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BACKGROUND: Although a rapid rise in left atrial pressure during exertion is considered pathognomonic of heart failure with
preserved ejection fraction (HFpEF), the fundamental circulatory determinants of this response are not clear, impacting upon
the development of more effective therapies. We aimed to comprehensively describe the circulatory mechanics of patients
with HFpEF at rest and during exercise in comparison with controls.

METHODS AND RESULTS: We performed simultaneous right-heart catheterization and echocardiography at rest and during
exercise in 22 healthy control volunteers and 60 patients with confirmed HFpEF. Using detailed individual patient-level hemo-
dynamic and left ventricular ejection fraction data we performed computer simulations to evaluate the circulatory parameters
including the estimated stressed blood volumethat contribute to the resting and exercise pulmonary capillary pressure. At rest
and during exercise, left ventricular stiffness (V,,, the end-diastolic pressure—volume relationship at a filling pressure of 30 mm
Hg), left ventricular elastance, and arterial elastance were all significantly greater in HFpEF than in controls. Stressed blood
volume was significantly greater in HFpEF (26.9+5.4 versus 20.2+4.7 mlL/kg, P<0.001), becoming even more pronounced
during exercise (40.9+3.7 versus 27.5+7.0 mL per 70 kg, P<0.001). During exercise, the magnitude of the change in stressed
blood volume (r=0.67, P<0.001) and left ventricular stiffness (r=—0.44, P<0.001) were key determinants of the rise in pulmonary
capillary wedge pressure. Further detailed modeling studies showed that the hemodynamic response to exercise results from
a complex non-linear interaction between circulatory parameters.

CONCLUSIONS: The circulatory determinants of HFpEF physiology are complex. We identified stressed blood volume at rest and
during exercise is a novel, key factor, therebyrepresenting an important potential therapeutic target.
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tion fraction (HFpEF) is based upon the presence

of a left ventricular ejection fraction (LVEF) >50%,
signs and symptoms of heart failure, together with
supportive investigations including natriuretic peptide
levels or echocardiography. Unlike heart failure with
reduced ejection fraction, the diagnosis of HFpEF can
be challenging given that in some cases natriuretic
peptide levels may be normal and echocardiographic

The diagnosis of heart failure with preserved ejec-

indices may be of indeterminate significance."? In such
cases, stress hemodynamic investigation has proven
to be the gold-standard diagnostic approach.®4 Key
characteristics of hemodynamic responses to exer-
cise in patients with HFpEF compared with normal
subjects include marked elevations of pulmonary
capillary wedge pressure (PCWP), central venous
pressure (CVP), and reduced cardiac output (CO)
reserve.
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CLINICAL PERSPECTIVE

What Is New?

e FElevated left atrial pressure is a hallmark fea-
ture in patients with heart failure with preserved
ejection fraction, most notably during exercise.

e To date, the detailed physiologic basis for this
characteristic has remained uncertain.

e Computer simulations based on invasive ex-
ercise hemodynamic data and echocardiog-
raphy demonstrate a key contribution from an
increase in the stressed blood volume together
with an increase in left ventricular stiffness.

What Are the Clinical Implications?

e This study highlights the complex nature of the
individual circulatory determinants of heart fail-
ure with preserved ejection fraction physiology.
Our study demonstrates the use of computer
modeling to investigate the contribution of mul-
tiple dynamic mechanical parameters, includ-
ing the stressed blood volume which cannot be
readily measured clinically.

e Qur data identified the stressed blood volume
and left ventricular stiffness as key contribu-
tors to the physiological profile of heart failure
in patients with preserved ejection fraction and
therefore highlights them as key targets for
therapy.

Nonstandard Abbreviations and Acronyms

Cco cardiac output
CVP central venous pressure

EDPVR end-diastolic pressure-volume
relationship

eSBV  estimated stressed blood volume

HFpEF heart failure with preserved ejection
fraction

SBV stressed blood volume

TBV total blood volume

uBv unstressed blood volume

Beyond the fact that these hemodynamic responses
to exercise have been applied as key diagnostic criteria
for HFpEF, these abnormalities have also been shown
to be important determinants of functional limitations®
and to correlate with mortality.® However, the patho-
physiological basis of these abnormalities in HFpEF is
complex” and not yet fully explained. Mechanistic stud-
ies comparing responses of patients with HFpEF and
normal subjects to exercise have identified important
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differences, including impaired systolic and diastolic
reserve, impaired vasodilation, chronotropic incom-
petence, and increased atrial stiffness.® Recently, we
also demonstrated that pharmacologic manipulation
of the stressed blood volume (SBV) may also be an
appropriate target in HFpEF.° The SBV represents the
key component of the total blood volume above the
unstressed blood volume (UBV), which determines the
mean circulatory filling pressure. However, the relative
contributions of these factors to exercise intolerance
are unknown. Understanding which circulatory factor(s)
are quantitatively most important could help focus ef-
forts to identify appropriate therapeutic targets.

To address these critical questions, we first per-
formed a comprehensive characterization of the hemo-
dynamic responses to exercise in patients with HFpEF
and normal controls. Observations were conducted at
rest and during symptom-limited exertion, information
relevant to daily life, rather than at a proportion of an
arbitrarily predicted maximum workload. Importantly,
this characterization included an assessment of SBV
in HFpEF and its response to exertion for the first
time. We then investigated the relative contributions of
exercise-induced changes of ventricular and vascular
mechanical properties to observed changes in central
hemodynamics in normal subjects and patients with
HFpEF. The results provide a clear and comprehen-
sive explanation for why exercise results in marked in-
creases of CO and small increases of CVP and PCWP
in normal subjects, compared with marked increased
CVP and PCWP with a small increase of CO in patients
with HFpEF.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

This study included 60 patients referred for hemo-
dynamic evaluation of unexplained dyspnea, in whom
the diagnosis of HFpEF was confirmed, and 22 healthy
volunteers. Patients with HFpEF were referred to the
Department of Cardiology, Alfred Hospital for further
investigation of symptoms consistent with a diagno-
sis of heart failure (New York Heart Association I1-lll)
in the presence of an LVEF >50%. Exclusion criteria
included significant coronary artery disease that had
not been revascularized; moderate or greater aortic
or mitral valve disease; infiltrative, restrictive, or hyper-
trophic myocardial disease; pericardial constriction;
or significant right ventricular disease. The diagnosis
of HFpEF was confirmed by the presence of an end-
expiratory PCWP >15 mm Hg at rest or >25 mm Hg
during symptom-limited exercise. Healthy control data
were obtained from 15 subjects studied in the HemRex
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(Effect of Age on the Hemodynamic Response During
Rest and Exercise in Healthy Humans) study'® and from
7 subjects studied at the Department of Cardiology,
Alfred Hospital. Healthy subjects were free from known
cardiac or respiratory disease, with a normal echo-
cardiogram and a normal hemodynamic profile that
included a peak PCWP <25 mm Hg. The study was
approved by the institutional ethics review committees,
and all participants provided written informed consent.

Echocardiographic and Hemodynamic
Measurements

Studies were conducted in the nonfasted state,
and background medications were continued.
Concurrent echocardiographic and hemodynamic
studies were performed at rest and during exercise.
Echocardiographic images were obtained by a trained
cardiac sonographer, with the patient in the supine po-
sition on the cardiac catheterization table. The princi-
pal objective of the echocardiographic assessment in
this study was to perform focused apical 2-chamber
and 4-chamber imaging to assess the LVEF (LVEF,)
at rest and at peak exercise. Hemodynamic evalu-
ations were conducted using a 7F thermodilution
catheter advanced via a brachial or internal jugular
introducer sheath. Right atrial, right ventricular (RV),
pulmonary arterial, and PCWP pressures were re-
corded at end-expiration, over a minimum of 3 cardiac
cycles. CO was measured using the thermodilution
method, and this was used to derive the stroke volume
(SVihermo)- Systemic arterial blood pressure was meas-
ured noninvasively. Following the baseline evaluation,
patients were instructed to commence supine cycle
ergometry using a weight-adjusted workload proto-
col in which the resistance increased every 3 minutes.
Echocardiographic images and hemodynamic data
were obtained during peak symptom-limited exertion.

Calculated Parameters

Several parameters were derived from the measured
echocardiographic and hemodynamic indices. Among
these, standard derived variables included pulmonary
vascular resistance, systemic vascular resistance, and
stroke volume. Pulmonary artery compliance, systemic
vascular compliance, effective arterial elastance, and
effective pulmonary arterial elastance were calculated
as described by us,"'? together with the ratio of pul-
monary arterial systolic pressure to stroke volume.

We determined the LVEDV from the relationship:
LVEDV=8V,, oo/ LVEF oo, With subsequent calculation
of the left ventricular end-systolic volume. Ventricular
systolic properties were indexed by the ratio of the end-
systolic pressure (P, and end systolic volume (ESV):
R..=P./ESV, which is a surrogate for end-systolic elas-
tance (the slope of the end-systolic pressure—volume

J Am Heart Assoc. 2021;10:e021584. DOI: 10.1161/JAHA.121.021584

Novel Insights Into HFpEF Physiology

relationship) when data are not available for determi-
nation of the volume axis intercept of the end-systolic
pressure—volume relationship. Ventricular diastolic
properties were assessed using the single beat method
of estimating the end-diastolic pressure—volume rela-
tionship (EDPVR) from PCWP (which was assumed to
be equal to left ventricular [LV] end-diastolic pressure)
and LVEDV as detailed previously.™ Ventricular capac-
ity was indexed by V,,, the predicated volume on the
EDPVR at a filling pressure of 30 mm Hg, as previously
described®'* and as outlined in Data S.

Estimated Stress Blood Volume
Calculation

Measured hemodynamic parameters were used to
estimate SBV. In brief, SBV is the portion of the total
blood volume above the UBV that contributes to gen-
eration of the mean circulatory filling pressure. Direct
measurement of SBV requires complex experimental
preparations and maneuvers that are not readily ap-
plicable to humans, particularly during exercise. The
estimated SBV (eSBV) is determined using a previously
described computational simulation based on a gener-
ally accepted model of the cardiovascular system,®'® as
summarized in Data S1. In brief, patient-specific hemo-
dynamic variables (including heart rate [HR], LVEF, CO,
CVP, pulmonary artery pressures, PCWP, and sys-
temic arterial pressures) serve as inputs to the model
in which parameters (including LV and RV contractility,
systemic and pulmonary vascular resistance, systemic
and pulmonary compliance, and SBV) are adjusted to
generate an optimal match between model estimates
of the hemodynamic variables to the observed input
values (Figure S1 and Figure S2). Importantly, in this
study, eSBV is the only parameter derived from the
computational model, whereas all other parameters
were derived from direct measurements (Data S1 and
Figure S3). For the estimation of eSBV, model fitting
is performed after indexing CO to a body weight of
70 kg, and accordingly, eSBV is reported as milliliters
per 70 kg.

Assessing the Contribution of

Individual Exercise-Induced Changes

of Cardiovascular Properties to the
Hemodynamics of Exercise

The above-noted cardiovascular simulation was also
used to assess the contribution of individual exercise-
induced changes of cardiovascular properties to the
hemodynamics of exercise in normal subjects and
patients with HFpEF. Model parameters were initially
set to simulate the average hemodynamic profile of
normal subjects under resting conditions. Key param-
eters (HR, LV end-systolic elastance, RV end-systolic
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elastance, LV EDPVR, pulmonary vascular resistance,
systemic vascular resistance, and eSBV) were then in-
dividually changed to their respective values at peak
exercise, and their impact on CVP, PCWP, and CO
were noted. The parameters were then ranked in order
of least to greatest effect on PCWP; parameter values
were then changed sequentially in that order such that
their cumulative effects on CVP, PCWP, and CO were
determined. Finally, this entire process was repeated
based on average hemodynamic variable values de-
rived from the HFpEF cohort.

Statistical Analysis

Data are presented as mean=SD. Within- or between-
group comparisons were performed using a paired
or unpaired Student t test as appropriate. A P value
of <0.05 was considered to be statistically significant.
Univariate relationships between variables were exam-
ined by linear regression and by Pearson correlation
coefficients. Statistical analysis was performed using
IBM SPSS Statistics version 25 (IBM, Armonk, NY).

RESULTS

Patients with HFpEF were older (aged 70+8 years)
than controls (aged 61+11 years old, P<0.001), and the
proportion of women in the HFpEF group (48 women,
12 men) was greater than that in the control popula-
tion (11 women, 11 men, P<0.01). Patients with HFpEF
and controls had a similar body mass index (30+6 kg/
m? versus 29+5 kg/m?) and LVEF (62%+5% versus
60%+7%). Atrial fibrillation was present in 10 patients
with HFpEF and none of the controls. New York Heart
Association class Il symptoms were present in 38% of
patients with HFpEF, and 62% had class lll symptoms.
Ahistory of hypertension was present in 77% of patients
with HFpEF. In the patients with HFpEF, background
medications included angiotensin-converting enzyme/
angiotensin receptor blockers (35%), 3-blockers (32%),
spironolactone (18%) and calcium channel blockers
(15%), and diuretics (27%). Controls were not taking
any cardiovascular medications. The peak workload
capacity and exercise duration achieved by patients
with  HFpEF were significantly less than controls:
55+30 versus 99+40 W (P<0.001) and 6.4+0.4 versus
8.9+2.1 minutes (P=0.002), respectively.

Basic Hemodynamic Measures

Measured and derived hemodynamic parameters are
summarized in Table 1 for healthy subjects and pa-
tients with HFpEF at rest and during exercise. As ex-
pected, patients with HFpEF exhibited higher PCWP at
rest, and this difference was particularly evident dur-
ing exercise. At rest, LVEF, LVEDV, and left ventricular
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end-systolic volume were smaller in patients with
HFpEF compared with control subjects. Although LVEF
did not differ between groups at peak exercise, LV vol-
umes were significantly smaller in patients with HFpEF
compared with controls. For patients with HFpEF,
there were statistically significant but quantitatively
small exercise-induced increases in LVEDV and stroke
volume. In contrast, there was a marked increase in
LVEDV and stroke volume in controls during exercise.
Left ventricular end-systolic volume did not change
with exercise in either group. Given that systolic blood
pressure increased considerably more in patients with
HFpEF, the calculated R, was significantly greater in
patients with HFpEF.

Average ldealized Pressure-Volume
Relationships

Changes of LV systolic and diastolic properties be-
tween rest and exercise are summarized in the ide-
alized pressure-volume diagrams of Figure 1, which
further illustrate the average values of volumes and
pressures summarized in Table 1 at end-systole and
end-diastole. R, was greater in patients with HFpEF
than in controls and increased during exercise only in
the patients with HFpEF. During diastole, there was an
exercise-related rightward shift of the average end dias-
tolic volume:end diastolic pressure point in the control
group, but there was no significant change in diastolic
Vg, indicating that there was no statistically significant
shift of the estimated EDPVR. In patients with HFpEF,
there was an upward and rightward shift of the average
EDV-EDP point and a statistically significant reduction
of Vg, indicating a significant upward and leftward
shift of the estimated EDPVR toward lower volumes.
These figures graphically emphasize the difference in
exercise-induced responses of the normal and HFpEF
left ventricle.

As summarized in Table 1 and Figure 2, eSBV was
greater in HFpEF than controls both at rest and during
exercise. In addition, the change in eSBV from rest to
exercise was also greater in patients with HFpEF than
controls.

Circulatory Determinants of Rest and
Exercise Hemodynamics

We performed 2 separate analyses to investigate how
the fundamental indices of circulatory mechanics yield
the observed hemodynamic parameters. First, we ex-
amined the simple univariate associations between
circulatory parameters and hemodynamic measures.
As shown in Table 2, PCWP and CVP were signifi-
cantly correlated with eSBV and V,, at rest across the
entire cohort. When considering the HFpEF cohort
only, eSBV remained a significant determinant of each
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Table 1. Resting Hemodynamic and Echocardiographic Parameters

Control, n=22 HFpEF, n=60

Rest Exercise Rest Exercise
Peak workload, W 99+40 55+30*
Heart rate, bpm 68+11 115221 65+13 101+241#
Systolic BP, mm Hg 133+19 156+271 14927 174+30"+
Diastolic BP, mm Hg 74+10 83117 77 +14 89+188
Right atrial pressure, mm Hg 5+3 8+3" 8+3* 16+4%1
PA systolic pressure, mm Hg 24+6 42+8" 35+9* 61114t
PA mean pressure, mm Hg 1544 29461 23+6* 43+7%1
PCWP, mm Hg 8+3 165" 13+4* 31454
Cardiac index, L/min per m? 2.92+0.59 714+1.897 2.5+0.6* 4.4+1.3%
SVR 16.0£2.9 8.0+2.41 20.8+6.6* 15.7+6.0%"
PVR 1.3+0.7 1.0£0.7! 2.1+1.01 1.6+0.8"1
PCWP/W, mm Hg/W per kg N/A 15+6 N/A 59+35*
LV ejection fraction, % 60+7 67«7t 62+5 67+5t
LV end diastolic volume, mL 145437 179+291 120+321 126+38*%
LV end-systolic volume, mL 59+20 58+11 46+14% 43+14*
LV Ry 2.32+1.15 2.50+0.63 3.14+1.057 3.79+1.01%F
Vg0, ML 185+53 173+39 139+37* 1214341
Eagy, 1.44+0.38 1.20+0.298 1.98+0.8* 2.00+0.86*
Eay, 0.09+0.05 0.11+0.068 0.14+0.08* 0.17+0.1281
PA systolic/stroke vol. 0.30+0.09 0.36+0.13" 0.52+0.221 0.80+0.32*F
eSBV 20.5+4.9 27.7+7.0f 26.9+0.7* 40.9+3.7%t

BP indicates blood pressure; Ea,,,, pulmonary artery elastance; Ea
with preserved ejection fraction; LV, left ventricular; LV R

sys?

es?

systemic arterial elastance; eSBY, estimated stress blood volume; HFpEF, heart failure
ratio of LV end-systolic pressure to end-systolic volume; PA, pulmonary artery; PCWP, pulmonary

capillary wedge pressure; PVR, pulmonary vascular resistance; SVR, systemic vascular resistance; and V,,, LV volume at LV pressure of 30 mm Hg.

*P<0.001, resting or exercise values vs controls.
TP<0.001, within group rest vs exercise.
+P<0.05, resting or exercise values vs controls.
§P<0.01, within group rest vs exercise.

IP<0.05, within group rest vs exercise.

1P<0.01, resting or exercise values vs controls.

parameter at rest. During exercise, the change in eSBV
was strongly correlated with the increase in PCWP and
CVP across the cohort and in the HFpEF group spe-
cifically. The rise in PCWP was also correlated with the
exercise-induced change in V,, in both the total cohort
and patients with HFpEF. The exercise mediated rise
in cardiac index across the entire cohort was mod-
estly correlated with the change in eSBV and closely
with the change in V,,. Exercise-induced changes in
arterial elastance and ventricular contractility were not
significantly correlated with hemodynamic indices in
univariate analyses in general, other than a modest
correlation between changes in arterial elastance and
cardiac index over the whole cohort.

We next conducted a detailed cardiovascular sim-
ulation using average data presented in Table 1 to un-
derstand the relative contribution of changes of key
parameters to exercise-induced changes of CO, CVP,
and PCWP; comparisons were made between normal
subjects and patients with HFpEF. First, we individually
introduced changes of HR, LV R, RV R_,, LV EDPVR,

es’ es’
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pulmonary vascular resistance, systemic vascular re-
sistance, and eSBV between rest and exercise condi-
tions and determined their effects on hemodynamics
in normal subjects (Figure 3A through 3C); the horizon-
tal dashed blue lines indicate the resting value of the
respective variable, whereas the dashed green lines
indicate the respective values attained at peak exer-
cise. As seen, CVP did not rise appreciably in response
to the change of any single parameter. Appreciable
changes of PCWP were achieved with increases of ei-
ther RV R, or eSBV; the increase of PCWP achieved
with the increase of eSBV alone reached the value ob-
served at peak exercise. Note that some of the pa-
rameter changes actually resulted in small decreases
of PCWP. The increase of eSBV also resulted in the
largest increase of CO, but alone only accounted for a
small portion of the final CO attained at peak exercise.
Next, the circulatory parameters were sequentially
modified from their resting values to their values during
exercise 1o assess the stepwise cumulative effects of
changes of all parameters (Figure 3D through 3F). As
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Figure 1.

End-systolic and end-diastolic pressure volume points and derived relationships at rest and during exercise in

controls and patients with heart failure with preserved ejection fraction (HFpEF).
LV indicates left ventricular; LV R, ratio of LV end-systolic pressure: end-systolic volume; ns, not significant; and V,, LV volume at

LV pressure of 30 mm Hg.

in the original analysis, the main factor regulating CVP
and PCWP was eSBV. In contrast to pressures, the
effect of sequentially adjusting parameters to their val-
ues during exercise resulted in incremental increases
of CO, with the greatest increase achieved with the
final adjustment of eSBV. These findings indicate that
there is a complex nonlinear interaction between the
cardiovascular parameters in the determination of CVP,
PCWP, and CO. For example, the full impact of in-
creasing eSBV on CO are not realized unless the other
exercise-induced changes of cardiovascular parame-
ters are also in place.

Results of the same analysis performed on data
from the HFpEF groups are shown in Figure 4. Changes
in CVP and PCWP were almost exclusively attributable
to the rise of eSBV. In contrast to normal, the increase
in CO was much more dependent on increases of HR,

J Am Heart Assoc. 2021;10:e021584. DOI: 10.1161/JAHA.121.021584

RV R,,, and less influenced by eSBV, despite the fact
that the increase of eSBV from rest to exercise was 2
times larger than in controls.

To further elucidate the factor(s) that account for
the difference in hemodynamic response to exercise
between normal subjects and patients with HFpEF,
model parameters were set to those of the patients with
HFpEF during exercise and were then adjusted to those
of normal subjects during exercise; parameter values
were first varied individually (Figure 5A through 5C) and
then sequentially (Figure 5C through 5F). eSBV had the
greatest individual impact on CVP; LV EDPVR, eSBY,
and systemic vascular resistance had the largest im-
pact on PCWP (in that order), and CO was mainly influ-
enced by the LV EDPVR. As with the other analyses, the
cumulative effects of serial changes of parameters were
nonlinear. Both CVP and PCWP achieved values of the



Novel Insights Into HFpEF Physiology

Kaye et al
B Control
3 °0 wox B HFpEF
o 40'
~
E 30+
; 20+
2 104
Q 0-
Rest Exercise Delta

Figure 2. Bar graphs indicate estimated stressed blood
volume (eSBV) at rest and during exercise, and the exercise-
induced change.

HFpEF indicates heart failure with preserved ejection fraction.
***P<0.001.

controls by the combined effects of adjusting eSBV and
the LV EDPVR to those of the controls; CO was nor-
malized by adjusting, almost exclusively, the LV EDPVR.

DISCUSSION

Although the constellation of hemodynamic param-
eters that differ between patients with HFpEF and

Table 2.

normal subjects at rest and with exercise are well
documented, no prior study has unraveled the rela-
tive contributions of their individual contributors to
the marked elevations of cardiac filing pressures and
limited increase of cardiac output. The results of the
present study provide new insights into these aspects
of exercise physiology by combining a comprehensive
array of directly measured hemodynamic parameters
with careful cardiovascular modeling techniques. In
this manner, we were able to address questions that
cannot be answered by direct experimental measure-
ments alone.

In normal individuals, exercise results in marked in-
creases of CO and small changes in CVP and PCWP.
Increased SBV, amounting to ~500 mL for an average-
sized individual, accounts for a majority of increased
CO, with coordinated changes of several other vascu-
lar and ventricular properties contributing, collectively,
a smaller portion. The increase of CO in normal sub-
jects is possible because the EDPVR does not change
significantly, and LVEDV increases significantly during
exercise, which invokes the classic Frank-Starling
mechanism to increase stroke volume. In contrast,
CVP and PCWP increased dramatically in patients with
HFpEF, whereas there was a relatively small increase
of CO. The increases of CVP and PCWP were found
to be predominantly attributable to increased SBV.

Correlations Between Hemodynamic and Circulatory Parameters

eSBV r=0.81, r=0.73, r=0.85, r=0.81, r=-0.07, r=0.13,
P<0.001 P<0.001 P<0.001 P<0.001 P=0.55 P=0.31
Vao r=—0.39, r=-0.15, r=-0.31, r=-0.16, r=0.62, r=0.60,
P=0.005 P=0.27 P=0.005 P=0.22 P<0.001 P<0.001
LV R r=0.11, r=-0.08, r=0.00, r=-0.13, =—0.11, =0.08,
P=0.34 P=0.53 P=0.99 P=0.32 P=0.32 P=0.82
Eag, r=0.18, r=0.01, r=0.11, r=0.02, r=—0.49, r=—0.45,
P=0.09 P=0.94 P=0.34 P=0.89 P<0.001 P<0.001

AeSBY r=0.67, r=0.63, r=0.82, r=0.71, r=-0.23, r=0.02,
P<0.001 P<0.001 P<0.001 P<0.001 P=0.04 P=0.87
AV, r=—0.44, r=-0.30, r=-0.33, r=-0.23, r=0.53, r=0.24,
P<0.001 P=0.03 P=0.006 P=0.12 P<0.001 P=0.09

ALV R, r=0.18, r=0.21, r=—0.08, r=-0.186, =-0.27, =-0.08,
P=0.14 P=0.15 P=0.64 P=0.29 P=0.02 P=0.81

AEa,, r=0.20, r=-0.04, r=0.23, r=0.14, =-0.38, r=-0.21,
! P=0.09 P=0.76 P=0.05 P=0.35 P=0.001 P=0.15

CVP indicates central venous pressure; Eag,

systemic arterial elastance; eSBV, estimated stressed blood volume; HFpEF, heart failure with preserved

ejection fraction; LV R, ratio of left ventricular end-systolic pressure: end-systolic volume; PCWP, pulmonary capillary wedge pressure; and V,, left ventricular

volume at left ventricular pressure of 30 mm Hg.
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Figure 3. Physiologic basis for exercise hemodynamics in controls.

A through C, The individual impact of exercise-induced changes in specific circulatory variable on central venous pressure (CVP),
pulmonary capillary wedge pressure (PCWP), and cardiac output (CO) relative to the baseline value represented by the blue dashed
line. D through F, The cumulative effect of these changes on CVP, PCWP, and CO progressing toward the observed peak exercise
levels (green dashed line). Data are derived from simulations based on group averaged values of the indicated parameters in control

subjects. EDPVR indicates end-diastolic pressure-volume relationship; LV, left ventricular; and RV, right ventricular.

Compared with normal subjects, resting SBV is sig-
nificantly higher in patients with HFpEF and increases
approximately twice as much in response to exer-
cise. Furthermore, patients with HFpEF appear to be
more dependent on increases of HR to increase CO,
though the HR response is blunted. Upon comparing
cardiovascular parameters between normal subjects
and patients with HFpEF at peak exercise, the main
factor responsible for the marked increases of CVP
and PCWP appears to be the larger increase of SBV.
However, the main factor limiting the ability to increase
CO is the inability of the left ventricle to increase EDV
because of the upward-shifted EDPVR, despite the
marked increase in PCWP. This has been observed
previously and has been referred to as a failure of the
Frank-Starling mechanism.'®

When we compared effects of changing cardio-
vascular parameters individually versus changing
them sequentially, it was revealed that the system is
highly nonlinear in that the cumulative effects were not
the sum of the individual effects, not for CVP, PCWP,
or CO. This finding indicates that there are complex

J Am Heart Assoc. 2021;10:e021584. DOI: 10.1161/JAHA.121.021584

nonlinear interactions between cardiovascular param-
eters in determining hemodynamic factors in an exqui-
sitely orchestrated manner which, in normal subjects,
results in large increases of CO and small increases
of CVP and PCWP. In patients with HFpEF, the normal
interdependencies are disrupted, resulting in abnormal
hemodynamic responses that likely contribute to effort
intolerance and may impact clinical outcomes.

First and foremost, the present study provides new
information on the potential role of an increase in the
SBV in patients with HFpEF. Previous studies have
indicated the presence of an expanded total blood
volume (TBV) expansion in HFpEF using radiotracer
methodology,'® although this has not been a uniform
finding. However, changes in TBV do not necessarily
provide insights into changes in SBV. TBV is consid-
ered as being functionally divided into 2 components:
UBV that fills the vascular system just below the inflec-
tion point of tension development in the vascular walls,
whereas SBV represents the portion of TBV in excess
of UBV that is responsible for generating pressure
within each vascular compartment. Consistent with
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Figure 4. Physiologic basis for exercise hemodynamics in patients with heart failure with preserved ejection fraction
(HFpEF).

A through C, Individual impact of exercise-induced changes in specific circulatory variable on central venous pressure (CVP),
pulmonary capillary wedge pressure (PCWP), and cardiac output (CO) relative to the baseline value represented by the blue dashed
line. D through F, The cumulative effect of these changes on CVP, PCWP, and CO progressing toward the observed peak exercise
levels (green dashed line). Data are derived from simulations based on group averaged values of the indicated parameters in HFpEF

subjects. EDPVR indicates end-diastolic pressure-volume relationship; LV, left ventricular; and RV, right ventricular.

this, we observed a strong correlation between eSBV
and the resting PCWP and CVP. Mechanistically, the
present study does not discern whether the increased
SBV represents the presence of an expanded blood
volume, reduced venous compliance, or most likely
a combination of the 2 factors. Several factors could
influence venous compliance in patients with HFpEF.
These potentially include the vascular remodeling ef-
fects of increased venous pressure and neurohormonal
activation, and the effects of extrinsic mechanical ve-
nous constraint, for example, by abdominal visceral fat.

As expected, we demonstrated that SBV increases
in both controls and patients with HFpEF during exer-
cise; naturally, these are in the setting of constant TBV
within each cohort. Accordingly, the increase in eSBV
during exercise represents the integrated effects of the
redistribution of peripheral and splanchnic blood pools
by muscular activity and increased sympathetic tone,
respectively, resulting in a functional redistribution of
the UBV to the SBV component.’® In addition to blood
redistribution, the new finding of the present study is
that the magnitude of this response was significantly

J Am Heart Assoc. 2021;10:e021584. DOI: 10.1161/JAHA.121.021584

greater in patients with HFpEF compared with normal
subjects. In this context it has been demonstrated
that there is increased sympathetic tone in patients
with HFpEF, even in the resting state.?® However, dif-
ferences of sympathetic tone in response to exertion
have not been evaluated in patients with HFpEF com-
pared with normal subjects, neither on a global nor re-
gional basis. Accordingly, the larger exercise-induced
increase of SBV in patients with HFpEF could be ex-
plained by greater splanchnic sympathetic drive during
exertion. Alternatively, this could simply relate to the
higher resting value of TBV and eSBV in patients with
HFpEF.

Although the estimated EDPVR did not shift signifi-
cantly between rest and exercise in normal subjects,
we detected an exercise-induced upward/leftward
shift in patients with HFpEF, a finding that is consistent
with prior measurements.'®?! More recently, Rommel
et al demonstrated a similar EDPVR response in both
the left ventricle and right ventricle during handgrip ex-
ercise.?? In that study, minimal effects on ventricular
volumes were observed likely because of the limited
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Figure 5. Plots demonstrate the hypothetical effect of converting circulatory parameters from heart failure with preserved
ejection fraction (HFpEF) to control values on central venous pressure (CVP), pulmonary capillary wedge pressure (PCWP),
and cardiac output (CO).

Data represent the individual effects (A through C) and cumulatively (D through F) on CVP, PCWP, and CO in HFpEF, relative to the peak
observations in patients with HFpEF (blue dashed line) and control subjects (green dashed line). Data are derived from simulations
based on group averaged values of the indicated parameters. EDPVR indicates end-diastolic pressure-volume relationship; LV, left
ventricular; and RV, right ventricular.

effect of handgrip exercise on blood volume recruit- included patients with HFpEF, appeared to be largely
ment. In terms of mechanism, the EDPVR can be influ- related to consequent up-titration of diuretics,?® sug-
enced by several factors, including the rate of relaxation  gesting that careful volume modification might exert
(which is slowed in hypertrophy), interventricular inter- favorable effects. Given the curvilinear relationship be-
actions, and extrinsic constraints imposed by the peri- tween TBV and venous filling pressure, it is difficult to
cardium and epicardial fat. With regard to the latter 2 estimate the precise hemodynamic effect of diuresis
factors, it is plausible that our finding of an acute and at an individual patient level, together with the further
exaggerated increase of SBV during exercise results in influences of exercise. Recently, we demonstrated that
marked volume loading of the right heart, which could milrinone exerted favorable effects on symptoms in pa-
negatively impact on LV chamber compliance via inter- tients with HFpEF,® an effect potentially attributable to
ventricular interactions, which would be amplified by a reduction in SBV, which we speculated was because
pericardial and epicardial constraints.>®> Nevertheless,  of the venodilatory effects of milrinone.® By contrast,
any of the noted factors alone or in combination could nitrates have not been shown to beneficial in a formal
contribute to this finding. Regardless of mechanism(s), clinical trial of patients with HFpEF.?” Finally, splanch-
this reduction in LV capacity limited the ability to in- nic denervation created by pharmacologic blockade or
crease preload volume during exercise, resulting in a  surgical denervation has received increasing attention
limited increase of stroke volume and cardiac output. as a means of modifying SBV in heart failure patients.?®

Overall, the data provide further impetus to evaluate As with previous studies, we observed that the peak
the potential application of therapies that modify both heart rate was lower in patients with HFpEF than in nor-
the TBV and SBYV, the latter at rest and during exertion. mal subjects. Although we have previously identified
Diuretics are commonly used in patients with HFpEF.? that exercise capacity in patients with HFpEF is largely
Interestingly, the beneficial effect of pulmonary artery  limited by the rise in PCWP? reduced cardiac output
pressure monitoring in the CHAMPION trial, which response also contributed, albeit to a lesser extent.
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Conversely, Houstis and colleagues suggested that the
contribution of reduced cardiac output to peak exercise
capacity was relatively limited in comparison to the ef-
fects of impaired muscle diffusion, albeit with consider-
able complexity and heterogeneity between patients.?®
Consistent with this latter finding, we previously found
that differences in peripheral oxygen extraction during
exercise in younger versus older patients with HFpEF
could not be explained by variations in cardiac output.3°
Limitations of the periphery to extract oxygen is just one
of many other factors believed to contribute to limiting
exercise capacity in patients with HFpEF.

Whether or not improving the cardiac output re-
sponse to exercise would lead to increased exercise
capacity in patients with HFpEF is unclear. We demon-
strated that the cardiac output response to exercise
could be augmented by milrinone, whereas at the same
time, PCWP was decreased. However, this latter effect
was mediated by a lesser exercise-induced increase of
eSBV together with an increase in LV contractility during
milrinone infusion.® By contrast, B-adrenergic agonists,
which produce venoconstriction, have been shown to
exert limited inotropic effects in patients with HFpEF.3!

Limitations

The results of the present study need to be inter-
preted within the context of its limitations. First, the
values of stressed blood volume were estimated by
adjusting several model parameters to fit measured
hemodynamic parameters. Similarly, the relative con-
tributions of key parameters to changes of cardiac fill-
ing pressures and cardiac output were explored using
the same model. However, it must be recognized that
there is no way to address these critical questions
through direct experimental measurements. Second,
there were differences between patients with HFpEF
and normal subjects with regard to age and sex. In
contrast to other studies in the literature, our healthy
controls were volunteers recruited from the general
community and had not been referred for investiga-
tion of dyspnea. Although the difference in age was
significant, we do not believe the magnitude would
be sufficient to account for the findings observed
based on prior studies.®? Similarly, although the sex
distribution of patients with HFpEF and controls dif-
fered, our prior studies would suggest that differ-
ences in sex distribution would not account for the
current findings.®® Furthermore, we believe that the
utility of a multivariable analysis in the current study
would be limited based on our demonstration that
there are highly nonlinear interactions among the rel-
evant circulatory parameters together with the mod-
est sample size. Third, we did not perform a detailed
echocardiographic assessment of mitral regurgitation
or left atrial mechanics during exercise. Nevertheless,
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we did not identify any patients who developed mod-
erate or greater functional mitral regurgitation during
exercise. Finally, the study was conducted across
2 sites. Although efforts were made to standardize
methodologies, it is appreciated that some unrecog-
nized differences could have contributed to systemic
differences beyond those because of the different
biological substrates, although the underpinning fun-
damental hemodynamic data used in the modeling
procedures are consistent with our prior studies and
those of others in the field.

CONCLUSIONS

This is the first study to comprehensively examine
the relative contributions of circulatory parameters
to rest and exercise hemodynamics in patients with
HFpEF. Specifically, we delineated the prime role of
increased stressed blood volume to the abnormal
resting and exercise hemodynamics in patients with
HFpEF. Patients with HFpEF had an ~25% higher
resting eSBV compared with the control group, but
eSBV increased by nearly twice as much during ex-
ercise. In patients with HFpEF, this finding, along with
an important contribution of the upward/leftward
shift of the EDPVR, explained the marked increase in
PCWP during exercise in the group with HFpEF. The
abnormal upward/leftward shift of the EDPVR was
a key contributor to the limited exercise-induced in-
creases of CO in patients with HFpEF. These find-
ings may help focus attention on therapeutic targets,
at least those that could be effective in normalizing
resting hemodynamics and their responses to ex-
ercise in HFpEF. Such targets could include phar-
macologic and device-based approaches that limit
exercise-induced increases of SBV.
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SUPPLEMENTAL MATERIAL



Data S1.

Cardiovascular Model: Additional Details
The cardiovascular system was modeled according to the electrical analog shown below in
Figure S1.
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Figure S1: Circulatory model comprising characteristic proximal aorta, arterial and pulmonary
resistance (Rcprox, RCs and Rcyp), arterial and pulmonary vascular resistance (Ras and Rap), resistance
to venous return (Rvs and Rvp), systemic and pulmonary arterial and venous compliance (Cas and
Cap, Cvs and Cvp) and LA, LV, RA and RV chambers

The details of this model have been reported previously (34,35). Ventricular and atrial
pumping characteristics were represented by modifications of the time-varying elastance [(E(t)] theory
of chamber contraction which relates instantaneous ventricular pressure [P(t)] to instantaneous

ventricular volume [V(t)]. Thus, for each chamber:
P(t) = Pea(V) + [1-e(t)] Pes(V)
where:
Pea(V) = B (eV-Vo)-1)
Pes(V) = Ees (V-Vo)
and
e(t) = Y2 {sin[(TM/Tmax)t —T1/2] + 1} 0 <t<3/2 Tmax
Y g (t3/2Tmax)e t > 3/2 Tmax

where Ped(V) is end-diastolic pressure as a function of volume, Pes(V) is end-systolic pressure as a
function of volume, Ees is end-systolic elastance, Vo is the volume axis intercept of the end-systolic

pressure-volume relationship (ESPVR), o and  are parameters of the end-diastolic pressure-volume



relationship (EDPVR), Tmax is the point of maximal chamber elastance, t is the time constant of

relaxation and t is the time during the cardiac cycle.

The systemic and pulmonary circuits are each modeled by a series of arterial and venous
capacitances (Ca,prox, Ca and Cyv), and resistances (Rc.prox, Re, Ra and Rv). Rc,prox and Rc mainly
relate to stiffness of the proximal large conduit arterial vessels, Ra mainly relates to peripheral arterial
resistance, and Ry, which is similar though not identical to Guyton's resistance to venous return (6).

The heart valves permit flow in only one direction through the circuit.

One variable that is not explicitly noted in this model, is the stressed blood volume (SBV) which
is the sum of the volumes on all of the capacitive elements depicted in the diagram. The total blood
volume (TBV) contained within the vascular system is divided functionally into two pools: the unstressed
blood volume (UBV) and the stressed blood volume (SBV). UBYV, sometimes referred to as the dead
volume, is defined as the maximum volume of blood that can be placed within the vasculature without
raising its pressure above 0 mmHg. The blood volume in excess of UBV is SBV, so that
TBV=UBV+SBV. The UBV of the entire vascular system is equal to the sum of UBV of all the individual
capacitive compartments; similarly, the total body SBV the sum of SBV for all compartments (7). While
in the simplest implementation of the simulation, the pressure within the compartment is assumed to
rise linearly with SBV, in recognition vascular pressure-volume relations are nonlinear when
investigated in the higher pressure ranges (as encountered in HFpEF patients during exercise),
systemic and pulmonary venous compartments were modeled by nonlinear pressure-volume
relationships.

The circulatory model is represented mathematically by 8 simultaneous differential equations
that can be solved numerically in real time. This model has been implemented in a software called
“Harvi” (15). For a given set of parameter values, the model provides values for cardiac output, systemic
and pulmonary pressures (e.g., aortic systolic/diastolic/mean, pulmonary systolic/diastolic/mean,
central venous and pulmonary venous pressures), and ventricular volumes and ejection fractions (10
discrete parameters in all) among many other common cardiovascular parameters. Various versions
of this model have been used for decades and has been validated to describe hemodynamics in a
variety of disease states (34, 36-38). Group data were used to derive the parameters for the conditions
of rest and exercise in health and HFpEF subjects.

Relevant to the current paper, we have also solved the “inverse problem.” That is, we
developed an algorithm which determines the values of the model parameters (including estimated
SBV) given a set of pressures, flows and ejection fraction; this is referred to as the “Patient Fitting
Algorithm.” To validate the Patient Fitting Algorithm for this study, we first showed that the algorithm
was able to successfully match the patient data. The following graph (Figure S2) shows the final model
output values compared to the inputs to the Patient Fitting Algorithm for CO, CVP, PCWP, PA S/D/M,
AoP S/D/M.
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Figure S2. Comparison of model-fit output variables to those that served as inputs to the Patient Fitting

Algorithm (solid lines are lines of identity).

As seen, there is an extremely tight correlation along the line of identity for each of the output
parameters over an extremely broad range of real-world hemodynamic conditions. This indicates that
the Patient Fitting Algorithm can successfully adjust model parameters to match individual patient
hemodynamic profiles with a high degree of accuracy.

The second step of the validation involves cross validation of estimating stressed blood volume
in comparison to an analytical equation that is based on a similar (though not identical) model of the
cardiovascular system which itself has been validated in a preclinical model (36). Arising from the pre-

clincial study, it was proposed that stress blood volume can be estimated the following equation:

eSBV (mlkg)=(CO + 19.61*CVP +3.49*PCWP)*0.129

where eSBYV is estimated stressed blood volume and CO is expressed in ml/kg/min. We compared this
validated, analytical approach for estimating SBV to that provided in the individual patient entries
detailed above. The results are shown by the blue dots in Figure S3 (the solid line is the regression

line and the dotted line is the line of identity).
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Figure S3. Comparison of estimated stressed blood volume (eSBV) between the validated analytical
approach and the Harvi model-based approach with linear (blue dots) and nonlinear (red dots) venous
compliances.

As seen, there was a high degree of correlation overall, however one of the assumptions in the
analytical approach is that the relationship between pressure and volume in the venous systemis linear.
While this assumption has been validated in a large number of preclinical models, it is noteworthy that
all such preclinical studies were performed in hormal animals; not in states of heart failure in particular
where CVP and PCWP can reach high values as shown in Fig. S2 above. As a result, values provided
by the analytical approach can reach very high, unrealistic values in cases were CVP and PCWP are
elevated (>5L). In contrast, in the Harvi model-based approach, nonlinear venous pressure-volume
relationships can be introduced. Accordingly, nonlinearities started to be introduced into the systemic
venous compliance when CVP increased above ~12 mmHg and in the pulmonary venous compliance
when PCWP increased above ~15 mmHg. Since, overall, a bulk of the stressed blood volume resides
in the systemic venous compliance, it is that nonlinearity that is the main driver in determining
differences in eSBV. The red dots in the Fig. S3 above show the relationship between the linear-based

analytical estimates and those arrived at by the Harvi model with nonlinear venous compliances.

In summary, the Patient Fitting Algorithm successfully adjusts model parameters to match 10 key,
discrete cardiovascular parameters. It provides accurate estimates of eSBV when compared to a
validated analytical approach when linear venous compliances are used in the model. Introduction of
nonlinearities at central venous pressures above normal yields eSBV values more commensurate total

blood volumes in normal individuals.

Derivation of Vag

In brief, the EDPVR is assumed to take the form of EDP = a EDVE. As detailed and validated
previously (39, 40) the values of a and B are determined from the following sequence of
equations:

Vo = EDV * (0.6-0.006*EDP)
V30 = Vo + (EDV-V0)/(EDP/27.8)(1/2.76)
beta = log(EDP/30)/log(EDV/V30)



alpha = 30/V30"beta
EDP = alpha EDV"Beta



