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Abstract

The baroreflex is a multi-input, multi-output physiological control system that regu-

lates blood pressure by modulating nerve activity between the brainstem and the

heart. Existing computational models of the baroreflex do not explicitly incorporate

the intrinsic cardiac nervous system (ICN), which mediates central control of heart

function. We developed a computational model of closed-loop cardiovascular control

by integrating a network representation of the ICN within central control reflex cir-

cuits. We examined central and local contributions to the control of heart rate, ven-

tricular functions, and respiratory sinus arrhythmia (RSA). Our simulations match the

experimentally observed relationship between RSA and lung tidal volume. Our simu-

lations predicted the relative contributions of the sensory and the motor neuron

pathways to the experimentally observed changes in the heart rate. Our closed-loop

cardiovascular control model is primed for evaluating bioelectronic interventions to

treat heart failure and renormalize cardiovascular physiology.

K E YWORD S

baroreceptor reflex, estimation and control in biological systems, intrinsic cardiac nervous
system, physiological modeling, vagus nerve stimulation

1 | INTRODUCTION

The cardiovascular system ensures adequate blood supply to the

entire body and requires the coordination of several organs through a

complex system of signals that are mediated by the nervous system.

The primary objective of cardiovascular homeostasis is to maintain

near-constant blood pressure while balancing multiple demands for

blood flow to different organs, including coping with disturbances

such as those caused by respiration or exercise. This objective is car-

ried out on a beat-to-beat basis by the baroreceptor reflex—a non-

linear control system that modulates the involuntary parasympathetic

and sympathetic nerve activity between the brainstem and the heart

(Figure 1). Parasympathetic (vagal) and sympathetic nerve activity

exert opposing effects of decreasing and increasing heart rate, respec-

tively, and an imbalance in parasympathetic and sympathetic nerve

activity has been associated with cardiovascular disease.1–5 In addi-

tion to the brainstem and spinal cord-driven central cardiovascular

control, there exists an extensive neural circuit within the heart,
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termed the intrinsic cardiac nervous system (ICN), which mediates the

central control of heart functions.10–12 The ICN is responsible for the

integration of the parasympathetic and sympathetic outflow from

the brainstem and local sensory feedback.9,13 Recent efforts by the

Cardiac Consortium of the National Institutes of Health (NIH) Com-

mon Fund Stimulating Peripheral Activity to Relieve Conditions

(SPARC) program have delineated extensively the anatomical, connec-

tional, molecular, and physiological aspects of the ICN.6,14,15

Although the baroreflex and its contributions to cardiovascular phys-

iology have been studied extensively using computational models,3,16–20

these models do not account explicitly for the ICN. An earlier study by

several of the present authors has focused on modeling the cardiac local

reflex using computational neuroscience-based approaches for detailed

representations of the ion channel physiology and the biochemistry of

signaling pathways.21 However, this model did not incorporate the brain-

stem neural circuits. Single-cell gene expression studies have led to a

delineation of the neuronal cell states and subtypes in the brainstem

autonomic control circuits that mediate the baroreflex, providing new

information to update the models of closed-loop cardiovascular con-

trol.22 A computational model-based study from our group has built on

these experimental studies to develop a transfer function-based repre-

sentation of the closed-loop cardiovascular control circuit that delineated

the neuronal subtypes within the brainstem.3 This model was used to

examine the effect of adaptation in brainstem neurons on the changes in

cardiovascular physiology and baroreflex control following exercise as

well as heart failure.

Recent studies have highlighted the role of interaction between

respiration and heart health through respiratory sinus arrhythmia

(RSA), which is a natural heart rate increase during inhalation and

decrease in heart rate during exhalation that is decreased during car-

diovascular disease states, including heart failure. The restoration of

RSA using a pacemaker has been found to increase stroke volume and

cardiac output in rat models of heart failure compared with pace-

makers that do not mimic RSA, indicating that RSA is a cause rather

than an effect of cardiovascular health.23 Similar findings of increased

cardiac output with the restoration of RSA were found for sheep with

pacemakers to treat heart failure with reduced ejection fraction.24

The beneficial potential of restoring RSA during cardiovascular

disease is not limited to cardiac pacemakers. Vagal nerve stimulation

(VNS) is an emerging bioelectronic treatment for heart failure25–28

and cardiac arrhythmias4,29 and is one therapy that could leverage

these findings on the beneficial effects of the restoration of RSA. VNS

involves stimulation of the vagus nerve, which connects the brain and

the heart, with an electrical current using an external electronic device

that could be used to restore RSA. Therefore, modeling the central

and local autonomic influences on cardiorespiratory interactions could

F IGURE 1 Translation of the
baroreceptor reflex to a control system
representation including central
(brainstem) and local (ICN) contributions
to RSA based on anatomical and
physiological evidence. (A) Anatomical
representation of neural control of the
heart highlighting (1) gating of inputs to
the nucleus ambiguus (NA) hypothesized

to contribute to respiratory sinus
arrhythmia (RSA) and (2) the ICN as the
controller for an inner control loop that
integrates sensory information. Heart
image adapted from Achanta et al.6 (B)
Representative RSA behavior showing RR
interval (reciprocal of heart rate)
synchronization with ventilation. RR
interval decreases during inhalation and
decreases during exhalation.7 (C) Central
contributions to RSA. Vagal nerve activity
transmitted from the brain to the heart
oscillates with respiratory signals from the
phrenic nerve, which is an indicator of
respiratory activity. Image adapted from
Farmer et al.8 (D) The ICN facilitates the
local cardiac reflex with evidence that
�75% of ICN neurons are convergent
with inputs from both afferent (sensory)
and efferent (from the brainstem) inputs.9

DMV, dorsal motor nucleus of the vagus;
ICN, intrinsic cardiac nervous system; NA,
nucleus ambiguus; NTS, nucleus tractus
solitarius.
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be utilized to develop therapeutic targets in the treatment of heart

failure.

Here, we built on the prior modeling studies to develop a computa-

tional model of closed-loop cardiovascular control that explicitly incorpo-

rates the ICN and its interaction with the local sensory feedback within

the heart as well as the brainstem-mediated central control circuits. In

addition, our model accounts for the effects of RSA on cardiac physiol-

ogy and closed-loop control. The inclusion of autonomic regulation

allowed us to probe the role of the ICN in local cardiovascular control

and RSA in the extended model. We tuned the model parameters to

experimental data on heart rate, elastance, and ICN activity and com-

pared the model predictions with the experimental data relating the lung

tidal volume and the amplitude of RSA. We then used the model to pre-

dict the effects of VNS under multiple scenarios representing differential

recruitment and stimulation of sensory and motor neurons. Our model

predictions provide new insights into the experimental data on VNS by

predicting the balance of sensory versus motor neuron stimulation that

is likely to underlie the in vivo observations.

2 | METHODS

We build upon prior models3,16,36–39 by including additional model

components based on recently collected data to represent more pre-

cisely the ICN and its regulation of cardiovascular functions and

RSA.6,14 A summary of the experimental data used to estimate model

parameters is included in Table 1.

2.1 | Extended model structure

The present model was extended from prior models to include (1) a

representation of the gating of inputs to the nucleus ambiguus (NA),

which is the brainstem structure that contributes to heart rate control,

and (2) a representation of the ICN (Figures 1A and 2). These struc-

tures represent central (NA) and local (ICN) contributions to RSA. All

model equations that were added to the extended model and the orig-

inal model equations are included in Supporting Information.3 The

addition of the ICN to the model enables representations of both cen-

tral (brainstem) and local (sensory) contributions to cardiovascular

dynamics. To represent the local contributions, we included the ICN,

which incorporates sensory information in an inner feedback loop,

and updated the effector function that represents the effect of vagal

activity on the heart to account for the addition of the ICN to the

model (Figures 1A and 2). To represent central contributions to RSA,

we added a gate to modulate the inputs to the NA as described by

physiological experiments40–44 and other computational models45

(Figures 1A and 2).

2.2 | Central contributions to RSA and outflow of
the sympathetic and parasympathetic nervous systems

The extended model builds on the functions developed by Park et al.3 to

represent the outflow from the nucleus tractus solitarius (NTS) to the

NA and dorsal motor nucleus of the vagus (DMV) (see Figure 1 caption

TABLE 1 Summary of experimental data sources for model development

Reference
Cardiovascular function
studied

Experimental
model

Number of

replicates used
in study

Perturbation
(inputs)

Relevant measure

(outputs) used in model
development

Iano et al.30 HR (in response to vagal

activity timing)

Canine 7 Cervical vagus trunk

stimulation

HR

Falkenburger

et al.31
Muscarinic receptor

activation time

In vitro

human

kidney

cells

>10,000 cells/

sample

N/A Muscarinic receptor

activation time delay

Rajendran

et al.15
ICN firing frequency, HR Pig 1 pig, 7

neurons

Cervical vagus trunk

stimulation

ICN neuron firing

frequency, HR

Yamakawa

et al.32
HR, SBP, DBP Pig 12 Cervical vagus trunk

stimulation

HR, SBP, DBP

Kobayashi33 Respiratory sinus

arrhythmia amplitude

Human Men

(ages

21–24)

8 Lung tidal volume Respiratory sinus

arrhythmia amplitude

Teixeira

et al.34
HR in women Human Women

(ages

18–35)

44 None HR

Cain et al.35 Cardiovascular outputs of

healthy patients across

age groups

Human Youths

and

adults

20 (children),

76 (adults)

None—echo cardiac

magnetic imaging

CO, EF, SBP, DBP

Abbreviations: CO, cardiac output; DBP, diastolic blood pressure; EF, ejection fraction; HR, heart rate; ICN, intrinsic cardiac nervous system; SBP, systolic

blood pressure.
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F IGURE 2 The control block diagram of the cardiovascular system and neural control components incorporated in a closed-loop model, which
includes (1) gating of inputs to the nucleus ambiguus (NA) based on the respiratory phase and (2) the intrinsic cardiac nervous system (ICN) which
includes the local reflex that provides sensory information. The model contains three types of sensors: baroreceptors (BR) that sense blood pressure
changes in the arteries, cardiopulmonary receptors (CPR) that sense blood pressure changes in the atria and ventricles, and lung stretch receptors (LSR)
that sense lung inflation. These sensory inputs are integrated in the nucleus tractus solitarius (NTS), a neuronal group in the brainstem that integrates
sensory input. The NTS has three subgroups representing separate neuronal subtypes with different afferent input types corresponding to the three
receptor types. The NTS projects to the NA and the dorsal motor nucleus of the vagus (DMV), the two primary lanes of vagal outflow to the heart. The
activation of NA is gated based on the phase of the respiratory cycle to account for respiratory sinus arrhythmia (RSA). The two lanes innervate the ICN
and target separate populations of principal neurons (PN), which receive direct input from the brainstem. PNs also receive input from local circuit
neurons (LCN), which integrate local cardiac afferent feedback and sympathetic input. ICN activity controls the sinoatrial (SA) node and ventricles which
contribute to heart rate and blood pressure, respectively in the cardiovascular system model. Details of parameters and equations are included in Data
S1. NA-ctr, nucleus ambiguus activity affecting ventricular elastance (a surrogate for contractility); Symp., sympathetic.
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for an explanation of neuron groups). Physiological evidence indicates

that the gating of inputs to the NA could cause RSA.40–44 Thus, an addi-

tional gating function to modulate the outputs of the NTS that go to the

NA (ffNA,input) based on the phase of the respiratory cycle was added to

the extended model to capture RSA (Figure 2).

ffNA,input ¼
KRSA � ffNTS,output, s <

Tinsp

Tresp

ffNTS,output, s ≥
Tinsp

Tresp

:

8
>><

>>:
ð1Þ

The respiratory phase, s, varies between zero and one and resets to zero

at the end of each respiratory cycle. The inspiration and postinhalation

phases of s are defined using the inhalation time (Tinsp) divided by the

total respiratory cycle time (Tresp). Outputs from the NTS (ffNTS,output) are

decreased by a gain value (KRSA) during inspiration but are unaffected

during exhalation to mimic the observed NA input gating behavior.

2.3 | ICN contributions to neural input to the heart

As the final point of cardiac nervous control, the ICN is an impor-

tant addition to the model that mediates the local cardiac reflex and

integrates parasympathetic, sympathetic, and sensory information

via principal neurons and local circuit neurons (LCNs).46,47 Experi-

mental evidence indicates that there are two distinct lanes of vagal

input from the brainstem to the ICN, one from the NA and one from

the DMV.11,48,49 Physiological experiments indicate that the NA is

responsible primarily for controlling heart rate, while the DMV contrib-

utes to contractility.50–54 These vagal inputs target separate popula-

tions of principal neurons in the ICN: principal neurons that receive

input from the NA (PNNA) and principal neurons that receive input

from the DMV (PNDMV).
11,48,51 Because the principal neurons that

receive their inputs from the DMV transmit their signal via muscarinic

receptors, which have a modulatory response extending over approxi-

mately 7 s, we also include a first-order filter with time delay for this

neuronal population.31,50,52 The output, filtered (fffiltered,PNDMV) is

delayed by τPNDMV compared to the input (ffout,PNDMV).

dfffiltered,PNDMV

dt
¼ τPNDMV ffout,PNDMV � fffiltered,PNDMV

ð Þ: ð2Þ

Both principal neuron populations also receive inputs from LCNs

embedded in the ICN, which integrate inputs from the DMV, sympa-

thetic activity, and local sensory activity.9,10,55 Sensory afferents are

popular clinical targets for cardiovascular diseases, and in our model,

sensory inputs to the LCNs constitute an inner feedback loop, which

contributes to cardiovascular control.56–58 Consequently, the principal

neuron populations and LCNs represent key targets for continued

investigation of regulation of cardiac function and contribution to

RSA. Thus, to extend prior models to reflect more accurately the

physiological components regulating parasympathetic activity and

possible RSA mechanisms, we included additional model components

that represent principal neurons that receive direct inputs from the

NA, principal neurons that receive direct inputs from the DMV, and

LCNs that integrate sensory inputs in an inner feedback loop.3 Each

of these neuronal populations is represented by a sigmoidal function

to capture the saturating firing behavior of neurons, which is a well-

known characteristic of the baroreflex.16,59,60

fout,j ¼ fmin,j� fmax,j

1þ f input,j
fmidpt,j

� �k
þ fmax,j: ð3Þ

The parameters describe the maximum (fmax) and minimum (fmin) output

firing frequency of the jth neuronal group, the input firing frequency to

which the neuronal group is most sensitive (fmidpt), and the gain (k)

describing the rate of change in output firing frequency given a change

in input firing frequency. This equation was updated from Park et al.3 so

that the same sigmoid was used, but the representation of the gain

parameter was modified so it is proportional to the output firing rate.

F IGURE 3 Closed-loop model behavior at steady-state. (A) Left
ventricular pressure-volume loop. (B) Mean arterial pressure and (C)
lung tidal volume.

5 of 13 GEE ET AL.
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2.4 | Autonomic regulation of effector functions—
heart rate and ventricular elastance

In prior models and the extended model, an increase in the firing fre-

quency of an afferent input results in a reduction in the firing fre-

quency of sympathetic nerves and a simultaneous increase in vagal

nerve activity.3 Effector functions translate the decrease in sympa-

thetic activity and increase in vagal activity to a decrease in heart rate.

The extended model modifies the effector functions developed

by Ursino and Magosso37 and used by Park et al.3 to represent the

relationship between afferent inputs relaying peripheral sensory infor-

mation and sympathetic and parasympathetic efferent outflow

because of the addition of the ICN in the extended model. The inclu-

sion of principal neurons means that the timing of vagal stimulation

relative to the phase of the cardiac cycle becomes important.21 Physi-

ological evidence indicates that vagal nerve activity occurring near the

beginning of the cardiac cycle causes larger decreases in heart rate

compared with vagal nerve activity occurring near the end of the car-

diac cycle.30,61 To model this phenomenon, experimental data from

dogs on the percent change in heart rate as a function of the time of

vagal activity since the start of the cardiac cycle were used to calcu-

late the percent change of the calculated heart rate.30

2.5 | Parameter estimation

Completing the model formulation required determining values for

model parameters that would produce simulation results matching

observed physiological behavior. For the parts of the model that were

based on a prior model, we used the same parameter values as those

in the original model.3 Because the form of the sigmoidal equations

used to describe brainstem neuronal groups was updated in the cur-

rent model to express the gain more cleanly, parameter values for

brainstem neuronal groups were updated to reproduce behavior from

the prior model.3 The remaining parameter values were selected to

produce simulations that best matched experimental data associated

with healthy conditions and electrophysiological behavior or were

estimated from experimental data when more precise information

from experiments relevant to vagal activity timing30 and muscarinic

receptor time delay31 was available. Because we combined data from

multiple sources and of different types, we have summarized key

experimental details, including the model type used, number of repli-

cates, and measured outputs for reference (Table 1). A global para-

metric sensitivity analysis using the PAWN method was performed to

test the model robustness and is included in Figure S1.62

2.6 | ICN parameter estimation

Given that the model is highly nonlinear and the available experimen-

tal data are measurements of overall cardiac function and electrophys-

iological behavior in response to a stimulus, the use of multiple

sigmoidal functions to represent the dynamic behavior of ICN sub-

populations raises the possibility of over-parametrization. Therefore,

several distinct sets of parameter values could produce similar pre-

dicted cardiovascular system behaviors. Indeed, previous experiments

analyzing transcriptomic profiles of single neurons have shown that

ICN and other neurons exist in multiple functional states that may be

F IGURE 4 Comparison of closed-
loop model behavior with and without an
RSA gate. Firing frequencies for
brainstem and ICN neuronal groups
regulating RR interval and the resulting
RR interval are shown. (A–C) Behavior of
model with gating of inputs to the NA.
Activity of the NA decreases during
inhalation and that decreased activity

propagates to the principal neurons in
the ICN that regulate RR interval. The
resulting RR interval is depressed during
inhalation, as is characteristic of RSA. (D–
F) Behavior of model without gating of
inputs to the NA. Activity of the NA
decreases during inhalation due to
feedback from the baroreceptors and
cardiopulmonary receptors, but it is not
consistent or pronounced. As a result, the
activity of the PNs in the ICN also varies
inconsistently with respiration. ICN,
intrinsic cardiac nervous system; RSA,
respiratory sinus arrhythmia; NA, nucleus
ambiguus; PNs, principal neurons; PNNA,
principal neurons with inputs from
the NA.
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described by these distinct sets of parameter values.3,14 Thus, we

identified sets of parameter values that describe plausible functional

states of ICN neurons.

We adapted the method used by Park et al.3 to address the issue

of non-uniqueness. Briefly, we constrained the possible parameter

space to ensure that estimated firing frequencies of ICN neurons were

comparable to reported values and to a ±5-fold range of similar param-

eters for neuronal subtypes.15 Due to the limited data available and the

possibility of nonlinear interactions between parameter values, we used

a Sobol sampling approach to select 5000 sample sets.3,63–65 We simu-

lated a 1 Hz step input to the vagus for 1 min, then removed the step

input for 1 min to match the experimental setup,15 and calculated the

average heart rate and ICN firing frequency before, during, and after

VNS. We then selected the 10 sets of parameter values with the lowest

mean square error when calculated with mean ICN firing frequency,

mean heart rate, and mean elastance, to further constrain the sample

space for a second round of Sobol sampling with 5000 sets of parame-

ter values. The overall maximum and minimum values for each parame-

ter from the 10 parameter sets were used as the new bounds for the

second round of Sobol sampling. Target ICN neuron firing frequencies

were based on experimental electrophysiology data from seven ICN

neurons from an anesthetized male Yorkshire pig.15 Because the pig

had been treated with anesthesia, which can suppress heart rate

responses to blood pressure changes,66 and the model predicts human

cardiovascular dynamics, the baseline heart rate, and elastance were

based on a prior model.3

2.7 | RSA parameter estimation

We assessed each model's ability to produce RSA using a causal

analysis between lung volume and heart rate.67,68 Assuming that var-

iations in the lung volume cause variations in the heart rate, a Gauss-

ian process regression model (MATLAB R2020b) was used to predict

the heart rate given the lung volume. The Gaussian process regres-

sion model was chosen because it is well suited to handle the sto-

chastic component of the heart rate signal, and a parametric

relationship between lung tidal volume and heart rate was unknown.

F IGURE 5 Quantification of respiratory sinus arrhythmia behavior
using Gaussian process regression to determine the likelihood that the
variation in respiration is causing the variation in heart rate that is
characteristic of respiratory sinus arrhythmia (RSA). (A) Workflow to
determine likelihood that changes in respiration cause changes in heart
rate using Gaussian process regression to predict the heart rate. The
error is calculated as the difference between the predicted and actual
heart rate. Likelihood is calculated from –ln(var(ε)), which quantifies the
information entropy transferred from one signal to the other. (C) RSA
gain (kRSA) was selected based on the value that gave the highest
likelihood and still produced a significant decrease in net activity in the
nucleus ambiguus (NA) during inspiration.

F IGURE 6 Comparison of emergent respiratory sinus arrhythmia
(RSA) behavior for the closed-loop model at different lung tidal volumes
(blue) to experimental data (cyan) in humans.33 The RSA amplitude was
calculated as the difference between the minimum and the maximum
heart rate over a 5-s period.33 Respiratory rates of 0.25 Hz were used in
the model and for the experimental data collection. Error bars show
standard deviations. For the model, samples were collected over multiple
time frames and averaged. For the experimental data, samples were
collected from multiple subjects and averaged.
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We then used likelihood (L) as a metric to quantify how well changes

in the lung volume predicted changes in the heart rate using the

information entropy and compared it across RSA gate gain

values.67,68

L¼� ln var y�ypred
� �� �

: ð4Þ

The likelihood was calculated based on the variance of the difference

between the heart rate (y) and the heart rate predicted (ypred) by

Gaussian process regression using the lung tidal volume as the input.

2.8 | Simulation platform and model
reproducibility

We developed the extended model on the SIMULINK (MathWorks)

platform because of its suitability for modeling control systems. The

ordinary differential equations in the blocks are solved using ODE15s

with a 10�3 error tolerance.3 For parameter estimation and sensitivity

analysis, a high-performance computing platform was used to run the

simulations on SIMULINK in parallel.

For the purpose of following best practices for credible modeling,

all model files were downloaded from GitHub (https://github.com/

Daniel-Baugh-Institute/CardiovascularControl/tree/main/v03; Ver-

sion 3, 2022), and all simulation results and figures presented in this

work were replicated independently by a research group member not

involved in the original modeling and simulation study. Parameter

values in the code were cross-checked for consistency against the

values provided in Supporting Information. Self-assessment of the

Ten Simple Rules for Credible Practice in Modeling and Simulation in

Healthcare was performed and is included in the Supporting

Information.70

3 | RESULTS AND DISCUSSION

3.1 | Closed-loop model behavior

The model's closed-loop, steady-state behavior demonstrates its ability

to reproduce the qualitative characteristics of cardiovascular behavior.

The left ventricular pressure–volume loop matches the experimentally

observed forms (Figure 3A). The model predictions of arterial pressure

(Figure 3B) and lung tidal volume (Figure 3C), two of the types of feed-

back that our model responds to, are shown. The arterial pressure oscil-

lates on a beat-to-beat basis, while the lung tidal volume generally

oscillates on a slower cycle depending on respiratory frequency.

3.2 | Model exhibits a linear relationship between
lung tidal volume and RSA amplitude

Gating the inputs to the NA based on respiration introduces RSA

behavior to the model. When the gate is present, NA activity is

decreased during inspiration (Figure 4A). As a result, the principal neu-

rons that receive inputs from the NA also have intermittent activity

that is synchronized with respiration, which leads to RR interval

F IGURE 7 Model tuning to heart rate and ICNactivity in response to a 1 HzVNS step input. (A) Schematic of the simulation of cervical VNSbased on
the experimental setup.15 Both efferents and afferentswere stimulated given that the vagus is amixed nerve fiber and selective stimulationwas not
performed experimentally.While not shown in the schematic, the RSA gate is present in themodel. (B) Simulated and experimental percent change in RR
interval in response to cervical VNS for 1 min. Experimental VNSwas performed at 1 Hz (cyan). SimulatedVNSwas performed at 1Hz for afferents only
(purple), 1 Hz for efferents and afferents (red), and 1 Hz for afferentswith 0.5 Hz for efferents (pink). Experimental datawere collected in Yorkshire pigs,
which are observed to have lower RSA amplitudes than humans.69 For ease of visualization, all RR interval signalswere passed through a lowpass filter
(MATLAB lowpass function)with a normalized bandpass frequency of 0.15. (C) Comparison of average heart rate percent change frombaseline heart rate for
themodel and experimental data. The baseline heart ratewas averaged over theminute preceding the start of VNS.DMV, dorsalmotor nucleus of the vagus;
ICN, intrinsic cardiac nervous system; LCN, local circuit neuron;NA, nucleus ambiguus; NA-ctr, nucleus ambiguus affecting ventricular elastance (a surrogate
for contractility); NTS, nucleus tractus solitarius; PN, principal neuron; SA, sinoatrial; VNS, vagal nerve stimulation.
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(reciprocal of heart rate) decreases in synchronization with respiration

(Figure 4B,C). Without the RSA gate, activity in the NA is variable,

which leads to variability in activity in the principal neurons that

receive inputs from the NA and an RR interval that does not decrease

consistently during inhalation (Figure 4D–F).

To tune the gain value for the attenuation of input activity to the

NA during inhalation, Gaussian process regression was used to select the

value that produced behaviors that best captured RSA because it was

difficult visually to distinguish model behavior that captured RSA

(Figure 5A). A parameter sweep of gain values representing the degree

of attenuation of the input signal to the NA was performed and the value

that produced the highest likelihood was selected (Figure 5B).

To validate our implementation of RSA, we simulated RSA ampli-

tude changes in response to changing lung tidal volume and compared

the results with experimental data (Figure 6).33 The RSA amplitude is

the difference between the maximum and the minimum heart rate for

a given time period and is independent of the synchronization with

respiration that was quantified using the information entropy metric

likelihood. Both the slope and the amplitude predicted by the present

model agree with experimental results,33 indicating that the model is

able to capture RSA behavior over a variety of lung tidal volumes. In

addition, the RSA amplitude calculated by the model increases

approximately linearly with increasing lung tidal volume (R2 ¼0:93),

consistent with experimental observations.33 These results are due to

the mechanistic nature of the model and the qualitative trend can be

understood intuitively in that a larger breath volume will engage the

lung stretch receptors over a wider range, which will increase the

range of afferent inputs to the NTS. The range of the afferent outflow

to the heart will also be larger, resulting in an increased RSA ampli-

tude. Thus, the agreement between the model predictions and the

experimental data on the relationship between lung tidal volume and

RSA amplitude indicates that the model captures some of the dynam-

ics of the cardiorespiratory system.33

The trends in RSA amplitude also display a degree of stochasticity

that is unexpected in a deterministic model such as ours. Typically,

cardiorespiratory models exhibit phase locking of cardiovascular oscil-

lations (beat-to-beat blood pressure changes) and slower respiratory

oscillations, which causes the heart rate to oscillate in a repetitive pat-

tern.3,71 Previously, our group had shown that the local reflex contrib-

utes to the disruption of cardiorespiratory phase locking, which

attenuates the nonlinearity of the cardiac vagal drive and arterial pres-

sure relationship.21 The current model, which was constructed from

an independent framework, supports the notion that the local reflex

plays a role in disrupting cardiorespiratory phase locking.

3.3 | Differential activation of vagal efferents and
afferents in VNS modeling

As previously described, the ICN parameters were selected using

ICN neuronal activity and heart rate data in response to cervical

VNS.15 The simulated RR interval response to cervical VNS was

higher than the observed RR interval change from experiments

(Figure 7B). However, the vagus nerve is mixed, with approximately

20% efferents from the brain and 80% sensory afferents transmitting

signals to the brain (Figure 7A).72 Thus, we hypothesized that stimu-

lation is delivered disproportionately to the sensory afferents and

we were unable to simulate the experimental data because we were

representing VNS as an equal stimulus to both efferents and affer-

ents.15 To test this hypothesis, we simulated additionally VNS in

which (1) only the afferents were stimulated at 1 Hz and (2) the

afferents were stimulated at 1 Hz and the efferents were stimulated

at 0.5 Hz. The increase in the RR interval during VNS when only the

afferents were stimulated was only 2% given that the brainstem

modulates the signal from the afferents before sending it to the

heart. When the afferents were stimulated at 1 Hz and the efferents

were stimulated at 0.5 Hz, the RR interval increased by 8% during

VNS and 0.1% after VNS, matching experimental results. Although

afferent fibers comprise the majority of the vagus nerve fiber, our

results indicate that stimulation of the efferents has a larger effect

on cardiovascular behavior.

The differential activation of vagal efferents and afferents may be

due to several complexities of neuron activation in VNS. Experimen-

tally, different stimulation parameters are known to activate different

diameter nerve fibers preferentially, in which larger diameter A-fibers

activate at lower stimulation intensities than medium diameter

B-fibers and small diameter C-fibers.73,74 Given that A-fibers mainly

are vagal afferents, they may have been activated preferentially.75

Thus, the same stimulus may activate afferents preferentially, leading

to the model predictions we observed in which increased activation of

TABLE 2 Closed-loop model predictions of cardiovascular metrics compared to reported values and standard deviations in healthy women.34,35

Comparison of percent change in cardiovascular metrics before and during left cervical vagal nerve stimulation. The stimulation frequency of 3.5 Hz to
the afferents and 1.75 Hz to the efferents was chosen to match the percent heart rate change from the experiment in Yorkshire pigs.32 Analogously, in
the experiment, stimulation intensity was chosen to achieve an approximately 10% change in heart rate from baseline to stimulation.

Parameter

Baseline % change during VNS

Model predictions Experimental mean ± SD34,35 Model prediction Experimental32

Systolic pressure (mm Hg) 126 123 ± 11 �9 �7

Diastolic pressure (mm Hg) 74 72 ± 8 �14 �11

Heart rate (bpm) 69 68 ± 8 �12 �13

Cardiac output (ml/s) 92 85 ± 21 �9 Not reported

Ejection fraction (�) 0.62 0.64 ± 0.08 0 Not reported
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afferents relative to efferents was necessary to reproduce the experi-

mental data.32,76

The larger fluctuations in the RR interval predicted by the model

are due to species differences. The model represents human RSA,

whereas the experimental data are from Yorkshire pigs,15 which are

known to have a lower RSA amplitude.69 As shown in Figure 6, our

model has an RSA amplitude appropriate for humans.

The model makes predictions of the cardiovascular metrics sys-

tolic blood pressure, diastolic blood pressure, heart rate, cardiac out-

put, and ejection fraction that match clinical hemodynamic and

cardiovascular behavior (Table 2); all cardiovascular metrics are within

one standard deviation of reported ranges for healthy women.34,35

Given that these are emergent features of the model, these data sug-

gest that the model provides an appropriate representation of cardio-

vascular system dynamics.

We validated further our model's predictions of VNS using a sepa-

rate experimental data set on VNS in Yorkshire pigs.32 The experimental

cervical VNS stimulus intensity was determined by increasing stimulation

until an approximately 10% change in heart rate was achieved. Analo-

gously, we increased stimulation frequency in our model until we

achieved a similar heart rate change (Table 2). Using the same stimulation

settings as found in Figure 7 (100% afferent stimulation, 50% efferent

stimulation), the resulting systolic and diastolic blood pressure changes

match the observed experimental changes, indicating that our model is

able to predict hemodynamic changes during VNS.

3.4 | Modeling opportunities and limitations

Although the model is, to our knowledge, the most comprehensive quan-

titative model of ICN and brainstem contributions to the control of car-

diovascular behavior and RSA, it does not account for all effects that

may be of interest. Not explicitly included in the model are the chemore-

ceptors, which sense blood oxygen and carbon dioxide levels to provide

sensory feedback under conditions of hypoxia and hypercapnia.77 The

respiratory feedback information supplied by chemoreceptors contrib-

utes to respiratory control, but is also partially captured by the inclusion

of lung stretch receptors in the model, except in specific cases such as

apnea. Although the omission of chemoreceptors from the model limits

the types of conclusions that can be drawn on cardiorespiratory coupling

in response to blood gas levels, it provides the opportunity in future

work to improve the model so that it can be used to understand cardio-

vascular and respiratory behavior.

Our model considers the firing rate of the neurons as an impor-

tant variable that links the neural firing rate to the effects on the end

organ. We model the firing rate as a sigmoidal function of the inputs

as an approximate accounting of the experimentally observed physiol-

ogy.16,59,60 The incorporation of a dynamic model of neurons, for

example using detailed ion channel kinetics, is possible and provides

an opportunity to build upon the present model.

Furthermore, the implications of ICN dynamics in disease pheno-

types such as heart failure and atrial fibrillation, which can arise from

autonomic nervous system activation, were not explored.78 Depend-

ing on the disease state, modifications can be made to parameter values

or additional equations to represent disease dynamics can be added. In

the case of heart failure, stiffening of the left ventricle could be mod-

eled by adjusting the parameters describing left ventricular compliance

and resistance. In conjunction with an expansion to model disease

states, VNS stimulation parameters could be considered as differentially

altering the frequencies of different efferent fiber types and sensory

afferent firing rates to represent different scenarios of VNS settings.

4 | CONCLUSIONS

We present a new computational model of the closed-loop control of

cardiovascular physiology that incorporates detailed anatomical and

functional data on central and intrinsic cardiac neural circuits and their

interactions with respiration. Our model accounts for and matches

experimental observations on RSA as well as VNS effects on heart

rate. Our results show that tuning the ICN parameters based on heart

rate, elastance, and ICN firing frequency was sufficient to produce a

model that represents the approximately linear relationship between

the lung tidal volume and the RSA amplitude. This result indicates that

the ICN contributes to RSA by maintaining the variations in parasym-

pathetic activity with respiration, providing new insight into the func-

tional role of the ICN beyond serving as a local relay for central reflex

control. Furthermore, when we explored our model for multiple sce-

narios of VNS, we found that a lower relative activation of vagal effer-

ents (motor) compared to vagal afferents (sensory) was necessary to

produce physiological behavior consistent with the experimental

results. Thus, our results support the notion that VNS activates vagal

efferents and afferents differentially, likely in varying proportions

depending on the parameters of stimulation. These results inform the

emerging studies on exploring and tuning VNS, several of which are

supported by the NIH Common Fund SPARC Program.79,80 Our

closed-loop cardiovascular control model is primed for use in such

studies aimed at developing bioelectronic interventions to renormalize

cardiovascular physiology and treat heart failure.

4.1 | Plain language summary

We developed a computational model of the human body's blood

pressure regulation system which is mediated by signaling between

the brain and the heart. We incorporated into our model contributions

of the brainstem, respiratory system as well the neurons surrounding

the heart.
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