J Appl Physiol 127: 1386-1402, 2019.
First published August 1, 2019; doi:10.1152/japplphysiol.00015.2019.

RESEARCH ARTICLE

A model-based analysis of autonomic nervous function in response to the

Valsalva maneuver

E. Benjamin Randall,! Anna Billeschou,? Louise S. Brinth,? Jesper Mehlsen,®> and Mette S. Olufsen’
'Department of Mathematics, North Carolina State University, Raleigh, North Carolina; 2Department of Clinical Physiology

and Nuclear Medicine, Bispebjerg Frederiksberg Hospital, Frederiksberg, Denmark; and 3Section of Surgical

Pathophysiology, Juliane Marie Centre, Rigshospitalet, Copenhagen University Hospital, Copenhagen, Denmark

Submitted 11 January 2019; accepted in final form 22 July 2019

Randall EB, Billeschou A, Brinth LS, Mehlsen J, Olufsen MS.
A model-based analysis of autonomic nervous function in response to
the Valsalva maneuver. J Appl Physiol 127: 1386-1402, 2019. First
published August 1, 2019; doi:10.1152/japplphysiol.00015.2019.—
The Valsalva maneuver (VM) is a diagnostic protocol examining
sympathetic and parasympathetic activity in patients with autonomic
dysfunction (AD) impacting cardiovascular control. Because direct
measurement of these signals is costly and invasive, AD is typically
assessed indirectly by analyzing heart rate and blood pressure re-
sponse patterns. This study introduces a mathematical model that can
predict sympathetic and parasympathetic dynamics. Our model-based
analysis includes two control mechanisms: respiratory sinus arrhyth-
mia (RSA) and the baroreceptor reflex (baroreflex). The RSA sub-
model integrates an electrocardiogram-derived respiratory signal with
intrathoracic pressure, and the baroreflex submodel differentiates
aortic and carotid baroreceptor regions. Patient-specific afferent and
efferent signals are determined for 34 control subjects and 5 AD
patients, estimating parameters fitting the model output to heart rate
data. Results show that inclusion of RSA and distinguishing aortic/
carotid regions are necessary to model the heart rate response to the
VM. Comparing control subjects to patients shows that RSA and
baroreflex responses are significantly diminished. This study com-
pares estimated parameter values from the model-based predictions to
indices used in clinical practice. Three indices are computed to
determine adrenergic function from the slope of the systolic blood
pressure in phase II [« (a new index)], the baroreceptor sensitivity (),
and the Valsalva ratio (y). Results show that these indices can
distinguish between normal and abnormal states, but model-based
analysis is needed to differentiate pathological signals. In summary,
the model simulates various VM responses and, by combining indices
and model predictions, we study the pathologies for 5 AD patients.

NEW & NOTEWORTHY We introduce a patient-specific model
analyzing heart rate and blood pressure during a Valsalva maneuver
(VM). The model predicts autonomic function incorporating the
baroreflex and respiratory sinus arrhythmia (RSA) control mecha-
nisms. We introduce a novel index () characterizing sympathetic
activity, which can distinguish control and abnormal patients. How-
ever, we assert that modeling and parameter estimation are necessary
to explain pathologies. Finally, we show that aortic baroreceptors
contribute significantly to the VM and RSA affects early VM.

baroreflex mechanism; carotid and aortic baroreceptors; mathematical
modeling; parameter estimation; sympathetic and parasympathetic
activity
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INTRODUCTION

Patients with autonomic nervous system dysfunction (AD)
affecting the cardiovascular control system exhibit a wide array
of symptoms, including dizziness, syncope, and widespread
pain, which complicate intervention protocols and potentially
lead to incorrect diagnoses (43). Given the complex interaction
of stimuli arising from multiple centers, understanding the
mechanisms that cause AD is challenging. Autonomic function
is commonly studied indirectly by observing changes in blood
pressure and heart rate in a controlled setting in response to
postural or respiratory challenges or drug intervention (1, 8, 19,
28, 34, 62, 76). The objective of our study is to build a
mathematical model that can analyze autonomic function for
subjects undergoing a Valsalva maneuver (VM), a clinical test
used to assess the autonomic ability to compensate for acute
changes in central blood volume and pressure (34, 65).

In this study, we focus on the VM, which activates both
parasympathetic and sympathetic branches of the autonomic
nervous system in sitting patients, inducing short-term changes
in autonomic activity (34, 57). This study develops a new
mechanistic mathematical model providing a hypothesis for
interactions of both the afferent and efferent neural pathways.
Mathematical modeling used in this study and by others (10,
30, 38, 40) is advantageous, as it enables us to analyze
explicitly the effect of hypothesized pathways and predict
responses to interventions by changing parameters or pathways
in the model. Another common method for analyzing physio-
logical signals is using signal processing methods (5, 67),
which are excellent for determining changes in frequency-
based responses but unable to describe signal transmission via
specific pathways or predict responses to interventions.

Several deterministic mathematical models have been pro-
posed to explain the autonomic response to the VM. These can
be split into the following two categories: [) closed-loop
models simulating blood pressure and heart rate dynamics
simultaneously (30, 37, 40, 59) and 2) open-loop models that
either take blood pressure as an input and compute heart rate as
an output or take heart rate as an input and compute blood
pressure as an output (10, 35). In this study, we pursue the
open-loop approach, predicting changes in heart rate in re-
sponse to the VM. Our model distinguishes between the
baroreceptor reflex (baroreflex) and respiratory sinus arrhyth-
mia (RSA) control mechanisms. Others have modeled the
interaction between the respiratory and cardiovascular systems
(3, 12, 39, 40). However, these studies have respiratory models
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that are embedded in closed-loop cardiovascular models and
the breathing mechanics are not patient specific. Our model
accounts for individual patient respiration and its effect on
heart rate with the incorporation of an electrocardiogram
(ECG)-derived respiratory signal, employing algorithms moti-
vated by previous studies (61, 75).

We introduce a novel mathematical model of RSA and
baroreflex control mechanisms, modulating heart rate and pre-
dicting parasympathetic and sympathetic responses to the VM.
The primary objective of this study is to develop a robust
model predicting intersubject dynamics during the VM. Using
this model, we are able to differentiate dynamics observed in
data from 34 control subjects and 5 patients with AD measured
during repeated VMs. The 5 AD patients all exhibit the same
pressure characteristics [the ‘V’ response categorized by Pala-
marchuk et al. (53)] but have different pathologies. This model
analyzes how the cardiovascular control system is impacted in
each of these patients.

The mathematical techniques used here provide a model-
based analysis of the data inferring changes in neurological
signaling over time. For patient specificity, our study uses the
subject’s intrathoracic pressure (ITP) combined with their
ECG-derived respiratory signal to determine thoracic pressure.
The thoracic pressure modulates heart rate due to respiration
and delineates between the aortic and carotid high-pressure
baroreceptor (HPB) regions. To our knowledge, this concept
has only been used in one previous study (35). We estimate a
subset of model parameters fitting the model to individual
subject heart rate data, determining a patient-specific neural
outflow. Although the use of subset selection and parameter
estimation is not new (49), to our knowledge no previous VM
studies have taken advantage of these numerical methods. We
also compare model-derived quantities with indices extracted
directly from the measured systolic blood pressure (SBP) and
heart rate data (46, 47), which comprise the baroreceptor
sensitivity (), the Valsalva ratio (y) (31, 46, 63), and a novel
index («) that we hypothesize is a measure of the subject’s
sympathetic function. Finally, inspired by previous studies (37,
40, 50), we employ a discrete delay to account for the time it
takes to transmit sympathetic signals from the medulla to the
effector (heart rate in this case). To our knowledge, this is the
first attempt to use this mechanistic modeling approach to
analyze autonomic function associated with the VM.

MATERIALS AND METHODS
Valsalva Maneuver

Procedure. The VM is the process associated with forced exhala-
tion against an external resistance, keeping the glottis open (24). The
subject maintains an expiratory force for 15 s, increasing the ITP to 40
mmHg, which in turn reduces venous return to the heart (47, 60). The
reduced filling of the heart decreases stroke volume, decreasing the blood
volume sensed by low-pressure baroreceptors (LPBs) in the venoatrial
junctions, the right atrium, and the pulmonary artery as well as the
blood pressure sensed by the aortic and carotid HPBs (73). The tonic
firing of the nerves conducting signals from these receptors to the
brain stem is reduced, causing a shift in the output from the cardio-
vascular control centers. The net effect is a fast withdrawal of
parasympathetic activity to the heart and a slower increase in sympa-
thetic activity to the heart and blood vessels. The efferent response
induces cardiac acceleration and vasoconstriction (not modeled in this
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study). The four distinct phases of the VM marked with alternating
gray and light gray boxes in Fig. 1 are as follows:
I. At the onset of the VM, the subject takes a deep breath and
initiates the forced expiration. This increases the ITP, causing
a sudden increase in blood pressure due to increased transmural
pressure on the heart and large arteries. The deep exhalation
and subsequent deep inhalation of the breath results in a
transient reduction of ITP just before the maneuver, contribut-
ing to a temporary decrease in heart rate.

II. As the breath is held, the respiratory-mediated parasympathetic
activity decreases. Increased ITP impedes venous blood return
to the heart. Blood pressure falls, triggering the baroreflex,
which in turn decreases baroreflex-mediated parasympathetic
activity. Heart rate initially rises due to parasympathetic with-
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Fig. 1. Valsalva maneuver (VM) data from a representative control subject
(control subject 2) (A-D) and a patient (E—H) with the V behavior (patient 3)
as categorized by Palarmarchuk et al. (52). Alternating gray and light gray
boxes indicate phases I-IV of the VM. Early and late phase II are divided with
a vertical dotted black line in the light gray phase II block. A and E:
electrocardiogram (ECG, mV) trace. B and F: blood pressure (BP, mmHg)
trace with interpolated systolic blood pressure (SBP, thick curve) and baseline
SBP (dotted line). C and G: heart rate [HR, bpm (beats/min)] trace with
baseline HR (dotted line). Maximum HR in phase III and minimum HR in
phase IV used in the calculation of vy are indicated with circles. D and H:
intrathoracic pressure (ITP, mmHg) trace. D: measured ITP of the control
subject from which the VM start and end times, f; and t., respectively, were
extracted. H: manufactured ITP calculated in Egq. 4.
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drawal (early phase II) and continues to rise as sympathetic
outflow increases (late phase II). Despite the decreased stroke
volume, blood pressure gradually returns to pretest levels due
to increases in peripheral vascular resistance mediated by
sympathetic activity.

III. Upon release of the ITP, the subject typically exhales force-
fully. This causes a transient increase in ITP, which further
impedes cardiac filling, and hence the preload. The result is a
sudden drop in blood pressure. Then, the ITP returns to normal
and blood returns to the heart unimpeded.

IV. After normalization of venous return to the heart, the stabilized
stroke volume is expelled against an increased vascular resis-
tance causing blood pressure to temporarily overshoot. This
overshoot causes a rapid fall in heart rate as the parasympa-
thetic system activates. Breathing returns to normal.

Clinical ratios. Clinicians extract a number of quantities from the
SBP and heart rate to determine ‘normal ranges’ for autonomic
function for healthy control subjects (47). In this study, we introduce
a novel clinical ratio, «, calculated as

SBP = ar + b’ re [tSBP,min,lh tSBP,max,ll:l’ (])

where « and b are the slope and the intercept of the regression,
respectively, and fggp inmr and Zspp maxr are the time points for the
minimum and maximum SBP in late phase II, respectively. Figure 2
depicts the calculation of «. We interpret o as an estimate of the
vasoconstrictive capacity of the systemic vasculature. A previous
study has hypothesized that the use of a metric assessing sympathetic
function in late phase II of the VM should be considered (52). To our
knowledge, this is the first instance of using « as an approximation of
sympathetic nervous function. A popular clinical index is baroreceptor
sensitivity (B) (47, 48, 63), calculated as

max R-R — min R-R
" max SBP — baseline SBP °

2

where the numerator is the difference in maximum and minimum R-R
intervals in milliseconds and the denominator describes the extent of
the overshoot of the SBP. 3 is a measure of heart rate change given
a change in blood pressure (78). It should be noted that this index does
not elucidate how changes in the SBP or R-R interval arise. An
increase in 3 can be contributed to an increase in parasympathetic
activity, a decrease in sympathetic activity, or a combination of the
two (68). Finally, the Valsalva ratio is

H

y = max,IIT ) (3)

Hmin,IV
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Fig. 2. Depiction of « as the slope of the line of regression of the systolic blood
pressure (SBP, mmHg) in late phase IIL.
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Table 1. Population statistics from the characteristic
Valsalva maneuver for 34 control subjects

Description Symbol Population Statistics
Age, yr 32 +12
Baseline systolic blood pressure, mmHg Sw 123 =20
Baseline heart rate, beats/min H 79 =13
Intrinsic heart rate, beats/min H, 100 = 7
Maximal heart rate, beats/min Hyu 185 £7
Length of breath hold, s 14 = 0.7
Max forced expiration, mmHg 37+ 1

where H,qx, 11718 the maximum heart rate in phase Il and H,,;, ;v 1s the
minimum heart rate in phase IV (47, 63). vy is typically interpreted as
a measure of vagal function with abnormal values below 1.1 (16).

Data and Experimental Design

Data acquisition. Our study analyzes ECG-derived heart rate and
respiratory signals, blood pressure, and ITP data from 37 control
subjects (24 women and 13 men) and 5 AD patients (1 woman and 4
men). This protocol, “Method study in the Valsalva maneuver”
(H-16036257), was approved by the Ethics Committee of the Capital
Region, Denmark, and all subjects gave written consent to participate
in the study. Of the 37 control subjects, data from 34 (21 women and
13 men) were analyzed in this study. Two subjects were excluded
because of pregnancy and one subject was excluded due to data
collection error. Table 1 summarizes control subject population sta-
tistics.

The 5 AD patients vary in age and diagnosis and were chosen
because they all exhibit the V behavior as categorized by Palamarchuk
et al. (53), reproducible in repeated intrasubject VM tests. Figure 1F
shows a typical V behavior characterized by an absent SBP recovery
in phase II and an absent SBP overshoot in phase IV. This may occur
in adrenergic failure, which does not increase arteriolar resistance
(53). In this study, we show that the characteristic V behavior can be
caused by parasympathetic or sympathetic dysfunction or both during
the VM. Patient 1 (16 yr old) is diagnosed with postural orthostatic
tachycardia syndrome (POTS), characterized by an increase in heart
rate =40 beats/min (for patients younger than 18 yr) during the
head-up tilt test (53). Patient 2 (79 yr old) is diagnosed with ortho-
static hypotension (OH), characterized by a decrease in SBP =30
mmHg without associated tachycardia during head-up tilt (53). Pa-
tients 3 (71 yr old) and 4 (83 yr old) have Parkinson’s disease (PD).
Patient 5 (75 yr old) is diagnosed with pure autonomic failure (PAF),
characterized by OH in conjunction with dramatic SBP changes in
response to common activities (9). Table 2 summarizes the patient
descriptions.

All tests were performed between 8:00 AM and 3:00 PM under a
nonfasting state at standard room temperature. ECG and blood pres-
sure signals were measured continuously at 1,000 Hz from a precor-
dial ECG-lead and by Finometer equipment (Finapres Medical Sys-
tems BV, Amsterdam, The Netherlands), respectively. Analog data

Table 2. Descriptions of patients with autonomic
dysfunction displaying the V behavior categorized by
Palamarchuk et al. (52)

Patient Sex Age Diagnosis Abbreviation
1 Female 16 Postural orthostatic tachycardia POTS
syndrome
2 Male 79 Orthostatic hypotension OH
3 Male 71 Parkinson’s disease PD
4 Male 83 Parkinson’s disease PD
5 Male 75 Pure autonomic failure PAF
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Fig. 3. Electrocardiogram (ECG, mV) with R- and Q-points indicated with
squares and circles, respectively. A representative QRS-complex amplitude
and R-R interval are indicated.

acquisition was performed, and data were converted to digital format
and stored using the LabChart software (LabChart, AD Instruments,
Colorado Springs, CO). Figure 1, A-D, shows a typical VM data set
containing ITP, ECG, blood pressure, and heart rate data for control
subject 2, and Fig. 1, E-H, shows the VM response from patient 3.
The measurements from the patients are from a previous experiment
with a similar protocol. Because these data are collected in real time,
the data are inherently noisy.

All tests were performed with the subject in sitting position. The
subjects were asked to rest for 5 min before initiating the VM. A
mouthpiece was connected to a mercury manometer by a rubber hose
with an intercalated differential pressure transmitter (DTP-7000-R8,
HK Instruments, Muurame, Finland). The subjects were asked to take
a deep inspiration and then blow into the mouthpiece, trying to reach
and maintain a steady forced expiration at 40 mmHg for 15 s. For the
control subjects, ITP was collected continuously (Fig. 1D). For the
AD patients, ITP was measured and verified by visual inspection. We
assume the patients maintain a constant expiratory force of 40 mmHg
for the duration of the breath hold, given as

— 40 t,=1=1, 4
771 0 otherwise ’ @

where ITP; is the intrathoracic pressure at time #;, f, is the start time of
the breath hold determined by the sharp increase in SBP in phase I,
and 7. is the time the breath hold is released in phase III. Figure 1H
depicts the estimated ITP signal in Eq. 4. Each subject performed
multiple repetitions of the VM with 2 min between maneuvers.
Time-series ECG, blood pressure, ITP, and heart rate signals were
extracted from LabChart for all viable VMs from each subject, that is,
a data set in which the VM was performed correctly (i.e., the subject
reached ~40 mmHg immediately and held that pressure steady
with = 5 mmHg). All subjects with the exception of control subject
20 and patients 2 and 4 had more than one VM data set. Heart rate was
computed from R-R intervals using LabChart cyclic detection for
human ECG.

Data preprocessing. The open-loop model formulated in this study
is a system of differential equations solved numerically using a
variable-step stiff delay solver, RADARS (20). Because the model
equations are a function of SBP and thoracic pressure, we interpolate
the data to evaluate the model. We interpolate SBP, the apex of the
pulse pressure signal in one heartbeat, over every cardiac cycle.
Following Arndt et al. (2), the average discharge of the baroreceptor
neurons correlates with systolic, diastolic, and mean blood pressures.
To be consistent with the clinical ratios calculated in this study, we
chose to predict wall strain modulating the baroreflex as a function of
SBP. We used the piecewise cubic Hermite interpolating polynomial
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(PCHIP) algorithm in MATLAB 2018a to ensure monotonicity of the
interpolation and preserve local extrema in the data (17).

The amplitude of the ECG gives an indication of the depth of the
breath. As the subject inhales, the chest expands and the electrodes on
the skin move away from the heart. An ECG-derived respiratory
signal can be determined from the interpolation of the amplitude of
the QRS-complex in the ECG, as shown in Fig. 3. We developed a
protocol employing algorithms from previous studies (61, 70, 75).
Widjaja et al. (75) validated this procedure against a measured
reference respiratory signal at rest and under mental stress. We found
local optima (i.e., the R- and Q-points) to determine the amplitude of
each QRS-wave and interpolated the values. Similar to the SBP, the
QRS-complex occurs once per cardiac cycle, and the sparsity of the data
requires a careful choice in interpolation scheme. Therefore, the only
deviation we made from the developed algorithms is using PCHIP. The
resulting interpolated QRS-complex amplitude is assumed to be the
mechanical breathing signal (Fig. 4B).

Because the ECG-derived respiratory signal may miss obstructive
apnea episodes, which can occur during the VM (25), we compute the
thoracic pressure (P,;) by combining the effect from respiration at rest
with ITP data measured during the VM as

ITP, L=1,<1,
P,.={ Ry—R — , 5
i T | ———"R; + (Rm - RE) otherwise )
R;— Rg

where Ry = 6 and R,, = 3.5 are the maximal and minimal breathing
amplitudes (23); R; and Ry, are the mean amplitudes calculated from

the data for the end of inspiration and end of expiration; and R; and Ry
are the mean amplitudes calculated from the respiration data for the
end of inspiration and end of expiration. 7, and 7. denote the start and
end of the VM. The bottom term is valid under the assumption that
respiration is linearly related to P,,. This is motivated by Kobayshi’s
(33) observation that at rest the RSA is linearly related to tidal volume
and the assumption that tidal volume is linearly related to P,,. This
signal was then filtered using the “movmean” command in MATLAB
2018a, which calculates a moving average over a specified window. In
this study, we used a 1-s window.

2 —
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Fig. 4. Thoracic pressure (P;;,) input schematic. QRS-complexes are detected in
the electrocardiogram (ECG, mV) trace (A). Amplitudes of consecutive QRS-
complexes are interpolated using a piecewise cubic Hermite interpolating
polynomial. This signal is filtered to produce the respiration signal (B), which
is in turn scaled linearly given in Eq. 5. The intrathoracic pressure (ITP,
mmHg) trace (C) is combined with the scaled respiration curve and filtered
using the “movmean” command in MATLAB 2018a to produce Py, (D).
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Inputs Afferent Medulla Efferent Output
Fig. 5. Schematic of the model with the ;
systolic blood pressure (SBP, mmHg) and Carotid Strain Baroreflex-med|a_t ed
thoracic pressure (P, mmHg) as inputs. The Parasympathetic
baroreflex mechanism (solid arrows) and re- € b,c Neural Tp,b
spiratory sinus arrhythmia (RSA, dotted ar- SBP Integration
rows) are shown. Afferent signals are trans-
mitted to the medulla via the carotid barore- ) ) n Baroreflex-mediated
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stimulated by the difference in the SBP and ba Ts H
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ferent signals, which modulate the heart rate Tpﬂ"

output (H). Py, also modulates H during normal
breathing via RSA(7),,).

—>» Baroreflex Mechanism

----» Respiratory Sinus Arrhythmia

Model Development

The model developed in this study (Fig. 5) takes SBP and P,, as
inputs and generates heart rate (H) as the output. The model encoding
two control mechanisms, the baroreflex and RSA, has four major
components: /) an afferent baroreflex component, inspired by (42); 2)
a neural integration component combining aortic and carotid afferent
signals; 3) an efferent baroreflex component encompassing the baro-
reflex-mediated parasympathetic and sympathetic outflows; and 4) an
efferent respiratory component modulating parasympathetic outflow.
These components combine to determine H. The model developed
below has 6 interacting state variables with 26 parameters.

Pressure signals. Increased ITP and forceful exhalation character-
ize the VM. Previous studies have posed mathematical models for
inducing ITP by using a discrete step function (26, 40) or piecewise-
continuous functions (30, 59). In this study, we use the P, given in
Eq. 5. Since the arterial blood pressure data is from the finger (outside
the thorax), we assume that it does not account for effects of the
fluctuating ITP. Because the model is zero-dimensional (i.e., the
equations only depend on time), we neglect the reflected waves, which
augment arterial SBP (45). Therefore, we assign the continuous
interpolated SBP to be the blood pressure sensed by the carotid sinus
(P.). We assume the pressure exerted on the tissues as the thoracic
cavity inflates is negligible. Conversely, the aortic baroreceptors are
inside the thorax and do experience increased ITP. We express the
aortic blood pressure (P,) as the difference between the SBP and P,,.
These interactions are summarized with the following equations:

P, =SBPand P, = SBP — P,, (6)

where SBP denotes the interpolated SBP and Py, is as in Eq. 5.

Arterial wall deformation. HPBs are embedded in the tunica
externa of the arterial wall, surrounded by collagen fibers and sup-
ported by elastic laminae (7). Blood pressure and change in blood
pressure deform and distend the arterial wall, causing HPBs to fire.
Strain increases as pressure increases (72). Since HPBs are found in
both carotid and aortic regions with little to no variation between cells,
we model the arterial wall strain (g,,;) as

1+ e_‘Zw(Pj_‘Yw)

Ate WP’ @

where P; is the pressure sensed by the arterial wall for j = a or ¢ for
aortic or carotid, respectively. The parameters g,, (mmHg ') and s,,
(mmHg) denote the steepness and half-saturation value of the sigmoi-
dal relationship in Eg. 7. A (dimensionless) denotes the maximum to
unstressed cross-sectional area ratio (42).

High-pressure baroreceptor stimulation. Carotid baroreceptor
nerve fibers form bundles of myelinated and unmyelinated fibers
embedded in the collagen. As the vessel wall deforms, the HPBs
stretch and return to rest. Collagen gives rise to viscoelastic deforma-
tion (71). Given that the baroreceptor nerve endings are embedded in
collagen, it is natural to hypothesize that, due to their viscoelastic
nature, baroreceptor deformation exhibits hysteresis, i.e., the barore-
ceptors respond differently to an increase in wall strain as opposed to
a decrease (21).

To model this behavior, we compute baroreceptor strain (g,;) using
Voigt body elements represented by a dashpot and resistor in parallel,
mimicking the viscoelastic properties of the arterial wall (18). A
schematic of one Voigt body element is shown in Fig. 6, where the
Voigt body deforms due to pressure-dependent changes in arterial
wall strain €,,;. Inspired by previous studies (10, 42), we model the
stress-strain relationship for one Voigt Body element as

dsh,j
dr

n + W18 = o€y s (©))
where o (dimensionless) is the spring proportionality constant for the
spring in series with the Voigt body and m; (s) and w; (dimensionless)
are the dashpot and spring proportionality constants, respectively, for
Jj = c or a. Assuming pmo, wi, and 7; are not region specific, the
baroreceptor nerve fibers are inherently the same in both regions.
Similar to previous studies (10, 37, 40), we simplify Eg. 8§ by
combining parameters and obtaining a linear differential equation
predicting €, as a function of ¢, ; of the form

dsb,j _ — & + KhS

w,j
> 9
dt Tp ( )

where K, = uo/wi(dimensionless) and 7, = M1/, (s) are the gain and
time constant of the HPB strain, respectively.

|
|
m

wj

Hy

Fig. 6. Voigt body element of the baroreceptor strain (g;) for j = ¢ or a,
indicating carotid and aortic regions, respectively, as they deform due to the
arterial wall strain (e,,;). The baroreflex strain is predicted using one Voigt
body element and a spring in series with spring proportionality constants (o
and w1) and dashpot proportionality constant (7).
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Neural integration. Carotid baroreceptors transduce signals via the
glossopharyngeal nerve, and aortic baroreceptors transduce signals via
the vagal nerve (7). The nerves synapse in the nucleus of the solitary
tract, which integrates and transmits the signals to the appropriate
medullary region to elicit an efferent response (7). Little is known
about how the information from various regions of the vasculature are
integrated and whether the medulla prefers one signal type to another.
We do not model firing of individual neurons, but rather define neural
integration (n) as a convex combination of the transduced HPB signals
in response to the relative strain of each component, i.e.,

n=B(e,.— &) +(1—-B)(e,q—&ra), BE[O,1]. (10)

The model output depends solely on carotid HPB stimulation if B = 1
and aortic HPB simulation if B = 0.

Efferent baroreflex response. The nucleus ambiguus is the primary
determinant of the fast baroreflex-mediated parasympathetic response
(T,,»), sending efferent signals via the vagal nerve to the heart (7). The
rostral ventrolateral medulla governs the baroreflex-mediated sympa-
thetic response (7,) via the sympathetic ganglia chain to the heart.
Although previous studies have found an empirical sympathetic delay
of 1.7 s in dogs (5) and 1.06 s in rabbits (6), previous modeling studies
have used a 3- (40, 74) and 4-s (36) delay for humans. We chose to
remain consistent with these modeling studies, using a delay of 3 s.
T, arrives at the sinoatrial node much faster than T, and we assume
the delay in 7,,, is negligible. To maintain the inherent nonlinearity
and hysteretic behavior of the neural outflows, we employ sigmoid
functions of the form

1
G

pib = 1+ e_qp,b(”_sp.b) and GS -

T3y UD

where n (s~ ') is as in Eq. 10 and ¢; (s) and s; (s~ ') are the steepness
parameter and half-saturation value with / = p,b or s for parasympa-
thetic and sympathetic baroreflex effects, respectively. We compute
T,, and T, as the solutions to the first-order linear differential
equations

dT,, T+

dr Tf”h

K,,G,» dT, —T,t—D,)+KG,
and E = N
T.\‘

(12)

where K; (dimensionless) and 7; (s) are the gain and time constants. Dy
(s) is the delay in signal transmission of the sympathetic outflow. 7},
and T, are dimensionless quantities modeling the outflow of the
autonomic nervous activity in response to the afferent baroreflex firing
rate.

Efferent respiratory pathway. The control centers of the respiratory
muscles and heart rate are in close proximity in the brain stem and
interact strongly (64). One such mechanism is RSA, or heart rate
variability in synchrony with respiration (77). RSA is most prominent
at rest, mediated via the vagal nerve synapsing on the sinoatrial node
(78). Many factors influence RSA, one being LPBs known to modu-
late heart rate at rest (7). Note that LPBs do not give rise to RSA but
may modify its effects. LPBs deactivate during phases I and II,
reactivate in phase III, and help return heart rate to baseline in phase
IV. LPBs sense changes in central blood volume in the vena cava and
right atrium (7). However, because these volume measurements are
difficult to acquire without performing invasive experiments, we used
the ECG-derived respiratory signal in lieu of modeling LPBs explic-
itly.

The respiratory center receives stimuli from autonomic afferents
and the cerebral cortex. Therefore, respiration can be controlled both
voluntarily and involuntarily. Consequently, the model has a solely
efferent respiratory-mediated component, with Py, as the input, mod-
eled as a decreasing sigmoid to account for the saturation of the
thoracic pressure during large breaths in the form
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1

G -
P et sp)

(3)

where ¢, (mmHg ') and s, , (mmHg) are the steepness and half-
saturation value of the sigmoid, respectively. The respiratory-medi-
ated parasympathetic outflow (7}, ,) is the solution of the differential
equation

a7, - _ Tpr t Kp,er.r7 (14)
dr T

p.r

where K,, - (dimensionless) and 7, - (s) are the gain and time constants,
respectively. The respiratory center does relay sympathetic nervous
system signals, but these signals do not synapse on the sinoatrial node
(78). Therefore, a respiratory-mediated sympathetic efferent is not
included in this study.
Heart rate. Based on our previous studies (49-51), we model the
resting heart rate as a linear combination of the efferent responses as
H=H(1-H,,T,,+H,T, +HT,,) (15)
where H; (min~ ') is the intrinsic heart rate, H,, , and H, (dimension-
less) are scaling parameters for the baroreflex-mediated parasympa-
thetic and sympathetic heart rate components, respectively, and H,, ,
(dimensionless) is the scaling parameter for the respiratory-mediated
parasympathetic heart rate component. Previous models included a
multiplicative term, incorporating the cancellation that occurs with
both the parasympathetic and sympathetic baroreflex-mediated signals
(40, 51). However, simulations (not shown) indicate that this term
does not affect the model output substantially. The intrinsic heart rate
is the natural beating frequency of the denervated heart calculated as
a function of age (29). RSA-mediated parasympathetic activity only
acts to increase H, as resting expiration is passive; hence, the positive
sign before H,, , in Eq. 15. In response to a stressor, such as the VM,
the dynamic heart rate is the solution to the differential equation

dH —-H+H
—=—, (16)
dr Ty
where 74 (s) is the time constant for the response.

In summary, the model defined above is a system of stiff delay
differential equations of the form

& Hx(0). 1~ D) 0). (17)

P’,,TS,H]T denotes the vector of 6 model
states, D, denotes the discrete sympathetic delay, and §ER?® denotes
the vector of model parameters. The input of the model is the SBP and
P, signals, and the output for this model is the heart rate state H.
Nominal parameter values and initial conditions. The neural model
described above has a total of 26 parameters, including
0=[AB.KyK, ). K, .

T-
s qp,bv qP,rv s> Sw» sp,b’ Sp,r? Sss Hl’ Hp,b’ Hp,r’ Hsv Dsa tsv te]
(8)

where x = [sbm,sbya,prb,T

K T Tp s Tps T THs -

Table 3 summarizes the parameters and their descriptions, units,
source from literature (if applicable) and nominal values. For param-
eter values calculated from the data, we give the mean and one
standard deviation with the corresponding equation number. A de-
tailed discussion of nominal parameters assignments is in the APPEN-
piX. The parameters 7, and 7. come from the ITP data as the time points
of greatest ITP change. The nominal value for the neural scaling factor
B was set to 0.5, assuming the aortic and carotid signals are averaged
in the medulla. The sigmoid half-saturation values, s, Sp,», Sp,» and sy,
approximately correspond to baseline values. s, and s,, can be
interpreted as the baseline SBP and P,;, averaged over 15 s at rest. We
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Table 3. Summary of parameter values and their descriptions, units, source (if any), and nominal values

Source
Description and Symbol Units Mahdi et al. (42) Lu et al. (40) Ottesen (50a) Olufsen et al. (50) Wesseling and Settels (74) This Study
Cross-sectional area ratio (A) 5 5
Neural scaling factor (B) s ! 0.5
ODE Gains
Afferent baroreceptor (Kj) 1* 3.06* 0.1
Baroreflex parasympathetic (Kp,») 0.8* 1* 0.83* 5
Respiratory parasympathetic (K,,) 1.42 1
Baroreflex sympathetic (Ky) 1* 1* 0.48* 5
Heart rate gains
Intrinsic heart rate (Hj) min~! 35% 100 100 = 7 (All)
Baroreflex parasympathetic (H),5) 32% 0.45 0.5 £ 0.2 (A15)
Respiratory parasympathetic (Hp,,) 03 *04(Al4)
Baroreflex sympathetic (H;) 140* 0.99 03 *04AIH
ODE Time constants
Baroreceptor strain (7,) S 0.5 0.6 0.9
Baroreflex parasympathetic (7,5) s 1.8 1.32 1.8 1.8
Respiratory parasympathetic (7,,) s 6 6
Baroreflex sympathetic (7;) s 10 0.72* 10 10
Heart rate (1) S 1 0.5
Sigmoid steepness
Arterial wall strain (g.,) mmHg ! 5% 0.04
Baroreflex parasympathetic (gp») S 0.04* 10
Respiratory parasympathetic (¢,,) mmHg ! 1
Baroreflex sympathetic (gs) s 0.09* 10
Half-saturation values
Arterial wall strain (s,,) mmHg 145%* 123 = 20 (A9)
Baroreflex parasympathetic (sp5)  s~! 110%* 0.54 = 4e-4 (A10)
Respiratory parasympathetic (sp,) mmHg 4.88 = 0.21 (A9)
Baroreflex sympathetic (s) s1 100* 0.05 = 4e-4 (A10)
Sympathetic delay (Dy) s 3 6.12 3 3
Valsalva start time (7;) S data
Valsalva end time (z.) S data

An empty entry in the Units column indicates that the parameter is dimensionless. Some parameters are calculated a priori and the equation reference is
provided. Data refers to quantities extracted directly from intrathoracic pressure data. ODE, ordinary differential equation. *Parameter values from models that

are scaled differently than the model in this study.

calculated the baroreflex-mediated parasympathetic (s,,,) and sympa-
thetic (s,) baseline values under the assumption that at rest 80% of the
baroreflex control of heart rate is due to parasympathetic activity and
20% sympathetic activity (34). The sympathetic heart rate coefficient,
H;, can be determined from the maximum heart rate based on the age
of the subject (69). The initial conditions were solved analytically to
ensure the model began in steady state, since we assume that the
subject is at rest before the VM. Further information on calculations
of the initial conditions of the differential equations are in the
APPENDIX.

Numerical methods. The model was solved using the RADARS
algorithm, a stiff delay differential equations solver, in Fortran [de-
veloped by Guglielmi and Hairer (20)]. This system is stiff due to the
steep, fast-changing sigmoidal relationships given in Egs. 7, 11, and
13 and the time constants (T, Ty p, Tp,r Ts, and Ty) varying signifi-
cantly in magnitude. RADARS is an extension of Radau IIA methods,
which use explicit Runge-Kutta methods that are suitable for stiff
delay differential equation systems. This is a variable-step solver, in
which the solution is not necessarily computed at the same times as
the experimental data. Hence, the model output was numerically
interpolated at the time points of the heart rate data.

Model Analysis
We performed a local analysis on the model residual
H(t;:0) — Hyo(1) 1
r(1) =

Hdam(t_j) \/]T/

(19)

evaluated at known (nominal) parameter values (14, 15, 41, 42). Here,
H(t;; 0) and H44:4(;) denote the heart rate model output and data at time
t;, and N is the number of data points. Because of the variation in
magnitude of the parameters, we compute the sensitivity of the model
residual to the logarithm of parameter 6; at time ¢ as

_dr(r;)  d H(16) — 1L1da,a(rj)e _ dH(1;;0)  6;
v d log 6; - de; Hdara(tj) o do; Hdam(fj

(20)
which is dimensionless. To rank the parameters, we compute the
Euclidean norm on each column of §

si= ISl @n

and then divide all of the column indices by the maximum value, i.e.,
the most influential parameter has sensitivity 1 (Fig. 7). The integra-
tion tolerance for these models was set to @ = 1075, The most

sensitive parameters are above the sensitivity threshold 10\/; =
1073 (58).

Many methods exist to perform subset selection identifying a set of
uncorrelated parameters that can be estimated given a model and data.
Local methods include the structured correlation method (49), sub-
space selection (66), and singular value decomposition followed by
QR factorization (SVD-QR) of the Fisher Information Matrix
F = S7S (49). In this study, we use the structured correlation method
to determine a correlation-free subset, which we subsequently verify
using the SVD-QR decomposition of F. We compute the covariance
matrix C = (§7S) ! with corresponding correlation matrix ¢ as
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Fig. 7. Ranked relative sensitivities for all parameters excluding the start (z;) and end (7.) Valsalva maneuver times. The most sensitive parameter is on the left,
and the sensitivities decrease accordingly. All parameters are above the sensitivity threshold of 1073, A, cross-sectional area ratio; B, neural scaling factor; Dy,
sympathetic delay; H,, intrinsic heart rate; H,,», baroreflex parasympathetic gain controlling heart rate; H, ,, respiratory parasympathetic gain controlling heart
rate; Hy, baroreflex sympathetic gain controlling heart rate; Kj, afferent baroreceptor gain; Kj, », baroreflex parasympathetic gain; K, -, respiratory parasympathetic
gain; K, baroreflex sympathetic gain; g, », baroreflex parasympathetic sigmoid steepness; g, respiratory parasympathetic sigmoid steepness; ¢, arterial wall
strain sigmoid steepness; gs, baroreflex sympathetic sigmoid steepness; s,,5, baroreflex parasympathetic half-saturation value; s,, , respiratory parasympathetic
half-saturation value; sy, baroreflex sympathetic half-saturation value; s,,, arterial wall strain half-saturation value; 7,, baroreceptor time-scale; 7),;, baroreflex
parasympathetic time-scale; 7, ., respiratory parasympathetic time-scale; 7x, heart rate time-scale; 7,, baroreflex sympathetic time-scale.

C .
1]

Cij= —  /—/— (22)

"o,

to determine a subset of parameters to fit H to the heart rate data. With
a covariance threshold of Ic;;l = 0.95, we obtained a subset of
uncorrelated parameters

0 = [B. Ty Ty T Hy o H, . Hy ], (23)

which was verified using the SVD-QR decomposition of F (é) =S

(G)TS (9) Because these methods are local (they analyze correlations
at known parameter values), we use a Bayesian approach to verify the
subset over the entire parameter space. This is done by mapping
pairwise parameter distributions estimated using the delayed rejection
adaptative metropolis (DRAM) algorithm (22) (described in the
APPENDIX). The tables for parameter values for all data sets may be
accessed in the Supplemental Material (All Supplemental Material is
available at https://doi.org/10.5281/zenodo.3234934). Parameters that
hit their bounds are marked with an asterisk.

We estimated 6 using nonlinear least squares optimization because
the problem is nonlinear with respect to the parameters. To estimate
the parameter subset, we minimize the least squares cost functional

max H(1;:0) — max Hy,,(1;) \ >
J=rTr+ I I s
mgx H data(t J
J

where r is the residual vector given in Eq. /9 and the second term
ensures that the maximal heart rate is predicted accurately. To account
for the wide variation in magnitude of the parameters and ensure
positivity, we optimized the logarithm of the parameters. We used a
Levenberg-Marquardt scheme by Kelley (32). A more detailed de-

scription of the model analysis is included in the APPENDIX.

Characteristic VM. Because almost every subject has multiple
viable VM data sets, we identify a ‘characteristic VM’ defined as the
VM with estimated and calculated parameter values closest to the

(24

intrasubject mean for the subject. The following algorithm determines
the characteristic VM for each subject:

1. For each viable VM data set j of the ith subject, we consider the
subset

@i’j = [ér, Syr Spopo ﬁ:lT

=18 Tp.b> Tp.rs Tss Hp,b’ Hp,r’

—1T
HyspspmH] s (25)

which includes the optimized parameter set 6, the baseline blood
pressure and Py, values (s,, and s,, ), and the baseline heart rate

(ﬁ). Sys Sp,r» and H are used because they are calculated directly
from the data and are patient specific. If an optimized parameter
hit a lower or upper bound, that value was excluded. We

calculate the intrasubject means of these parameters, ©;.

2. Because the parameters vary in scale, we compare the logarithm
of the parameters. We determine which VM data set is charac-
teristic for that subject by

min [[log®, — 1og®, ;. (26)

J
3. The viable VM data set with O, ; closest to the mean is the
characteristic VM for that subject.

RESULTS

We have validated our model against 34 control subjects and
5 AD patients with V behavior categorized by Palamarchuk et
al. (52). For each subject, we fitted the model to every VM data
set and identified a characteristic VM. We used the Levenberg-
Marquardt optimization algorithm (32) to estimate the identi-

fiable parameter subset 6 given in Eq. 23, minimizing the least
squares error given in Eg. 24. Table 4 lists the population
means and SDs of the clinical ratios for the control subjects,
calculated from the characteristic VM for each subject, and the
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Table 4. Clinical ratios for the control group and the 5
patients with autonomic dysfunction

Clinical Ratios

a B Y

Control (34 subjects) 5+3 15£13 1.7+ 04
Patient

1 —0.6%* 19 2.3%

2 0* 3 1*

3 0* 13 1.1%

4 0* 18 1*

5 0.5% 3% 1%

Values are means and SDs. Pathologies are listed in Table 1. «, adrenergic
function from the slope of the systolic blood pressure in phase II (a novel
index); 3, baroreceptor sensitivity; y, Valsalva ratio. *Clinical ratio is outside
of 1 SD.

clinical ratios for each AD patient. Table 5 lists the population
means and SDs for the estimated parameter values for the
control subjects along with the values for the 5 AD patients.
Model fits and predictions for each data set are given in the
Supplemental Material (available at https://doi.org/10.5281/
zen0do.3234934).

To test identifiability of the parameters in subset 6, we
varied the nominal parameter values in Eg. 2/ by * 20% for
10 optimization iterations for control subject 2. The mean (w)
and SDs (o) were calculated across the iterations. The coeffi-

cient of variation o/p for each parameter in subset 6 did not
exceed 0.14 (results of the convergence analysis can be found
in the Supplemental Material). This was performed on the
characteristic VM for each subject with similar results, indi-
cating the scheme had reached an individual minimum.

Sensitivity Analysis

Qualitative behavior. Figure 7 displays the model perfor-
mance (computed with optimized patient-specific parameters)
for a representative control subject (subject 2) and all 5 AD
patients. Figure 8 displays the input signals SBP and Py,
(column 1, row 1) used to distinguish the afferent HPB strains
of the carotid sinus (dark curve) and aorta (light curve) (col-
umn 1, row 2). These signals modulate the efferent baroreflex-
mediated parasympathetic (7}, 5, dark curve) and sympathetic
(T, light curve) responses (column 1, row 3). The ordinates of
the plot can be interpreted as a percentage of the autonomic
outflow. Column 1, row 4 displays the respiratory-mediated
parasympathetic outflow (7}, ). The model output H (gray) is

MODEL OF AUTONOMIC FUNCTION RESPONSE TO VALSALVA MANEUVER

effectively calibrated to the heart rate data (black) both at rest
and during the VM (column 1, row 5). The large oscillations in
the heart rate data are due to deep inhalations of the subject
before the VM, which are captured by the respiratory model
component. All signals begin in steady-state when the subject
is at rest. Since the model output is continuous and the data are
discrete, inevitably there will be discrepancies between each
individual heart period and the model output.

The 5 AD patients all have different pathologies, noted at the
top of columns 2—-6, that result in different control responses
from the baroreflex and RSA. Patient I is diagnosed with
POTS, as shown with the substantial increase in heart rate. By
comparing column 1 row 3 (control) to column 2 row 3
(POTS), the model predicts overactive parasympathetic and
sympathetic behavior. 7),,, (dark curve) oscillates significantly
more at steady state and decreases to zero during the VM. T
(light curve) increases substantially during late phase II of the
VM, then decreases sharply in phase III, and undershoots in
phase IV. Dynamic regulation from RSA is minimal (column
2, row 4), as T),, is a smooth curve with minor fluctuations.

In comparison, patients 2—5 (columns 3—6, row 3) have a
suppressed parasympathetic response to the control subject and
patient I (columns 1 and 2, row 3). Because these patients are
much older than the control subject and patient 1, they are
expected to have decreased 7}, , activity (55). The traces for T
behave similarly to the control subject. This is surprising,
especially for patient 5, as PAF typically displays substantial
adrenergic sensitivity (9). These results suggest that for these
patients there is a substantial decrease in parasympathetic
activity, whereas their sympathetic activity to the sinoatrial is
normal.

Similarly, we expect T}, . (the respiratory outflow) to exhibit
minimal dynamics. However, for patients 3, 4, and 5, T, ,
fluctuates similar to the control subject. The trace for 7}, must
be taken in conjunction with the RSA gain for the heart rate
H, , (Table 5). Even though 7}, , is dynamic for patients 3, 4,
and 5, H, ,is 0.02, 0.09, and 0.03, respectively, indicating little
to no effect of RSA on heart rate. Hence, the model is able to
produce a trace for RSA, which can represent respiratory
effects in these patients that are not reflected in the heart rate.

Quantitative Results

Clinical ratios. Table 4 lists the means and SDs of the
clinical ratios for the characteristic VMs for all 34 control
subjects and 5 AD patients. To test if extracted clinical ratios
vary with age or sex, we divided the control group by sex (male

Table 5. Cost functional and estimated parameter values for the characteristic Valsalva maneuver for 34 control subjects

and 5 patients with autonomic dysfunction

Cost Estimated Parameters
J(1073) B Tp.b Tp.r Ts H,» Hp., Hy
Control (34 subjects) 8§£5 0.4 *+0.3 6.5 5.7 9.6 = 10.8 14 =8 05*+02 03*+0.2 03*+02
Patient
1 12 0.04* 0.2% 47%* 5 0.4 0.05% 0.1
2 0.5 0.5 17+ 41%* 36%* 0.5 0.4 0.5
3 0.4 0.5 13* 2 16 0.2% 0.07* 0.1
4 0.2 0.5 2 4 13 0.1* 0.09* 0.3
5 0.6 0.09%* 23%* 4 37* 0.4 0.03* 0.3

Values are means and SDs. Pathologies are listed in Table 1. *Parameter value is outside of 1 SD.
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Fig. 8. Data, model fit, and model predictions for control subject 2 (column 1) and the 5 patients with autonomic dysfunction (columns 2—6). Each column is
designated with their particular pathology: postural orthostatic tachycardia syndrome (POTS), orthostatic hypotension (OH), Parkinson’s disease (PD), and pure
autonomic failure (PAF). Row 1: the inputs with the interpolated systolic blood pressure (SBP, mmHg) plotted from the left y-axis and thoracic pressure (P:;)
plotted from the right y-axis. Row 2: predicted baroreceptor strain for the carotid (dark curve) and aortic (light curve) baroreceptors. Row 3: efferent baroreflex
response signals for the parasympathetic (7,5, dark curve) and sympathetic (7%, light curve) outflows. Row 4: efferent respiratory response (7),,). Row 5: model
fit (gray) to heart rate data (HR, black). The phases of the Valsalva are designated with alternating gray and light gray boxes. The vertical dashed line delineates

between early and late sections of phase II. bpm, beats/min.

vs. female) and age (=40 yr vs. >40 yr). No statistical
differences were detected when accounting for sex, age, or
their interactions via a two-way ANOVA (results not in-
cluded). Thus, the analysis in this study includes all control
subjects in one group. The mean value for 3 agrees with
normal baroreceptor sensitivity indices for control subjects in
previous studies (31, 48). The mean value with 1 SD for the
Valsalva ratio vy also agrees with previous standards (47).

All 5 AD patients were chosen because they exhibit V
behavior, which we quantify by a value of @ << 1. Because
there was no monotonic increase of SBP back to baseline for
patient 1, the regression was done over the entire late phase II
interval, yielding a negative a value (« = —0.6). Patients 2—4
show no change in SBP in late phase II (o« = 0). For Patient 5,
a = 0.5 remains below 1 SD of the mean of the control
subjects.

The baroreflex sensitivity index f3 is within normal range for
patients 1, 3, and 4. Patients 2 and 5 are also within normal
range but an order of magnitude smaller (3 = 3) than the mean
of the control subjects. This is to be expected for patients with

OH, as the change in heart rate is small in relation to the
change in SBP.

The Valsalva ratio vy for patient 1 was greater than the mean
of the control subjects, indicating a substantial drop in heart
rate from phase III to phase IV. This is to be expected for
patients with POTS, as the heart rate has increased significantly
during the VM. Patients 2—5 show vy ~1, indicating abnormal
behavior with little to no change in heart rate in the late phases
of the VM.

Estimated parameter values. Table 5 displays the mean and
SD of the nonlinear least squares cost and estimated parameters
of the characteristic VM for all 34 control subjects and 5 AD
patients. Again, no statistical differences were detected via a
two-way ANOVA accounting for sex and age (results not
included). No correlations were found between the clinical
ratios and the estimated parameters, which is to be expected
because the model is not informed by the clinical ratios. Also,
no correlations were found between the calculated parameters
in Table 3 and the clinical ratios. This is surprising because we
expected the parameters calculated directly from the data to
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correlate with the ratios. This could be due to the fact that the
clinical ratios reflect transient changes in heart rate and blood
pressure, whereas the calculated model parameters are deter-
mined from baseline values. The Valsalva ratio in particular is
not dependent on baseline values (16). The following para-
graphs describe the results from the estimated parameters and
the predicted autonomic function of each patient. Table 6
summarizes these results, with arrows signifying either an
increase or decrease in function.

For Patient 1 (POTS), the optimized B value was an order of
magnitude smaller than the mean of the control subjects,
determining that the aortic baroreceptors contribute the most to
the heart rate. The time-scale 7,, is an order of magnitude
smaller than the mean of the control subjects as well, signify-
ing an overactive baroreflex-mediated parasympathetic out-
flow. The time-scale 7, is outside of 1 SD of the mean of the
control subjects, indicating increased sympathetic outflow,
whereas H; is within its normal range. The combination of
these parameter values implies an increased parasympathetic
and sympathetic outflow to the sinoatrial node, which contra-
dicts our hypothesis of diminished parasympathetic and sym-
pathetic activity due to the baroreflex. This is surprising be-
cause the V behavior is typically seen in subjects with adren-
ergic failure. H, , associated with RSA is approximately zero,
signifying that the effect from RSA is negligible for this
subject.

Patients 3 and 4 (PD) have parameter values that fall in
similar ranges. The parasympathetic parameters, H,,;, and H, ,,
are outside of 1 SD of the mean of the control subjects. This is
to be expected because PD tends to drastically affect the
parasympathetic nervous system, whereas declines in sympa-
thetic activity occur much later. These subjects also do not
coincide with the hypothesis for the V behavior, as only the
parasympathetic activity has decreased but the sympathetic
activity is within normal range.

The parameter values for patient 2 (OH) and patient 5 (PAF)
fall in ranges that are indicative of their diagnoses. The B value
is an order of magnitude smaller than the mean of the controls,
skewing the effect of the baroreceptors on the heart rate to the
aortic arch. For patient 5, H,, is lower than 1 SD from the
mean, indicating little to no effect of the parasympathetic
outflow on heart rate from RSA. Furthermore, 7; is very large
for both (7, > 30) relative to the control subjects, indicating a
much longer effect of the sympathetic control on heart rate.
The combination of these parameter values signifies the dys-

Table 6. Relative autonomic activity of the 5 patients with
autonomic dysfunction exhibiting V behavior compared with
the control subject

Patient

1 2 3 4 5
Baroreflex
Parasympathetic (T},5) 1 | | ! !
Sympathetic (7%) 1 ! !
RSA
Parasympathetic (7}, | ! | ! !
Agree with V hypothesis? N Y N N Y

Blank spaces indicate no change. N, no; RSA, respiratory sinus arrhythmia;
Y, yes.
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function of both the parasympathetic and sympathetic path-
ways, which agrees with our hypothesis of the V behavior.

DISCUSSION

This study presents a mathematical model of autonomic
nervous control of heart rate before, during, and after the VM
through two control mechanisms: RSA and the baroreflex.
Because autonomic activity is difficult to measure in vivo and
therefore must be analyzed indirectly, modeling sympathetic
and parasympathetic signals yields both a quantitative and
qualitative assessment of autonomic function. The model, in
conjunction with parameter estimation, fits many different
kinds of heart rate responses to the VM. The model was
effectively validated against 34 control subjects and 5 AD
patients, varying widely in age and baseline blood pressure and
heart rate values. Several other studies have attempted to
model the VM (10, 26, 30, 37, 40, 59). However, our model
provides novel facets, such as the inclusion of two input
signals, SBP and P,,; the delineation between the aortic and
carotid baroreceptor centers; the combination of both the ITP
and the respiratory signal to determine P,,; and the incorpora-
tion of a sympathetic delay. The estimated parameters can help
explain and differentiate etiologies for AD pathologies not
captured by the data and/or clinical ratios alone. In summary,
the model (in conjunction with parameter estimation) supple-
ments existing data analysis protocols by providing time series
for various neurological pathways and interpretable parameter
values for disease classification.

Neural Signals

Because fluctuations in SBP affect parasympathetic outflow,
we expect the baroreflex-mediated parasympathetic outflow
(T,,») to oscillate with SBP at rest if large changes in SBP
occur. During the VM, T, ;, accurately depicts parasympathetic
withdrawal in phase II; a second, less dramatic parasympa-
thetic withdrawal in phase III; and an overshoot in phase IV,
known to occur in control subjects (60, 65). The model cap-
tures all of these behaviors for the control subject. The sym-
pathetic outflow should remain relatively constant, or with
minor oscillations, at rest. During the VM, the decrease in
blood pressure sensed by the HPBs activates the sympathetic
nervous system. 7 accurately exhibits a delayed increase in
sympathetic activity in phase II and delayed decrease in activ-
ity through phases III and IV. The model in conjunction with
parameter estimation depicts all of these behaviors. In Fig. §,
T}, does not fluctuate as dramatically for patients 2-5 as it
does for the control subject, whereas T follows a similar
trajectory as the control subject. Because the baseline barore-
flex-mediated parasympathetic control and baroreflex-medi-
ated sympathetic activation are both known to decline with age
and disease (44), the model distinguishes between these dif-
ferences. However, because our study does not include data for
elderly control subjects, we currently cannot differentiate be-
havior attributed to age or disease.

Inclusion of Aortic and Carotid Bodies

Our study supports the hypothesis that the baroreceptors of
the aortic body are necessary to calibrate the model for each
subject and effectively capture the VM behavior. Although the
values vary widely between subjects, the neural scaling factor
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B has a mean value of 0.4 = 0.3 s~ for the control subjects,
skewing toward the aortic baroreceptors. Kosinski et al. (35)
showed that in their model the combined effects of both the
carotid and aortic baroreceptor regions is necessary to capture
the dynamics of the VM. Our study not only agrees with this
finding but emphasizes that the aortic baroreceptors may play
a larger role than previously thought in the VM.

Role of Respiratory Sinus Arrhythmia

Figure 9 displays the optimized fit of the model output for
the baroreflex-only (dotted curve) and the joint baroreflex-RSA
output (solid gray curve). At baseline, the efficacy of the model
fit to the heart rate data depends strongly on RSA, which
coincides with previous studies (4, 13). By incorporating RSA,
these oscillations can be effectively captured. During the VM,
the baroreflex-only and joint baroreflex-RSA model outputs fit
the data well in late phase II and phases III and IV. However,
it should be noted that the discrepancy in phase I and early
phase IT implies that the baroreflex-only signal cannot simulate
the initial heart rate drop caused primarily by the sharp inspi-
ration. This discrepancy also occurs in the heart rate fits to data
in Kosinski et al. (35). With the inclusion of RSA, our model
can capture this sudden drop in heart rate.

Clinical Ratios

The clinical ratios «, 3, and y were presented in this study.
A novel component of our analysis is the definition of the index
«, the slope of the increase in blood pressure during late phase
I, as a measure of sympathetic nervous activity. In the original
study by Korner et al. (34), it was shown that the late phase
blood pressure increase depended solely on sympathetic activ-
ity. To our knowledge, no other studies have used « to
approximate sympathetic function. Although o may be af-
fected by an increased cardiac output in late phase II due to the
stabilization of stroke volume at a lower level, we propose that
« relates to the effectiveness of the sympathetic response to
SBP recovery. The 5 AD patients display little to no ability to
recover baseline SBP during late phase II (a =~ 0 as shown in
Table 4). Increased arteriolar resistance due to sympathetic
activation largely contributes to the return of SBP to baseline
in late phase II and the overshoot in phase IV (60). Thus, in the
absence of sympathetic activation, the peripheral resistance
does not increase and as a result SBP does not return to

0 10 20 30 40
Time (sec)

Fig. 9. Respiratory sinus arrhythmia (RSA) effects on the model output for the
baroreflex-only (dashed curve) and the joint baroreflex-RSA (solid gray curve).
Bpm, beats/min; HR, heart rate.
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baseline, leading to a =~ 0. This analysis supports the use of «
as an indicator of sympathetic function.

The values of 3, the baroreceptor sensitivity, for patients
1—4 are within normal range, whereas patient 5 has a signifi-
cantly diminished value. Although this index is common (31,
56, 68), interpretation of the ratio is inconclusive. Because this
index is a ratio of R-R interval to SBP, various factors can
contribute to lower or higher 3 values. For example, a low 3
value could be the result of a marginal change in R-R interval
from phase III to phase IV, which could be due to a decrease
in parasympathetic outflow; a drastic SBP overshoot in phase
IV, which could be due to a substantial and sustained increase
in sympathetic outflow; or a combination of these. Because of
the ambiguous nature of this index, we recommend using the
parameters estimated from the proposed model in this study to
supplement the explanation of 8 value. We expound on this
notion in the next section.

The Valsalva ratio vy typically associated with vagal function
is abnormal when y = 1.1 (16). We observe what is tradition-
ally determined as ‘abnormal’ behavior for patients 2—5, but vy
is very high (y = 2.3) for patient 1 (POTS) and outside of the
normal range. Expanding on the definition of abnormal vagal
behavior using this index would be very useful clinically. We
propose the following delineation for clarity and ease of use:

e v = 1.1 — abnormal with diminished parasympathetic
activity;

e 1.1 <y =2 - normal range;

e vy > 2 — abnormal with overactive parasympathetic
activity.

Model-based Analysis of Autonomic Dysfunction

As discussed in the previous section, 3 describes the rela-
tionship between changes in R-R interval and SBP but does not
explain how those changes arise. Abnormally low or high
values of B could be the result of many combinations of
parasympathetic and sympathetic dysfunction (68). Further-
more, 3 could be within the normal range but only describes that
the compensatory decrease in heart rate is proportional to the
overshoot in SBP. Employing the estimated parameters deter-
mined by the methods introduced in this study in comparison to
the B value would greatly enhance the interpretative power for
these patients. The following discusses each AD patient and
compares their clinical ratios to the estimated parameters. Table
6 tabulates the relative parasympathetic and sympathetic re-
sponses of the AD patients to the control subjects.

Patient 1 (POTS) has a large increase in heart rate in relation
to the SBP overshoot, yielding a B value within normal range
and a high <y value. POTS is known to occur without orthostatic
hypotension, which is not observed in this patient (43). Al-
though B is normal, this patient clearly has an abnormal VM
trace given the V behavior and an increase in heart rate of =30
beats/min. To characterize the AD contributing to this abnor-
mal behavior, estimated model parameters show overactive
baroreflex-mediated parasympathetic (low 7, , and normal H,,;,
values) and sympathetic (low Ty and normal H; values) out-
flows. Therefore, this patient experiences abnormal changes in
the activity of both autonomic sectors to the sinoatrial node,
contributing to the substantial increase in heart rate.
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Patients 2 (OH) and 5 (PAF) maintain a high blood pressure
with a sharp decline during the VM without a substantial
compensatory heart rate increase (a key factor in their diagno-
ses) (43). Although the B value for these patients is low, it is
still within normal range. The estimated parameters for patient
2 show that all time-scales have increased substantially (high
Tp,b> Tp,r» and Ts values) with normal heart rate gains (H,, 5, H), ,
and Hy). These indicate that the baroreflex tone has signifi-
cantly decreased for this patient for both parasympathetic and
sympathetic branches. Patient 5 displays increased 7, and 7
values, indicating decreased parasympathetic and sympathetic
outflow due to the baroreflex, respectively. Furthermore, pa-
rameters associated with RSA control are outside of their
normal range (high 7, . for patient 2 and low H,, , for patient 5),
decreasing the effect of 7),, on heart rate, which occurs with
age (77). The etiologies for these patients coincide with the
hypothesis of the V behavior.

Patients 3 and 4 (PD) both have normal B values while
exhibiting almost no change in heart rate in phase IV (y = 1)
and the V behavior. In regard to the estimated parameter
values, both patients show decreased parasympathetic activity.
Patient 3 has a high 7,, with low H,,;, and H,, ,, and patient 4
has low values for heart rate gains H,,;, and H,,,. Therefore,
both PD patients exhibit impaired vagal function for both the
baroreflex and RSA, whereas adrenergic function operates
normally (7 and H, within normal range). This coincides with
PD patients who experience orthostatic hypotension without
orthostatic intolerance (54). Hence, the sympathetic outflow for
the PD patients may still affect heart rate but not blood
pressure. Further investigation is required to substantiate this
hypothesis.

The different causes eliciting the V response for these 5 AD
patients leads us to conclude that the hypothesis for the V
behavior should be expanded. Pattern recognition alone is not
sufficient to explain the etiologies for each of the patients;
therefore, we can develop subcategories that encompass these
explanations. Further investigation into this phenomenon with
a larger cohort of subjects exhibiting the V behavior is needed
to develop these subcategories.

Model Limitations

ITP data was not recorded for the 5 AD patients. We used
Eg. 5 to obtain an ITP signal, assuming that they maintained an
expiratory force of 40 mmHg throughout the breath hold.
Moving forward, we suggest the inclusion of time-varying
measurements of ITP in all protocols examining the response
to the VM. We computed an ECG-derived respiratory signal in
lieu of respiratory data, which was not collected for the data
analyzed. Because the model uses only the SBP as an input, the
Voigt body of Eg. 9 truly responds to the systolic max arterial
wall strain, due to the interpolation of the SBP as a continuous
input. In actuality, these Voigt bodies respond to the continu-
ous pulse pressure throughout the cardiac cycle. We do not
explicitly model action potential generation but rather a col-
lective neural outflow of the baroreceptors in response to the
SBP. The model may benefit from a more explicit neuron
model, but this may induce unnecessary complexity by signif-
icantly increasing the number of model states and parameters.

An important control mechanism activated in response to the
VM is the explicit effect of LPBs, which sense changes in

MODEL OF AUTONOMIC FUNCTION RESPONSE TO VALSALVA MANEUVER

central blood volume in the vena cava and right atrium junc-
tions. The effect of these baroreceptors is difficult to model
without either available data for right atrial volume/pressure or
the use of a closed-loop cardiovascular model coupled to the
presented neurological model. We plan to couple these models
in a future study.

The conclusions made in this study are limited by the
relatively small group of control subjects. Although these
individuals do not exhibit AD in response to the VM, they may
experience other conditions not accounted for in this study.
Although we used the patients with AD as a mode of compar-
ison to the control subjects, we are limited by the availability
of patients that exhibit the V behavior. We would benefit from
a larger patient cohort with which to perform a more extensive
statistical analysis.

Conclusions

This study proposes a mathematical model of respiratory
sinus arrhythmia and the baroreflex in response to the Valsalva
maneuver. The model uses SBP and thoracic pressure inputs to
delineate the aortic and carotid baroreceptor centers. The
model is calibrated to a measured heart rate, simultaneously
providing an approximation of respiratory-mediated parasym-
pathetic activity and baroreflex-mediated parasympathetic and
sympathetic nervous activity, which cannot be measured non-
invasively. Our model performs very well and was validated
against 34 control subjects and 5 AD patients. We emphasize
the necessity of modeling the two baroreceptor regions to
accurately depict the dynamics during the VM, the efferent
respiratory pathway to indirectly model effects of low-pressure
baroreceptors during the VM, and the delay in sympathetic
nervous activity. We have also introduced a new index «,
which quantifies the sympathetic gain in late phase II of the
VM. Furthermore, our results support that the categorization of
the V behavior should be divided into subcategories based on
the etiology described by the estimated model parameters. We
have found no correlation between the clinical ratios studied
and the model outputs, indicating that the model includes
quantities not measured by these clinical ratios. In summary,
this model in conjunction with parameter estimation can be
used to effectively analyze autonomic cardiovascular control.

APPENDIX

Model Development

Initial conditions. The initial conditions were calculated analyti-
cally using the SBP, thoracic pressure (P;;), and heart rate data values
at the initial time point 7. The model was parameterized to ensure it
began in steady-state conditions. The initial conditions for the arterial
wall strain for both the carotid and aortic regions are

1+ equ(Pr(rO)i‘Yw)
EW’C(tO) =1- A + e (Pt =5y)

(AD)

and

1+ equ(Pu(tU)f“'w)
Sw,a(to) =1- A+ e W (PaClo) =5y)° (42)

which yields the initial conditions for the baroreceptors
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&y (t0) = Ky, j(10), (A3)

where j = c or a for carotid and aortic, respectively. The initial neural
integration is

n(tO) = B(Sw,C(tO) - Sb,C(tO)) + (1 - B)(aw,a(zo) - sb.a(to))'
(A4)

The initial condition for the baroreflex-mediated parasympathetic
outflow is

K,

— _ 14
= Kp1Gp10) = T =0 enc

T, (1) (A5)

and the history for the delayed sympathetic outflow is set constant to
the initial condition

K

s

T.\‘(l()) = Ksz(lo) = 1+ oG5 (46)

for simplicity. The initial condition for the respiratory-mediated para-
sympathetic outflow is

K

p.r
1+ eqp,r(Pfh(tO)_Sp.r) ’ (A7)

T,.to) = Ky,/Gy (10) =

The initial condition for the heart rate ordinary differential equation is

H(t()) = Hdata(t()) . (A8)

Nominal Parameter Values

Some parameters are calculated a priori to calibrate the model to
each individual subject. The half-saturation values of the sigmoidal
relationships for the arterial wall strain, s,,, and the efferent respiratory
pathways, s, -, can be interpreted as the baseline SBP and baseline P,
respectively, calculated as the average value over 15 s of rest, i.e.,

s, = Pands,, = Py (A9)
The half-saturation values of the baroreflex-mediated parasympathetic
and sympathetic sigmoids, s,,, and s,, are calculated assuming that the
parasympathetic activity contributed 80% of the baroreflex control of
the heart rate at rest and the sympathetic activity contributed 20% (11,
62). We chose the 80:20 ratio so as to account for the tremendous
variation in the subjects’ ages and the variegated data itself, especially
because sympathetic nervous system activity at rest generally in-
creases with age (27). The bars in the following calculations indicate

average values calculated from the SBP, P, and heart rate data (17,

ﬁ,h, H). The half-saturation values are as follows:

1+ e*qw(P,'*Sw

— >
A+ e a(Pis,

1 b 1 K,
spp=f+ —In[ — —1|ands;=7— —In[ = — 1],
dp.b T, b qs T

' (AI0)

where fp’b =08,7,=02,andj = c or a.
We calculate the intrinsic heart rate, H;, as a function of age,

H,= 118 — 0.57age (A1)
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(29). We calculate the sympathetic coefficient for heart rate, H,, by
determining the maximal heart rate possible based on age using the
equation from Tanaka et al. (69),

H,y; =208 — 0.7age. (A12)

To attain the maximal heart rate, we assume sympathetic activity
should be at its highest value and parasympathetic activity at its
lowest value, i.e., G, = G, = 0 and G, = 1. Then,

1 (Hy
HM=H,(1+HSK5):HS=E — 1. (A13)

H,

s

The nominal value for the respiratory-mediated parasympathetic scal-
ing factor for heart rate, H,, ,, is calculated by finding the largest value
in the heart rate data due to respiration during rest, Hg s, and the
lowest value, Hg», i.€.,

(Al14)

where ]_"I,,, is the steady-state respiratory-mediated parasympathetic
outflow set at 0.5 s~ '. The baroreflex-mediated parasympathetic

outflow parameter is reverse-engineered from the resting heart rate

equation using the baseline heart rate, H, which yields

H _ _
1= [__II + Hp.er,r + HsTx
Hp,b = —

Tp,b

(AI5)

Model Analysis

Sensitivity analysis. We conducted a local sensitivity analysis, as
discussed in the Model Analysis section, by computing the sensitivity
matrix S (Eq. 20) and ranking the parameter indices s (Eq. 21). We did
not include times extricated from data, #, and t., in the sensitivity
analysis. Naturally, the model is very sensitive to changes in these
parameters, but we set them constant to ensure patient specificity.
Thus, we only consider 24 parameters in the sensitivity analysis (Fig.
7). All of the parameters were above the sensitivity threshold of 1073,
We determined s, 5, Sw, Hy, and A were the most sensitive parameters.
Since these parameters are highly sensitive, small fluctuations cause
large changes in the model output. Changes in the least sensitive
parameters, ¢, and 7,, show a negligible change in model output.

Correlation analysis and subset selection. We performed a local
correlation analysis to determine possible pairwise correlations be-
tween sensitive parameters. Following Olufsen and Ottesen (49), we
compute the correlation matrix ¢ (Eq. 22), which is symmetric where
lc;il =1 and lc;;l = 1. We analyzed pairwise correlations between
only a subset of parameters. The sigmoid half-saturation values, s,,,
Sp,rs Sp,p, and s, are calculated as shown above. The half-saturation
values are difficult to optimize, as the optimized result can force the
model to produce a linear relation where nonlinearity occurs physio-
logically. Estimating the sigmoid steepness parameters, ¢, qp,r» Gp,i»
and ¢,, poses similar challenges by producing neural signals that are
not physiological. Thus, we left these parameters fixed. As with the
sensitivity analysis, we excluded the time parameters from the corre-
lation analysis.

The subset of parameters for consideration for the structured
correlation analysis includes

D>

=[A,B, K\, K, . K

psr

»H, . H,D]"

Kw Ths Tp,h’ Tp,n Tss TH> HI’ H p.re
(A16)

p

This method works by computing a correlation matrix ¢ (Eq. 22) and
identifying parameters with a correlation coefficient Ic; ;| = 0.95. We
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fix the least influential parameter (determined by the local sensitivity
analysis) at its nominal value and repeat the analysis until we obtain
a subset free of pairwise correlations. This analysis yields

6 = [Bs Tp,bs Tp,r> Tes H;,bs Hp,r? H,v]T9 (A]7)

);

in which the parameters are above the sensitivity threshold and are not
pairwise correlated. Furthermore, we confirmed this subset was cor-
relation-free with a global sensitivity analysis using DRAM. DRAM
combines the delayed rejection and adaptive metropolis algorithms to
improve the efficiency of the Metropolis-Hastings algorithm (22).
Although correlation analysis is far less computationally expensive
than DRAM, it only calculates a first-order linearization of the
parameter interactions and therefore does not take into account the
higher order parameter interactions. In this regard, DRAM is much
more suited for capturing the nuances of nonlinear parameter inter-
actions and ensures our subset was identifiable. Moreover, we con-
ducted a cross-validation of the parameters by altering the nominal
parameter values and reoptimizing. We then analyzed 10 reoptimiza-
tion iterations and found that the coefficient of variation (o7 for o the
SD and w the mean) was o/u < 0.15 for all parameters in this set.
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