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The CO2 2-compartment model is based off a model developed for analysis of 

respiratory dynamics (Batzel and Tran, 2000). This adapted model consists of a 

lung compartment in which transport of CO2 between ambient air and blood 

occurs, and a tissue model in which blood collects the CO2 produced by a tissue 

volume. The original model also consists of a brain compartment for CO2 feedback 

to a central controller; however, that aspect was ignored in the current 

implementation as the adaptive controller is to serve as a substitute for the intrinsic 

central controller. Production of CO2 within the tissue compartment is used to 

represent overall CO2 production in the body.  

Concentration of CO2 in the lung compartment is defined by 

𝑉𝐴,𝐶𝑂2
𝐹̇𝐴,𝐶𝑂2

= 𝑄(𝐶𝑣,𝐶𝑂2
− 𝐶𝑎,𝐶𝑂2

) + 𝑉̇𝐴(𝐹𝑖,𝐶𝑂2
− 𝐹𝐴,𝐶𝑂2

)    (25) 

Where FA, CO2 and Fi, CO2 represent the fractional concentration of CO2 in the alveoli 

and inspired air, respectively. Effective CO2 volume in the lung compartment is 

given by VA,CO2. CV,CO2 and Ca,CO2, refer to concentration of CO2 in venous blood 

and arterial blood respectively. Q refers to cardiac output, or pulmonary flow, and 

VA refers to alveolar ventilation, which is provided by the biomechanical model 

controlled by the PG/PS controller. 

The tissue compartment where CO2 is produced is given by 

𝑉𝑇,𝐶𝑂2
𝐶̇𝑣,𝐶𝑂2

= 𝑄(𝐶𝑎,𝐶𝑂2
− 𝐶𝑣,𝐶𝑂2

) + 𝑀𝑅𝐶𝑂2
      (26) 

Where VT,CO2 is the volume of the tissue in which CO2 is produced, Cv,CO2 is the 

venous concentration of CO2, Ca,CO2 is the arterial CO2 concentration, and MRCO2 
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is the rate at which CO2 is produced. The transport delays this CO2 compartmental 

model and other constants can be found in Table 1.  

5.2.3 Simulations 

The controller was integrated into the Simulink computational testbed by utilizing 

PaCO2 output from the CO2 compartmental model as the input to the PG and using 

the biomechanical model output as the measured volume input to the PS module. 

A scheme of this computational setup is shown in Figure 17. Simulations were 

done to assess the adaptive controller’s performance when presented with 

changes in production rate of CO2, in the presence of severe fatigue, and on 

models with randomized biomechanical properties. Performance in all of these 

simulations was assessed by deviation of PaCO2 from the normocapnic range to 

assess ability to control PaCO2 and by evaluation of iRMSE values across the 

simulation to assess ability to match the elicited ventilatory pattern to the desired 

ventilatory pattern. 

Simulations in which CO2 production rate was varied from 20% to 200% of the 

baseline CO2 production rate to represent changes in metabolic activity were 

carried out to assess the controller’s ability to maintain PaCO2 levels within 

normocapnic range. The PG/PS controller was initiated at t = 0 and left to perform 

under a nominal CO2 production rate for 500 sec, after which the change in CO2 

production occurred. These simulations were designed to determine the range 

over which normocapnia can be maintained by the PG/PS controller. For 

comparison, the same set of simulations were carried out utilizing a version of the 
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controller with an open-loop PG that is unable to respond to PaCO2 and thus 

maintains a constant ventilatory pattern throughout the simulated trials. 

To assess the controller’s ability to account for fatigue, changes in fiber properties 

were made to the muscle model (Hillen et al., 2014). The non-fatigued model had 

a fractional physiological cross area (PCSA) of 0.37 for slow fibers and 0.63 for 

fast fatigable fibers (Polla et al., 2004; Stubbings et al., 2008). In the fatigued 

model, the fractional PCSA was changed to 0.99 for slow fibers and 0.01 for fast 

fatigable fibers to represent the shift in the ratio of fiber contribution to force 

production after onset of fatigue. Moreover, muscle mass was reduced from 213 g 

to 150 g to simulate a 50% reduction in force after fatigue to match experimental 

data (Gorman et al., 2002). Simulations consisted of trials under both non-fatigued 

and fatigued conditions. Changes in iRMSE and charge delivered were assessed 

to observe how the controller responded to these fatigue-related changes. 

Lastly, to assess the PG/PS controller’s ability to deliver personalized pacing to 

achieve and maintain normocapnia, simulations with randomized model 

parameters within the computational testbed of human ventilatory biomechanics 

and CO2 dynamics were carried out. The parameters that were changed were 

diaphragm muscle mass, chest compliance, effective CO2 volume within the lungs, 

cardiac output, and volume of tissue in which CO2 is produced. These parameters 

were randomized following a normal distribution to values within 20% of the 

normative values found in Table 1. A total of five randomized sets of parameters 

were used. The model parameters used in each testbed are listed in Table 2. Each 
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trial consisted of a 50% increase in CO2 production rate after 500 sec of controller 

initiation. 

5.3 Results 

5.3.1 The adaptive PG/PS controller is capable of maintaining normocapnia after 

changes in CO2 production rate 

The adaptive PG/PS controller was able to determine a proper ventilatory pattern 

based on the change in CO2 production, modulate stimulation parameters to match 

and maintain this ventilatory pattern, and then elicit a proper response again when 

CO2 production rate returned to baseline. This response can be seen in Figure 

18(A) across different time periods in a simulated trial lasting 2000 sec. As PaCO2 

increased due to a 40% increase in CO2 production rate, the PG responded by 

eliciting a new ventilatory profile with a higher minute ventilation, transitioning from 

one of 119.1 L/min to 135.05 L/min. This increase in minute ventilation was 

sufficient to maintain PaCO2 within normocapnic levels. Despite the PG generating 

different ventilatory profiles as it responded to changes in PaCO2, the PS module 

was able to fine-tune stimulation parameters to elicit a ventilatory profile that 

matched that of the desired ventilatory profile. Figure 18(B) depicts the same trial 

as in Figure 18(A) but shows PaCO2 and iRMSE throughout the entirety of the trial. 

CO2 production rate was increased by 40% at 500 sec and remained elevated for 

the remaining duration of the trial. Throughout the trial, iRMSE was consistently 

low, showing that the PG/PS controller was able to match the desired ventilatory 

profile consistently as seen in Figure 18(A). Additionally, it is worth highlighting that 
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the rate of change in PaCO2 due to change in CO2 production was slower than the 

rate of change in PaCO2 due to ventilation, allowing for an adequately damped 

response to changes in PaCO2, reducing risk of instability and/or oscillatory 

behavior.  

Figure 18(C) compares PaCO2 between the fixed PG, adaptive PS and the fully 

adaptive PG/PS controllers at the end of trials in which CO2 production rate was 

varied from 20% to 200% of the baseline rate. The adaptive PG/PS controller was 

able to maintain normocapnia within a range of 20% to 180% of the baseline rate 

of CO2 production. This is a much wider range when compared to when a fixed 

PG, adaptive PS controller is used (90 to 110% of baseline). Figure 18(D) shows 

PaCO2 and minute ventilation in trials where CO2 production rate was altered to 

20%, and 180% of the baseline rate using both a fixed PG, adaptive PS and an 

adaptive PG/PS approach. The adaptive PG/PS controller has a clear effect on 

PaCO2 as it is able to significantly reduce the effects of the change in CO2 

production rate.  

5.3.2 The adaptive controller is able to adapt to account for fatigue 

The presence of muscle fatigue did not adversely affect the controller’s ability to 

elicit a desired ventilatory pattern to achieve and maintain normocapnia. Figure 

19(A) and Figure 19(B) show the first 40 sec of trials in which, respectively, no 

fatigue is present and with fatigue. During fatigue, a markedly larger PG/PS 

controller output amplitude is observed. This is caused by the reduced force 

capacity of the muscle, prompting the adaptive PS to provide a compensatory 
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increase in output to elicit a ventilatory pattern that matches the desired ventilatory 

profile given by the PG.  

Figure 19(C) shows that here was no difference in iRMSE between both 

conditions, inferring that the controller was able to achieve the desired ventilatory 

profile regardless of fatigue. However, as expected, peak controller output differed 

greatly as the trial with fatigue showed a large increase in output to account for the 

reduced force capacity of the diaphragm. The resulting PG/PS output profile in 

both trials shows how differences in muscle condition can lead to differences in 

controller output. Figure 19(D) shows the PG/PS controller output profile of the last 

cycle of each trial. Other than an elevated amplitude, differences in the controller 

output profile are present. This is most likely due to differences in activation 

properties as a result of difference in fiber fractional PCSA rather than differences 

in force capacity. This highlights the benefits of implementing a controller that is 

able to autonomously decide the stimulation parameters in a closed-loop manner 

to account for changes in muscle fiber properties as a result of muscle fatigue or 

muscle atrophy.  

5.3.3 The PG/PS controller is capable of providing individualized respiratory pacing 

to achieve and maintain adequate ventilation 

All previous simulations assessed controller response in a single computational 

model with the same model parameters. To verify that the PG/PS controller is able 

to achieve the normocapnia regardless of differences in individual properties, the 

controller was implemented in computational testbeds of human ventilatory 
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biomechanics and CO2 dynamics with randomized model parameters. Regardless 

of these differences, the controller was able to modulate stimulation to match the 

ventilatory pattern given by the PG module of the controller, resulting in 

normocapnic PaCO2 (Figure 20(A)) and low iRMSE (Figure 20(B)). While iRMSE 

and PaCO2 were very similar for all sets of parameters, there were expected 

differences found in the PG/PS controller output. Figure 20(C) shows that PG/PS 

controller output per cycle differed more between each set of parameters 

compared to iRMSE and PaCO2. This can be attributed to the PG/PS controller 

being able to account for differences in biomechanical properties between the 

parameter sets resulting in differences in PG/PS controller output profiles. 

5.4 Discussion 

A human computational model served as a testbed to evaluate performance of an 

adaptive closed-loop controller for ventilatory control after transition from a rat 

model implementation. This adaptive controller was able to respond to a measure 

of PaCO2, determine an appropriate ventilatory response, and adapt stimulation to 

elicit this response, successfully mimicking physiological control of PaCO2 in a 

human computational model of ventilatory biomechanics and CO2 dynamics. 

Simulations showed that the adaptive controller was able to adequately control 

PaCO2 to maintain normocapnia within a wide range of CO2 production rates, 

despite presence of fatigue, and when varying model parameters in the 

computational testbed. This computational study serves as an important transition 

between pre-clinical studies and future clinical trials, addressing some of the 
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questions and concerns that would be present during clinical implementation of the 

closed-loop adaptive controller. 

5.4.1 The adaptive controller is able to determine an appropriate ventilatory 

response to maintain normocapnia 

The PG/PS adaptive controller is designed to respond to changes in PaCO2 

continuously to ensure normocapnia is maintained. However, similarly to 

physiological ventilatory control, the PG/PS controller is only able to maintain 

normocapnia within a certain range. In the simulations carried out, normocapnia 

was not maintained when the CO2 production rate was less than 20% and more 

than 180% of the baseline value, respectively leading to slight hypocapnia and 

hypercapnia, respectively. However, when a controller unable to account for 

PaCO2 was assessed at these limits, the resulting values were those that suggest 

cerebral damage (Marhong and Fan, 2014; Roussos and Koutsoukou, 2003), 

demonstrating the advantage of the adaptive closed-loop control approach over 

an open-loop control approach. It is, however, possible to further optimize the 

controller to expand this range. While the inspiratory breath volume elicited by the 

PG did approach the suggested inspiratory capacity for adult males, respiratory 

rate could still be maximized by reducing expiratory time through active expiration. 

This could be accomplished through control of expiratory muscles and by replacing 

the current rCPG model used to one that exhibits active expiration, such as one 

proposed by Molkov et al (Molkov et al., 2014a). A separate PS module would 

need to be included to control the additional expiratory muscles in a similar manner 
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as shown in earlier studies concerning flexor/extensor muscle PG/PS control 

(Abbas and Triolo, 1997; Fairchild et al., 2010; Jung et al., 2009; Kim et al., 2009). 

Instead of activating off the inspiratory neuronal population, this additional PS 

module would be based off the expiratory neuronal population; providing the 

desired activation for the abdominal muscles.  

While the ventilatory pattern provided by the PG was limited due to physiological 

constraints, the ventilatory changes elicited by the controller were comparable to 

physiological limits. Hence, it is possible that metabolic conditions leading to a rate 

of CO2 production that exceeds that of CO2 removal would be due to more critical 

and severe issues that are beyond the capabilities of the PG/PS controller. 

However, for conditions where CO2 production remains within the limits of the 

controller, such as during increased physical activity or sleep, the PG/PS controller 

presented here can provide sufficient ventilatory control to maintain normocapnia. 

5.4.2 The adaptive controller adapts stimulation to account for onset of muscle-

related changes 

Electrical stimulation of skeletal muscle has been shown to increase onset of 

muscle fatigue (Ratkevičius et al., 1998). This is mostly due to fast fatigable fibers 

being activated at lower current amplitudes than the slow fatigue-resistant fibers, 

causing reverse recruitment of muscle fiber types (Peckham and Knutson, 2005). 

As the fatigable fibers are recruited more often than usual, onset of muscle fatigue 

occurs. Recruitment of additional fatigue resistant fibers is then required to account 

for the loss of the fatigable fibers if the same amount of force is required to be 
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produced by the muscle. This would translate to a wider current spread, which can 

be accomplished by increasing stimulation amplitude. Simulations assessing 

PG/PS controller performance under a fatigued state showed that the controller 

was able to elicit the desired ventilatory pattern by autonomously increasing 

amplitude of the stimulation delivered, leading to a wider current spread, recruiting 

more fibers and thus increasing force generated. 

The diaphragm muscle has a relatively even distribution of fatigue-resistant and 

fatigable fibers compared to other skeletal muscles (Polla et al., 2004; Stubbings 

et al., 2008). During eupnic breathing, slow fatigue-resistant fibers are mostly 

active, with the fast-fatigable fibers being active during behaviors requiring a 

stronger contractile force such as sighing, coughing, and sneezing (Seven et al., 

2014). Since these fast-fatigable fibers elicit a strong contractile force with low 

stimulation, the stimulation profile required to elicit a eupneic breath is low in 

amplitude and narrow. Meanwhile, during fatigue, when these fatigable fibers are 

exhausted, the stimulation waveform required is one that shows a ramping 

increase in amplitude to recruit more fibers, leading to a longer lasting stimulation 

profile with a higher peak amplitude. The PG/PS controller is able to autonomously 

modulate stimulation shape which resulted in stimulation waveforms with these 

characteristics, suggesting that it has the ability to overcome the effects of fatigue 

to maintain a desired ventilatory pattern. 
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5.4.3 Individualized pacing for respiratory rehabilitation 

One of the benefits of a closed-loop approach to respiratory pacing is that the 

adaptive controller can figure out how best to achieve a desired ventilatory pattern 

regardless of the state or properties of respiratory biomechanics. This is a critical 

function of the controller, particularly for clinical implementation, as between 

subject variations are bound to be present. Simulations showed that, despite 

randomized differences in muscle mass, chest compliance, and chest resistance, 

the controller was still able to modulate stimulation to achieve the desired 

ventilatory pattern. This suggests that the controller will be able to adapt to 

individualized pacing in a clinical setting regardless of disease or conditions 

affecting chest biomechanics. 

These simulations also highlighted how the controller can account for effects of 

muscle condition on ventilatory mechanics. This is clinically relevant as most 

chronically ventilated individuals will display some degree of diaphragm muscle 

atrophy. The reduced muscle mass due to atrophy severely limits the contractile 

force capacity of the diaphragm, reducing inspiratory capacity. When encountering 

these situations, the controller would increase stimulation to increase muscle 

recruitment and thus elicit sufficient force to produce adequate breath volume. If 

the PG/PS controller is used chronically or periodically, recovery from atrophy may 

occur due to activation of muscle fibers (Ayas et al., 1999). This would lead to 

progressive increments in intrinsic muscle force, which the controller would 
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account for by reducing stimulation required to elicit a breath, leading to eventual 

weaning from respiratory pacing in an autonomous manner. 

Respiratory pacing has been used in respiratory rehabilitation following cervical 

spinal cord injury to restore ventilatory independence. Currently, before 

dependence on pacing, patients with implanted respiratory pacers must undergo 

a conditioning period to increase the diaphragm muscle’s resistance to stimulation-

induced fatigue (Glenn et al., 1984; Pavlovic and Wendt, 2003). During this period, 

mechanical ventilation is still used to support ventilation, which may attenuate the 

beneficial effects of the pacing sessions. The structure of the PG/PS controller is 

such that it is possible to create a synergistic effect with mechanical ventilation to 

overcome these limitations. If the PG module is set such that it follows the 

respiratory frequency of the mechanical ventilator and the mechanical ventilator is 

set to provide a substantial fraction of the desired breath volume, the PS module 

would be able to adapt in order to provide only the stimulation required to achieve 

the remaining fraction of the desired breath volume. This approach would likely 

reduce the time required for diaphragm conditioning as the pacing would be 

continuous, rather than intermittent, and also minimize the risk of hypoventilation 

as mechanical ventilation is still present.  

In the current study, each of the assessments was performed exclusive to one 

another. However, in clinical implementation, all the simulated conditions are likely 

to be encountered within individual patients. Future computational studies that 

explore the interactions between these parameters in more detail are suggested. 
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These studies would help define the patient demographic that most likely will 

respond positively to adaptive pacing, improving patient outcomes and reducing 

risk to those that do not fall within this demographic. Furthermore, other situations 

likely to be encountered clinically could also be explored. Among these are 

presence of muscle atrophy, response to diaphragm pacing conditioning, 

interaction with residual muscle activity, and effect of postural load. 

The work presented here aims to not only serve as a step for use of the adaptive 

PG/PS controller clinically, but also to serve as one example of use of 

computational modeling to support clinical assessment of new control algorithms 

beyond what is possible clinically. With the development of clinically relevant 

models and increase in computational power and availability, the feasibility of 

implementing these computational testbeds for development and assessment of 

control schemes is magnified. This can lead to a reduction in time across all the 

translational steps of new technology, from development to approval for clinical 

use. While pre-clinical and clinical trials are still required to account for factors not 

included in the computational models, computational clinical assessment can still 

serve an important role.  

Here, a computational testbed of human ventilatory biomechanics and CO2 

dynamics has been implemented to assess the performance of an adaptive closed-

loop controller for respiratory pacing under the presence of clinically relevant 

conditions. Results indicate that the adaptive controller is able to elicit a ventilatory 

profile capable of achieving and/or maintaining normocapnia regardless of any of 
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the conditions assessed in a testbed based on human biomechanics and CO2 

dynamics. This serves as an important step towards clinical assessment of the 

adaptive PG/PS controller. Furthermore, implementation of a computational 

testbed allows for the development, optimization, and implementation of new 

controller features without requiring extensive pre-clinical assessment, reducing 

time spent in the development cycle; thus, delivering essential technology to 

market and users at a faster pace.  
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Tables 

  

Table 1. Adaptive PG/PS controller parameters and computational model constants 

aE = 1.409 aI = 3.091 aL = 1.568 aP = 0.7 aR = 0.591 

WEI = 1.371 WPI = 1.719 WLI = 2.5 WII = 0.85 WIL = 1.361 

WEL = 0.793 WRL = 2.056 WPL = 6.0 WLL = 1.15 WvL = 10.5 

WEP = 1.351 WRP = 2.254 WPP = 1.540 WIE = 0.729 WRE = 2.25 

WEE = 1.550 WIR = 1.80 WPR = 2.150 WRR = 0.650 WvR = 1.05 

BE = 4.14 BI = 5.044 BL = -2.2 BP = 3.989 BR = 2.193 

K = 0.6 mbm = 600 g kbm = 2.8x106 gcm3/s2 Bbm = 2800 g/s 

Kbm = 3500 g/s2 Bdia = 250 g/s mdia = 312 g na = 15 

np = 30 η = 0.0001 T = 0.05 s VT = 15 L MCO2 = 3.667 

VCO2 = 3.2 L Q = 100 ml/s τLT = 19.8 s τTL= 4.6 s   
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Table 2. Parameter sets used to assess controller performance computationally 

with different ventilatory biomechanics and CO2 dynamics. 

Testbed 

Cardiac 

output 

(ml/s) 

Effective 

CO2 volume 

(ml) 

Muscle 

mass (g) 

Compliance 

(g/s) 

Tissue 

volume (ml) 

1 110.3 3511.2 203.8 265.5 13027.1 

2 108.2 2600.7 194.0 204.6 12582.8 

3 112.9 3449.4 197.4 295.0 12206.7 

4 97.6 3048.4 235.6 279.5 13121.2 

5 99.6 3130.4 225.5 270.9 16528.1 
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Figures 

 

Figure 16. Architecture and design of the Pattern Generator / Pattern 

Shaper adaptive controller for use in computational human studies for 

control of PaCO2. A modeled CO2 chemoreceptor converts PaCO2 into neural 

drive which serves as an input to a model of the respiratory central pattern 

generator neural network. The Patten Generator output is used in a 

biomechanical model of the chest to determine a “desired” breath volume profile. 

This volume profile is compared against the measured breath volume throughout 

the respiratory cycle within the Pattern Shaper. The derived error drives changes 

in neuronal weights in an artificial neural network. The summation of the 

weighted neuronal outputs serves as the controller output which then dictates 

stimulation delivered to the diaphragm muscle model. A change in ventilation due 

to pacing then drives a change in PaCO2, closing the control loop. 
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Figure 17. Organization of the computational testbed of the PG/PS 

controller using a human model of chest biomechanics and CO2 dynamics. 

A Hill-type muscle model drives the force generated in a one-dimensional model 

of chest biomechanics. Displacement caused by force is linearly transformed to 

breath volume. The ventilation elicited affects PaCO2 concentration in a 

compartmental model of CO2 dynamics. The controller generates a ventilatory 

pattern based on PaCO2 sampled and adapts to match this pattern via 

stimulation of the diaphragm. Changes in CO2 production rate were used to 

assess controller’s ability to maintain normocapnia. 
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Figure 18. Adaptive PG/PS controller effect on PaCO2 after changes in CO2 

production rates. (A) Example of a simulated trial showing the ventilatory 

pattern generated by the adaptive PG/PS controller (dashed) in response to 

changes in PaCO2 (dotted) and its ability to match the elicited breath volume 

(solid, grey) to this pattern early in the trial, 150 sec after increasing CO2 

production rate, and shortly before end of trial. (B) PaCO2 (black) and iRMSE 

(grey) throughout the 2000 sec trial in which CO2 was increased by 40% at 500 

sec. The pale blue shaded region indicates normocapnia (35 – 45 mmHg). (C) 

Comparison of final PaCO2 levels between a fixed PG, adaptive PS controller 

(dotted) and an adaptive PG/PS controller (solid) in trials where CO2 production 

was varied from 20% to 200% of the baseline production rate. (D) The adaptive 

PG/PS controller is able to maintain PaCO2 levels within a normocapnic range in 

trials in which the rate of CO2 produced due to metabolic processes was reduced 

to 20% of baseline (grey) or increased to 180% of baseline (black) using a fixed 

PG, adaptive PS controller (dashed) and an adaptive PG/PS controller (solid).  



132 
 

 

Figure 19. Adaptive PG/PS controller response in a non-fatigued and 

fatigued diaphragm muscle. (A) Measured breath volume (solid), desired 

breath volume (dashed), and PG/PS controller output (dotted) in a trial in a non-

fatigued diaphragm muscle compared to (B) a trial in which the diaphragm 

muscle exhibits severe muscular fatigue. (C) PG/PS controller output (black) and 

iRMSE (blue) in a non-fatigued diaphragm (solid) and a fatigued diaphragm 

(dashed) during the initial 100 sec of the trials. (D) PG/PS controller output profile 

in a non-fatigued diaphragm (solid) and a fatigued diaphragm (dashed) 2000 sec 

after controller initiation.  
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to achieve and/or maintain normocapnia under conditions where CO2 

production increased due to increased metabolic demand, after severe 

diaphragm muscle fatigue, and when implemented in testbeds with different 

model parameters. These simulated trials represent conditions that are 

likely to be found during chronic clinical use and thus serve as preliminary 

proof that the controller is a viable approach for control of respiratory pacing. 

These computational studies thus serve to further the development of the 

controller and to advance the translational pathway for future clinical 

studies.  

The Pattern Shaper proved to be a viable strategy for control of diaphragmatic 

contraction for respiratory support thanks to its ability to adapt stimulation to 

provide complementary electrical activation of the diaphragm. In the presence of 

residual ventilatory function, the controller was able to modulate stimulation such 

that the summation of the intrinsic and electrical activation of the diaphragm 

muscle led to the matching of the desired ventilatory pattern, delivering only the 

necessary amount of charge. As changes in the intrinsic contractile force 

generated by the diaphragm occurred, likely due to muscle fatigue, the PS was 

able to compensate by increasing stimulation delivered and thus was able to 

achieve and maintain the desired breath volume profile. This implies that other 

changes that affect muscle force may also be able to be accounted for, such as 

changes due to atrophy or hypertrophy of the diaphragm. One of the benefits of an 

adaptive closed-loop approach to respiratory pacing is that the adaptive controller 

can figure out how best to achieve a desired ventilatory pattern regardless of the 
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state or properties of respiratory biomechanics. This is a critical function of the 

controller, particularly for clinical implementation, as between subject variations 

are bound to be present. 

Implementation of this neuromorphic respiratory control system shows that it is 

possible to control an autonomic biological function while also adapting to residual 

function. Intrinsic ventilatory function is present in both spinal cord intact and C2 

spinal cord hemisected rats, albeit reduced in the latter. This requires entrainment 

between the intrinsic respiratory drive and the PG/PS respiratory control system 

for proper adaptation and modulation of stimulation parameters. The PG/PS 

controller was able to establish a link with the biological rCPG to achieve 

respiratory entrainment, likely through vagal pathways. Additionally, when loss of 

entrainment occurred, the PG/PS controller’s intrinsic characteristics increased 

stimulation delivered. This led to re-establishing of intrinsic ventilation entrainment 

to the pacing. By properly taking advantage of the interaction between the intrinsic 

biological control and the neurostimulation pacing technology, it may be possible 

to develop control strategies that are able to not only restore function of other 

autonomic processes but also improve their existing function. These may include 

control of visceral organ function, such as gastrointestinal control to improve 

motility or control of spleen function for modulation of autoimmune function.  

The development of a closed-loop control strategy for the respiratory system is 

significant in that it may allow for more extensive use of respiratory pacing, leading 

to improved clinical outcomes for the system’s users. The control system’s ability 
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to determine an adequate ventilatory pattern and modulate stimulation to match 

the given ventilatory pattern ensures that the patient will maintain normocapnia 

without the need for constant supervision or manipulation of controller and/or 

stimulation parameters. 

6.3 Limitations 

While the work presented here showed adequate PG/PS controller performance, 

all control applications rely heavily on the accuracy and precision of the input 

signals to the controller. Currently, a robust and reliable method for continuous 

PaCO2 sensing is not available for clinical use. While end-tidal CO2 measurement 

is common in hospital settings, it is not a reliable measure of PaCO2 as its accuracy 

can be severely impacted by respiratory disorders, cardiac disorders, and any 

other factor affecting the ventilation/perfusion relationship (Huttmann et al., 2014). 

Other approaches for continuous PaCO2 monitoring are available, such as 

transcutaneous CO2 sensors, but these require continuous application of heat to 

improve transcutaneous CO2 diffusion and reconditioning of the electrode after 

several hours (Janssens et al., 1998). These factors prevent transcutaneous CO2 

sensing from being a reliable chronic approach to PaCO2 sensing. Similarly, 

wearable breath volume sensing approaches have been developed for respiratory 

monitoring (Caretti et al., 1994; Lonbe et al., 1999; Wolf and Arnold, 2005). Most 

rely on inductive plethysmography of chest expansion and have been proven to be 

reliable in differentiating between apnea (Lonbe et al., 1999) and show reliable 

estimation of volumetric respiratory measures during tasks of everyday life 
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(Grossman et al., 2010), and during exercise (Clarenbach et al., 2005). However, 

these approaches have yet to be validated for chronic assessment of respiratory 

volume; a necessary step prior to integration with a life-sustaining closed-loop 

control application.  

Another limitation of the work presented here was lack of respiratory pacing of 

respiratory muscles other than the diaphragm muscle. The diaphragm muscle 

accounts for only 65% of inspiratory force produced during eupnic breathing, with 

the other 35% attributed to external intercostal muscles and accessory muscles 

(Jarosz et al., 2012). Being able to elicit only 65% of total inspiratory force limits 

the range of respiratory maneuvers that may be achievable while on pacing 

support. This includes inability to fully elicit ventilatory profiles requiring very high 

inspiratory volumes due to elevated PaCO2 values. This limitation was observable 

in experimental studies after spinal cord hemisection, where the reduced intrinsic 

activation of the ipsilateral respiratory muscles led to difficulties in attaining the 

desired tidal volume. Even though with increase in respiratory rate, a reduction in 

etCO2 was still possible, albeit at a slower rate. As mentioned in previous chapters 

this could be addressed by modifying the rCPG model used such that the change 

in ventilation relies more on respiratory rate than on tidal volume. 

6.4 Future work 

The work presented here aimed to develop and implement a closed-loop control 

system for respiratory pacing that was capable of regulating PaCO2 through 

modulation and control of respiratory rate and breath volume in a physiological-
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like manner. The eventual goal of the work presented here is to deliver a closed-

loop respiratory control system that is robust enough and safe enough for chronic 

clinical use. Assessing controller performance in computational simulations using 

a human model of ventilatory dynamics did further this goal. However, extensive 

work is still required to achieve clinical implementation of the control system. This 

section will discuss possible future work that may lead to increased robustness, 

performance, and functionality of the PG/PS control system. Additionally, proper 

validation of this control algorithm will be discussed; especially since the controller 

offers a life-sustaining technology, failure of which could lead to death. 

All experimental studies performed here controlled ventilation through electrical 

stimulation of the diaphragm muscle. However, other techniques such as phrenic 

nerve stimulation and spinal cord stimulation are currently implemented clinically 

or have been explored pre-clinically (DiMarco, 2005; Hachmann et al., 2017; 

Jarosz et al., 2012; Khong et al., 2010; Kowalski et al., 2013; Le Pimpec-Barthes 

et al., 2016; Mercier et al., 2017; Onders, 2012). While the design of the PG/PS 

controller suggests that performance will not be negatively impacted when 

implemented in other stimulation modalities, it is possible that performance may 

improve. In the case of phrenic nerve stimulation, there would be no need for 

mapping of the diaphragm motor point. This would reduce risk of erroneous 

electrode placement and provide a more widespread activation of the diaphragm 

with sufficient stimulation than is possible via diaphragmatic stimulation (Onders, 

2012). Spinal cord stimulation suggests further benefits in exchange for a riskier 

electrode implantation process. If spinal cord stimulation stimulates the premotor 
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phrenic pathways, the intrinsic muscle activation dynamics are preserved, avoiding 

the issue of reverse recruitment (Hachmann et al., 2017; Kowalski et al., 2013). 

This may lead to a more natural diaphragm muscle contraction, finer control of 

diaphragm muscle contraction, and increased time before onset of muscle fatigue. 

Furthermore, spinal cord stimulation takes advantage of the intrinsic spinal 

connectivity between phrenic motor pools and other inspiratory muscles, mainly 

the external intercostals. Spinal cord stimulation of the phrenic motor pools has 

been shown to cause activation of external intercostal muscles (Dimarco et al., 

1997; DiMarco et al., 2005; DiMarco and Kowalski, 2013). This can thus lead to 

further reduction in muscle fatigue as the mechanical work of breathing can be 

distributed between the diaphragm and external intercostal muscles, reducing the 

workload on the diaphragm. 

Other than reducing the respiratory workload of the diaphragm, respiratory pacing 

of additional respiratory muscles can lead to other benefits. Addition of intercostal 

muscles would lead to an overall increase in elicited inspiratory capacity, allowing 

for the production of non-ventilatory behaviors that require high inspiratory 

volumes, such as sighing. Meanwhile, addition of expiratory muscle control would 

allow for forceful expiration, allowing behaviors such as active expiration and 

coughing. Control of external intercostal muscles by applying the same stimulation 

pattern given by the PS module that is controlling the diaphragm muscle has 

shown some promise in ongoing experiments (not reported). However, control of 

expiratory muscles would require an additional PS module that controls expiratory 

activity. This expiratory PS would need to be linked to the expiratory neuronal 
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population within the PG module through an appropriate expiratory muscle model 

in a similar manner as is currently done for the inspiratory PS. Implementation of 

these behaviors in the controller could be done by expanding the intrinsic 

capabilities of the PG to include additional responses (as for active expiration), or 

by including subroutines into the PG module that are activated either as a timed 

response (for sighing), or a triggered response (as for coughing).  

Pre-clinical validation of the adaptive PG/PS controller in chronic models is also 

suggested prior to clinical implementation. Acute studies do not address factors 

that may be present in chronic animal studies such as electrode encapsulation, 

spinal shock due to injury, respiratory neuroplasticity, and chronic changes in 

diaphragm muscle fiber properties. Carrying out chronic studies would allow for 

assessment of the controller’s response to these factors and other factors that may 

be present but have not been accounted for. Through chronic studies, the 

controller would not only be further optimized to ensure robustness, reliability, and 

safety but also lead to evaluation of the controller’s long-term effect on muscular 

and neural tissue. 

Finally, early feasibility clinical trials would need to be performed in order to 

transition to extensive clinical trials. Early feasibility clinical trials could possibly be 

carried out under clinician supervision within operating rooms during procedures 

when maintenance of existing diaphragm pacers is performed. This would not 

require an extensive acclimatization period to pacing nor require additional surgical 

procedures. The existing leads could either be interfaced with an external 
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stimulator controlled by the adaptive controller or the adaptive controller could be 

linked with the implanted stimulator. Either way would take advantage of 

electrodes already implanted in the diaphragm or on the phrenic nerve, minimizing 

risk and cost of the study.  

In conclusion, an adaptive closed-loop controller for respiratory pacing was 

developed and assessed in acute pre-clinical models. The adaptive controller was 

able to respond to changes in PaCO2 to generate a proper ventilatory response 

and was able to adapt stimulation pulses delivered to the diaphragm to elicit this 

ventilatory response. While extensive work is still required prior to clinical 

implementation of the system, the work presented here serves as an important 

step towards use of a technology that can allow patients with chronic 

hypoventilation to lead a more independent and healthier lifestyle. 
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