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Mutual interactions between the diaphragm and lung transplantation (LTx) are known to exist. Before LTx, many factors can exert notable impact on the diaphragmatic function, such as the underlying respiratory disease, the comorbidities, and the chronic treatments of the patient. In the post-LTx setting, even the surgical procedure itself can cause a stressful trauma to the diaphragm, potentially leading to morphological and functional alterations. Conversely, the diaphragm can significantly influence various aspects of the LTx process, ranging from graft-to-chest cavity size matching to the long-term postoperative respiratory performance of the recipient. Despite this, there are still no standard criteria for evaluating, defining, and managing diaphragmatic dysfunction in the context of LTx to date. This deficiency hampers the accurate assessment of those factors which affect the diaphragm and its reciprocal influence on LTx outcomes. The objective of this narrative review is to delve into the complex role the diaphragm plays in the different stages of LTx and into the modifications of this muscle following surgery.
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INTRODUCTION
Lung transplantation (LTx) is a well-established treatment for benign end-stage pulmonary diseases in selected patients. During the entire LTx process, numerous factors can interfere with the function and the morphology of the diaphragm, the main respiratory muscle. Starting from the preoperative phase, the diaphragm may be influenced by patient-specific and disease-related variables, such as the underlying respiratory disease, the comorbidities and the chronic treatments [1, 2]. These interactions persist throughout the postoperative period, beginning with the surgical intervention, which itself can represent a stressful trauma for the diaphragm. Conversely, the diaphragm can influence the different phases of LTx. The presence of a diaphragmatic dysfunction before LTx, may require a different patient management. During surgery, the volume of the recipient’s chest cavity can depend on the diaphragmatic morphology leading to a size-matching issue. In the post-LTx setting, diaphragmatic dysfunction may hamper respiratory weaning, and impact on the long-term respiratory function of the patient or on sleep-related disorders [3–6]. Despite all these relevant dynamics, little is known on the real effects of diaphragmatic function abnormalities on LTx patients and vice versa. Notably, a standardized framework for the evaluation, definition, and management of diaphragmatic dysfunction within the context of LTx has yet to be established. This deficiency hampers the accurate assessment of those factors which affect the diaphragm and its reciprocal influence on LTx outcomes. The primary objective of this narrative review is to delve into the intricate role the diaphragm plays in the different stages of LTx and into the modifications of this muscle following surgery, along with an overview of fundamental aspects of diaphragmatic function.
THE DIAPHRAGM
The diaphragm is the main respiratory muscle. Its contraction, along with that of the other respiratory muscles, generates sub-atmospheric pressure in the pleural cavity, creating a pressure gradient for air entry into the lungs. At rest, expiration is a passive process relying on the elastic recoil of the inflated lungs, whereas during exercise, expiration becomes active [7].
The diaphragm is a dome-shaped muscle, composed of vertical muscular fibres originating from a central tendon. It serves as the anatomical division between the thoracic and the abdominal cavity and it is innervated by the phrenic nerve. The diaphragm accounts for about 70% of the inspired air volume during quiet breathing: the muscle contracts with a piston-like movement causing a flattening of the dome and a decrease in the intra-thoracic pressure, thus allowing lung inflation. The pressure is generated against resistive and elastic loads that depend on airway resistance and chest wall compliance [7–9].
The function of the diaphragm is affected by many pathological mechanisms and physiological variables (e.g., level of consciousness, posture, lung expansion, lung compliance). The diaphragm’s inability to maintain adequate ventilation can be caused by interference with innervation, contraction, or mechanical coupling to the chest wall [10, 11].
Diaphragmatic Dysfunction: Definition and Presentation
A diaphragmatic dysfunction can be defined as a loss of the function of the diaphragm, namely, respiration. It can be uni- or bi-lateral, transient or permanent, partial (weakness) or complete (paralysis), and its clinical significance can be variable. The clinical spectrum of diaphragmatic dysfunction is diverse, spanning from asymptomatic individuals to those experiencing severe respiratory failure. This can be secondary to a wide variety of factors related both to the characteristics of the dysfunction (e.g., bilateral vs unilateral) and the patient (e.g., obesity, lung disease) [12, 13]. In bilateral dysfunction, symptoms are more commonly present and intense. Conversely, a unilateral diaphragm dysfunction may often result asymptomatic. When present, symptoms may include orthopnoea and dyspnoea during exertion. Additionally, a diaphragmatic dysfunction can be linked to sleep-related breathing disorders, particularly in obese individuals. In cases of more pronounced diaphragm paresis, it can lead to snoring, breath cessation, and daytime sleepiness [14]. In the LTx setting, the respiratory function of the patient is already compromised due to the underlying respiratory disease, and this may interfere with a clear understanding of the role of diaphragmatic function abnormalities.
Techniques for Assessing Diaphragmatic Function
The diaphragmatic function can be evaluated through specialized tests, although not all are routinely available in clinical practice. However, several common diagnostic tools can also be employed to suspect or explore a potential diaphragm dysfunction. Some of these tests are based on evidence that are not specifically conceived on LTx patients. The presence of an underlying respiratory disease should always be kept in mind because it could overshadow the interpretation of diaphragmatic function.
Standard respiratory function tests are routinely available and easily accessible, thus even if not specific, in case of abnormalities (e.g., reduced forced vital capacity - FVC) they may rise the suspicion of diaphragmatic dysfunction [15, 16].
Supine respiratory function tests are the only specific pulmonary function tests available for diaphragmatic evaluation [16, 17]. A supine reduction of more than 30% or 15% of FVC is consistent with bilateral or unilateral diaphragmatic weakness, respectively.
The polysomnography is not specific for the diaphragm; however, it has been shown that unilateral diaphragmatic dysfunction has been linked to a higher prevalence of OSAS compared to healthy subjects [14, 18–22]. Thus, in patients suffering from diaphragmatic dysfunction, it may reveal a diagnosis of OSAS. On the contrary, in a LTx patient with a recently diagnosed OSAS, further testing for diaphragmatic dysfunction may be appropriate.
Even if diaphragmatic dysfunction may relate with exertional dyspnoea, exercise testing may not be specific for its diagnosis. Peripheral muscle weakness might determine a reduction in maximum oxygen consumption, overshadowing the detrimental effect of diaphragmatic weakness, and the inspiratory reserve is predominantly impacted by the thoracic respiratory muscles rather than the diaphragm [16, 23].
Pressure measurements are not always available in routine clinical practice but are specific. These tests measure the trans-diaphragmatic pressure (Pdi) as the difference between oesophageal and gastric pressures [16]. It is achieved through insertion of two balloon-tipped catheters through the nasal passage. Pdi can be measured during voluntary respiratory manoeuvres (e.g., sniff) or by inducing muscle contraction through electrical or magnetic phrenic nerve stimulation (TwPdi). The volitional nature of this test renders its reliability contingent upon patient effort and motivation.
The maximal inspiratory and expiratory pressures (MIP, MEP) involve assessing respiratory pressure during maximal efforts against a closed mouthpiece and indicate global respiratory muscle strength, thus they are not specific [15]. However, when MIP or SNIP are less than 60% or 30% of predicted values, unilateral or bilateral diaphragm paralysis, respectively, can be suspected.
Electroneuromyography (EMG) is specific and records action potentials of diaphragmatic muscle cells contraction [15, 16]. It investigates the electrical activation capacity of the diaphragm by surface or trans-oesophageal electrodes. Surface diaphragmatic EMG has certain limitations, including electrode placement accuracy, signal attenuation through interposing tissues, and potential crosstalk from adjacent muscles. Trans-diaphragmatic EMG, performed via a gastroesophageal catheter with an array of wire coils, offers a more precise assessment of diaphragmatic electrical activity. Both surface and trans-diaphragmatic EMG can be performed during volitional (i.e.,: sniff, maximal contraction) or non-volitional (i.e.,: transcutaneous electrical or magnetic nerve stimulation) tests. Possible abnormalities in diaphragmatic dysfunction may be a reduced motor output, an abnormal neuromechanical coupling during loaded breathing or an increased level of assistance during mechanical ventilation.
Optoelectronic plethysmography and respiratory inductance plethysmography are not routinely available diagnostic tools, and they are not necessarily employed to specifically detected a diaphragmatic dysfunction. These techniques involve the analysis of thoracic and abdominal surface motion [24, 25]. In case of bilateral diaphragm paralysis, an asynchronous motion (e.g., paradoxical breathing during inspiration) can be detected.
The chest X-Ray is one of the most employed tests to initially explore a suspected diaphragm dysfunction [26, 27]. In asymptomatic patient, it could commonly lead to an accidental diagnosis. It allows assessment of the shape and the position of the diaphragm. Several static parameters have been proposed to standardize the diaphragm evaluation. Most commonly, a right-sided dysfunction is defined when the hemidiaphragm is > 2–4 cm higher than the left side, whereas on the left side, the hemidiaphragm is at the same height or more than the right side. Another interesting measurement is the diaphragmatic height index (calculated as the ratio of the distance between the apexes of the two hemidiaphragms and the height of T10 vertebra) which may predict diaphragm paralysis effectively, demonstrating high sensitivity (>90%) and specificity (>85%) [28]. However, bilateral dysfunction is more complex to evaluate with a static chest X-ray.
Magnetic resonance imaging (MRI) is not commonly employed to assess diaphragmatic dysfunction in LTx. Static MRI studies provide data on muscle size and structure, which could reveal specific features of rare diseases [29]. It can also be employed for dynamic imaging of the thorax and diaphragm using non-contrast breath-hold sequences and free-breathing diffusion-weighted imaging. As an example, a relationship between craniocaudal diaphragmatic excursion, diaphragm fatty infiltration, pulmonary function tests, and abdominal volumes (as an index of diaphragm activity) was demonstrated in patients with Duchenne Muscular Dystrophy.
Ultrasonography is a cheap and accessible test that allows the analysis of diaphragm dome excursion, thickness (Tdi), and thickening fraction (TFdi) [4, 30]. The latter one is defined as the difference between end-inspiratory and end-expiratory thickness divided by end-expiratory thickness, expressed in percentage. Measurements can be made both in dynamic M-mode and B-mode. It should be noted that healthy individuals may frequently exhibit TFdi values exceeding 100%. Overall, a reduced thickening fraction to less than 20%–29% is considered significant for diaphragmatic paralysis.
Finally, fluoroscopy is considered the gold standard for diaphragmatic dysfunction diagnosis. It can be employed during sniff manoeuvres to assess diaphragm dysfunction [31]. A comparison between upright and supine fluoroscopy can also be useful. Findings of diaphragmatic dysfunction include a reduced or absent diaphragm excursion and a paradoxical motion (e.g., one hemidiaphragm ascending while the other descends).
The list of available diagnostic tests along with their interpretation is reported in Table 1.
TABLE 1 | Available diagnostic tests to assess a diaphragmatic dysfunction.
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The intricate relationship between LTx and the diaphragm extends across various stages of the transplantation process. This interplay can be simplified in two main phases: before and after LTx.
The Diaphragm Waiting for Lung Transplantation
Several factors can influence diaphragmatic function in patients waiting for LTx (Figure 1) [10].
[image: Figure 1]FIGURE 1 | Schematic representation of the different factors that can impact the diaphragmatic function both before and after lung transplantation. On the left (red arrow) are shown factors that can negatively interfere with diaphragmatic function, whereas on the right (green arrow), are listed the promoting ones.
Patients suffering from obstructive respiratory disorders, such as chronic obstructive pulmonary disease (COPD) and cystic fibrosis, experience chronic overexertion of respiratory muscles due to the increased resistance necessary for adequate lung inflation [33, 34]. Furthermore, in the presence of hyperinflated lungs characterized by an increased functional residual capacity (FRC), the diaphragm is flattened and operates at suboptimal lengths, resulting in fatigue and dyspnoea during physical activity [35]. In addition, this may eventually lead to a paradoxical inward movement of the lower ribcage margin during inspiration, known as the “Hoover sign” [36]. Evidence indicate that COPD patients exhibit diminished voluntary and induced respiratory pressures, including MIP, Pdi and TwPdi [35]. Notably, MEP emerges as an independent risk factor for survival in COPD patients [37]. Studies have also revealed a correlation between abnormalities in diaphragmatic morphology, assessed via CT-scan, and the severity of COPD [38]. Chronic overexertion of the diaphragm is also found in restrictive respiratory disorders, such as idiopathic pulmonary fibrosis [39, 40]. In this case, the diaphragm may result elevated, due to reduced lung compliance. However, the overload following the increased stiffness of the lung may not only cause exhaustion, but also respiratory muscle training [40]. Some Authors speculate that the presence of chronic systemic inflammation may also play a role in respiratory muscles deterioration [40].
Diabetes is a well-known cause of neuropathic damage and can lead to a muscular deficit too [41]. Its prevalence is consistent even in the cohort of patients waiting for LTx, reaching up to 25% [42]. However, the relationship between diabetes and phrenic nerve or diaphragm dysfunction remains unclear [3].
Nutritional status plays a pivotal role both before and after LTx [43]. Obesity has been linked to increased post-LTx mortality [43, 44] and sparks debate about potential structural alterations in the human diaphragm [2, 45]. Obesity is also the most common restrictive disorder, exerting a higher body mass load both on the chest wall and on the abdomen, leading to an increased respiratory workload [10]. A correlation between malnutrition and diminished diaphragmatic strength in patients with cystic fibrosis was found [46], and some post-transplantation studies have reported reduced survival in malnourished individuals [47, 48]. Nevertheless, the relationship between nutrition and diaphragm function and structure remains a complex and incompletely understood area of study [47].
Both acute and chronic inflammation may affect the respiratory muscle function [49]. Some Authors speculate that in respiratory diseases with chronic systemic inflammation, such as idiopathic lung fibrosis, this mechanism may participate in muscle weakness [50]. Inflammation may also result from infections, especially in patients affected by cystic fibrosis [51]. Patients affected by severe respiratory diseases may also experience acute septic states. Although sepsis has been associated with temporary and reversible diaphragm dysfunction [52], more evidence is needed to fully grasp the correlation between acute inflammation and abnormal diaphragmatic function.
Chronic corticosteroid use-related myopathy is a known adverse effect and can affect function and volume of skeletal muscles [1, 53, 54]. Even if there are no studies specifically addressing the diaphragm in humans, particularly those waiting for LTx, a loss of respiratory strength has been described in chronic corticosteroid treatment. However, it is reasonable to postulate the presence of multiple confounding factors that warrant consideration (e.g., patients with worse respiratory function and overall health possibly receive higher corticosteroid doses compared to healthier counterparts).
Finally, another pre-LTx factor that may influence the diaphragm is the respiratory support. The impact of chronic non-invasive ventilation (NIV) on diaphragm function remains underexplored. While some Authors suggest potential improvements in diaphragmatic contraction with NIV, other studies report no discernible effects [55]. The impact of NIV on patient survival remains controversial. Nonetheless, NIV is a widely employed treatment for chronic respiratory failure and is accepted as a bridge to LTx [56]. Conversely, invasive mechanical ventilation has been associated with diaphragm atrophy, with links to prolonged mechanical ventilation, ICU admission, and complications during acute respiratory failure [57]. Currently, there is a lack of data to clarify the impact of extracorporeal membrane oxygenation (ECMO) on diaphragmatic function, in the setting of bridging to LTx [58, 59].
The Interplay Between the Diaphragm and Lung Transplantation
LTx potentially triggers significant alterations in the diaphragm. Concurrently, the diaphragm influences the course of LTx (Figure 1). Herein, we provide an overview of the key aspects governing the reciprocal relationship between the two.
Diaphragm Activity, Outcomes, and Respiratory Function
Diaphragm contraction depends on various factors (e.g., neural function, diaphragmatic morphology and structure), although isolating their individual significance can be challenging. The incidence of a diaphragmatic dysfunction can vary across studies due to different identification methods and definitions [3, 27]. When referring to multiple parameters, such as respiratory function test, chest X-ray, ultrasound, opto-electronic plethysmography, and electromyography, in the early postoperative phase of LTx a diaphragm dysfunction may be systematically detected, although it might not necessarily be clinically significant [3]. This was shown in a cohort of 30 BTLx patients and the abnormalities persisted for 6 months, with full recovery at one-year post-transplantation [3]. Diaphragmatic dysfunction has been noted in terms of force, weakness, electrical activity, and kinematics. Despite that, an improvement in global spirometry and the six-minute walking test (6MWT) was reported. An incidence of 62% for diaphragmatic dysfunction was observed using ultrasound assessment, which decreased till 22% at 3 months from LTx, without impacting outcomes [60]. When concerning only chest X-ray findings, a unilateral elevated hemidiaphragm was detected in 23% of a cohort of 1,100 LTx patients in the early postoperative period (with a median of 21 days post-surgery) [27]. This abnormality reverted in 38% of cases, but in the remaining 62% a permanent elevation over time was seen, though no significant impact on outcomes (e.g., survival, chronic lung allograft dysfunction) was noted despite worse lung function tests. Additionally, a diaphragmatic elevation was present before LTx in nearly 3% of the study cohort, and this was a significant risk factor for presenting postoperative diaphragmatic elevation (p < 0.001), predominantly permanent (p < 0.001). More than half (58%) of these patients had pulmonary fibrosis as indication to transplantation. Interestingly, diaphragm elevation reverted after LTx in 45% of cases.
Huh et al. analysed the clinical relevance of a pre-LTx diaphragmatic dysfunction and its possible evolution after transplantation. Of 102 BLTx patients, 32% presented preoperative diaphragmatic dysfunction during ultrasound assessments [61]. After surgery, 12% and 3% of them showed a persistent (same side) and new (contralateral side) dysfunction, respectively. Moreover, nearly 55% recovered at 3 months from surgery, and an additional 30% within one-year. The presence of preoperative diaphragmatic dysfunction was found to be a negative prognostic factor. These patients experienced prolonged mechanical ventilation, extended ICU and hospital stays, and showed a significantly lower FVC. The difference in in-hospital mortality between patient with and without pre-LTx dysfunction was not statistically significant. However, the subgroup with the highest mortality was the one with preoperative diaphragmatic dysfunction that did not recover at 3 months.
Diaphragm dysfunction following BLTx, identified by ultrasound, has been associated with difficult weaning in the ICU setting [4]. In patients experiencing challenging weaning, nearly 78% exhibited diaphragmatic dysfunction. Neuro-ventilatory efficiency (NVE), defined as the ratio of tidal volume to peak electrical activity of the diaphragm, was also linked to difficult weaning in these patients. Longer durations of ventilation inversely correlated with both TFdi and NVE.
The improvement of the diaphragmatic function goes in parallel to the respiratory function gain following BLTx, as demonstrated in a cohort of patients with cystic fibrosis and bronchiectasis [62]. The study monitored pulmonary function tests, MIP, and surface diaphragmatic electromyogram, since the pre-LTx phase. It was shown that maximal contraction strength and diaphragmatic resistance increased, and this positive effect tended to stabilize after 6 months post-surgery. In the early phase, at one-month post-LTx, MIP was not significantly improved, but the time limit (i.e., the duration between contraction onset and exhaustion) value was already substantially increased compared to the preoperative period. This could be attributed to increased Vital Capacity (VC) along with reduced hypoxic drive, allowing for longer breath-holding periods. However, diminished MIP values at this time may also be linked to pain or other inhibitory pathways. Noticeable MIP improvements tend to be perceived at 6 months post-LTx. In these cases, the negative correlation between MIP and RV/TLC (total lung capacity) observed pre-transplantation subsequently disappears. Another study showed that 2 years post-LTx, diaphragmatic and abdominal muscles’ thickness and strength were comparable to healthy controls [63]. However, quadriceps strength and cross-section were decreased by nearly 30% in LTx patients, with cumulative corticosteroid dosage emerging as an independent predictor of quadriceps atrophy.
When concerning long follow-up, in a cohort of 15 patients after 5 years post-surgery, lower diaphragm thickening ratios (DTR) but normal TFdi at FRC were found, and the DTR was unrelated to 6MWT distance but strongly correlated with forced expiratory volume in one second (FEV1) [64]. Nonetheless, when compared to normative data, most LTx patients exhibited nearly normal DTR values, indicating preserved or regained diaphragm contractility post-LTx. The presence of diaphragmatic muscular abnormalities was hypothesized after excluding a neural dysfunction, achieved through further testing of the phrenic nerve response to stimulation. This revealed normal electrical activity in both groups, but lower TwPdi in LTx patients. Whether these abnormalities existed pre-LTx or developed post-LTx remains unclear [64].
Neural Function
Neural activity, encompassing both the phrenic nerve and the central neural drive, plays a pivotal role in diaphragm function. During LTx surgery, the phrenic nerve is exposed to potential damage and subsequent dysfunction, which can range from complete (paralysis) to partial (neurapraxia or moderate axonotmesis). The duration of such dysfunction varies, spanning from permanent to temporary. The definition of phrenic nerve injury and, consequently, diaphragmatic dysfunction significantly varies across studies [3, 65, 66]. The incidence of phrenic nerve injury after LTx can range between 3%–43%, with complete permanent paralysis being relatively rare. Partial dysfunction potentially results from surgical manipulation (primarily of the pericardium and mediastinum) or the use of cold solutions/ice during surgery [3, 66]. When measuring diaphragmatic compound muscle action potential area and phrenic nerve latency, this dysfunction might be constantly present after LTx, with a return to normality over several months, and may be sub-clinical (i.e., asymptomatic, or not visible at chest X-ray) [3]. When the phrenic nerve injury is defined as the presence of both ultrasound and neurophysiological abnormalities, this incidence can reach almost 43% in LTx patients [66]. Around 29% of phrenic nerves exposed to injury during surgery on the same side possibly sustain damage. Identified risk factors include right lung grafts and mediastinal adhesiolysis. LTx patients with phrenic nerve injury often experience longer ICU stays, increased reintubation rates, and more frequent use of NIV [66, 67]. Nevertheless, without a standardized definition and evaluation of phrenic nerve injury, determining its true impact on diaphragm function after LTx remains challenging. Moreover, the optimal management of this condition has yet to be defined. Even in the absence of detected diaphragmatic electrical activity, in the first 48 h post-LTx no respiratory impairment may be observed so far [68]. This finding emerged from a study involving the use of Neurally Adjusted Ventilatory Assist, which provides ventilatory assistance proportional to the diaphragm’s electrical activity. This activity was detectable in 63% of patients. Additionally, in two patients with long-term diaphragmatic dysfunction, normal electrical activity was recorded in the early postoperative period.
Another significant effect of LTx may relate to neural drive. In COPD patients undergoing LTx, a reduction in inspiratory effort sensation during ventilatory stress can lead to improved quality of life [69]. Compared to COPD patients, a decrease of the neural drive to the diaphragm with a normal endurance of inspiratory muscles was found after LTx. In single lung transplantation (SLTx) patients even the native side had a lower diaphragmatic neural activation. This suggests an involvement of the diaphragm at transplanted side to support the work of the other one.
Studying LTx patients, Kinnear et al. postulated the hypothesis that ventilatory compensation does not depend on vagal information from intrapulmonary or tracheal airway stretch receptors, but on diaphragmatic Golgi tendon organs [70]. In fact, with postural changes, the respiratory function tests revealed no differences between LTx patients and healthy controls. A tilt table test after the blockade of tracheal stretch receptors with aerosolized lidocaine have shown an immediate and unchanged ventilatory response. This hypothesis might be supported by the finding of unchanged respiratory pattern adaption to variations in ventilatory assistance and positive end-expiratory pressure (PEEP) in the early postoperative setting of LTx [68]. Notably, surgery determines interruption of vagal continuity at the bronchial anastomoses level, theoretically disabling the volume-feedback response.
Diaphragmatic Morphology
An interesting area of study concerns the modifications of diaphragmatic morphology following LTx and their consequent functional implications. In patient suffering from chronic lung hyperinflation, such as those with COPD, LTx reduces diaphragmatic flattening. This mitigation permits positional adjustments that bring mechanical advantages to ventilation, thereby achieving a respiratory gain [71]. One-month post-surgery, chest X-rays of LTx recipients can reveal extended diaphragm length compared to COPD patients. Additional findings may include higher sniff-Pdi values but similar TwPdi. Notably, the restoration of diaphragmatic morphology in emphysematous patients may need up to 2 years post-surgery [72]. Even in the presence of a positional recovery, the diaphragmatic surface may remain smaller on the graft side of patients receiving SLTx, when compared to the native side and to the ipsilateral side of healthy controls [72]. This phenomenon appears to be determined by a mediastinal displacement toward the transplanted lung. A similar finding was previously described by Groote et al. [73]. In addition, they demonstrated a bidirectional lateral movement of the mediastinum during respiration. Dynamic CT-scans of a single thoracic slice in both healthy controls and SLTx patients showcased mediastinal movement towards the native lung during inspiration and towards the graft during expiration. These movements seemed to be unaffected by changes in respiratory rate or position (supine or standing). However, it remains unclear whether these movements coincide with asymmetrical diaphragmatic motion.
Conversely, patients affected by restrictive disorders may tend to show a higher diaphragm. In a cohort of 37 SLTx patients, the pre- and post-LTx CT scans were compared to assess diaphragmatic changes. In restrictive disorders (i.e., fibrosis), while the native side had no modifications, diaphragmatic height significantly reduced on the graft side [74]. This may reflect an increased lung volume as well as an efficient diaphragmatic contraction with a more compliant lung, due to a previous chronic overload. In addition, the diaphragmatic thickness of the graft side also significantly increased in all patients. A negative association was found between diaphragmatic height and FVC and TLC, confirming the benefit of a diaphragmatic remodelling. However, diaphragmatic elevation in restrictive disorders may not always revert after LTx [27].
The Role of the Chest Wall
Following bilateral lung transplantation (BLTx) and heart-lung transplantation (HLTx), TLC tends to align with predicted values for recipients and does not correlate with pre-LTx values [75]. Nonetheless, despite TLC returning to normal values post-LTx, VC may decrease while FRC and residual volume (RV) increase. Normal FEV1/FVC ratio values might not be indicative of airway obstruction or muscle weakness but could signify irreversible alterations in the static elastic properties of the chest wall, possibly related to chronic lung hyperinflation. There is evidence concerning the role of the different surgical incisions (i.e., clamshell, thoracotomy, median sternotomy) on respiratory function and chest wall elasticity [76–78], however similar findings were not shown for the diaphragmatic function [3].
Diaphragm and Sleep-Disordered Breathing
Both LTx and diaphragmatic dysfunction are linked to sleep-disordered breathing [5, 6, 14, 19, 21, 22, 79]. In the setting of LTx, this sleep-related disorder can occur both before (18%–45% prevalence) and after (30%–64%) surgery, and patients without NIV or oxygen supplementation are at higher risk [5, 6, 22]. Interestingly, approximately 50% of pre-LTx sleep-disordered breathing cases may resolve after transplantation. The presence of this disorders was shown to not affect survival in LTx patients [5]. In non-LTx patients, diaphragmatic dysfunction was related to worse sleep-disordered breathing scenarios (e.g., increased respiratory disturbance index, lower oxygen saturation) and a different NIV management [21, 79]. However, literature lacks studies addressing the association between diaphragmatic dysfunction and sleep-disordered breathing in the LTx context. At present, only one case report exists, which showed that despite treatment and resolution of the diaphragmatic dysfunction in a LTx patient, the sleep disorder persisted [80]. Patients affected by sleep-disordered breathing usually require therapy (i.e., nocturnal NIV support) to alleviate symptoms, however the ideal management of a post-LTx sleep-related breathing disorder is yet to be defined [5, 6, 22]. Indeed, early diagnosis has been emphasized [6].
Postoperative Complications
Complications of LTx surgery may also directly involve the diaphragm. A spontaneous rupture of the diaphragm is a rare but possible complication of LTx [81, 82]. Literature cases have been described to appear in the early postoperative phase. Clinical manifestations include chest pain, subcutaneous emphysema, and dyspnoea. At chest X-ray abdominal visceral herniation in the thorax may be identified. The surgical repair usually consists of both a direct suture of the laceration or the positioning of a prosthesis (e.g., Goretex). A thinner diaphragm can be found intraoperatively. Some Authors suggested an association with lung emphysema.
Potential Treatments
There is still no univocal evidence that a specific management of diaphragm function is effective in improving the outcomes after LTx. Many studies on this topic have been published and the interest continues to grow.
Diaphragm Plication
Lawrence et al. distinguished two indications for diaphragm plication: anatomical (i.e., size matching between recipient chest cavity and donor graft) and functional (i.e., clinically evident diaphragm dysfunction) [83]. They showed that most (78%) of the 38 diaphragmatic plication procedures were performed for anatomical reasons during LTx surgery, to increase recipient space and avoiding graft volume reduction. Almost 11% of patients receiving LTx during the study period underwent diaphragm plication, confirming the low frequency of this procedure. In the functional indication setting (22%), diaphragm plication was performed subsequently to LTx. Most were unilateral. Patients reported varying degrees of dyspnoea, orthopnoea, and persistent supplemental oxygen needs. Adhesions were almost constantly present, requiring an open surgical approach through a thoracotomy. Overall, unilateral right plication was the most common (57%), followed by bilateral plication (32%). A pre-LTx severe diaphragmatic dysfunction was detected on fluoroscopy only in 3% of patients. Interrupted sutures (62%) were more common than running sutures. Postoperative outcomes were satisfying. Only two (5%) asymptomatic patients had an incidental finding of liver laceration as a complication. In patients that received plication, the 6MWT distance at 1 year was not altered. When compared to patients without plication, FEV1 and FVC were consistently lower. Moreover, three-year survival and chronic lung allograft dysfunction-free survival were similar.
Other experiences of diaphragm plication in patients receiving LTx are limited mainly to case reports [84, 85].
This evidence confirms the extremely low frequence of diaphragmatic plication during LTx surgery for functional reasons. Future research could address whether it could be possible to identify ideal candidates that may benefit diaphragmatic plication at LTx time.
Non-Invasive Ventilation
Domiciliary NIV for post-LTx patients is uncommon; however, diaphragm palsy is one of the two main indications, as found in a retrospective study on 488 LTx over a 6.5-year period [86]. Five out of 20 (25%) patients requiring NIV had diaphragm dysfunction as an indication. Three LTx patients required NIV immediately after extubation while other two recipients started NIV within 1 month of being transplanted. All these patients had diaphragm palsies confirmed by ultrasound screenings. The incidence of diaphragm palsies in LTx patients ranged from 6.9% to 20%; however, only 1% of the patients required NIV for this indication. Further research is needed to further clarify the potential benefits of NIV in diaphragmatic dysfunction following LTx, along with its optimal introduction and discontinuation timing.
Physiotherapy and Nutritional Support
Respiratory physiotherapy is part of routine management in the early postoperative period after LTx and it is highly recommended [87, 88]. In the preoperative setting, respiratory rehabilitation has been shown to reduce dyspnoea and increase respiratory function parameters (e.g., 6MWT distance and DLCO) along with quality of life [89]. A trial showed that the addition of specific inspiratory muscle training (namely, the diaphragm) may empower the increase of walking distance, MIP and DLCO [90]. In the late post-LTx setting, respiratory rehabilitation is also linked to better respiratory performances [89]. It could be interesting to further investigate the optimal timing and methodology to rehabilitate the diaphragmatic activity in patients both waiting and that received LTx, especially when a clinically evident diaphragmatic dysfunction is present. In the late postoperative period, a comparison of the respiratory rehabilitation results between patients with and without dysfunction may also help determine the ideal candidates for this treatment.
Currently, there are no studies directly addressing the nutrition status effect on the diaphragm in the LTx setting. However, given the existence of a relationship between the nutritional status and the diaphragmatic performance [91], it could be useful to examinate the effect of nutrition correction in pre- and post-LTx patients.
Phrenic Nerve Pacing
Phrenic nerve pacing consists in direct electrical stimulation of the phrenic nerve through surgically implanted electrodes, to support a diaphragmatic dysfunction. In a feasibility trial from the Leuven group on three LTx patients, it was shown that intrathoracic intermittent pacing may help wean from mechanical ventilation and reduce the incidence of diaphragm dysfunction [92]. The electrodes were implanted at the time of LTx surgery and removed after up to 7 days. Electric stimulation managed to trigger ventilation and offer monitoring of changes of the diaphragm activity. In another study with a larger cohort, 11 patients received a temporary pacing system positioned at LTx surgery, whereas five patients underwent a laparoscopic positioning of a chronic pacing system, remotely after LTx [93]. In these patients, it was demonstrated that diaphragm stimulation helped both weaning from mechanical ventilation and recovery from phrenic nerve injury. In selected high risk LTx patients, this technology may effectively manage both temporary and chronic diaphragmatic dysfunction.
CONCLUSION
A renewed interest has recently emerged in understanding the role of the diaphragm in the LTx setting. Nonetheless, in this context, the identification and definition of diaphragmatic dysfunction remain highly heterogeneous across the literature. Furthermore, the clinical significance and optimal management of these diaphragmatic abnormalities are still unclear. Future research should focus not only on gathering more evidence but also on enhancing standardization of methods for assessment and treatment.
AUTHOR CONTRIBUTIONS
AP and GM contributed to the study conception and design. Material preparation, data collection and analysis were performed by GM, AL, and VM. The first draft of the manuscript was written by GM, AP, AL, and VM, and all Authors commented on previous versions of the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The publication costs for this manuscript were covered by the fund Current research—IRCCS from the Italian Ministry of Health dedicated to the IRCCS Foundation Ca’ Granda Ospedale Maggiore Policlinico.
REFERENCES
 1. Dekhuijzen, PN, and Decramer, M. Steroid-Induced Myopathy and its Significance to Respiratory Disease: A Known Disease Rediscovered. Eur Respir J (1992) 5:997–1003. doi:10.1183/09031936.93.05080997
 2. Scano, G, Stendardi, L, and Bruni, GI. The Respiratory Muscles in Eucapnic Obesity: Their Role in Dyspnea. Respir Med (2009) 103:1276–85. doi:10.1016/j.rmed.2009.03.023
 3. LoMauro, A, Righi, I, Privitera, E, Vergari, M, Nigro, M, Aliverti, A, et al. The Impaired Diaphragmatic Function After Bilateral Lung Transplantation: A Multifactorial Longitudinal Study. J Heart Lung Transplant (2020) 39:795–804. doi:10.1016/j.healun.2020.04.010
 4. Boscolo, A, Sella, N, Pettenuzzo, T, Pistollato, E, Calabrese, F, Gregori, D, et al. Diaphragm Dysfunction Predicts Weaning Outcome after Bilateral Lung Transplant. Anesthesiology (2023) 140:126–36. doi:10.1097/ALN.0000000000004729
 5. Malouf, MA, Milross, MA, Grunstein, RR, Wong, K, Prashant, C, Jankelson, DMB, et al. Sleep-Disordered Breathing Before and After Lung Transplantation. J Heart Lung Transplant (2008) 27:540–6. doi:10.1016/j.healun.2008.01.021
 6. Testelmans, D, Schoovaerts, K, Belge, C, Verleden, SE, Vos, R, Verleden, GM, et al. Sleep-Disordered Breathing After Lung Transplantation: An Observational Cohort Study. Am J Transpl (2021) 21:281–90. doi:10.1111/ajt.16130
 7. A Aliverti, and A Pedotti, editors. Mechanics of Breathing. Milano: Springer (2014). doi:10.1007/978-88-470-5647-3
 8. Downey, R. Anatomy of the Normal Diaphragm. Thorac Surg Clin (2011) 21:273–9. doi:10.1016/j.thorsurg.2011.01.001
 9. Anraku, M, and Shargall, Y. Surgical Conditions of the Diaphragm: Anatomy and Physiology. Thorac Surg Clin (2009) 19:419–29. doi:10.1016/j.thorsurg.2009.08.002
 10. Ratnovsky, A, Elad, D, and Halpern, P. Mechanics of Respiratory Muscles. Respir Physiol Neurobiol (2008) 163:82–9. doi:10.1016/j.resp.2008.04.019
 11. Ricoy, J, Rodríguez-Núñez, N, Álvarez-Dobaño, JM, Toubes, ME, Riveiro, V, and Valdés, L. Diaphragmatic Dysfunction. Pulmonology (2019) 25:223–35. doi:10.1016/j.pulmoe.2018.10.008
 12. Celli, BR. Respiratory Management of Diaphragm Paralysis. Semin Respir Crit Care Med (2002) 23:275–81. doi:10.1055/s-2002-33036
 13. Caleffi Pereira, M, Cardenas, LZ, Ferreira, JG, Iamonti, VC, Santana, PV, Apanavicius, A, et al. Unilateral Diaphragmatic Paralysis: Inspiratory Muscles, Breathlessness and Exercise Capacity. ERJ Open Res (2021) 7:00357–2019. doi:10.1183/23120541.00357-2019
 14. Sarac, S, Salturk, C, Oruc, O, Metin, SK, Bayram, S, Karakurt, Z, et al. Sleep-Related Breathing Disorders in Diaphragmatic Pathologies. Sleep and Breathing (2022) 26:959–63. doi:10.1007/s11325-021-02422-z
 15. American Thoracic Society/European Respiratory Society. ATS/ERS Statement on Respiratory Muscle Testing. Am J Respir Crit Care Med (2002) 166:518–624. doi:10.1164/rccm.166.4.518
 16. Laveneziana, P, Albuquerque, A, Aliverti, A, Babb, T, Barreiro, E, Dres, M, et al. ERS Statement on Respiratory Muscle Testing at Rest and During Exercise. Eur Respir J (2019) 53:1801214. doi:10.1183/13993003.01214-2018
 17. Brault, M, Gabrysz-Forget, F, and Dubé, B-P. Predictive Value of Positional Change in Vital Capacity to Identify Diaphragm Dysfunction. Respir Physiol Neurobiol (2021) 289:103668. doi:10.1016/j.resp.2021.103668
 18. Oruc, O, Sarac, S, Afsar, GC, Topcuoglu, OB, Kanbur, S, Yalcinkaya, I, et al. Is Polysomnographic Examination Necessary for Subjects With Diaphragm Pathologies?Clinics (2016) 71:506–10. doi:10.6061/clinics/2016(09)04
 19. Steier, J, Jolley, CJ, Seymour, J, Kaul, S, Luo, YM, Rafferty, GF, et al. Sleep-Disordered Breathing in Unilateral Diaphragm Paralysis or Severe Weakness. Eur Respir J (2008) 32:1479–87. doi:10.1183/09031936.00018808
 20. Yokoba, M, Hawes, HG, Kieser, TM, Katagiri, M, and Easton, PA. Parasternal Intercostal and Diaphragm Function During Sleep. J Appl Physiol (2016) 121:59–65. doi:10.1152/japplphysiol.00508.2015
 21. Khan, A, Morgenthaler, TI, and Ramar, K. Sleep Disordered Breathing in Isolated Unilateral and Bilateral Diaphragmatic Dysfunction. J Clin Sleep Med (2014) 10:509–15. doi:10.5664/jcsm.3698
 22. Naraine, VS, Bradley, TD, and Singer, LG. Prevalence of Sleep Disordered Breathing in Lung Transplant Recipients. J Clin Sleep Med (2009) 5:441–7. doi:10.5664/jcsm.27600
 23. Aliverti, A, Cala, SJ, Duranti, R, Ferrigno, G, Kenyon, CM, Pedotti, A, et al. Human Respiratory Muscle Actions and Control During Exercise. J Appl Physiol (1997) 83:1256–69. doi:10.1152/jappl.1997.83.4.1256
 24. Perez, A, Mulot, R, Vardan, G, Barois, A, and Gallego, J. Thoracoabdominal Pattern of Breathing in Neuromuscular Disorders. Chest (1996) 110:454–61. doi:10.1378/chest.110.2.454
 25. Aliverti, A, and Pedotti, A. Optoelectronic Plethysmography: Principles of Measurements and Recent Use in Respiratory Medicine. In: Mechanics of Breathing . Milano: Springer (2014). p. 149–68. doi:10.1007/978-88-470-5647-3_11
 26. Dubé, B-P, and Dres, M. Diaphragm Dysfunction: Diagnostic Approaches and Management Strategies. J Clin Med (2016) 5:113. doi:10.3390/jcm5120113
 27. Draeger, H, Salman, J, Aburahma, K, Becker, LS, Siemeni, T, Boethig, D, et al. Impact of Unilateral Diaphragm Elevation on Postoperative Outcomes in Bilateral Lung Transplantation - a Retrospective Single-Center Study. Transpl Int (2021) 34:474–87. doi:10.1111/tri.13812
 28. Pornrattanamaneewong, C, Limthongthang, R, Vathana, T, Kaewpornsawan, K, Songcharoen, P, and Wongtrakul, S. Diaphragmatic Height Index: New Diagnostic Test for Phrenic Nerve Dysfunction. J Neurosurg (2012) 117:890–6. doi:10.3171/2012.8.JNS111734
 29. Pennati, F, Arrigoni, F, LoMauro, A, Gandossini, S, Russo, A, D’Angelo, MG, et al. Diaphragm Involvement in Duchenne Muscular Dystrophy (DMD): An MRI Study. J Magn Reson Imaging (2020) 51:461–71. doi:10.1002/jmri.26864
 30. Boon, AJ, Harper, CJ, Ghahfarokhi, LS, Strommen, JA, Watson, JC, and Sorenson, EJ. Two-Dimensional Ultrasound Imaging of the Diaphragm: Quantitative Values in normal Subjects. Muscle Nerve (2013) 47:884–9. doi:10.1002/mus.23702
 31. Nason, LK, Walker, CM, McNeeley, MF, Burivong, W, Fligner, CL, and Godwin, JD. Imaging of the Diaphragm: Anatomy and Function. RadioGraphics (2012) 32:E51–70. doi:10.1148/rg.322115127
 32. Hsia, CCW, and Tawhai, MH. What Can Imaging Tell Us About Physiology? Lung Growth and Regional Mechanical Strain. J Appl Physiol (2012) 113:937–46. doi:10.1152/japplphysiol.00289.2012
 33. Singh, D, Agusti, A, Anzueto, A, Barnes, PJ, Bourbeau, J, Celli, BR, et al. Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive Lung Disease: The GOLD Science Committee Report 2019. Eur Respir J (2019) 53:1900164. doi:10.1183/13993003.00164-2019
 34. Celli, BR. Update on the Management of COPD. Chest (2008) 133:1451–62. doi:10.1378/chest.07-2061
 35. De Troyer, A. Effect of Hyperinflation on the Diaphragm. Eur Respir J (1997) 10:708–13. doi:10.1183/09031936.97.10030708
 36. Garcia-Pachon, E. Paradoxical Movement of the Lateral Rib Margin (Hoover Sign) for Detecting Obstructive Airway Disease. Chest (2002) 122:651–5. doi:10.1378/chest.122.2.651
 37. Ottenheijm, CA, Heunks, LM, and Dekhuijzen, RP. Diaphragm Adaptations in Patients With COPD. Respir Res (2008) 9:12. doi:10.1186/1465-9921-9-12
 38. Donovan, AA, Johnston, G, Moore, M, Jensen, D, Benedetti, A, Coxson, HO, et al. Diaphragm Morphology Assessed by Computed Tomography in Chronic Obstructive Pulmonary Disease. Ann Am Thorac Soc (2021) 18:955–62. doi:10.1513/AnnalsATS.202007-865OC
 39. Javaheri, S, and Sicilian, L. Lung Function, Breathing Pattern, and Gas Exchange in Interstitial Lung Disease. Thorax (1992) 47:93–7. doi:10.1136/thx.47.2.93
 40. Walterspacher, S, Schlager, D, Walker, DJ, Müller-Quernheim, J, Windisch, W, and Kabitz, H-J. Respiratory Muscle Function in Interstitial Lung Disease. Eur Respir J (2013) 42:211–9. doi:10.1183/09031936.00109512
 41. Albarrati, A, Taher, M, and Nazer, R. Effect of Inspiratory Muscle Training on Respiratory Muscle Strength and Functional Capacity in Patients With Type 2 Diabetes Mellitus: A Randomized Clinical Trial. J Diabetes (2021) 13:292–8. doi:10.1111/1753-0407.13106
 42. Hackman, KL, Snell, GI, and Bach, LA. An Unexpectedly High Prevalence of Undiagnosed Diabetes in Patients Awaiting Lung Transplantation. J Heart Lung Transpl (2013) 32:86–91. doi:10.1016/j.healun.2012.10.010
 43. Adegunsoye, A, Strek, ME, Garrity, E, Guzy, R, and Bag, R. Comprehensive Care of the Lung Transplant Patient. Chest (2017) 152:150–64. doi:10.1016/j.chest.2016.10.001
 44. Chandrashekaran, S, Keller, CA, Kremers, WK, Peters, SG, Hathcock, MA, and Kennedy, CC. Weight Loss Prior to Lung Transplantation Is Associated With Improved Survival. J Heart Lung Transplant (2015) 34:651–7. doi:10.1016/j.healun.2014.11.018
 45. Tenório, LHS, Santos, AC, Câmara Neto, JB, Amaral, FJ, Passos, VMM, Lima, AMJ, et al. The Influence of Inspiratory Muscle Training on Diaphragmatic Mobility, Pulmonary Function and Maximum Respiratory Pressures in Morbidly Obese Individuals: A Pilot Study. Disabil Rehabil (2013) 35:1915–20. doi:10.3109/09638288.2013.769635
 46. Hart, N, Tounian, P, Clément, A, Boulé, M, Polkey, MI, Lofaso, F, et al. Nutritional Status Is an Important Predictor of Diaphragm Strength in Young Patients With Cystic Fibrosis. Am J Clin Nutr (2004) 80:1201–6. doi:10.1093/ajcn/80.5.1201
 47. Nosotti, M, and Ferrari, M. Nutritional Status and Lung Transplantation: An Intriguing Problem. Ann Transl Med (2020) 8:44. doi:10.21037/atm.2019.12.62
 48. Bigelow, B, Toci, G, Etchill, E, Krishnan, A, Merlo, C, and Bush, EL. Nutritional Risk Index: A Predictive Metric for Mortality After Lung Transplant. Ann Thorac Surg (2021) 112:214–20. doi:10.1016/j.athoracsur.2020.08.014
 49. McCool, FD, and Tzelepis, GE. Dysfunction of the Diaphragm. N Engl J Med (2012) 366:932–42. doi:10.1056/NEJMra1007236
 50. Nishiyama, O, Taniguchi, H, Kondoh, Y, Kimura, T, Ogawa, T, Watanabe, F, et al. Quadriceps Weakness Is Related to Exercise Capacity in Idiopathic Pulmonary Fibrosis. Chest (2005) 127:2028–33. doi:10.1378/chest.127.6.2028
 51. Cantin, AM, Hartl, D, Konstan, MW, and Chmiel, JF. Inflammation in Cystic Fibrosis Lung Disease: Pathogenesis and Therapy. J Cyst Fibros (2015) 14:419–30. doi:10.1016/j.jcf.2015.03.003
 52. Lecronier, M, Jung, B, Molinari, N, Pinot, J, Similowski, T, Jaber, S, et al. Severe But Reversible Impaired Diaphragm Function in Septic Mechanically Ventilated Patients. Ann Intensive Care (2022) 12:34. doi:10.1186/s13613-022-01005-9
 53. Decramer, M, and Stas, KJ. Corticosteroid-Induced Myopathy Involving Respiratory Muscles in Patients With Chronic Obstructive Pulmonary Disease or Asthma. Am Rev Respir Dis (1992) 146:800–2. doi:10.1164/ajrccm/146.3.800
 54. Hanada, M, Sakamoto, N, Ishimatsu, Y, Kakugawa, T, Obase, Y, Kozu, R, et al. Effect of Long-Term Treatment With Corticosteroids on Skeletal Muscle Strength, Functional Exercise Capacity and Health Status in Patients With Interstitial Lung Disease. Respirology (2016) 21:1088–93. doi:10.1111/resp.12807
 55. Hernandez, VA, Sayas Catalan, J, Corral Blanco, M, Alonso, MR, Perez Gonzalez, V, De Pablo Gafas, A, et al. Long-Term Effect of Noninvasive Ventilation on Diaphragm in Chronic Respiratory Failure. Int J Chron Obstruct Pulmon Dis (2022) 17:205–12. doi:10.2147/COPD.S339498
 56. Flight, WG, Shaw, J, Johnson, S, Webb, AK, Jones, AM, Bentley, AM, et al. Long-Term Non-Invasive Ventilation in Cystic Fibrosis — Experience Over Two Decades. J Cystic Fibrosis (2012) 11:187–92. doi:10.1016/j.jcf.2011.11.006
 57. Goligher, EC, Dres, M, Fan, E, Rubenfeld, GD, Scales, DC, Herridge, MS, et al. Mechanical Ventilation–Induced Diaphragm Atrophy Strongly Impacts Clinical Outcomes. Am J Respir Crit Care Med (2018) 197:204–13. doi:10.1164/rccm.201703-0536OC
 58. Biscotti, M, Sonett, J, and Bacchetta, M. ECMO as Bridge to Lung Transplant. Thorac Surg Clin (2015) 25:17–25. doi:10.1016/j.thorsurg.2014.09.010
 59. Khush, KK, Cherikh, WS, Chambers, DC, Harhay, MO, Hayes, D, Hsich, E, et al. The International Thoracic Organ Transplant Registry of the International Society for Heart and Lung Transplantation: Thirty-Sixth Adult Heart Transplantation Report — 2019; Focus Theme: Donor and Recipient Size Match. J Heart Lung Transplant (2019) 38:1056–66. doi:10.1016/j.healun.2019.08.004
 60. Crothers, E, Kennedy, DS, Emmanuel, S, Molan, N, Scott, S, Rogers, K, et al. Incidence of Early Diaphragmatic Dysfunction After Lung Transplantation: Results of a Prospective Observational Study. Clin Transpl (2021) 35:e14409. doi:10.1111/ctr.14409
 61. Huh, S, Cho, WH, Kim, D, Son, BS, and Yeo, HJ. Clinical Impact of Preoperative Diaphragm Dysfunction on Early Outcomes and Ventilation Function in Lung Transplant: A Single-Center Retrospective Study. J Intensive Care (2022) 10:23. doi:10.1186/s40560-022-00614-7
 62. Reynaud-Gaubert, M, Guillot, C, Faucher, M, Jammes, Y, Fuentes, P, and Badier, M. Increased Diaphragmatic Strength and Tolerance to Fatigue After Bilateral Lung Transplantation: An Electromyographic Study. J Electromyogr Kinesiol (2004) 14:179–85. doi:10.1016/S1050-6411(03)00025-7
 63. Pinet, C, Scillia, P, Cassart, M, Lamotte, M, Knoop, C, Mélot, C, et al. Preferential Reduction of Quadriceps Over Respiratory Muscle Strength and Bulk After Lung Transplantation for Cystic Fibrosis. Thorax (2004) 59:783–9. doi:10.1136/thx.2004.021766
 64. Spiesshoefer, J, Henke, C, Kabitz, HJ, Nofer, JR, Mohr, M, Evers, G, et al. Respiratory Muscle and Lung Function in Lung Allograft Recipients: Association With Exercise Intolerance. Respiration (2020) 99:398–408. doi:10.1159/000507264
 65. Sheridan, PH, Cheriyan, A, Doud, J, Dornseif, SE, Montoya, A, Houck, J, et al. Incidence of Phrenic Neuropathy After Isolated Lung Transplantation. The Loyola University Lung Transplant Group. J Heart Lung Transpl (1995) 14:684–91.
 66. Hernández-Hernández, MA, Sánchez-Moreno, L, Orizaola, P, Iturbe, D, Álvaréz, C, Fernández-Rozas, S, et al. A Prospective Evaluation of Phrenic Nerve Injury After Lung Transplantation: Incidence, Risk Factors, and Analysis of the Surgical Procedure. J Heart Lung Transplant (2022) 41:50–60. doi:10.1016/j.healun.2021.09.013
 67. Ferdinande, P, Bruyninckx, F, Van Raemdonck, D, Daenen, W, and Verleden, G, Leuven Lung Transplant Group. Phrenic Nerve Dysfunction After Heart-Lung and Lung Transplantation. J Heart Lung Transplant (2004) 23:105–9. doi:10.1016/S1053-2498(03)00068-8
 68. Grasselli, G, Castagna, L, Abbruzzese, C, Corcione, N, Bottino, N, Guzzardella, A, et al. Pulmonary Volume-Feedback and Ventilatory Pattern After Bilateral Lung Transplantation Using Neurally Adjusted Ventilatory Assist Ventilation. Br J Anaesth (2021) 127:143–52. doi:10.1016/j.bja.2021.03.010
 69. Brath, H, Lahrmann, H, Wanke, T, Wisser, W, Wild, M, Schlechta, B, et al. The Effect of Lung Transplantation on the Neural Drive to the Diaphragm in Patients With Severe COPD. Eur Respir J (1997) 10:424–9. doi:10.1183/09031936.97.10020424
 70. Kinnear, W, Higenbottam, T, Shaw, D, Wallwork, J, and Estenne, M. Ventilatory Compensation for Changes in Posture After Human Heart-Lung Transplantation. Respir Physiol (1989) 77:75–88. doi:10.1016/0034-5687(89)90031-5
 71. Wanke, T, Merkle, M, Formanek, D, Zifko, U, Wieselthaler, G, Zwick, H, et al. Effect of Lung Transplantation on Diaphragmatic Function in Patients With Chronic Obstructive Pulmonary Disease. Thorax (1994) 49:459–64. doi:10.1136/thx.49.5.459
 72. Cassart, M, Verbandt, Y, de Francquen, P, Gevenois, P, and Estenne, M. Diaphragm Dimensions after Single-Lung Transplantation for Emphysema. Am J Respir Crit Care Med (1999) 159:1992–7. doi:10.1164/ajrccm.159.6.9812052
 73. De Groote, A, Van Muylem, A, Scillia, P, Cheron, G, Verleden, G, Paiva, M, et al. Ventilation Asymmetry After Transplantation for Emphysema: Role of Chest Wall and Mediastinum. Am J Respir Crit Care Med (2004) 170:1233–8. doi:10.1164/rccm.200403-323OC
 74. Touchon, F, Bermudez, J, Habert, P, Bregeon, F, Thomas, PA, Reynaud-Gaubert, M, et al. Change in Diaphragmatic Morphology in Single-Lung Transplant Recipients: A Computed Tomographic Study. Front Physiol (2023) 14:1220463. doi:10.3389/fphys.2023.1220463
 75. Chacon, RA, Corris, PA, Dark, JH, and Gibson, GJ. Respiratory Mechanics After Heart-Lung and Bilateral Lung Transplantation. Thorax (1997) 52:718–22. doi:10.1136/thx.52.8.718
 76. Mody, GN, Coppolino, A, Singh, SK, and Mallidi, HR. Sternotomy Versus Thoracotomy Lung Transplantation: Key Tips and Contemporary Results. Ann Cardiothorac Surg (2020) 9:60–4. doi:10.21037/acs.2020.01.01
 77. Palleschi, A, Lomauro, A, Privitera, E, Daffrè, E, Musso, V, Aliverti, A, et al. Clamshell vs Bilateral Anterolateral Thoracotomy for Double Lung Transplantation: Impact on Vital Capacity. Transplant Eur Respir Soc (2020) 56:1941. doi:10.1183/13993003.congress-2020.1941
 78. Macchiarini, P, Ladurie, FL, Cerrina, J, Fadel, E, Chapelier, A, and Dartevelle, P. Clamshell or Sternotomy for Double Lung or Heart-Lung Transplantation?Eur J Cardiothorac Surg (1999) 15:333–9. doi:10.1016/s1010-7940(99)00009-3
 79. Singh, M, Mejia, JM, Auckley, D, Abdallah, F, Li, C, Kumar, V, et al. The Impact of Unilateral Diaphragmatic Paralysis on Sleep-Disordered Breathing: A Scoping Review. Can J Anesthesia/Journal Canadien d’anesthésie (2021) 68:1064–76. doi:10.1007/s12630-021-01970-y
 80. Kunos, L, Kováts, Z, Muraközy, G, Süttö, Z, Bohács, A, Czebe, K, et al. Severe Mixed Sleep Apnea After Bilateral Lung Transplantation in a Cystic Fibrosis Patient: A Case Report. Transpl Proc (2011) 43:1292–3. doi:10.1016/j.transproceed.2011.03.089
 81. Kovzel, M, Ali, JM, Aresu, G, and Catarino, P. Spontaneous Diaphragmatic Rupture as a Complication Following Lung Transplantation. Am J Transplant (2020) 20:1744–7. doi:10.1111/ajt.15824
 82. Gomez-Arnau, J, Novoa, N, Isidro, MG, Plaza, A, Galindo, F, and Ezquerro, C. Ruptured Hemidiaphragm After Bilateral Lung Transplantation. Eur J Anaesthesiol (1999) 16:259–62. doi:10.1046/j.1365-2346.1999.00443.x
 83. Lawrence, A, Lovin, D, Mohanka, MR, Joerns, J, Bollineni, S, Kaza, V, et al. Diaphragmatic Plication Among Lung Transplant Patients: A Single-Center Experience. Clin Transpl (2022) 36:e14683. doi:10.1111/ctr.14683
 84. Shihata, M, and Mullen, JC. Bilateral Diaphragmatic Plication in the Setting of Bilateral Sequential Lung Transplantation. Ann Thorac Surg (2007) 83:1201–3. doi:10.1016/j.athoracsur.2006.09.033
 85. Shintani, Y, Minami, M, Inoue, M, Funaki, S, Kawamura, T, and Okumura, M. Diaphragmatic Plication for Patients With Acute Phase Phrenic Nerve Paralysis Following Lung Transplantation: A Case Report. Open J Organ Transpl Surg (2016) 06:1–5. doi:10.4236/ojots.2016.61001
 86. Kotecha, S, Buchan, C, Parker, K, Toghill, J, Paul, E, Miller, B, et al. Domiciliary Non-Invasive Ventilation Post Lung Transplantation. Respirology (2018) 23:96–9. doi:10.1111/resp.13160
 87. Langer, D. Rehabilitation in Patients Before and After Lung Transplantation. Respiration (2015) 89:353–62. doi:10.1159/000430451
 88. Esguerra-Gonzales, A, Ilagan-Honorio, M, Kehoe, P, Fraschilla, S, Lee, AJ, Madsen, A, et al. Effect of High-Frequency Chest Wall Oscillation Versus Chest Physiotherapy on Lung Function After Lung Transplant. Appl Nurs Res (2014) 27:59–66. doi:10.1016/j.apnr.2013.11.005
 89. Abidi, Y, Kovats, Z, Bohacs, A, Fekete, M, Naas, S, Madurka, I, et al. Lung Transplant Rehabilitation-A Review. Life (Basel) (2023) 13:506. doi:10.3390/life13020506
 90. Pehlivan, E, Mutluay, F, Balcı, A, and Kılıç, L. The Effects of Inspiratory Muscle Training on Exercise Capacity, Dyspnea and Respiratory Functions in Lung Transplantation Candidates: A Randomized Controlled Trial. Clin Rehabil (2018) 32:1328–39. doi:10.1177/0269215518777560
 91. Murciano, D, Rigaud, D, Pingleton, S, Armengaud, MH, Melchior, JC, and Aubier, M. Diaphragmatic Function in Severely Malnourished Patients With Anorexia Nervosa. Effects of Renutrition. Am J Respir Crit Care Med (1994) 150:1569–74. doi:10.1164/ajrccm.150.6.7952616
 92. Testelmans, D, Nafteux, P, Van Cromphaut, S, Vrijsen, B, Vos, R, De Leyn, P, et al. Feasibility of Diaphragm Pacing in Patients After Bilateral Lung Transplantation. Clin Transpl (2017) 31:e13134. doi:10.1111/ctr.13134
 93. Onders, R, Elgudin, Y, Abu-Omar, Y, Pelletier, M, Chavin, K, and Schilz, R. Addressing Diaphragm Dysfunction in Lung Transplant Recipients: The Expanding Role of Diaphragm Pacing. J Heart Lung Transplant (2022) 41:S431–2. doi:10.1016/j.healun.2022.01.1089
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Palleschi, Mattioni, LoMauro, Privitera, Musso, Morlacchi, Vergari, Velardo and Grasselli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Diaphragm and Lung Transplantation		Introduction

		The Diaphragm		Diaphragmatic Dysfunction: Definition and Presentation

		Techniques for Assessing Diaphragmatic Function





		The Diaphragm in the Lung Transplantation Process		The Diaphragm Waiting for Lung Transplantation

		The Interplay Between the Diaphragm and Lung Transplantation

		Potential Treatments





		Conclusion

		Author Contributions

		Funding

		References









OPS/images/cover.jpg
( ESOT

€ Transplant
International






OPS/images/ti-37-12897-g001.gif
St






OPS/images/ti-37-12897-t001.jpg
Test

Standard respiratory function tests (non-specific)
15, 16]

Supine respiratory function tests (specific) (16, 17,32)

Polysomnography (non-specific) [14, 18-21)

Exercise testing (non-specific) (16, 23]

Pressure measurements (specific) [16]

Maximal inspiratory and expiratory pressures (MIP,
MEP) (non-specific) [15]

Electroneuromyography (EMG) (specific) [15, 16]

Optoslectronic plethysmography and respiratory
inductance plethysmography (non-specific) (24, 25]

Chest X-Ray (specific) [26-28]

Magnetic resonance imaging (MRI) (non-specific) (29]

Uttrasonography (specific) [4, 30)

Fluoroscopy (specific) (31]

Details

Routinely available and easily accessible. Even if not
specific, in case of abnormalities they may rise the
suspicion of diaphragmatic dysfunction

Only specific pulmonary function test available for
diaphragmatic evaluation

Even if not specific, it has been shown that unilateral
diaphragmatic dysfunction has been linked to a higher
prevalence of OSAS compared to healthy subjects

Potential overshadowing from peripheral muscle
weakness

Trans-diaphragmatic pressure (Pd) is the difference
between esophageal and gastric pressures, measured
through the insertion of two balloon-tipped catheters
through the nasal passage. There are voluntary Pal
(e.g.. sniff or induced P through nerve stimulation
(TwPdi)

Voluntary Pdi limit is its volitional nature

It assesses respiratory pressure during maximal efforts
against a dosed mouthpiece and indicate global
respiratory muscle strength

EMG records action potentials of diaphragmatic:
muscle cells contraction by surface or trans-
esophageal electrodes. Both EMG can be performed
during volitional i.,: sniff, maximal contraction) or non-
voltional (.e.,: transcutaneous electrical or magnetic
nerve stimuiation) tests

Not routinely available and not necessarily employed to
specifically detected adiaphragmatic dysfunction. They
analyse thoracic and abdominal surface motion

One of the most employed. Biteral dysfunction is
more complex to evaluate

Not commonly employed. Both static and dynamic MRI
can be performed

Cheap and accessible. It shows diaphragm dome
excursion, thickness (Td), and thickening fraction
(TFd). TFdi s the difference between end-inspiratory
and end-expiratory thickness divided by end-expiratory
thickness, expressed in percentage

Gold standard. Upright and supine comparison can be
useful

Findings/interpretation

* Reduced VC
« Normal or increased RV

« Decreased TLC

« Decreased FVC

 Decreased maximum expiratory flow
« Normal DLCO

Blateral diaphragmatic weakness
o Seated FVC <50% of predicted
« Supine decrease of FVC >30%
Unilateral diaphragmatic weakness
* Seated FVC <80% of predicted
« Supine decrease of VC higher than 15%

« Sleep hypopnea in moderate to severe diaphragmatic
weakness

« Increased severity of sleep disorder breathing
(particularly during the REM phase, where the
diaphragm is the primary inspiratory muscle)

© Reduced responsiveness to CPAP

« Higher incidence of necessitating BPAP.

Reduced exercise tolerance

Uniateral diaphragm paralysis
© TwPdi <10 cmH:0 with uniateral phrenic nerve
stimulation
Biateral diaphragm paralysis
o TwPdi <20 cmH:0 with bilateral phrenic nerve
stimulation
Ginically significant inspiratory muscle weakness can be
excluded when sniff-Pdi or Pdimax exceed
© 80 cmH20 for men
« 70 cmH20 for women

Uniateral diaphragm paralysis
© MIP or SNIP <60% predicted values
Bateral diaphragm paralysis
 MIP or SNIP <30% predicted values
Clinically significant inspiratory muscle weakness can be
excluded when SNIP exceed
© 70 cmH20 for men
* 60 cmH20 for women
Or MIP exceed
© 80 cmH20 for men
© 70 cmH20 for women

 Reduced motor output

« Abnormal neuromechanical coupling during loaded
breathing

* Reduced efficacy of contraction (when associated to
ventilation measurements)

In the ICU
« Increased level of assistance during mechanical
ventilation
o Increased effort to breathe

Bateral diaphragm paralysis
« Asynchronous motions (e.g., paradoxical breathing
during inspiration)
Uniateral diaphragm paralysis
o Chest asymmetry

 Elevated hemidiaphragm (frontal, end-inspiratory chest
X-ray), in particular
© on the right side, the hemidiaphragm is > 2-4 cm
higher than the left side
0 on the left side, the hemidiaphragm is at the same
height or more than the right side
« Inspiratory-expiratory difference between the two
hemidiaphragms

 Reduced craniocaudal excursion
 Diaphragm fatty infittration

® Reduced thickening fraction to less than 20%-29%

 Reduced or absent diaphragm excursion
« Paradoxical motion (e.g., one hemidiaphragm ascending
while the other descends)

VC, vital capacity; RV, resiclual volume; TLC, total lung capacity; FVC, forced vital capacity; DLCO, diffusing lung capacity of carbon monoxide; REM, rapid eye movement; CPAP,

continuous positive airway pressure; BPAP, bi-level positive airway pressure: MIP, maximal inspiratory pressure; MEP, maximal expiratory pressur

SNIP. sniff nasal inspiratory pressure.
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