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Abstract

Blockade of group III–IV muscle afferents by intrathecal injection of the μ-opioid agonist fentanyl 

(IF) in humans has been variously reported to depress exercise hyperpnea in some studies but not 

others. A key unanswered question is whether such an effect is transient or persists in the steady 

state. Here we show that in healthy subjects undergoing constant-load cycling exercise IF 

significantly slows the transient exercise ventilatory kinetics but has no discernible effect on the 

ventilatory response when exercise is sufficiently prolonged. Thus, the ventilatory response to 

group III–IV muscle afferents input in healthy subjects is not a simple reflex but acts like a high-

pass filter with maximum sensitivity during early-phase exercise and is reset in the late phase. In 

patients with chronic heart failure (CHF) IF causes sustained CO2 retention not only during 

exercise but also in the resting state, where muscle afferents feedback is minimal. In patients with 

chronic obstructive pulmonary disease (COPD), IF also elicits sustained decreases in the exercise 

ventilatory response but with little or no resultant CO2 retention due to concomitant decreases in 

physiological VD/VT (dead space-to-ventilation ratio). These results support the proposition that 

optimal long-term regulation of exercise hyperpnea in health and in disease is determined centrally 

by the respiratory controller through the continuing adaptation of an internal model which 

dynamically tracks the metabolic CO2 load and the ventilatory inefficiency [1/(1− VD/VT)] that 

must be overcome for the maintenance of arterial PCO2 homeostasis, rather than being reflexively 

driven by group III–IV muscle afferents feedback per se.

1. Introduction

Since the work of Dejours (1964), Founding Editor of this Journal, it has been well 

established that the ventilatory response to constant-load mild-to-moderate exercise in 

healthy subjects starting from rest or from a lower work rate comprises three distinct phases: 

an occasional rapid (phase I) increase in total ventilation (V̇E) at exercise onset, followed by 

a transient (phase II) further increase in V̇E towards a final steady state (phase III) (Fig. 1A). 
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Although many neural or humoral inputs have been implicated to play a role in phase I/II 

development of exercise hyperpnea, none of them has so far unequivocally proven 

obligatory for phase III (Poon and Tin, 2013; Poon et al., 2007). The crux of the issue is that 

a fast input component for the V̇E response [presumably arising from central command 

(Paterson, 2014) or afferent feedback from exercising muscles (Duffin, 2014)] that peaks 

early during exercise may not necessarily persist throughout exercise as generally presumed 

(Fig. 1A). Instead, it is possible for such an input to exert its influence on VĖ only 

transiently during phase I/II exercise but not phase III, with the steady-state response to the 

fast input component being reset to the baseline like a neural differentiator or high-pass filter 

(Poon and Young, 2006; Tin and Poon, 2014) (Fig. 1B). The plethora of postulated 

neurohumoral inputs which have proved to play a role in the development of exercise 

hyperpnea in phase I/II but not its maintenance in phase III raises the distinct possibility that 

the control of V̇E is not necessarily a Sherringtonian simple reflex driven by feedback/

feedforward stimuli as generally presumed. On the contrary, increasing evidence indicates 

that long-term regulation of V̇E in phase III exercise may be governed by an ‘internal model’ 

adapted by the respiratory controller during phase I/II exercise to dynamically track the 

metabolic CO2 production (V̇CO2) in order to determine the optimal respiratory neural 

output necessary to eliminate CO2 in an energetically cost-effective manner in the long run 

(Poon and Tin, 2013; Poon et al., 2015; Poon et al., 2007).

The need to distinguish phase I/II exercise V̇E response from phase III is underscored by the 

recent suggestion that exercise hyperpnea in healthy subjects was depressed after partial 

blockade of group III–IV muscle afferents with intrathecal injection of the μ-opioid agonist 

fentanyl (IF) (Amann et al., 2010, 2011; Dempsey et al., 2014), whereas other studies using 

a similar IF approach concluded otherwise (Olson et al., 2014; Poon and Tin, 2013). In 

addition, IF was reported to result in a significant increase in arterial PCO2 (PaCO2) during 

exercise in patients with chronic heart failure (CHF) (Olson et al., 2014) but not those with 

chronic obstructive pulmonary disease (COPD) (Gagnon et al., 2012). Here, we show that 

these seemingly discrepant ventilatory effects of IF—when reconciled under Dejours’ three-

phase exercise ventilatory kinetics framework—do not support a role for group III–IV 

muscle afferents in mediating the steady-state exercise hyperpnea response in healthy 

subjects and patients with CHF or COPD besides speeding up the transient ventilatory 

kinetics during early-phase exercise. Our results confirmed that the ventilatory response to 

group III–IV muscle afferents feedback in humans indeed acts like a high-pass filter (Fig. 

1B), and that the control of V̇E in the steady state is mechanistically coupled to both V̇CO2 
and theVD/VT (dead space to tidal volume ratio) that adds to the burden of eliminating 

V̇CO2, as suggested by (Poon and Tin, 2013; Poon et al., 2015). These findings lend support 

for the internal model hypothesis for the optimal long-term control of V̇E at rest and during 

steady-state exercise in health and in disease (Poon and Tin, 2013; Poon et al., 2015; Poon et 

al., 2007).

2. Methods

Protocols for cardiopulmonary exercise testing and experimental methods for μ-opioid-

sensitive muscle afferent blockade with intrathecal injection of fentanyl (IF) or placebo at 

the lumbar (L3–L4) level in healthy subjects and patients with CHF or COPD performing 

Poon and Song Page 2

Respir Physiol Neurobiol. Author manuscript; available in PMC 2016 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cycling exercise are as described in previous studies (Amann et al., 2010, 2011; Dempsey et 

al., 2014; Gagnon et al., 2012; Olson et al., 2014) (Table 1). Original reported data from 

these studies were reanalyzed de novo under Dejours’ framework.

3. Results and Discussion

3.1 Effect of IF on exercise ventilatory kinetics in healthy subjects

3.1.1. Mild-to-moderate exercise—In (Amann et al., 2010), subjects pre-treated with IF 

or placebo performed incremental cycling exercise at mild-to-moderate intensities of 50, 

100, and 150 W for 3 min each, followed by > 4 min of heavy exercise at 325 ± 19 W. 

During all but the lowest work rate (50 W) with IF, V ̇E and V̇E/V̇CO2 (ventilatory equivalent 

for CO2) were significantly attenuated compared with placebo [Fig. 2 in (Amann et al., 

2010)]. Amann et al. (2010) interpreted these data to mean that group III–IV muscle 

afferents contributed to the normal steady-state ventilatory response to moderate exercise in 

humans. However, analysis of similar data for prolonged heavy exercise in healthy subjects 

revealed that IF attenuated only the early-phase (< 3 min) but not late-phase (> 7 min) 

nonsteady exercise V̇E response, suggesting that group III–IV muscle afferents likely 

contributed mainly to the transient development but not steady-state maintenance of the 

exercise V̇E response in healthy subjects (Poon and Tin, 2013).

Subsequently, Dempsey et al. (2014) revisited the study of (Amann et al., 2010) by 

concatenating the 3-min incremental exercise data to highlight the frank persistence of the 

decreases in V̇E and elevation of end-tidal PCO2 (PETCO2) with IF throughout the entire 

exercise duration (Fig. S1, Supplementary Data). Based on this rerendering, Dempsey et al. 

(2014) reasserted that group III–IV muscle afferents were required for a normal steady-state 

exercise hyperpnea in humans. In contrast, an independent study (Olson et al., 2014) found 

that IF had no discernible effects on the V̇E response to 5-min constant-load submaximal 

cycling exercise or corresponding PaCO2 at end-exercise in healthy subjects (Fig. S2, 

Supplementary Data).

The discrepancy in the reported effects of IF on the exercise V̇E response in healthy subjects 

is puzzling. Olson et al. (2014) speculated that such discrepancy might be ascribable to 

extraneous factors such as differences in age of participants, fitness of participants, 

specificity of training status and exercise protocol employed. However, it is not clear how 

differences in age, fitness and training status between these two subject groups may 

contribute to the differing outcomes. If anything, older subjects who are unfit and untrained 

for exercise are likely to be more vulnerable to IF treatment than younger subjects, rather 

than the other way around. On the contrary, Olson et al. (2014) observed that the results of 

(Amann et al., 2010) for young healthy trained cyclists appeared to resemble similar results 

they reported in a group of CHF patients (Olson et al., 2014), even though the latter group 

was much older and physically unfit/untrained and in poor health compared to the subject 

population in (Amann et al., 2010).

To explore whether differences in exercise protocols could contribute to the divergent 

results in these studies, we replotted the data of (Olson et al., 2014) in accordance with 

Dejours’ three-phase exercise ventilatory kinetics framework (Fig. 2). Olson et al. (2014) 
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reported that IF had no discernible effect on V̇E compared with placebo at the 300 sec (5 

min) time point of constant-load submaximal cycling exercise in healthy subjects. On the 

other hand, detailed statistical analysis of the exercise ventilatory kinetics data led these 

authors to conclude that “…our healthy control participants had a slowed ventilatory kinetic 

response [under IF] during the exercise protocol, demonstrating a significant reduction in 

V̇E at the 150 s time point….” This conclusion of a transient reduction in V̇E is consistent 

with the data of (Amann et al., 2010), where the duration of exercise was cut short at 180 

sec (3 min) for each work rate increment such that phase III exercise hyperpnea never fully 

developed under IF due to the slowed exercise ventilatory kinetics in phase II (Fig. 2).

Importantly, the finding by Olson et al. (2014) of a slowed ventilatory kinetic response for 

healthy subjects under IF was based on a rigorous statistical analysis (ANOVA with 

repeated measures) applied to all the data points. Although Bonferroni post hoc analyses of 

individual data points identified a reduction in V ̇E to be statistically significant for IF vs. 

placebo only at the 150 sec time point but not 180 sec (Olson et al., 2014), the reported data 

clearly indicated a trend of reduced V̇E under IF throughout the phase II period (Fig. S2, 

Supplementary Data) suggesting that the failure to reach statistical significance at the 180 

sec time point was likely a type II statistical error due to the relatively small sample size (n = 

9) in the study. Such type II error is also apparent in the data of (Amann et al., 2010), where 

the reduction in V̇E under IF failed to reach statistical significance (n = 7) after the first 3 

min (180 sec) of exercise at 50 W, becoming significant only upon continued exercise at 

higher work rates [see Fig. 2 in (Amann et al., 2010)]. In both cases (Amann et al., 2010; 

Olson et al., 2014) the V̇E response after 3 min of constant-load moderate exercise under IF 

clearly remained very much in the thick of the transient phase II kinetics rather than 

attaining a true steady state, consistent with the slowed exercise ventilatory kinetic response 

reported by Olson et al. (2014).

To investigate whether a similar analysis was applicable to the rerendered data in Fig. S1 

(Supplementary Data) as depicted in (Dempsey et al., 2014), we retraced the Dejours plot 

for the first three successive exercise levels (50, 100, 150 W) in the 3-min incremental 

exercise protocol of (Amann et al., 2010). As shown in Fig. 3A, throughout each of the 3-

min exercise levels V̇E remained nonsteady under IF, never settling into a phase III plateau 

even though the cumulative duration of the incremental exercise protocol lasted > 9 min. 

This is because the increase in work rate every 3 min reset the exercise ventilatory kinetics 

towards a higher and higher steady-state V̇E level, a moving target which was never attained 

within the 3-min period for each work rate. Such transient ventilatory deficits under IF 

accumulated after each work-rate increment, resulting in an even greater transient reduction 

in V̇E at the 100 W and 150 W exercise levels than the 50 W level (Fig. 3B). This 

cumulative transient ventilatory reduction due to the nonsteady incremental exercise 

protocol of (Amann et al., 2010) explains why the reduction in V̇E under IF was found by 

these authors to be significant at the 100 W and 150 W exercise levels but not at the 50 W 

level. It follows that the apparent persistence of the hypoventilatory response under IF in the 

rerendered data in Fig. S1 (Supplementary Data) as depicted in (Dempsey et al., 2014) is 

again ascribable to a slowed ventilatory kinetics in phase II rather than indicating a true 
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reduction in the normal steady-state exercise hyperpnea in phase III as suggested in 

(Dempsey et al., 2014).

3.1.2 Heavy exercise—The ventilatory effects of IF during heavy exercise are more 

complex, because steady-state V̇E response takes longer than 3–5 min to achieve in this case 

and may not be attained at all before the subject is exhausted (Riley and Cooper, 2002; 

Whipp and Wasserman, 1972). Nevertheless, any transient influence of IF on ventilatory 

kinetics during early-phase heavy exercise should gradually wash out and eventually vanish 

over time even though V̇E, V̇E/V̇CO2 and PaCO2 may remain nonsteady when exercise is 

terminated out of subject exhaustion. This prediction based on an extension of the Dejours 

framework to heavy exercise has been demonstrated by (Poon and Tin, 2013), who showed 

that the initial hypoventilatory effects of IF in young healthy subjects during heavy exercise 

did not persist as previously thought (Amann et al., 2011) but were completely nullified 

after ~7 min of constant-load heavy exercise (Fig. S3, Supplementary Data). In the present 

study, similar time-dependent effects are also evident in the rerendered data in Fig. S1 

(Supplementary Data) at the heaviest work rate (327 ± 16 W), where the early-phase 

responses in V̇E/V̇CO2 and PaCO2 with IF are seen to gradually approach corresponding 

control values (with placebo) as exercise was prolonged beyond 3 min, even though the 

ventilatory responses with IF or placebo both remained nonsteady at the end of exercise 

(Fig. S1, Supplementary Data). This lack of persistence of the effects of IF on the 

ventilatory response during heavy exercise in young healthy subjects is also tacitly 

acknowledged in (Dempsey et al., 2014), which states that “As exercise intensity increased 

and/or exercise duration at high intensity was prolonged, the relative effects of [muscle] 

afferent blockade on the hyperventilatory, cardioaccelerator and MAP [(mean arterial 

pressure)] responses were clearly diminished…… we are unable to attribute [any residual 

differences in V̇E and Pa CO2 with IF vs. placebo] at the heaviest intensity solely to the 

effects of muscle afferent feedback and its sequelae”. Hence, a consensus is emerging that IF 

may indeed slow the early-phase exercise ventilatory kinetics but has no lasting effects on 

the V̇E response in young healthy subjects during prolonged heavy exercise, as originally 

suggested by (Poon and Tin, 2013).

3.1.3 Roles of group III–IV muscle afferents in phase I/II vs. phase III exercise 
hyperpnea—The foregoing analysis under Dejours’ framework confirms that group III–IV 

muscle afferents represent a new class of priming inputs (such as carotid chemoafferent 

input) which serve mainly to speed up early-phase exercise ventilatory kinetics but are 

inconsequential for late-phase exercise V̇E response, in accord with (Poon and Tin, 2013). 

For mild-to-moderate exercise, steady-state exercise hyperpnea cannot be reliably discerned 

under IF by using an incremental exercise protocol in which each work rate is limited to a 

duration of only 3 min, regardless of whether the data are analyzed separately for each work 

rate (Amann et al., 2010) or collectively over the entire incremental exercise duration 

(Dempsey et al., 2014). In both cases, a 3-min incremental exercise protocol could only 

reveal the slowed V̇E kinetics under IF during phase II (Amann et al., 2010; Dempsey et al., 

2014) but not IF’s lack of effect on steady-state exercise hyperpnea in phase III (Olson et al., 

2014). For heavy exercise where a phase III ventilatory plateau of the Dejours plot is not 

reached before exercise is terminated due to exhaustion, current consensus is that the early 
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hypoventilatory effect of IF in young healthy subjects gradually declines as exercise 

duration is prolonged (Dempsey et al., 2014), vanishing after ~7 min of constant-load heavy 

exercise (Poon and Tin, 2013).

These results suggest that group III–IV muscle afferents are not required for a normal 

steady-state exercise hyperpnea in healthy human subjects regardless of the exercise 

intensity or the age, physical fitness and training status of the subjects. On the contrary, the 

ventilatory response to group III–IV muscle afferents input in healthy subjects appears to act 

like a high-pass filter (Fig. 1B) instead of a simple reflex (Fig. 1A). Similar high-pass filter 

characteristics with resetting of the steady-state response to the baseline have been 

previously demonstrated for the respiratory responses to carotid chemoreafferent input 

(Poon et al., 2000; Young et al., 2003) and vagal lung volume-related afferent input 

(MacDonald et al., 2009; Poon et al., 2000; Siniaia et al., 2000). The neural correlates of 

some of these respiratory high-pass filters have been identified recently (Poon and Song, 

2014; Song et al., 2015). Further, IF exerted the greatest effect at the height of phase II 

exercise hyperpnea rather than phase I (Fig. 2) indicating that the ventilatory response to 

group III–IV muscle afferents input exhibits compound high-pass (differentiator) and low-

pass filter (integrator) characteristics. Therefore, the fast input component for the phase I V̇E 

response likely arises from feedforward central command (Paterson, 2014) rather than 

muscle afferents feedback (Duffin, 2014). However, as noted previously such a fast input 

component is present only in some individuals but is not evident in the general population 

(Duffin, 2014) indicating that it is not obligatory for exercise hyperpnea especially in phase 

III. Indeed, in their seminal work Krogh and Lindhard (1913) exercised an abundance of 

caution in emphasizing that such a fast input component for V ̇E was reproducible only “at 

the beginning of heavy work, especially in persons trained to sudden and violent exertion” 

and was pertinent only “during the initial stages of muscular work”.

In addition to group III–IV muscle afferents feedback and feedforward central command, 

other factors (such as carotid chemoafferent feedback) may also contribute to speeding up 

phase I/II ventilatory kinetics but are inconsequential for phase III exercise hyperpnea 

(Lugliani et al., 1971; Wasserman et al., 1975). We suggest that these feedforward and 

feedback exercise signals provide the necessary priming inputs for the respiratory controller 

to dynamically adapt an internal model of the increased metabolic CO2 load, a process 

which takes place mainly during the transient phase I/II development of exercise hyperpnea 

(Poon et al., 2007). Such an internal model [for reviews see (Poon and Merfeld, 2005; Tin 

and Poon, 2005)], once fully adapted by the controller, would eventually sustain the steady-

state VĖ response in phase III independently of the priming inputs. Consequently, all the 

feedforward and feedback exercise signals which contribute to the early-phase exercise 

hyperpnea appear to be ‘filtered out’ or ‘reset’ or ‘buffered’ in the late phase as further 

training of the internal model by these priming inputs is no longer necessary until the 

exercise intensity is further increased or decreased. In unusual circumstances such as 

patients with congenital central hypoventilation syndrome (Gozal et al., 1996), muscle 

afferents feedback (and possibly also feedforward central command) provide the only 

priming inputs for the controller to adapt such an internal model during phase I/II exercise 

(Poon et al., 2007).
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3.2 Ventilatory effects of IF in CHF patients at rest and during exercise

Patients with CHF maintain remarkably stable PaCO2 at rest and during exercise with a 

paradoxical increase in V̇E/V̇CO2 in compensation for the increase in physiological VD/VT 

due to the disease (Wasserman et al., 1997). A prevailing hypothesis ascribed the augmented 

steady-state V̇E/V̇CO2in these patients to increased feedback via group III–IV afferents from 

the exercising muscles (Scott et al., 2000). However, previous studies for testing this 

hypothesis relied mainly on the technique of post-exercise regional circulatory occlusion, an 

approach which is highly problematic [see Appendix A in (Poon and Tin, 2013)]. To 

circumvent this difficulty, Olson et al. (2014) recently reported that IF elicited a significant 

decrease in exercise V̇E and increase in PaCO2 after 5 min of constant-load submaximal 

cycling exercise in CHF patients but not in age-matched healthy controls (Fig. S2, 

Supplementary Data). They interpreted these data as supporting the view that inhibition of 

group III–IV afferents feedback from locomotor muscle significantly reduced the ventilatory 

response to exercise in CHF patients. However, the reported hypoventilatory effects of IF 

during exercise appear to be overestimated, given that the ventilatory response clearly 

remained nonsteady even after 5 min of submaximal exercise (at 65% peak power, Table 1) 

in this patient group particularly under IF (Fig. S2, Supplementary Data). Apparently, 

steady-state exercise V̇E response may take longer than 5 min to achieve in this case, 

presumably because CHF patients are more prone to lactic acidosis at submaximal exercise 

levels compared to healthy subjects (Wasserman et al., 1997).

Importantly, a thorough re-analysis of all the reported data in these CHF patients revealed 

that IF resulted in a significant decrease in V̇E/V̇CO2 and increase in PaCO2 not only during 

exercise but also in the resting state (Fig. 4), indicating the presence of sustained side effects 

on V̇E at rest and during exercise that were independent from blockade of group III–IV 

muscle afferents. Indeed, in (Olson et al., 2014) IF reportedly elicited significant sustained 

decreases in MAP (but not in heart rate) in both CHF patients and age-matched healthy 

controls, although these effects were again manifested both at rest and during exercise 

indicating their non-specificity to muscle afferents blockade [see Tables 3 and 4 of (Olson et 

al., 2014)]. Such complications revealed the limitations of the IF approach. Although the 

administration of IF was intended to localize in the lumbar spinal cord, the possibility exists 

that IF may secondarily influence cardiorespiratory function at rest and during exercise 

through cephalad or systematic migration of the fentanyl or its action on μ-opioid receptors 

in other spinal networks unrelated to group III–IV muscle afferents transmission.

These observations suggest that the reported hypoventilatory effects of IF in CHF patients 

during exercise were comprised of two components: (1) a transient component mediated by 

group III–IV afferents feedback which was prominent during phase II exercise hyperpnea 

but not phase III (as with healthy subjects); (2) a long-lasting component which persisted 

into phase III exercise (as at rest) and was secondary to confounds unrelated to blockade of 

group III–IV muscle afferents activity. The cause of such confounds at rest and during 

exercise is unknown but they appear to be unique to these CHF patients. Hence the data 

reported in (Olson et al., 2014)—when considered in their totality—do not support a role for 

group III–IV afferents in mediating the augmented steady-state exercise hyperpnea response 

in CHF patients.
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Recently, an alternative hypothesis has been proposed which links the augmented V̇E/V̇CO2 
in CHF patients at rest and during steady-state exercise directly to the increased 

physiological VD/VT in these patients, by positing that the internal model adapted by the 

respiratory controller may dynamically track the changes in not only V̇CO2 but also VD/VT 

at rest and during exercise (Poon and Tin, 2013; Poon et al., 2015). As elaborated below, 

this hypothesis is supported by a wide range of experimental evidences demonstrating a 

close correlation between V̇E/V̇CO2 and VD/VT in healthy subjects and in CHF and COPD 

patients.

3.3 Ventilatory effects of IF in COPD patients at rest and during exercise

Like patients with CHF, patients with mild-to-moderate COPD also exhibit an augmented 

VĖ/V̇CO2 during exercise with near normal PaCO2 (Neder et al., 2015; Paoletti et al., 2011; 

Teopompi et al., 2014). Gagnon et al. (2012) reported that in patients with COPD, IF also 

resulted in sustained decreases in V̇E/V̇CO2 during constant-load heavy cycling endurance 

exercise. Unlike the sustained hypoventilatory effects of IF in CHF patients (Olson et al., 

2014), however, the IF-elicited decreases in V̇E/V̇CO2 in this case were observed only during 

heavy exercise (but not at rest) and were accompanied by concomitant decreases in 

physiological VD/VT, such that CO2 retention was minimal throughout exercise despite the 

apparent ventilatory depression [see Fig. 4 in (Gagnon et al., 2012)]. The mechanism 

underlying the IF-elicited decrease in physiological VD/VT in these patients during heavy 

exercise is unknown but was presumed to be secondary to corresponding decreases in mean 

inspiratory airflow and/or reductions in sympathetic outflow, both of which may help to 

improve pulmonary ventilation-perfusion matching (Gagnon et al., 2012). Such side effects 

of IF were apparently unique to these COPD patients and were not observed in healthy 

subjects or CHF patients as demonstrated above.

Again, blockade of group III–IV muscle afferents is unlikely to account for the sustained 

effects of IF on exercise V̇E/V̇CO2 in COPD patients, given the lack of evidence of such 

sustained effects mediated by these afferents in healthy subjects and CHF patients (Figs. 2–

4) and that PaCO2 remained relatively stable under IF compared with placebo in these COPD 

patients. What, then, contributed to the reported sustained decreases in V̇E/V̇CO2 during 

heavy exercise in these COPD patients under IF without causing significant corresponding 

increases in PaCO2 ? In (Gagnon et al., 2012), the concurrent decreases in physiological 

VD/VT were deemed a coincidental side effect that helped to stabilize PaCO2 throughout 

exercise in the face of the decreases in V̇E/V̇CO2 resulting from IF. However, evidence 

abounds indicating that such correlated decreases in physiological VD/VT and in V̇E/V̇CO2 
were by no means an isolated coincidence unique to these COPD patients. In healthy 

subjects, decreases in physiological VD/VT from rest to moderate exercise are typically 

compensated for by corresponding decreases in V̇E/V̇CO2 hence keeping PaCO2 relatively 

stable throughout exercise (Sun et al., 2002; Whipp, 2008), a phenomenon which has been 

dubbed ‘Whipp’s law’ (Poon and Tin, 2013; Poon et al., 2015). Conversely, increases in 

VD/VT during dead space loading results in a potentiation of the slope of the V̇E −V̇CO2 
relationship (Poon, 1992, 2008; Ward and Whipp, 1980; Wood et al., 2011). Similarly, in 

patients with CHF or mild-to-moderate COPD the abnormal increases in physiological 

VD/VT are typically compensated for by corresponding increases in the V̇E−V̇CO2 slope thus 

Poon and Song Page 8

Respir Physiol Neurobiol. Author manuscript; available in PMC 2016 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



keeping PaCO2 relatively stable at rest and during exercise (provided the CHF or COPD 

diseases are not severe and without other complications) (Neder et al., 2015; Paoletti et al., 

2011; Poon, 2014; Poon and Tin, 2013; Poon et al., 2015; Teopompi et al., 2014; 

Wasserman et al., 1997). The generality of the close correlation between changes in 

V̇E/V̇CO2 and in VD/VT under a wide range of conditions in health and in disease has led to 

the recent proposition that the steady-state V̇E response at rest and during moderate exercise 

is not determined solely by V̇CO2 but is coupled to an apparent (‘real-feel’) metabolic CO2 

load defined as (Poon and Tin, 2013; Poon et al., 2015):

(1)

In Eq. 1, the apparent metabolic CO2 load ( ) faced by the respiratory controller is 

greater than V̇CO2 by a factor [1/(1 − VD/VT)] representing the ventilatory inefficiency 

(reciprocal of ventilatory efficiency) of the pulmonary gas exchanger. By coupling V̇E to 

 the controller is therefore responsive to changes in both V̇CO2 and in VD/VT in order to 

stabilize PaCO2. Equation 1 has been shown to satisfactorily describe the close correlation 

between changes in V̇E/V̇CO2 and in VD/VT observed in healthy subjects (Whipp’s law) and 

in patients with CHF or mild-to-moderate COPD at rest and during moderate exercise (Poon 

and Tin, 2013; Poon et al., 2015).

To investigate whether Eq. 1 also applies to the reported effects of IF on V̇E/V̇CO2 and 

physiological VD/VT in patients with moderate-to-severe COPD during prolonged heavy 

exercise, we plotted  (apparent ventilatory equivalent for CO2) vs. exercise 

endurance time under IF or placebo conditions in these patients using the V̇E/V̇CO2 and 

VD/VT data derived from (Gagnon et al., 2012). As shown in Fig. 5,  was virtually 

identical for IF and placebo conditions at rest and throughout exercise in these patients. This 

finding confirms that the sustained decreases in exercise V̇E/V̇CO2 in these patients under IF 

were secondary to the decreases in ventilatory inefficiency [1/(1 − VD/VT)] (or increases in 

ventilatory efficiency) as a result of the corresponding decreases in physiological VD/VT 

under IF. Thus, the sustained decreases in exercise V̇E/V̇CO2 elicited by IF in patients with 

moderate-to-severe COPD reported in (Gagnon et al., 2012) can be completely accounted 

for by the controller’s responsiveness to the decreases in  secondary to corresponding 

IF-elicited decreases in physiological VD/VT, independent from blockade of group III–IV 

muscle afferents.

4. Conclusion

4.1 Mechanism of ventilatory control during exercise

In conclusion, the available data with IF—when reconciled under Dejours’ framework—do 

not support the hypothesis that group III–IV muscle afferents are required for a normal 

steady-state exercise hyperpnea in healthy subjects and in patients with CHF or COPD, 

although these afferents clearly may help to speed up the transient exercise ventilatory 

kinetics in healthy subjects. Thus, the ventilatory response to group III–IV muscle afferents 
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input in healthy subjects is not a simple reflex but acts like a high-pass filter with maximum 

sensitivity during early-phase exercise and subsequent resetting of the response to the 

baseline in the late phase. In CHF and COPD, IF may elicit sustained decreases in V̇E/V̇CO2 
through varying confounding factors independent from the blockade of group III–IV muscle 

afferents indicating the limitations of the IF approach. In particular, in patients with COPD 

the attenuation of exercise hyperpnea elicited by IF are completely accounted for by 

concomitant decreases in ventilatory inefficiency [1/(1 − VD/VT)], such that PaCO2 remains 

relatively stable throughout exercise compared with placebo. These results support the 

proposition (Poon et al., 2015; Poon and Tin, 2013) that the steady-state V̇E response at rest 

and during exercise in healthy subjects and patients with CHF or COPD is mechanistically 

coupled to  (Whipp’s law) as defined in Eq. 1, rather than being reflexively driven by 

group III–IV muscle afferents feedback per se. We suggest that group III–IV muscle 

afferents feedback—together with other priming inputs such as carotid chemoafferent 

feedback and feedforward central command—may contribute to the respiratory controller’s 

continuing adaptation of an internal model during phase I/II exercise to dynamically track 

the increase in  until the controller can eventually sustain the steady-state optimal 

exercise hyperpnea response on its own in the long run (Poon et al., 2007). The generality 

and parsimony of this internal model paradigm in well predicting the exercise ventilatory 

response in health, CHF and COPD with wide-ranging physiologic/pathophysiologic 

disturbances in the respiratory apparatus provide a critical litmus test that challenges 

traditional Sherringtonian feedback/feedforxward reflex control models of exercise 

hyperpnea (Poon, 2015a, b).

4.2 Mechanism of cardiovascular control during exercise

Lastly, although the present work was focused on calling attention to the transient 

contribution of group III–IV muscle afferents to exercise hyperpnea, such a caution should 

equally apply to studies of the cardiovascular response to exercise also. Specifically, the 

effect of IF on the heart rate response during constant-load heavy exercise in young healthy 

subjects has been shown to vanish after ~7 min of exercise (Fig. S3, Supplementary Data) 

(Poon and Tin, 2013) rather than being persistent throughout exercise as previously 

suggested (Amann et al., 2011). Although the IF-elicited lowering of the MAP response at 3 

min of constant-load heavy exercise in young healthy subjects was said to persist until end-

exercise at exhaustion [not a fair comparison because the endurance time was significantly 

longer under placebo condition than IF condition, see Figs. 3 and 4 in (Amann et al., 2011)], 

subsequent study by these authors has confirmed that “[as] exercise intensity increased 

and/or exercise duration at high intensity was prolonged, the relative effects of [muscle] 

afferent blockade on the hyperventilatory, cardioaccelerator and MAP responses were 

clearly diminished” (Dempsey et al., 2014). Hence, a consensus is emerging that the 

contribution of group III–IV muscle afferents feedback to the responses in heart rate and 

MAP during heavy exercise may reset in a time-dependent manner just like a high-pass 

filter, in a manner similar to the transient contribution of these afferents to the exercise V̇E 

response (Fig. 1B) or the well-known arterial baroreflex resetting in cardiovascular 

regulation during exercise (Joyner, 2006; Raven et al., 2006). We believe that all three 

classical components of cardiovascular regulation—arterial baroafferent feedback, muscle 
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afferents feedback, and feedforward central command—may represent priming inputs that 

dynamically train the cardiovascular controller in adapting an internal model for long-term 

cardiovascular regulation during exercise, in a manner akin to that proposed above for the 

optimal long-term regulation of exercise hyperpnea. Further rigorous research is needed in 

the future to discriminate the transient vs. long-term effects of group III–IV muscle afferents 

input on cardiovascular control during moderate exercise in health, CHF and COPD in a 

definitive manner.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Intrathecal fentanyl slows the transient exercise ventilatory kinetics in humans

• Intrathecal fentanyl does not affect steady-state exercise hyperpnea in humans

• Intrathecal fentanyl has complex ventilatory effects in COPD and CHF patients

• Type III/IV muscle afferents modulate ventilatory response via a high-pass filter

• Exercise hyperpnea is coupled to metabolic CO2 load and ventilatory 

inefficiency
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Fig. 1. 
Dejours’ three-phase exercise ventilatory kinetics framework. A. A fast input component for 

the ventilatory response that peaks at exercise onset (phase I) or during the transient phase 

(phase II) is generally presumed to persist throughout steady-state (phase III) exercise, 

recovering only at exercise offset (Dejours, 1964; Duffin, 2014). B. Alternatively, a fast 

input component may elicit a response only during phase I or phase II but the steady-state 

response may be reset to the baseline in phase III and may remain unresponsive to the static 

input until the exercise intensity is further increased or decreased. In this case the influence 

of the fast input component on the ventilatory response acts like a neural differentiator or 

high-pass filter (Poon and Young, 2006; Tin and Poon, 2014) instead of a simple reflex.
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Fig. 2. 
Schematic summary of the data from (Olson et al., 2014) and (Amann et al., 2010) showing 

time-dependent ventilatory response to constant-load exercise starting from rest (or from a 

lower work rate) in healthy subjects after intrathecal injection of fentanyl or placebo. 

Transient (phase II) development of the ventilatory response towards steady state (phase III) 

is slowed by fentanyl. The exercise protocol of (Olson et al., 2014) allows for phase III to be 

attained in 5 min under both fentanyl and placebo conditions, whereas the exercise protocol 

of (Amann et al., 2010) is cut short at 3 min before the ventilatory response under fentanyl 

reaches steady state. Possible abrupt increases of the ventilatory response at exercise onset 

(phase I, not shown) in some subjects are not included in the data of (Amann et al., 2010; 

Olson et al., 2014).
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Fig. 3. 
Transient ventilatory deficits caused by intrathecal fentanyl accumulate rather than settle 

during nonsteady incremental exercise. A. Schematic summary of the delayed ventilatory 

kinetics with intrathecal fentanyl that is inherent in the nonsteady incremental exercise data 

from (Amann et al., 2010) but is omitted in the rerendering by (Dempsey et al., 2014). Bold 

lines indicate time-dependent V̇E response during incremental exercise with intrathecal 

fentanyl (red) or placebo (black) at increasing work rates of 50, 100 and 150 W of 3 min 

each. Green arrows indicate theoretical extension of the exercise duration for another 3 min 

at each work rate, which would have allowed V̇E to attain steady state with fentanyl. Broken 

red lines indicate projected continuing time-dependent V̇E response with fentanyl beyond 

the 3-min duration for each work rate. Note that carry-over of the ventilatory deficits in 

successive 3-min work rates results in accumulation rather than settling of the deficits. B. 

Bar graphs showing total ventilatory deficit induced transiently by fentanyl with theoretical 

breakdown into nonsteady-state component and carry-over component at each work rate. 

The nonsteady-state component of the deficit with fentanyl is assumed to be the same 

(relative to the response with placebo) at each work rate.
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Fig. 4. 
Intrathecal fentanyl causes similar hypoventilatory effects in CHF patients in the resting 

state as in exercise. Data (means±SE) for VĖ/V̇CO2 (A) and PaCO2 (B) at rest and at the end 

of exercise are derived from Tables 3 and 4 of (Olson et al., 2014). *P < 0.05, two-tailed 

paired Student’s t tests. Note that the hypoventilatory effects of IF during exercise may be 

overestimated, since the ventilatory response clearly had not attained full steady state even 

after 5 min of submaximal exercise in these patients (see Fig. S2, Supplementary Data).
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Fig. 5. 

Apparent ventilatory equivalent for  at rest and during exercise in a group of 

patients with COPD after intrathecal injection of fentanyl or placebo. Values are computed 

based on Eq. 1 using data for V̇E/V̇CO2 and physiological VD/VT derived from Figure 4 in 

(Gagnon et al., 2012).

Poon and Song Page 19

Respir Physiol Neurobiol. Author manuscript; available in PMC 2016 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Poon and Song Page 20

T
ab

le
 1

Su
m

m
ar

y 
of

 r
ep

or
te

d 
da

ta
 b

ei
ng

 r
ea

na
ly

ze
d 

in
 r

eg
ar

d 
to

 th
e 

ve
nt

ila
to

ry
 e

ff
ec

ts
 o

f 
in

tr
at

he
ca

l f
en

ta
ny

l o
n 

ex
er

ci
se

 h
yp

er
pn

ea
 in

 h
ea

lth
y 

su
bj

ec
ts

 a
nd

 

pa
tie

nt
s 

w
ith

 C
O

PD
 a

nd
 h

ea
rt

 f
ai

lu
re

D
at

a 
be

in
g 

re
an

al
yz

ed
Su

bj
ec

ts
n

E
xe

rc
is

e 
te

st
E

xe
rc

is
e 

in
te

ns
it

y
E

xe
rc

is
e 

du
ra

ti
on

F
en

ta
ny

l d
os

ag
e

A
m

an
n 

et
 a

l. 
(2

01
0)

H
ea

lth
y1

7
In

cr
em

en
ta

l
M

ild
 to

 8
0%

 p
ea

k
3–

8 
m

in
50

 μ
g

D
em

ps
ey

 e
t a

l. 
(2

01
4)

H
ea

lth
y1

7
In

cr
em

en
ta

l
M

ild
 to

 8
0%

 p
ea

k
3–

8 
m

in
50

 μ
g

A
m

an
n 

et
 a

l. 
(2

01
1)

H
ea

lth
y1

7
C

on
st

an
t-

lo
ad

80
%

 p
ea

k 
po

w
er

9 
m

in
25

 μ
g

O
ls

on
 e

t a
l. 

(2
01

4)
H

ea
lth

y2
9

C
on

st
an

t-
lo

ad
65

%
 p

ea
k 

po
w

er
5 

m
in

50
 μ

g

O
ls

on
 e

t a
l. 

(2
01

4)
C

H
F3

9
C

on
st

an
t-

lo
ad

65
%

 p
ea

k 
po

w
er

5 
m

in
50

 μ
g

G
ag

no
n 

et
 a

l. 
(2

01
2)

C
O

PD
4

8
C

on
st

an
t-

lo
ad

80
%

 p
ea

k 
po

w
er

7–
10

 m
in

25
 μ

g

H
ea

lth
y 

su
bj

ec
ts

 a
re

:

1 yo
un

g 
m

al
e 

cy
cl

is
ts

 (
ag

es
 ~

24
 y

rs
);

2 el
de

rl
y 

m
al

e/
fe

m
al

e 
su

bj
ec

ts
 a

ge
-m

at
ch

ed
 to

 th
e 

C
H

F 
pa

tie
nt

s 
(a

ge
s 

~6
3 

yr
s)

.

3 C
H

F 
su

bj
ec

ts
 (

ag
es

 ~
60

 y
rs

, m
al

es
/f

em
al

es
) 

w
er

e 
cl

as
si

fi
ed

 a
s 

ha
vi

ng
 N

ew
 Y

or
k 

H
ea

rt
 A

ss
oc

ia
tio

n 
C

la
ss

 I
–I

II
 h

ea
rt

 f
ai

lu
re

.

4 C
O

PD
 p

at
ie

nt
s 

(a
ge

s 
~6

6 
yr

s)
 w

er
e 

cl
as

si
fi

ed
 a

s 
ha

vi
ng

 G
lo

ba
l I

ni
tia

tiv
e 

fo
r 

C
hr

on
ic

 O
bs

tr
uc

tiv
e 

L
un

g 
D

is
ea

se
 (

G
O

L
D

) 
st

ag
e 

II
–I

II
 C

O
PD

.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2016 September 15.


