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This article explains the comprehensive state of the art assessment of sympathetic (SNA) and vagal nerve activity recordings in humans and highlights the precise mechanisms mediating increased SNA and its corresponding presumed clinical determinants and therapeutic potential in the context of chronic obstructive pulmonary disease (COPD). It is known that patients with COPD exhibit increased muscle sympathetic nerve activity (MSNA), as measured directly using intraneural microelectrodes—the gold standard for evaluation of sympathetic outflow. However, the underlying physiological mechanisms responsible for the sympathoexcitation in COPD and its clinical relevance are less well understood. This may be related to the absence of a systematic approach to measure the increase in sympathetic activity and the lack of a comprehensive approach to assess the underlying mechanisms by which MSNA increases. The nature of sympathoexcitation can be dissected by distinguishing the heart rate increasing properties (heart rate and blood pressure variability) from the vasoconstrictive drive to the peripheral vasculature (measurement of catecholamines and MSNA) (Graphical Abstract Figure 1). Invasive assessment of MSNA to the point of single unit recordings with analysis of single postganglionic sympathetic firing, and hence SNA drive to the peripheral vasculature, is the gold standard for quantification of SNA in humans but is only available in a few centres worldwide because it is costly, time consuming and requires a high level of training. A broad picture of the underlying pathophysiological determinants of the increase in sympathetic outflow in COPD can only be determined if a combination of these tools are used. Various factors potentially determine SNA in COPD (Graphical Abstract Figure 1): Obstructive sleep apnoea (OSA) is highly prevalent in COPD, and leads to repeated bouts of upper airway obstructions with hypoxemia, causing repetitive arousals. This probably produces ongoing sympathoexcitation in the awake state, likely in the “blue bloater” phenotype, resulting in persistent vasoconstriction. Other variables likely describe a subset of COPD patients with increase of sympathetic drive to the heart, clinically likely in the “pink puffer” phenotype. Pharmacological treatment options of increased SNA in COPD could comprise beta blocker therapy. However, as opposed to systolic heart failure a similar beneficial effect of beta blocker therapy in COPD patients has not been shown. The point is made that although MSNA is undoubtedly increased in COPD (probably independently from concomitant cardiovascular disease), studies designed to determine clinical improvements during specific treatment will only be successful if they include adequate patient selection and translational state of the art assessment of SNA. This would ideally include intraneural recordings of MSNA and—as a future perspective—vagal nerve activity all of which should ideally be assessed both in the upright and in the supine position to also determine baroreflex function.
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1 BACKGROUND TO COPD
Chronic obstructive pulmonary disease (COPD) is a disease characterised by chronic airflow limitation, especially in expiration. Obstruction and hyperinflation alongside systemic inflammation burden the respiratory muscles, especially the diaphragm, which may lead to chronic ventilatory insufficiency with first nocturnal, and later daytime, hypercapnia throughout the disease course (Ntritsos et al., 2018). However, clinically different phenotypes—including hypercapnic variants—of COPD can be encountered, that were traditionally referred to as “pink puffers” with predominantly emphysematous changes to the lung, and “blue bloaters” with predominantly air trapping and hyperinflation (Ntritsos et al., 2018).
According to global prevalence estimates, approximately 9% of men and 6% of women have COPD, making it one of the most prevalent diseases worldwide, and the incidence of COPD is expected to increase further based on population demographics. In both COPD phenotypes, particularly in cases showing overlapping features, the disease has a significant impact and is one of the major causes of death in the developed world (Ntritsos et al., 2018).
Strategies to improve the overall prognosis of patients with COPD are therefore highly desirable. However, although guideline-based therapy with inhaled beta-agonists and anticholinergics improves functional status (and hence the daily symptom burden) in many patients, this pharmacotherapy has not yet been shown to reduce mortality in patients with COPD (Lakshmi et al., 2017; Ntritsos et al., 2018). This makes innovative studies and pathophysiological concepts relating to COPD an extremely important topic.
2 THE SYMPATHETIC NERVE ACTIVITY AXIS AND METHODOLOGY FOR ITS STATE OF THE ART ASSESSMENT
There are several methods for assessing sympathetic nerve activity (SNA). Heart rate (HR) or blood pressure (BP) variability (HRV and BPV, respectively) provide a more general indication of autonomic imbalance and of increases in the heart rate-increasing central drive properties of SNA in particular (Macefield et al., 2010; Karemaker, 2017).
On the other hand catecholamines and MSNA directly reflect the SNA axis and, as such, the peripheral drive to the vasculature (i.e. vasoconstriction) of the SNA axis which also explains lack of clear correlations between HRV, BPV and MSNA (Notarius et al., 1999; Floras, 2009; Macefield et al., 2010; Karemaker, 2017).
In particular, MSNA recordings allow invasive real-time monitoring of the sympathetic burst rate within the efferent peroneal nerve, which provides a direct measure of SNA (Elam et al., 2002; Ashley et al., 2010; Macefield and Wallin, 2018) (Figure 1). This methodology represents the gold standard for quantification of SNA in humans (peripheral vasoconstriction in particular) but is only available in few centres worldwide because it is costly, time consuming and requires a high level of training (Heindl et al., 2001; Elam et al., 2002; Macefield et al., 2010). Vaughan Macefield recently developed an approach via which MSNA can be recorded from single neurons rather than from multiple units (Heindl et al., 2001; Elam et al., 2002; Macefield et al., 2010; Macefield and Henderson, 2019). This allows in-depth analysis of MSNA in humans to the point of quantifying the firing frequency, firing probability and the extent of multiple firing of single post ganglionic sympathetic neurons (Heindl et al., 2001; Elam et al., 2002; Macefield et al., 2010; Macefield and Henderson, 2019) (Figure 1).
[image: Figure 1]FIGURE 1 | Methodology of recording muscle sympathetic nerve activity (MSNA) through microneurography and its elevation in a patient with COPD. Reproduced, with permission, from Ashley et al. (2010). MSNA is measured via a tungsten microelectrode inserted percutaneously into a muscle fascicle of an accessible peripheral nerve. Various components of the bursts can be measured, providing a comprehensive assessment of muscle vasoconstrictor drive that is put into a broader context of other physiological signals, including heart rate, blood pressure and respiration (see lower part of the figure for representative recordings).
Lack of using a combination of the above mentioned methods in a large enough cohort of patients represents a dilemma because there are methodological limitations if only single metrics of SNA are used. Indeed, using a multimodal approach insights can be generated that facilitate understanding of the nature of increased SNA (“central” heart rate increasing vs peripheral vasoconstriction) in any disease. This also facilitates understanding of the pathophysiological mode of action necessary for any pharmacotherapy to be successful in attacking on increased SNA in various diseases as part of modern precision medicine.
3 COPD: ASSOCIATION WITH INCREASED SYMPATHETIC NERVE ACTIVITY
Increased SNA in COPD has been documented using all the above methods (Keller et al., 1971; Heindl et al., 2001; Elam et al., 2002; Macefield et al., 2010; Chhabra et al., 2015; Mohammed et al., 2015; Goulart et al., 2016; Zangrando et al., 2018). The respiratory and cardiovascular systems are tightly coupled in order to maximise the delivery of oxygen and the removal of carbon dioxide from body tissues. It is therefore not surprising that diseases affecting the respiratory system may have cardiovascular consequences (Macefield, 2012).
Indeed, several studies have documented an increase in MSNA in COPD (Heindl et al., 2001; Raupach et al., 2008; Macefield et al., 2010; Haarmann et al., 2016) (Table 1). A Germany based group was the first to prove increased MSNA in COPD in 2001 in 6 hypoxic COPD patients as compared to matched controls. The point was also made that MSNA decreased following oxygen administration (Heindl et al., 2001). In following experiments it was shown by this group that (in 16 normoxic COPD patients) slow breathing reduces MSNA and that there is an association between increased MSNA and limited exercise capacity in patients with COPD (as shown in 16 COPD patients) (Raupach et al., 2008; Haarmann et al., 2016).
TABLE 1 | Summary of key studies invasively investigating sympathetic nerve activity (SNA) in chronic obstructive pulmonary disease (COPD).
[image: Table 1]However, in COPD the background to increased MSNA likely is multifactorial and therefore deserves a multimodal approach to phenotype (i.e. vasoconstrictive as opposed to central drive to the heart SNA increase) and eventually understand it (Graphical Abstract Figure 1).
What is even more striking then is the observation that COPD likely is associated with increased MSNA irrespective of (long before the development of, respectively) concomitant cardiovascular disease (Macefield et al., 2010).
Single-unit recordings, which provide richer information than standard multi-unit recordings of MSNA, have revealed that there is increase in central sympathetic drive in COPD as demonstrated in 18 COPD patients (Macefield et al., 2010). Unlike multi-unit recordings single unit recordings allow for insights into the firing behaviour of single postganglionic muscle vasoconstrictor neurons (Macefield et al., 2010). Compared to healthy subjects with low levels of resting MSNA, single-unit recordings revealed that the augmented MSNA seen in COPD, and systolic heart failure (HF) were each associated with an increase in firing probability and mean firing rates of individual neurons (Macefield et al., 2010). However, unlike patients with heart failure, all patients with COPD exhibited an increase in multiple within-burst firing which, it is argued, reflects an increase in central sympathetic drive (Macefield et al., 2010). These observations emphasize the differences by which the sympathetic nervous system grades its output in health and disease, with an increase in firing probability of active neurons (as seen in COPD) and recruitment of additional neurons (as seen in HF) being the dominant mechanisms (Macefield et al., 2010).
A multi-unit recording (including explanations to its measurement) of MSNA from a patient with COPD is shown in Figure 1. In this patient, it can be seen that bursts of MSNA occur with every heartbeat, reflecting a markedly elevated sympathetic outflow. When analyzing MSNA recordings it should be kept in mind that the amplitude of the MSNA bursts is dependent on the position of the needle electrode and it is therefore difficult to obtain comparable inter- and intra-patient recordings (Floras, 2009; Ashley et al., 2010; Macefield et al., 2010; Macefield and Wallin, 2018; Macefield and Henderson, 2019). This can be solved through normalization procedures or advanced processing of MSNA to obtain calibrated MSNA variability series but it remains an important aspect to consider when applying MSNA recording in large scale pathophysiological studies (Floras, 2009; Ashley et al., 2010; Macefield et al., 2010; Macefield and Wallin, 2018; Macefield and Henderson, 2019).
To the best of our knowledge, the SNA axis has not yet been studied in COPD using a combination of the above mentioned methods in a large enough cohort of patients making it impossible to determine the extent and nature plus the clinical mechanisms and phenotypes responsible for the increase in SNA in COPD to date. In fact, the cohorts of patients in whom MSNA was measured never exceeded 18 COPD patients, a multimodal approach of SNA assessment comprising catecholamines, heart rate and blood pressure variability and MSNA combined has never been applied and MSNA has not yet been put into the context of distinct clinical and physiological phenotypes of COPD patients (obstructive sleep apnea, hypercapnia with inspiratory muscle dysfunction, precapillary pulmonary hypertension (PH), increased levels of systemic inflammation all as reviewed later in this review).
4 LESSONS LEARNED FROM STUDYING SYMPATHETIC NERVE ACTIVITY IN CARDIOVASCULAR DISEASES
Cardiovascular diseases and systolic heart failure (HF) in particular, is a disease in which the relationship between increased sympathetic activity and poor clinical outcomes, and as a therapeutic target, has long been established (Guzzetti et al., 1995; Floras, 2003; Mansfield et al., 2003; Spaak et al., 2005; Floras, 2009; Haarmann et al., 2016). Indeed, elevated levels of MSNA are a better known feature of many diseases affecting the cardiovascular system than of respiratory diseases per se (Grassi et al., 1998; Van De Borne et al., 1998; Elam et al., 2002). This comprises either directly or indirectly HF, essential hypertension, pregnancy-induced hypertension, renovascular hypertension and chronic kidney disease (Elam et al., 2002; Floras, 2009).
Mechanisms for the sympathoexcitation differ in each of these pathophysiological states and are generally still not completely understood, but it is clear that the increase in sympathetic outflow is not limited to the muscle vascular bed but affects many organ systems (Notarius et al., 1999; Floras, 2009; Bruno et al., 2012; Grassi et al., 2019). For example, the sympathoexcitation seen in HF is associated with increases in whole-body (plasma) catecholamines, as well as increases in noradrenaline spillover to the heart and kidneys. Indeed, it is the increase in cardiac sympathetic drive that is deleterious in HF, exacerbating as it does the loss of cardiac function and hence providing the rationale for ß-receptor blockade in HF (Floras, 2009; Grassi et al., 2019). In fact, higher sympathetic outflow has been associated with increased morbidity and mortality in systolic HF (Cohn et al., 1984; Latini et al., 2004; Karasulu et al., 2010).
Therefore, currently recommended therapies for HF target elevated sympathetic outflow (Antman et al., 2016; Jessup et al., 2016; Ponikowski et al., 2016; Seferovic et al., 2019). Many of these guideline-recommended HF treatments (most importantly ß-blockers) have been shown to significantly decrease mortality in patients with HF, something that has not consistently been shown for any COPD treatment to date, despite the fact that COPD is one of the most prevalent diseases worldwide (Lakshmi et al., 2017; Ntritsos et al., 2018).
5 RATIONALE AND AIM TO FOCUS ON SYMPATHETIC NERVE ACTIVITY IN COPD
Despite several previous observations, the underlying mechanisms for the sympathoexcitation seen in COPD and their relationship with concomitant cardiovascular disease are not completely clear. It is known that sustained hypoxaemia (as seen in COPD) causes a long-lasting increase in MSNA and blood pressure, and that this persists even following the return to normoxia (Morgan et al., 1995; Narkiewicz et al., 1999; Tamisier et al., 2005).
Primary lung damage per se, as seen in COPD, also increases plasma catecholamines, irrespective of concomitant cardiovascular disease, suggesting a general increase in sympathetic outflow (Keller et al., 1971). Consecutive inspiratory muscle dysfunction, precapillary PH and systemic inflammation may also be involved, but this has not been investigated or reviewed to date.
Therefore, increased SNA in COPD could explain why patients with COPD are almost three times more likely to die of HF than smokers not diagnosed with COPD (Huiart et al., 2005). Such data suggest that sympathoexcitation may be involved in the pathophysiology of COPD-related mortality, independent of the development of cardiovascular disease in the same COPD patient (Huiart et al., 2005). However, systematic analyses on the mechanisms involved in the sympathoexcitation occurring in patients with COPD are currently lacking, which provides the rationale for this critical review of existing literature. Owing to decisive gaps in knowledge this includes suggestions for future translational research projects that could help elucidate both the precise mechanisms mediating increased SNA and its corresponding clinical phenotypes.
5.1 Obstructive Sleep Apnoea: Overlap With COPD and Impact on Sympathetic Nerve Activity
Obstructive sleep apnoea (OSA) might be one of the most significant determinants of increased MSNA in COPD. Coexisting COPD and OSA is now commonly referred to as “COPD-OSA overlap syndrome” (Kasai et al., 2012; McNicholas, 2018). It is estimated that at least 1 billion people worldwide are affected by OSA, half of whom have moderate to severe (and, therefore, clinically significant) OSA (McNicholas, 2018; Ntritsos et al., 2018; Benjafield et al., 2019). Therefore, the worldwide prevalence of COPD-OSA overlap syndrome in the general population might be as high as 1–2% (McNicholas, 2018).
Despite this, little research has been conducted on the COPD-OSA overlap syndrome (McNicholas, 2018).
The coexistence of COPD and OSA could be associated with particularly high sympathetic outflow, manifested as increased vasoconstriction, that would persist even in the awake state and can be reversed by nocturnal use of continuous positive airway pressure:
This rationale is supported by three arguments.
First, OSA is associated with cyclic oxygen desaturations, and it is known that—as noted above—cyclic hypoxaemia causes a sustained increase in MSNA and BP that persists even after the return to normoxia (Morgan et al., 1995; Tamisier et al., 2005; Macefield, 2012).
Second, it is also known that episodes of airway obstruction during sleep (that can, by definition, be found in OSA patients) cause an increase in MSNA even under normoxic conditions and that this increase also persists in the awake state, leading, in the long term, to the development of arterial hypertension (Morgan et al., 1995; Narkiewicz et al., 1999; Macefield and Elam, 2002; Hansen and Sander, 2003; Tamisier et al., 2005).
Third, OSA is known to have unfavourable effects on sleep architecture, decreasing objective sleep quality and the time spent in deep sleep, all of which adversely impacts on nocturnal MSNA, as recently shown by our group (Spiesshoefer et al., 2019a; Oldenburg and Spiesshoefer, 2020). Alterations in sleep stages with less deep sleep and altered individual chronobiology can potentially cause or promote major cardiovascular diseases through sympathoexcitation, perhaps beyond what might be explained by OSA severity alone (Pagani et al., 1997; Van de Borne et al., 1997; Penzel et al., 2007; Camillo et al., 2011).
Curiously, the clinical phenotype in which such a marked sympathoexcitation with predominantly increased vasoconstriction due to OSA could be encountered, likely corresponds to the phenotype of the “blue bloater” rather than the “pink puffer”, a hypothesis that could be investigated in future experiments.
5.2 Lung and Inspiratory Muscle Function as Potential Determinants of Sympathetic Nerve Activity in COPD
Despite being an obstructive lung disease, metrics reflecting inspiratory muscle dysfunction rather than the actual extent of obstruction show the closest association with hypercapnic ventilatory failure in COPD. Inspiratory muscle dysfunction with hypercapnic ventilatory failure in COPD may contribute to an additional increase in sympathetic outflow, but this question has not been addressed to date. In fact, only one recent study showed that maximal inspiratory mouth occlusion pressure (PIMax) is inversely correlated with sympathetic outflow, manifested as a presumed increase in central drive to the heart, as assessed indirectly by heart rate variability, in COPD (Goulart et al., 2016). In line with this, improvements of heart rate variability after exercise training have been documented in COPD patients (Camillo et al., 2011). This makes pulmonary rehabilitation with improvements in muscle strength and exercise capacity a widely available therapeutic approach to reduce increased SNA in COPD.
However, in this study neither inspiratory muscle dysfunction nor MSNA have been directly assessed using gold standard techniques. These would have comprised invasive measurement of the transdiaphragmatic pressure response to supramaximal magnetic cervical phrenic nerve stimulation (CMS) by double balloon catheters and invasive measurement of MSNA by microneurography. Combined application of PIMax, diaphragm ultrasound-derived metrics and cervical phrenic nerve stimulation-derived metrics provides a comprehensive pathophysiological picture of inspiratory muscle function, as evaluated and applied by our group (Spiesshoefer et al., 2019b; Spiesshoefer et al., 2019c; Spiesshoefer et al., 2019d; Spiesshoefer et al., 2020a; Spiesshoefer et al., 2020b).
Clinically, once inspiratory muscle dysfunction is severe enough to result in muscle pump failure, it likely causes nocturnal hypercapnia that then might extend into the awake state in COPD, predisposing to precapillary pulmonary hypertension.
5.3 Pulmonary Hypertension as a Potential Contributor to Sympathetic Nerve Activity in COPD
Precapillary PH might develop in COPD, especially in those with advanced disease and respiratory insufficiency with chronic hypoxemia and/or daytime hypercapnia (Simonneau et al., 2013). PH probably further increases sympathetic outflow in COPD. Indeed, there is evidence that PH and increased right atrial pressure (as a surrogate marker of right heart dysfunction) directly increase sympathetic outflow, occurring as an increase in central drive to the heart, as supported by findings from our group (Velez-Roa et al., 2004; Ciarka et al., 2007; Spiesshoefer et al., 2019e).
This, and additional cardiac function and haemodynamic variables, can be assessed using state-of-the-art comprehensive transthoracic echocardiography, combined with a non-invasive hemodynamic monitor, as recently established by our group (Vahanian et al., 2007; Lang et al., 2015; Oldenburg et al., 2015). However, no study has yet assessed the impact of PH and right HF on MSNA in patients with COPD or COPD-OSA overlap syndrome. Notably, PH may have impact on inspiratory muscle function in COPD, and therefore lung and cardiac insufficiency may influence each other (Kabitz et al., 2008; Spiesshoefer et al., 2019f).
In this context, a comprehensive protocol for ultrasound of the diaphragm (the key inspiratory muscle) has recently been established by our group and applied to patients with precapillary PH levels of differing severity based on the 6-min walking distance (6MWD) (Spiesshoefer et al., 2019f; Spiesshoefer et al., 2020a).
5.4 Inflammation as a Potential Contributor to Sympathetic Nerve Activity in COPD
Systemic inflammation has been reported to be present in COPD, as shown by increased levels of circulating interleukin (IL)-1 beta, IL-6, tumour necrosis factor-alpha (TNF-α), high-sensitivity C-reactive protein (CRP) and total white blood cell count (Sethi et al., 2012; Barnes, 2013; Chhabra et al., 2015; Okamoto et al., 2015). Levels of these proinflammatory markers most likely increase in response to structural and functional lung function impairment in COPD and impact on inspiratory muscle function as shown by our group in a cohort of patients after lung transplantation (Spiesshoefer et al., 2020c).
Systemic inflammation may have an additive effect on the increase in sympathetic outflow in COPD. Proinflammatory mediators like IL-6 and TNF-α may directly influence inspiratory muscle function, as shown in animal studies (Sethi et al., 2012; Barnes, 2013; Chhabra et al., 2015; Okamoto et al., 2015). Given these proactive effects, these inflammatory markers cannot be considered trivial bystanders of hypoxia, OSA, PH, and inspiratory muscle dysfunction with hypercapnia. Therefore, systemic inflammation, inspiratory muscle function, and potentially sympathetic outflow, may be interrelated in an exponential rather than linear fashion (Spiesshoefer et al., 2019g). Such interrelation has recently been suggested by Chhabra and colleagues, who recently showed a positive correlation between serum IL-6 and the low frequency (0.04–0.15 Hz)/high frequency (0.15–0.40) component ratio of heart rate variability (LF/HF ratio), a marker of sympathetic activation, in patients with COPD (although such an interpretation needs to be made with caution) (Chhabra et al., 2015). Conversely, it has also been shown that inappropriate sympathetic activation may upregulate IL-6 levels (Okamoto et al., 2015).
6 PHARMACOLOGICAL TREATMENT OF INCREASED SYMPATHETIC NERVE ACTIVITY IN COPD
Certainly, given the evidence for an increase in plasma noradrenaline (but not adrenaline), MSNA and “sympathovagal” imbalance in COPD, there is a rationale for pursuing pharmacological means of reducing sympathoexcitation in COPD, such as through the administration of ß1-blockers to protect the heart (Henriksen et al., 1980; Lipworth et al., 2016). However, there have been few systematic studies examining this issue.
The New England Journal of Medicine recently reported the results of the first large prospective randomised placebo-controlled trial investigating the effects of a ß-blocker on exacerbations in patients with COPD (Dransfield et al., 2019). In this study, patients aged 40–85 years were randomised to receive either a ß-blocker (extended-release metoprolol, a ß1-antagonist) or placebo (Dransfield et al., 2019). All patients had a clinical history of COPD, with moderate airflow limitation, and were at increased risk of exacerbations, but without an indication for ß-blocker therapy for cardiovascular comorbidities; patients already taking a ß-blocker or with an established indication for these agents were excluded (Dransfield et al., 2019). The trial was designed to address the hypothesis that increased SNA could be linked to COPD-associated lung damage and that reductions in SNA during treatment with a ß-blocker may translate into decreased time to exacerbation and a reduction in exacerbation severity (Dransfield et al., 2019). However, the outcomes of the trial were negative, with a similar time to first COPD exacerbation in the metoprolol and placebo groups (Dransfield et al., 2019).
This result highlights the need for better insights into increased SNA in COPD, allowing identification of a subgroup of COPD patients who might benefit from ß-blocker therapy. Indeed, all patients in this trial were not stratified for factors indicating a potential benefit of ß-blocker therapy, including an increase in sympathetic outflow. In fact, not a single metric of increased sympathetic activity in the COPD patients was specifically assessed at baseline. Clearly, insights into the features and underlying mechanisms, including defining specific clinical phenotypes and measuring a range of physiological variables, are urgently needed to identify patients who may potentially benefit from individualised therapy to reduce sympathoexcitaiton. It therefore likely is the quantification of the single patient cardiovascular and respiratory autonomic profile, possibly obtained by the maximum precision and rigor by using direct recording techniques and the complex analyses of cardiovascular and respiratory coupling, that will maybe help to identify the target COPD population to assess the benefit of beta-blocker therapy in.
Of course, there is also a rationale for locally increasing sympathetic outflow in COPD—specifically to the airways—to improve lung function, but would this have adverse effects elsewhere? A recent study showed that inhaled salmeterol, a long-acting ß2-receptor agonist, improved lung function in COPD and caused a small but significant increase in heart rate, but did not affect MSNA (Haarmann et al., 2015).
For successful therapy that targets an increase in cardiac sympathetic drive in COPD, such as the use of a ß-blocker, it would be essential to identify a specific patient phenotype (by physiological and/or clinical variables) characterised by an increase in central drive to the heart, and not just as an increase in MSNA and peripheral vasoconstriction. Curiously, clinically that would likely correspond to the “pink puffer” without OSA and hence predominantly peripheral vasoconstriction, rather than the “blue bloater” phenotype.
Thus, using a comprehensive, multimodal approach and state-of-the-art technology, future research projects must be designed to determine the extent and nature, plus the clinical mechanisms, responsible for the increase in sympathetic outflow in COPD, and their specific targets.
Based on pathophysiological considerations and a small number of previous studies, it can be hypothesised that in COPD patients without an established cardiovascular disease (ideally including age-, sex- and body mass index [BMI]-matched healthy controls) it is concomitant OSA and poor sleep that is independently associated with increased SNA (manifesting as increased drive to the peripheral vasculature with vasoconstriction). Factors including PH, inspiratory muscle dysfunction and systemic inflammation would then likely describe a COPD phenotype characterised by increased SNA manifesting an increased central drive to the heart. It is this subset of COPD patients (presumably without OSA) that needs to be specifically identified and enrolled as part of modern precision medicine trials in COPD as a crucial step towards achieving a therapeutic benefit of ß-blocker therapy on exacerbations in COPD.
7 THE NOVEL FIELD OF CHANGES IN PARASYMPATHETIC NERVE ACTIVITY IN COPD
While much discussion has been directed towards the sympathoexcitation seen in COPD, we should not forget that the primary neural control of airway diameter is achieved via the parasympathetic nervous system (Stewart et al., 1991; Mohammed et al., 2015; Mohammed et al., 2017; Zangrando et al., 2018). Although circulating hormones and blood gases affect bronchiolar diameter, parasympathetic axons travelling in the vagus nerve supplying the smooth muscle (and glands) of the airways are important in health and disease: bronchomotor neurones are the primary means by which airflow is controlled because there is negligible sympathetic innervation of the airways in humans (van der Beek et al., 2011; Karemaker, 2017).
In COPD a new trial aims to selectively denervate parasympathetic supply to the airways (Slebos et al., 2019). The point should be made here that selectively denervating parasympathetic supply to the airways is the endpoint here (in an attempt to selectively increase airway diameter, hence decrease the extent of obstruction and hence potentially indirectly decrease SNA overall through improved ventilation and exercise tolerance) and not decreasing parasympathetic drive overall. The background to this is that, clearly, decreased SNA and increased parasympathetic nerve activity should be the pathophysiologically desired endpoints to improve exercise intolerance and potentially mortality in COPD patients. Until recently, the parasympathetic nervous system could only be assessed indirectly in humans, largely through measurement of changes in heart rate variability. However, we now have the means of recording from parasympathetic axons directly, by inserting a microelectrode into the cervical vagus nerve under ultrasound guidance (displayed and explained in greater depth in Figure 2) (Ottaviani et al., 2020).
[image: Figure 2]FIGURE 2 | Methodology of the first in human invasive measurement of vagal nerve activity. A tungsten microelectrode is carefully and under ultrasound guidance placed in the vagal nerve, where its activity can then be recorded and analysed. Invasive measurement of vagal nerve activity have not been performed in COPD to date. Reproduced, with permission, from Ottaviani et al. (2020) (Ottaviani et al., 2020). Upper part of the figure: Schematic representation of the orientation of the head, the structures in the neck and the dorsolateral approach of the microelectrode as it is advanced manually towards the right vagus nerve. This approach avoided the carotid artery and jugular vein. The nerve is highlighted in the ultrasound images from two recording sessions which shows the common carotid artery (CCA), internal carotid artery (ICA), external carotid artery (ECA) and the internal jugular vein (IJV) and nearby muscles. The image on the right shows the microelectrode tip as it impales the vagus nerve. Lower part of the figure: Examples of microelectrode recordings from the left cervical vagus nerve in one participant. Lower left recording: The firing of the tonically active unit is covaried with cardiac interval. Variations in spike amplitude reflect slight movements of the microelectrode with neck movements. Superimposed spikes confirm that this was a single-unit recording. Lower right recording: a tonically firing axon, the firing rate of which decreased during inspiration.
Respiratory and cardiac modulation of multi-unit recordings of vagal activity has recently been quantified (Patros et al., 2022). With few exceptions, the peak of respiratory modulation coincided with the peak of inspiration, whereas the latencies for the peak in cardiac modulation of vagal activity showed a bimodal distribution: some had peak latencies that preceded the synchronising R-wave whereas others had latencies that followed the R-wave (Patros et al., 2022). Unitary recordings from the human vagus nerve will also help us understand how disease affects the behavior of afferents coming from the heart and great vessels, and from the lungs and airways. We propose making parallel recordings from the cervical vagus nerve and from the common peroneal nerve when participants lay on a tilt table, and taking them from the horizontal to near-vertical position; we have success in obtaining stable recordings of muscle sympathetic nerve activity from the leg when tilting participants, and have no doubt about the stability of the vagus nerve recording during this challenge (Ottaviani et al., 2020). However, given the challenges to obtain (mainly in having the needle in the right position) and analyse (see complexity in correlating vagal activity depicted above) these recordings, those measurements will, for now, likely be available in few dedicated expert centres only.
Curiously, inappropriate sympathetic activation was shown to potentially upregulate IL-6 levels and vagal stimulation was suggested as a possible tool to reduce systemic inflammation, in a different pathological population characterized by increased sympathetic modulation—a “positive loop” that hence may also provide a potential novel treatment pathway in COPD (Diedrich et al., 2021).
This will allow us to assess the firing properties of individual preganglionic parasympathetic axons directed to the airways, as well as to the heart, in the same way we have been able to record from single postganglionic sympathetic axons in awake humans (Macefield and Wallin, 2018).
8 TESTING BARORECEPTOR FUNCTION TO OBTAIN A COMPREHENSIVE PICTURE OF SYMPATHETIC AND PARASYMPATHETIC NERVE ACTIVITY IN HUMANS
It is baroreflex-mediated modifications of the sympathetic drive that are responsible for the changes in heart rate, and they partially explain the link between MSNA and heart rate variations (Marchi et al., 2016; Barbic et al., 2019). Indeed, the link between MSNA and arterial pressure (AP) is widely accepted with MSNA burst rate increasing when blood pressure falls and MSNA becoming silent when blood pressure rises as a result of an operating baroreflex that inhibits sympathetic drive (Marchi et al., 2016; Barbic et al., 2019; Furlan et al., 2019). Therefore, to obtain a comprehensive picture of sympathetic nerve activity in humans tilt-table testing is used to unload the low-pressure baroreceptors, emulating the changes on standing. Head-up tilt causes an increase in MSNA to prevent venous pooling and maintain blood pressure (Marchi et al., 2016; Barbic et al., 2019; Furlan et al., 2019). Therefore, such test can determine whether MSNA and heart rate response and hence baroreceptor function is adequate (Marchi et al., 2016; Barbic et al., 2019; Furlan et al., 2019). Until recently only heart rate variability (HRV) has been used, in which spectral analysis separates the signal into a low frequency (0.04–0.15 Hz) and/high frequency (0.15–0.40 Hz) component. The LF/HF ratio has been referred to as sympathovagal balance, with an increase in LF/HF being attributed to an increase in cardiac sympathetic activation drive, although such an interpretation needs to be made with caution (Barbic et al., 2019; Patros et al., 2022). Recently, variability has also been applied to MSNA bursts, with the resulting calibrated MSNA being more suitable in describing sympathetic control in humans than traditional uncalibrated MSNA (Marchi et al., 2016; Barbic et al., 2019). The latter takes into account absolute values for MSNA bursts, which show greater inter- and intra-individual reproducibility, with the LF component of calibrated but not of uncalibrated MSNA being positively related to tilt angle and with the LF power of heart rate and blood pressure (Marchi et al., 2016; Barbic et al., 2019).
As far as heart rate variability analysis is concerned it should be kept in mind that the newer non-linear analyses (symbolic, dynamic and complexity) could be useful in these patients (Serrão et al., 2020).
We propose making parallel recordings from the cervical vagus nerve and from the common peroneal nerve when participants lay on a tilt table, and taking them from the horizontal to near-vertical position; we have success in obtaining stable recordings of muscle sympathetic nerve activity from the leg when tilting participants, and have no doubt about the stability of the vagus nerve recording during this challenge. This will help us, for the first time in humans, to answer the question as to how the firing properties of atrial receptors or baroreceptors from the aortic arch change with changes in gravitational load, how they change in hypertension and systolic heart failure and COPD and how they affect heart rate, blood pressure and sympathetic outflow to the muscle vascular bed.
9 CONCLUSION
Little is currently known about the underlying pathophysiological mechanisms leading to the sympathoexcitation seen in COPD, especially in COPD-OSA overlap syndrome.
Attempts to better understand these mechanisms require a multimodal, systematic approach to assess both the increase in sympathetic outflow, and to specific target organs, and the presumed underlying clinical mechanisms.
A multimodal, systematic approach should comprise heart rate variability, blood pressure variability, plasma catecholamines and direct recordings of MSNA together to distinguish between differences in sympathetic outflow to the heart and to the muscle vascular bed. Furthermore, the presumed underlying clinical manifestations to assess are OSA and sleep, PH, inspiratory muscle dysfunction and systemic inflammation.
Based on currently available scientific evidence, it likely is OSA with poor sleep that, in the presence of COPD, is independently associated with increased sympathetic Outflow. This is then associated with increased drive to the peripheral vasculature with vasoconstriction. Other clinical variables, namely PH, inspiratory muscle dysfunction and systemic inflammation, may describe additional phenotypes of COPD patients with increased sympathetic outflow to the heart.
By phenotyping COPD patients with regard to the target organs affected by an increase in sympathetic outflow we might define a subgroup that can be enrolled in clinical trials to assess directed pharmacologic treatment. This would be a step towards modern precision medicine in COPD, and a crucial step towards determining the potential therapeutic benefit of ß-blockers on the rate of exacerbations in COPD.
Finally, while much discussion has been directed towards the sympathoexcitation seen in COPD, we should not forget that the primary neural control of airway diameter is achieved via the parasympathetic nervous system. Only now are we invasively assessing the firing properties of individual preganglionic parasympathetic axons directed to the airways, as well as to the heart, in the same way we have been able to record from single postganglionic sympathetic axons in awake humans, more insights into which offer unprecedented future therapeutic potential in COPD.
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