nerveenters
the thorax. Before entering the thoracic cavity, the nerve
passes anteriorly to the subclavian artery, leaving the sub-
clavian vein posteriorly [21]. The phrenic nerve may have
several accessory nerves at the thoracic outlet, which may
envelop the subclavian veinand the internal thoracicartery,
or the nerve could become a constituent part of the cardiac
plexus [21]. Inside the thorax, it contacts the pulmonary
parietal pleura and the parietal pericardium to come into
contact with the diaphragm muscle. The right nerve, in its
passage, has a preferential relationshipwith the anatomical
area of the right atrium andwith the right mammary artery,
and it will penetrate the diaphragm in its connective
portion. The right phrenic nerve has an important rela-
tionship with the superior and inferior vena cava and the
superior pulmonary vein. The left phrenic nerve, which is
longer, touches the area of the left ventricle and the left
mammary artery, passes beyond the pulmonary trunk, and
it will penetrate the contractile area of the diaphragm [21].

The phrenic nerve continues beyond the diaphragm
muscle until it involves other structures, such as the apex
of the stomach, the area of the Glisson’s capsule, the pa-
rietal peritoneum that involves the gallbladder, and the
celiac and superior aorticorenal ganglia up to the supra-
renal gland [21]. The vagus nerve or cranial nerve X exits
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the jugular foramen to travel with the carotid fascia and the
jugular vein; before entering the chest, it forms a loop with
the right subclavian artery. Entering the thoracic cavity, it
creates a recurrent branch on the left, which passes under a
fascial structure (arterial ligament) between the aortic arch
and the pulmonary artery; in the chest, it will contact all
the viscera [21]. At the diaphragmatic level, it will penetrate
and innervate the esophageal hiatus, including Lamier’s
ligaments, to pass the muscle and project toward the
viscera of the abdomen and the sympathetic ganglia [21].

Clinical summary

Symptoms and instrumental evaluation

Symptoms resulting from a phrenic or vagal injury will
depend not only on the surgeon’s work but also on the

patient’s anatomical variability and the relevant clinical
history. The patient may be symptomatic and may have
dyspnea, dysphagia, chest pain, esophageal disorders,
insomnia, and somnolence [10, 23–25]. The patient may
display Hoover’s sign for paradoxical breathing and
pulmonary function disorders (atelectasis and pleural
changes); it should be noted that approximately 10–21%
of patients with a phrenic injury will not fully recover
[11, 13]. Another problem that can arise is the asymp-
tomatic patient. When the diaphragm muscle does not
contract properly, the nervous system tries to reorganize
itself by involving the accessory respiratory muscle
districts in the motor scheme [26]. We must consider not
only an obvious lesion (paresis) but also subclinical
contractile dysfunctions. After surgery, the diaphragm
decreases its thickness and consequently decreases its
contractile capacity, regardless of the presence or
absence of paresis [27].

Figure 1: The CT images in the coronal and axial planes allow visualization of the diaphragm as a hyperdense linear band interposed between
the chest and the abdominal cavity (A and D, respectively; see arrows). Sagittal images highlight a type of “corrugated” morphology that
shows the orientation of themuscle bundles (B; see arrow), which may appear more or less pronounced in wellness or pathologic conditions,
such as COPD. Clearly, visible diaphragmatic pillars also appear in both the coronal plane (C) and the axial plane (E) (arrowheads) [7].
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If the patient is subjected to mechanical ventilation
or night CPAP after the surgical event, the diaphragm
undergoes nonphysiological alterations. In a study of 34
patients, the use of CPAP stimulates the production of a
systemic and procholesterolemic inflammatory envi-
ronment, which are scenarios that are not quickly
eliminated once therapy is discontinued [28]. In studies
conducted with an animal model and with patients, the
same mechanical ventilation can induce phrenic axonal
damage, further prolonging a nonphysiological adap-
tation in the breathing pattern, with possible atrophy of
the protein scaffold of the diaphragm [26, 29]. A study of
eight patients found that the use of mechanical venti-
lation during cardiothoracic surgery can weaken the
diaphragm with structural and functional changes and,
in some cases, lead the patient to assisted ventilation
after chest surgery [30]. Other possible subtle symptoms
related to diaphragmatic dysfunction are the presence of
depression and a decrease in the pain threshold, with
neurological reasons related to the diaphragm, as dis-
cussed in a previous review article [31].

There are different reasons for finding a weak and
potentially inevident diaphragmatic district, as well as
different tools for evaluating the diaphragm. One of the
immediate instrumental examinations is chest radiog-
raphy; however, returning to the concept of the patient’s
asymptomaticity, it is possible to have a diaphragm
dysfunction without radiographic signals [10]. If the
symptom is very evident, it is generally feasible to find an
elevation of a hemidiaphragm, corresponding to the side
of the phrenic lesion; in severe cases, both hemi-
diaphragms are elevated [10]. Other tests that can be
performed are ultrasound and fluoroscopy; however,
both are difficult to perform in the days following the
surgery [10]. With ultrasound, in addition to in vivo
movement, the diaphragmatic excursion and its thick-
ness can be evaluated; in this way, a possible weakness
or paresis of the diaphragm is highlighted [32]. The use of
fluoroscopy (sniff test) confirms iatrogenic damage to the
diaphragm muscle [10]. To understand if there is neu-
ropraxic damage to the phrenic nerve, the most suitable
examination remains the electrophysiological study. We
can resort to the use of MRI or CT for a differential
diagnosis, that is, to identify diaphragmatic hernias,
muscle ruptures, or the presence of neoplastic forma-
tions, as shown in Figure 1 [10].

In conclusion, injuries to the glossopharyngeal
nerve or ninth cranial nerve are extremely rare and
transient. They are probably related to intubation during
surgery.

Discussion

Functional evaluation of the diaphragm with
a noninvasive test

In the literature, there is a protocol for themanual evaluation
of the diaphragm and the use of an evaluation scale (Manual
Evaluation Diaphragm [MED] scale) as a tool for dialogue
between the various health professionals [33, 34]. A nonin-
strumental test for the diaphragm muscle that can highlight
functional anomalies does not exist. We know that the
observation of diaphragmatic behavior during the act of
breathing is very indicative evaluation of functional anoma-
lies [26]. What is the rationale for creating a test? The test
“asks” the function to express itself. If the functional
expression is lacking, the test is indicative of a problem that,
if required by the clinical case, will be investigated further.
Thehypothesis of a noninstrumental test for thediaphragm is
based on the neurophysiological information that we have
about breathing. A deep inhalation is able to improve motor
coordination and muscle strength expressed by approxi-
mately 10%more, when compared to eupneic breathing [35].
Forced inspiration activates, bilaterally, the primary motor
cortex (area M1), which is also connected to emotional
behavior (impulsivity) [35, 36]. Chronic pathologies in which
a respiratory disorder is evident are associated with neuro-
motor uncoordination [35].

Breathing determines oscillations of the motor cortex

(in particular through gamma waves, 40–150 Hz), like a

diapason of the neural system; these oscillations allow the

increase of synaptogenesis, both in terms of the number of

contacts as well as the duration of the same contacts be-

tween neurons [35]. This event results in improved periph-

eral neuromotor coordination. In chronic pathologies, for

example, as in patients with chronic obstructive pulmonary

disease (COPD) and congestive heart failure (CHF),we know

that there is a decreased capacity of neuromotor coordina-

tion; one reason is a lower excursion of the diaphragm

muscle, whose movement affects the quality of voluntary

movement to a lesser extent [35].
Breathing stimulates different systemic receptors, such

as baroreceptors, interoreceptors, exteroceptors, sending
afferents to the cerebellum and vestibular area, and passing
through the NTS; the NTS is an important management site
for afferents of the diaphragm muscle [37]. The motor
movement results from the network formed by the cere-
bellum, the vestibular area, themotor cortex, and the limbic
area, thanks to the receptor information that these areas
receive from breathing [37]. This network works better if the
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parasympathetic system has better activation than the ac-
tion of the sympathetic system; breathing stimulates the
vagal system to a greater extent and duration [38]. An
optimal parasympathetic system allows the recording of a
better electromyographic spectrum, with greater strength
andmuscle coordination [39]. Each breath activates the skin
afferents, which stimulate the somatosensory opercular
cortical area, which stimulates the vestibular area to control
balance [40]. A deep breath improves neuromotor coordi-
nation, which allows stability and strength.

The test, which is called the Bordoni diaphragmatic test
(BDT), is divided into two parts so that the result of a first
pass has an identical response with the second pass. The
first phase of the test is similar to the Fukuda Step Test but
with the hands resting on the hips to give greater comfort
and safety to the patient. The Fukuda test is used in the
neurological and otolaryngological fields to evaluate a
balance dysfunction. In this case, with the BDT test, we
resume the position of the test, but with different objectives
and with clearly different execution methods. The BDT is
performed with the patient standing and with eyes closed;
the patient must rhythmically raise one knee and then the
other and, while flexing the thighs, should take inhale
deeply. Two push-ups per lower limb are sufficient, as well
as four thigh lifts. This movement stimulates the cerebellar
area and the vestibular area; with a deep breath, the neu-
romotor system linked to the parasympathetic system and
themotor cortex is stimulated, in addition to the cerebellum
and vestibular area, as described in the article. It should be
emphasized that the diaphragm muscle is the main stabi-
lizing muscle of the dorsal lumbar vertebral area; the depth
of breathing will be greater and the respiratory functions
expressed will be better [41–43]. A wider inhalation move-
ment equates to a greater thickness of the diaphragm mus-
cle, which links to better respiratory function [44]. The test
just described is repeated,butwithout deepbreaths, inorder
to highlight the positive influences of the diaphragm. If
one’s balance is better with deep breaths thanwith the same
movementwithout forced inhalation, thediaphragmmuscle
is correctly situated in a neurophysiological context, so
there should be no phrenic or vagal disorders.

The second phase of the test, to reinforce and have a
comparison with the previous result, consists of the same
position and the same movement with the eyes closed, but
includes placing resistance on the knee each time that the
patient has to flex the thigh. The operator places a hand on
the subject’s knee before the subject has performed a com-
plete flexion of the thigh. Finally, the operator will remove
his hand from the knee when the patient begins to bring the
thighback to the starting position. The operatorwill position
himself in front of the patient, placing a little pressure on the

knee. The movements, with resistance placed by the oper-
ator’s hand, are performed first with deep inspiration, for a
total of two movements for each lower limb [4]; later, this is
repeated with the same context just described but without a
deep inspiration. If the force expressed by the flexion of the
thigh improves, reflecting the information that we have on
neurophysiological relationships, there should not be any
diaphragmatic dysfunction, with consistent integration into
the body context, as shown in Figure 2).

The BDT is the first noninstrumental test to verify the
presence or absence of a diaphragmatic dysfunction,
which may result from a phrenic or vagal trauma or from a
functional alteration that is not necessarily surgical. The
same presence of inflammation, as for example in patients
with congestive heart failure, can inhibit phrenic neuro-
plasticity and alter the heart’s function, with a decrease in
diaphragmatic contractility; or, systemic inflammation in
such patients can create an oxidative environment for
DNA, with protein decrease [45–47]. The test is easy to
perform, if the patient is able to hold an upright position,
and it is a quick test if the subject is compliant. Breathing
allows you to improve the expression of peripheral muscle
strength and stability, influencing the parasympathetic
system [48–50]. As a first diaphragmatic screening, the
BDT exploits neurophysiological knowledge to identify
any phrenic or vagal dysfunctions [50]. The BDT needs
further investigation for its validation. The test should be
repeated after a program of rehabilitation or after a course
of manual osteopathic medicine. In this way, it is feasible
to have a comparative result.

BDT cannot be performed by patients who are not
autonomous from a neuromotor or cognitive point of view,
just as it is not feasible to perform the test in the presence of
acute (clinical instability) or other neuromotor or orthopedic
pathologies that invalidate the result or the act of the BDT
itself. A disturbed emotional state that can affect breathing
(anxiety, marked depression, fear) can impair the patient’s
ability to perform the test. Themanual, noninstrumental test
is not diagnostic, but it is a further indicationof utility for the
clinician. In manual osteopathic medicine, there is no
noninstrumental and nonmanual test for the evaluation of
the diaphragm muscle. BDT could be a useful addition for
the osteopathic physician’s clinic as a noninvasive tool for
patient assessment; however, at present, we do not have
evidence to support this hypothesis. The description of this
test has never been carried out before this article and,
therefore, validation studies of BDT will be necessary to
elucidate the evaluation inferred from the BDT.

In conclusion, we want to highlight the real meaning
of evidence-based medicine (EBM), which is a concept
conceived by David Sackett and Gordon Guyatt. The value
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of the clinician’s experience, in tandem with the patient’s
experiencewith the treatments received, have equal value
compared to what is achieved in the experimental
research clinic [51].

Conclusions

The cardiac surgery approach in median sternotomy causes
iatrogenic damage to the functionality of the diaphragm
muscle. This article reviewed the neurophysiological infor-
mation of the diaphragm muscle and the dysfunctions that
canoccur after a cardiac event, regardless ofwhether surgery
is present. Basedon this scientific information, because there
is no noninstrumental diaphragmatic test, we have tried to
present a new and unique test to identify the contractile
function of the respiratory muscle. We believe that the BDT
can become an easy reference point as a first screening to
evaluate the function of the diaphragm before deciding if
instrumental tests should be performed and, if so, which
tests. In the next few years, this could result in an economic

and time-saving value, potentially avoiding more invasive
tests such as X-rays. The future will require new efficiencies
in clinical evaluations. With the elderly population (and
chronic heart diseases) continuously increasing, a quick and
simple test could become a winning strategy.
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Figure 2: (A) The image illustrates the first step of the test in which the person raises her leg with her eyes closed and hands on her hips. (B)
The image illustrates the second step of the test, in which the person lifts his leg with his eyes closed and his hands on his hips, while an
operator places his hand to put slight pressure against the lifting of the leg.
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