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S1. MODEL EQUATIONS

The cardiovascular systems model used for this study is
a reduced version of the Smith et al. model [3] adapted
from our previous study [2]. This reduced version balances
the degree of model complexity with the informational
content of the clinical data. Further reduction was made by
omitting the pericardium and all zero pressure volumes in
each compartment were set to zero.

The elastance function driving heart systole and diastole
depends on a periodic 7, the time from the beginning of
the current cardiac cycle, as

1 2
er = exp § —HR (T*ﬁ) .

Left (LV) and right (RV) ventricular pressure from end-
systolic (es) and end-diastolic (ed) pressure-volume rela-
tionships are

(S1)

Pes,Lv = Erv Viv, (52)
Py = Pov (M7 Vv —1) (S3)
Pry = erPes v + (1 —er)Peg Ly, (54)
Pes v = Erv Vrv, (S5)
Poyrv = Pogy (e V& — 1), and (S6)
Pry = exPes v + (1 —ec)Peg Ry, (57)

where V; is the compartment volume, E; is a stiffness pa-
rameter, P ; is a reference pressure, and A; reflects the pas-
sive stiffness. The systemic arterial (SA), systemic venous
(SV), pulmonary arterial (PA), and pumonary venous (PV)
pressures are

Psg = EsaVsa, (S8)
Psy = Egy Vsy, (S9)
Ppy = EpaVpa, and (510)
Ppy = Epy Vpy. (511)

Blood flow is modeled using Ohm’s law. Flow through the
systemic (sys) and pulmonary (pul) circulations are

Psp — Psy

sts = R and (512)
sys
_ Ppy — Ppy
qul - Rpul . (813)

Flows through the heart valves (mitral (mval), aortic (aval),
tricuspid (tval), and pulmonary (pval) are treated as diodes
to prevent backflow, that is,

Ppy — Pry
Rmval
0 otherwise,

if Ppy > Pry

Quoal = (514)



Table S1. Parameter descriptions, values for normal CV function, and typical parameter bounds

for the reduced CV systems model

Symbol Units Description Value Lowerbound Upper bound
Left ventricle (LV)
Erv mmHg mL~! LV active contractility 4.32 0.1 10
Pory mmHg LV reference pressure 0.12 0.01 5
ALy mL~! LV passive stiffness 0.02 0.005 0.1
Right ventricle (RV)
Ery mmHg mL~! RV active contractility ~ 0.70 0.05 5
Py rv mmHg RV reference pressure 0.22 0.01 5
ARV mL~! RV passive stiffness 0.02 0.005 0.1
Pulmonary arteries (PA) and veins (PV)
Epa mmHg mL~1  PA stiffness 0.26 0.05 5
Epy mmHg mL~! PV stiffness 0.01 0.0005 0.1
Rpur mmHg s mL~!  Pulmonary resistance 0.13 0.005 1
Systemic arteries (SA) and veins (SV)
Esa mmHg mL~1  SA stiffness 0.90 0.05 5
Egy mmHg mL~! SV stiffness 0.01 0.0001 0.1
RsyS mmHg s mL~1! Systemic resistance 1.28 0.05 15
Heart valve resistances
Rival mmHg s mL~1  Mitral valve 0.016 0.005 0.5
Ruval mmHg s mL~1  Aortic valve 0.018 0.005 0.5
Rivar mmHg s mL~! Tricuspid valve 0.024 0.005 0.5
Rpvar mmHg s mL~!  Pulmonary valve 0.006 0.0005 0.25
Py —P . dV.
et i Py > Pog 3 = Qs — Qroal, (520)
Qaval = aval (S15) t
0 otherwise, dVgy
dr = Qroal — vaal/ (521)
Psy —Pry .
== if PSV > PRV dV,
Qtval = Rival (S16) TIEA = vaal - qul/ (522)
0 otherwise,
and 4V
and % = qul = Quval- (523)
Pry — P,
% if Pry > Ppy
= 1
Qpoal 0 pe therwi (517) S1.1. Normal cardiovascular function parameterization
otherwise.

This model conserves volume by formulating differential
equations using Kirchoff’s Law, that is,

dt
dVsa
dt

= Quoal — Qaval. (518)

(S19)

= Quoal — sts,

Table S1 describes all model parameters and lists the nom-
inal values that result in normal cardiovascular function.
This set of parameters prescribes a patient with roughly
120/80 mmHg SA pressure, 20/9 mmHg PA pressure, 85
mL LV diastolic volume, 57 mL LV stroke volume (SV) (for
an ejection fraction (EF) of 67%), and 4.6 L min~! cardiac
output (CO). These values vary from the original Smith
model parameters because we have reduced their model



Table S2. Ejection fraction (EF) calculation
method for each patient.

Patient Method | Patient Method

HFrEF
1 EFyviop 6 EFyviop
2 EFyvon 7 EFr
3 EFmobp 8 EFmop
4 EF, 9 EF3
5 EF, 10 EFviop

HFpEF
11 EFpmoD 22 EFt
12 EF, 23 EF,
13 EFr 24 EFymoD
14 EFr 25 EFyvoD
15 EFt 26 EFvop
16 EFyvop 27 EFymoD
17 EFr 28 EFr
18 EFt 29 EFt
19 EFyvop 30 EFyvoD
20 EFvobn 31 EFyvoD
21 EFr

EFmop - EF from Method of Discs [5].
EFr - EF from Teichholz’s equation [4].
EF, - Manuscript Equation (1).

EF; - Manuscript Equation (2).

and then adjusted the remaining parameters to produce car-
diovascular function similar to the full Smith model. Figure
S5 shows the model predictions for normal cardiovascular
function.

S2. REASSESSMENT OF EJECTION FRACTION

When we asked a cardiologist to return to the transthoracic
echocardiogram (TTE) images to get an estimate using the
method of discs (MOD) of the LV systolic and diastolic
volumes [5], the new volume estimates resulted in a new
EF. Manuscript Figure 2 shows the decision trees used to
determine the appropriate EF calculation for each patient.
Table S2 lists the EF calculation used for each patient: EF
from MOD (EFyiop), EF from Teichholz’s equation (EFT)
[4], EF; calculated using Manuscript Equation (1), and EF3
calculated using Manuscript Equation (2).

Table S3. Clinical measures used for calculation
of nominal parameter values

Symbol Description
Vivsyst LV systolic volume
Viv diast LV diastolic volume
Prysyst RV systolic pressure
Pry giast RV diastolic pressure
Psasyst  SA systolic pressure
Ps 4 gigst  SA diastolic pressure
Ppcw gpe  Average PCW pressure
Ppasyst ~ PA systolic pressure
Ppg gigst  PA diastolic pressure
Psypp SV pulse pressure
COruc  Right heart catheter cardiac output

PCW - pulmonary capillary wedge.

S3. CALCULATION OF NOMINAL PARAMETERS

Nominal values for 14 of the 16 parameters in the model
are specified for each patient using a combination of each
patient’s clinical data, the model equations, and values
from the literature. The equations below are a summary of
the NomParam_Calc function from the code.

S3.1. Estimating patient-specific model pressures and
volumes from clinical measures

The following equations calculate estimates for pressures
and volumes in systole and daistole from the clinical data
listed in Table S3. The bar notation () indicates a nominal
estimate whereas no bar indicates a clinical measure.

RV compartment volume estimates are assumed to be 90%
of the LV volumes in both systole (syst) and diastole (diast),
that is,

(S24)
(525)

VRV,syst =0.90 VLV,syst/ and

VRV,diast =0.90 VLV,diust~

Pressure drop across the aortic and pulmonary valve is
assumed to be ~2.5%. Also, pulse pressure (pp) in the
pulmonary veins is assumed to be ~20% of the PA pulse
pressure, whereas SV pulse pressure is ~5% of the SA pulse
pressure. The following summarize the pressure estimates:

Prvsyst = 1.025 Ps g et (526)
Pry diast = 0.975 Ppy giast (527)
Ppy,pp = 0.20 (Ppa syst — Ppa diast) (528)
Psy pp = 0.05 (Psasyst — Psa diast) (529)



_ 1
PPV,diast = Ppcw,ave — 3 PV,pp (530)
2
PPA,ave = 5 PPA,syst + 5 PPA,diast (531)
1 2
Psaave = 3 Psasyst + 3 Psadiost (532)
! P if P <0
= 5 LSV, RV, diast >
Prvgiast =4 2 " . (833)
Psy pp otherwise
_ 1.025 PRy giast  if PRy digst < 0
PSV,diast _ RV diast . RV ,diast = (534)
1.025 PRV,diast if PRV,dz'ust >0
Psy syst = Psv diast + Psv pp (S35)

2
PPCW,uve + 5 PPV,pp
. 2 -
if0.975 Ppasyst = Ppcw,ave + 3 Ppy pp
0.4854 Ppa syst

PPV,syst =

. 2 -
if 0.975 PPA,syst < PPCW,ave + 3 PPV,pp
(S36)

For the nominal values of Vpa syst, Vpv,systs Vsa,syst, and
VSV,syst/ see nominal/initial volume calculation in Section
54 below.

§3.2. Calculating nominal parameters from pressure and
volume estimates

The LV and RV end-diastolic reference pressures (P 1y =
0.1203 mmHg and Py gy = 0.2157 mmHg) are set at nom-
inal values so the ventricular end-diastolic stiffness expo-
nents (Ary and Agry) can be estimated explicitly from the
model equations, i.e.,

T — In(Pry giast / Po,Lv)

LV and (S37)
VLV,diust
In(Pry diast/ Po,rv) if Py g < 0
_ v, . diast =

A — RV diast 538
v In(Prv giast/ Po.rv) . (538)

v - if pRV,diast >0

RV diast

For the nominal RV passive stiffness (Ary), when the RV
diastolic pressure (Pry 4iqst) is nonpositive, a positive value
is calculated from the estimate of the SV pulse pressure

(PSV,pp)‘

When dealing with clinical data, some measurements are
not consistent with each other. For example, the pulmonary
arterial systolic pressure (Ppy syst) is sometimes greater than
the RV systolic pressure (Pry syst), likely due to the fact that
these two measurements are made serially rather than si-
multaneously. In this case, computation of the nominal pul-
monary valve resistance (R,) value is made differently
than if Pry sy is greater than Ppy ss;. For the nominal tri-
cuspid valve resistance (R;,,;), when the RV diastolic pres-
sure (PRry 4iqst) is nonpositive, a positive value is calculated

from Psy ). For the nominal pulmonary valve resistance
(Rppar), when the measured Ppy sy is larger than Pry syst,
a pressure drop of 2.5% across the pulmonary valve is as-
sumed to generate a nonnegative estimate of Rpy. All heart
valve resistances are computed as

- Ppy giast — PLv diast

Rippal = CORrpc (539)
5 pLV syst P
,Syst SA,syst
Rapal = ch (540)
PSV diast — pRV diast .
_ O if Pry diast < 0
Ripar = b RHC (541)
Psv diost = PRv diast 1ep
CORruc RV diast
PRy syst — Ppa
SYs ,Syst .
. —o " if PPA,syst > PRV,syst
Rypal = COrye
P PRV,syst - PPA,syst .
T COmne if Ppa giast < PRV syst

(S42)

For the nominal pulmonary resistance (R,,;), calculating
Ry, from the clinical data led to three different scenarios.
In most cases, adding 2/3 of the estimated PV pulse pres-
sure (Ppy pp) to the average pulmonary capillary wedge
pressure (Ppcyy q0.) resulted in a pressure that was smaller
than average PA pressure (Ppg 45.). In some cases, this is not
true, but this sum is still less than the PA systolic pressure
(Ppa syst), so we substitute Ppa syst for Ppa gpe- In a small
number of cases, the Ppcyy 40 is actually much larger than
the upstream Ppy sys¢, which is not physiologically possible.
In this case, we estimate the PV systolic pressure (Ppy syst)
from the average ratio of the two pressures from all other
patients in our study. The nominal resistance values are
calculated as

= _ PSA,ave - PSV,syst

s = 543
s = (543)
PPA,ave - pPV,syst
COrnc )
_ if0.975 PPA,twe > PPCW,ave + gPPV,pp
Rpul = p
PPA,syst - PPV,syst
CORrHC )
if0.975 PPA,ave < PPCW,ave + g pPV,pp
(S44)

All elastance parameters were approximated using the sys-
tolic pressure and stressed volume estimates as

_ P

ELV _ VLV,syst (845)
LV syst

_ P — Ps 4 4i

ESA _ SA,sy‘s_/t SA, diast (546)

SA,syst

_ P

Egy = 522 (547)
SV syst

_ P

Ery = VRV,syst (548)
RV syst



= Ppasyst — Ppadiast

Epa ! (S49)
P VPA,syst
P
Epy = = (850)
PV syst

S4. RECALCULATION OF INITIAL VOLUME DISTRI-
BUTIONS

A recent theory with regards to HFpEF is that there is some
dysfunction in the ability to adjust volume distribution in
the cardiovascular system. Our model can take into con-
sideration different percentages of total stressed volume
which might vary across patients. Even though we have
this option for the purpose of discriminating HFpEF phe-
notypes, we have fixed the total stressed volume at 30% of
total blood volume. This still leaves us with the problem
of how to estimate the initial volume distribution across
compartments and to ensure the percentages of stressed
volume in each compartment sum up to be 30% of total
blood volume.

We start with the nominal values of stressed, unstressed,
and total blood volume in each compartment from Beneken
[1]. The difference here is that Beneken’s stressed volume
distributions add up to be only 18.75%, which is now gen-
erally taken to be too low. In the code, we recalculate an
initial stressed volume distribution to a 30% stressed vol-
ume that is appropriate. Table S4 is a summary of blood
volume distributions from Beneken.

The total blood volume in Beneken is 4544 mL, which is
different than the blood volume calculated for each patient.
Therefore, we will estimate the percentages of stressed and
unstressed volumes for different total stressed volume per-
centages with respect to the Beneken volumes and then use
those percentages to calculate the initial volume distribu-
tions for the patient-specific total blood volume. We start
by adjusting what volumes are stressed and unstressed in
the heart. Beneken assumes 100% stressed volume in the
ventricles and 60% stressed volume in the atria, which we
change to 70% and 50% respectively. To adjust this, we
calculate new volumes in the heart as

‘/STB,LV - 070 Vt,B,LV

Vegry = 0.70 Vi g ry

(S51)
(S52)

We need to recruit volume over the Beneken values, and
we assume that this recruited volume will come from only
the systemic and pulmonary circulations and not from the
heart. So, we take the Beneken stressed volumes and then
subtract off the heart chamber stressed volumes as

Vs,Bui = Vs,Btot — Vs,B,Lv — Vs ,B,RV, (S53)

where the subscript nh denotes “non-heart".

To obtain a total stressed volume fraction of 30% for each
patient, we have

VSTB,tot = 0.30 V; B tot- (S54)

Table S4. Blood volume distributions in mL
adapted from Beneken [1].

Stressed Unstressed Total
Left atrium (LA)

Vspra 50  Vypra 30  Vigra 80
Left ventricle (LV)

Vv 125 Vypry 0 Vigry 125
Systemic arteries (SA)

Vspsa 160 Vypsa 425  Vipsa 585
Systemic veins (SV)

Vspsy 219 Vypsy 2697 Vipsy 2916
Right atrium (RA)

Vspra 50  Vypra 30  Vigra 80
Right ventricle (RV)

Vspry 125 Vypry 0 Vigry 125
Pulmonary arteries (PA)

Vsppa 69  Vyppa 50  Vigpa 119
Pulmonary veins (PV)

Vsppvy 54  Vyppy 460 Vippy 514
Totals

VsBtot 852 Viypror 3692  Vipur 4544

Then, we subtract off the new heart chamber stressed vol-
umes as

Ve = Vet = Vepv = Vopry: (S55)
The difference between these stressed volumes is the
amount of recruited volume over and above the Beneken
stressed volumes, that is,

Vs R tot = Vopun — Vs,Buh- (556)

The recruited volume in each compartment is calculated
based on the fraction of the unstressed volume in each
compartment with respect to the total unstressed volume,
Vu,B,tot/ that is

Vs,BRSA = Vs rtot (ViBsa/ViBtot), (557)
Vs,B,r,5v = VsRtot (Viu,B,5v/VuB tot) (558)
ViR pA = Vsrtot (Vipa/Vupit) and  (S59)
Vs,B,R,pv = Vsrtot (Vi,B,pv/ VB tot)- (S60)

Adding these recruited volumes to the Beneken values
will give the volumes with the desired 30% total stressed



Table S5. New blood volume distributions in mL
with 30% volume.

Stressed Unstressed Total

Left atrium (LA)

Vopra 40 Vigia 40 Vigra 80
Left ventricle (LV)

‘/;jB,LV 88 V;,B,LV 37 thB,LV 125

Systemic arteries (SA)
Vsth,SA 230 V;,B,SA 355 V:B,SA 585

Systemic veins (SV)

Vepsy 662 Vips, 2254 Vi, 2916
Right atrium (RA)

Vopra 40 Vigra 40 Vigp, 80
Right ventricle (RV)

stB,RV 88 VLT,B,RV 37 VtTB,RV 125

Pulmonary arteries (PA)

‘/STB,PA 77 V;,B,PA 42 thB,PA 119

Pulmonary veins (PV)
stB,PV 130 V;,B,PV 384 VtTB,PV 514

Totals
VSTB,tOt 1355 VJ,B,tOt 3189 ‘/L‘TB,L‘Ot 4544
volume as
Vopsa = Vspsa+ VsBRrsas (S61)
Vipsv = Vspsv + VsBRsv, (S62)
Vippa = Vsppa+ Vsprpa, and (563)
Vg pv = VsB,pv + VsBRPV- (S64)

Dividing these new volumes by the total compartment vol-
umes from Benenken gives the fraction of stressed volume
for each compartment, that is,

fvspsa = Vopsa/Vipsas (S65)
fvsssv = Vopsv/Vipsv, (S66)
fvsspa = Vippa/ViBpa, and (567)
fvsspv = Vigpv/Vippv- (568)

These fractions are used for the patient-specific total vol-
ume to get an initial stressed volume distribution across
compartments assuming a 30% total stressed volume (see
Table S5).

S5. RESIDUAL EQUATION USED FOR SENSITIVITY

ANALYSIS AND OPTIMIZATION

A residual function was used to assess parameter influence
in our global sensitivity analysis and optimize model pa-
rameters to patient data. The change in this residual with
changes in parameter values over a sampling of the en-
tire parameter space is used to rank the sensitivity of each
parameter with respect to each other. For optimization, a
set of parameter values is found that minimizes the resid-
ual function producing a patient-specific model that most
closely represents a given set of patient data. Two simula-
tion runs are made to compute the residual: one at the RHC
heart rate and the second at the TTE heart rate. The fol-
lowing equations show the eleven pressures, volumes, and
cardiac output measures from these two simulations used
to compute the eleven residuals between the simulation
and clinical measures using an appropriate normalization
for each residual:

and

simm data
pres . ‘ PRV,syst - PRV,syst |
RV ,syst — data ’
SA,syst
sim data
pres _ | PRV,diast - PRV,diust
RV diast — Pdata ’
SA,syst
Sitm data
pres - | PPA,syst - PPA,syst |
PA,syst ™ data ’
SA,syst
sim _ pdata
res _ ‘ PPA,diust PPA,diast
PA,diast — data ’
SA,syst
Sim data
pres _ | PSA/SySt - PSA,syst |
SAsyst — data ’
SA,syst
sim data
pres _ | PSA,diust - PSA,diast ‘
SA,diast — pdata ’
SA,syst
sitm data
pres . | PPCW,ave - PPCW,uve |
PCW,ave — data 7
SA,syst
sim data
Ccores . — | CORHC — CORHC
RHC max Codata Codam !
RHC~ TTE
sim data
yres _ | VLV,syst - VLV,syst |
LV syst — ydata ’
LV syst
sim __y/data
yres _ ‘ VLV,diust VLV,diust ‘
LV diast — ydata ’
LV syst
simm data
core, = | COTTE — COTTE

max (COfiiE, COfi )

(S69)

(S70)

(S71)

(S72)

(S73)

(S74)

(S75)

(S76)

(S77)

(S78)

(S79)

The residuals are then averaged with no additional weights

as

o D= B A B COP Ty

11

(S80)



Table S6. Clinical data cluster classification.

Patient Hull k-means  Hierarchical | Group
Location Cluster Cluster
HFrEF
1 HFrEF A A HFrEF
2 HFrEF A B HFrEF
3 HFrEF A A HFrEF
4 HFrEF A B HFrEF
5 HFrEF B B HFrEF
6 HFrEF A A HFrEF
7 HFrEF A B HFrEF
8 HFrEF A A HFrEF
9 HFrEF A B HFrEF
10 HFrEF A B HFrEF
HFpEF
11 HFrEF A B NCC
12 HFpEF B B HFpEF
13 HFpEF B B HFpEF
14 HFpEF B B HFpEF
15 HFpEF B B HFpEF
16 HFpEF A A NCC
17 HFpEF A B NCC
18 HFrEF B B NCC
19 HFpEF B B HFpEF
20 HFpEF A A NCC
21 HFpEF A A NCC
22 HFpEF B B HFpEF
23 HFpEF A A NCC
24 HFrEF B B HFpEF
25 HFpEF B B HFpEF
26 HFpEF B B HFpEF
27 HFpEF A A NCC
28 HFpEF B B HFpEF
29 HFpEF B B HFpEF
30 HFpEF B B HFpEF
31 HFpEF B B HFpEF

NCC - not consistently clustered.

where i = {RV,syst RV, diast PA, syst PA,diast SA, syst
SA,diast PCW,ave}, j = {RHC TTE}, and k = {LV,syst
LV, diast}. To calculate Ppcyy from the simulation, the aver-
age value of Ppy over the last five beats of the simulation is
taken. Similarly, for the cardiac output, the flow is averaged
over the last five cardiac cycles.

S6. PATIENT SUBGROUPS FROM CLINICAL MEA-
SURES

The method used to determine patient subgroups is sum-
marized in the manuscript. Table S6 details which PCA
hull, k-means cluster, and hierarchical cluster each patient
falls into based on the clinical measures alone. Note that
HFpEF patients that fall in the overlap region are labeled

Table S7. Optimized parameter cluster classifica-

tion
Patient Hull k-means  Hierarchical Group
Location Cluster Cluster

HFrEF
2 HFrEF B A HFrEF
3 HFrEF A A HFrEF
4 HFrEF A A HFrEF
5 HFrEF A A HFrEF
7 HFrEF A A HFrEF
8 HFrEF A A HFrEF
9 HFrEF B A HFrEF
10 HFrEF A A HFrEF

HFpEF
11 HFrEF A A HFpEF1
12 HFpEF B B HFpEF2
13 HFpEF A A NCC
14 HFpEF B B HFpEF2
15 HFpEF B A NCC
16 HFpEF B B HFpEF2
17 HFrEF A A HFpEF1
18 HFrEF A A HFpEF1
19 HFpEF B B HFpEF2
20 HFpEF B B HFpEF2
21 HFpEF B B HFpEF2
22 HFpEF B A NCC
23 HFpEF A A NCC
24 HFpEF B B HFpEF2
25 HFpEF B B HFpEF2
26 HFpEF B B HFpEF2
27 HFpEF B B HFpEF2
28 HFpEF B A NCC
29 HFrEF A A HFpEF1
30 HFrEF A A HFpEF1
31 HFpEF B B HFpEF2

NCC - not consistently clustered.

as HFrEF for their hull location in Tables S6 and S7.

S7. PATIENT SUBGROUPS FROM OPTIMIZED PA-
RAMETERS

The method used to determine patient subgroups is sum-
marized in the manuscript. Table S7 details which PCA
hull, k-means cluster, and hierarchical cluster each patient
falls into based on the optimized parameters.

S8. SUPPLEMENTAL FIGURES

In the manuscript, the figures only include clinical mea-
sures and optimized parameters that had showed p-values
at 0.05 or lower. The supplemental figures here are in-



cluded for completeness. In Figure S1, we show the panels
not included in Manuscript Figure 5 exhibiting differences
in the clinical measures between our diagnosed subgroups
of HFrEF and HFpEF. In Figure S2, we include all the opti-
mized parameters not shown in Manuscript Figure 9 and
how they vary across HFrEF, HFpEF1, HFpEF2 and NCC
groups. In Figure S3, we include all the clinical measures
not shown in Manuscript Figure 10 as we revisit the differ-
ences in the clinical measures between the HFrEF, HFpEF1,
HFpEF2 and NCC groups. In Figure S4, we show the plot
of the weighted loadings from the principal component
analysis of the optimized parameters. The red circle in-
dicates which parameters contribute the most to the total
variance. In Figure S5, the model predictions for normal
cardiovascular function are plotted using the parameters in
Table S1. In Figures S6-513, the model predictions for the
patients with HFrEF are plotted. In Figures S14-534, the
model predictions for the patients with HFpEF are plotted.
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Fig. S1. Box plots of clinical data grouping heart failure patients based on their HFrEF and HFpEF diagnosis. A.
Heart rate from the TTE (bpm). B. Diastolic systemic arterial (SA) pressure (mmHg) C. Diastolic right ventricular

(RV) pressure (mmHg). D. Pulmonary capillary wedge (PCW) pressure (mmHg). E. Heart rate from the RHC (bpm)
F. Cardiac output from the RHC (L min~!). The light gray dashed line denotes the group average, and the grey box
contains one standard deviation above and below the mean of each clinical value (*p-value <0.05, **p-value <.01,
***p-value <.001).
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Fig. S2. Box plots of the optimized parameter values with 4 heart failure groups. Analysis of the optimized parame-
ters gives us an understanding of the mechanistic differences between the three HFpEF groups that cannot be seen
by analyzing the clinical data alone. A. Right ventricular (RV) active contractility (Egry, mmHg mL~1). B.RV passive
stiffness (Agy, mL~1). C. Pulmonary arterial (PA) stiffness (Epy, mmHg mL~1). D. PV stiffness (Epy). All values are
plotted relative to the normal model values given in Table S1, indicated by the horizontal dashed blue line. The light
gray dashed line denotes the average, and the gray box contains one standard deviation above and below the mean of
each parameter value (*p-value <0.05, *p-value <0.01, ***p-value <0.001).

10



—~ —~
= 5 c
' * I
cC *
= — € 100 €
100 2 5 30 9
e £ 5
25 24
© g %8 ¥ 5 82 © sof 2 . W O 25 4
() 4 24
2 13 i o134 Pt a 9 269812 2215 (:ISJ
- 291118 14 21,45 23 1) 21 13 » 20
60 60} 1074 29..47 20 30 2%
ll.l_J 27 o 27 28 o 5 19
20 o o
- 3
o 40 < 40 > 5 018 25 1224
- (0))] 30 oy 10 11 28
© o 5 2 31 15,
_E 20 = 20 = 5 10734 17 & 2
S o E 16
i %) %) 21
L o 8 0 & 0 2
()] (@]
D E < F &
80 19 £ 100 18 c s
€ € 2018 3
> 70 %) 2 31 | ! 13
9
T 60 © 804 1o S0 0524 13 28 ~ 6 11, 24 o 18
c o) G 1. 19 e (@] 758 2 1914 22
50 L2 ol ¢ 2017 g6 44 15 I 5
e ~ 11 282 23 o 6 23
= 40 O 27 20 - 4 28
; . 25 T 4 > 1042 17 26p
O 30 o3 AT, 92214 152213 o e 3 27
4 >
o 201 % 11 211612 28 2 20 o 2
10 3 2427 23 9 (&] 1
8 20 + (E
0 o 0 T o
HFrEF HFpEF1 HFpEF2 NCC % HFrEF HFpEF1 HFpEF2 NCC 8 HFrEF HFpEF1 HFpEF2 NCC

Fig. S3. Box plots of the clinical data with 4 heart failure groups with significant differences between heart failure
patients based on their HFrEF and HFpEF diagnosis. A. Heart rate from the TTE (bpm) B. Diastolic systemic arterial
(SA) pressure (mmHg). C. Diastolic RV pressure (mmHg). D. Pulmonary capillary wedge (PCW) pressure (mmHg).
E. Heart rate from the RHC (bpm). F. Cardiac output from the RHC (L min~'). The light gray dashed line denotes the
group average, and the grey box contains one standard deviation above and below the mean of each clinical value
(*p-value <0.05, **p-value <.01, **p-value <.001).
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Fig. S6. Simulation fits to data for Patient 2 where dashed lines indicate the clinical measures and solid lines represent
simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured COgp is
3.57 L/min and simulation CO is 3.55 L/min. For TTE: measured CO,;op T is 5.30 L/min, measured COyryor is 3.10
L/min and simulation CO is 3.95 L/min
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Fig. S7. Simulation fits to data for Patient 3 where dashed lines indicate the clinical measures and solid lines represent
simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured COgrpc is
3.15 L/min and simulation CO is 3.07 L/min. For TTE: measured CO;op T is 0.63 L/min, measured COpyor is 3.20
L/min and simulation CO is 3.22 L/min
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Fig. S8. Simulation fits to data for Patient 4 where dashed lines indicate the clinical measures and solid lines represent
simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured COgp is
3.70 L/min and simulation CO is 3.71 L/min. For TTE: measured CO;op T is 4.53 L/min, measured COryor is 4.10
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Fig. $9. Simulation fits to data for Patient 5 where dashed lines indicate the clinical measures and solid lines represent
simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured COgrpc is
5.43 L/min and simulation CO is 5.44 L/min. For TTE: measured COpop, is 10.44 L/min, measured COpyor is 4.50

L/min and simulation CO is 5.67 L/min
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Fig. $10. Simulation fits to data for Patient 7 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 5.47 L/min and simulation CO is 5.47 L/min. For TTE: measured COyop, is 6.11 L/min, measured
COrvor is 5.45 L/min and simulation CO is 5.39 L/min
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Fig. S11. Simulation fits to data for Patient 8 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgpc is 5.63 L/min and simulation CO is 4.59 L/min. For TTE: measured COyop/, is 5.32 L/min, measured
COryor is 3.06 L/min and simulation CO is 5.25 L/min
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Fig. $12. Simulation fits to data for Patient 9 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 2.95 L/min and simulation CO is 2.57 L/min. For TTE: measured COyop, is 1.74 L/min, measured
COrvor is 8.09 L/min and simulation CO is 2.60 L/min
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Fig. S13. Simulation fits to data for Patient 10 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgpc is 3.43 L/min and simulation CO is 3.08 L/min. For TTE: measured COyop/, is 0.90 L/min, measured
COryor is 3.25 L/min and simulation CO is 3.28 L/min
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Patient 11
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Fig. S14. Simulation fits to data for Patient 11 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 6.10 L/min and simulation CO is 6.10 L/min. For TTE: measured COyop, is 7.44 L/min, measured
COrvor is 5.00 L/min and simulation CO is 6.83 L/min
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Fig. S15. Simulation fits to data for Patient 12 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgpc is 5.80 L/min and simulation CO is 2.58 L/min. For TTE: measured COyop/ is 2.23 L/min, measured
COryor is 4.60 L/min and simulation CO is 2.85 L/min
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Fig. S16. Simulation fits to data for Patient 13 where dashed lines indicate the clinical measures and solid lines rep-
resent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 6.84 L/min and simulation CO is 4.83 L/min. For TTE: measured COpop,r is 4.68 L/min and simulation
COis 4.67 L/min
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Fig. S$17. Simulation fits to data for Patient 14 where dashed lines indicate the clinical measures and solid lines rep-
resent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 5.70 L/min and simulation CO is 4.36 L/min. For TTE: measured COypop, T is 4.47 L/min and simulation
COis 449 L/min
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Patient 15
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Fig. $18. Simulation fits to data for Patient 15 where dashed lines indicate the clinical measures and solid lines rep-
resent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 6.10 L/min and simulation CO is 5.12 L/min. For TTE: measured COpop,r is 5.43 L/min and simulation
COis 5.48 L/min
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Fig. $19. Simulation fits to data for Patient 16 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
CORgpc is 4.40 L/min and simulation CO is 2.47 L/min. For TTE: measured COyop/ is 2.28 L/min, measured
COryvor is 3.90 L/min and simulation CO is 2.47 L/min
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Patient 17
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Fig. S20. Simulation fits to data for Patient 17 where dashed lines indicate the clinical measures and solid lines rep-
resent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 3.50 L/min and simulation CO is 4.63 L/min. For TTE: measured COpop, is 4.78 L/min and simulation
COis4.77 L/min
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Fig. S21. Simulation fits to data for Patient 18 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgpc is 7.43 L/min and simulation CO is 7.43 L/min. For TTE: measured COyop/, is 6.95 L/min, measured
COryor is 4.30 L/min and simulation CO is 5.56 L/min
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Patient 19
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Fig. S22. Simulation fits to data for Patient 19 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 5.67 L/min and simulation CO is 4.79 L/min. For TTE: measured COyop, is 5.04 L/min, measured
COrvor is 3.20 L/min and simulation CO is 5.08 L/min
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Fig. $23. Simulation fits to data for Patient 20 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
CORgpc is 3.50 L/min and simulation CO is 2.37 L/min. For TTE: measured COyop/, is 1.29 L/min, measured
COryor is 3.40 L/min and simulation CO is 2.27 L/min
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Patient 21
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Fig. S24. Simulation fits to data for Patient 21 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 3.37 L/min and simulation CO is 2.54 L/min. For TTE: measured COyop, is 2.54 L/min, measured
COrvor is 4.60 L/min and simulation CO is 2.54 L/min
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Fig. $25. Simulation fits to data for Patient 22 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgpc is 5.63 L/min and simulation CO is 5.98 L/min. For TTE: measured COyop/, is 7.94 L/min, measured
COryor is 5.10 L/min and simulation CO is 6.98 L/min
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Fig. S26. Simulation fits to data for Patient 23 where dashed lines indicate the clinical measures and solid lines repre-
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sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 4.50 L/min and simulation CO is 5.55 L/min. For TTE: measured COyop, is 8.35 L/min, measured
COrvor is 4.95 L/min and simulation CO is 6.23 L/min
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Fig. S27. Simulation fits to data for Patient 24 where dashed lines indicate the clinical measures and solid lines repre-
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sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgpc is 6.23 L/min and simulation CO is 3.32 L/min. For TTE: measured COyop, is 3.58 L/min, measured
COryor is 6.05 L/min and simulation CO is 3.67 L/min
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Fig. $28. Simulation fits to data for Patient 25 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 3.67 L/min and simulation CO is 4.28 L/min. For TTE: measured COyop, is 6.32 L/min, measured
COrvor is 4.24 L/min and simulation CO is 4.90 L/min
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Fig. $29. Simulation fits to data for Patient 26 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgpc is 3.47 L/min and simulation CO is 2.91 L/min. For TTE: measured COyop/ is 3.29 L/min, measured
COryor is 4.22 L/min and simulation CO is 3.43 L/min
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Fig. $30. Simulation fits to data for Patient 27 where dashed lines indicate the clinical measures and solid lines repre-
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sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 2.90 L/min and simulation CO is 2.84 L/min. For TTE: measured COyop, is 2.81 L/min, measured
COrvor is 3.59 L/min and simulation CO is 2.94 L/min
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Fig. S31. Simulation fits to data for Patient 28 where dashed lines indicate the clinical measures and solid lines repre-

sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
CORgpc is 4.03 L/min and simulation CO is 4.05 L/min. For TTE: measured COyop/, is 5.28 L/min, measured
COryor is 5.34 L/min and simulation CO is 4.41 L/min
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Fig. §32. Simulation fits to data for Patient 29 where dashed lines indicate the clinical measures and solid lines rep-
resent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgrpc is 7.27 L/min and simulation CO is 5.04 L/min. For TTE: measured COpop, is 4.94 L/min and simulation

COis4.95 L/min
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Fig. $33. Simulation fits to data for Patient 30 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgpc is 5.25 L/min and simulation CO is 4.08 L/min. For TTE: measured COyop/ is 4.16 L/min, measured
COryor is 4.27 L/min and simulation CO is 4.25 L/min
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Fig. S34. Simulation fits to data for Patient 31 where dashed lines indicate the clinical measures and solid lines repre-
sent simulated cardiovascular function. CO is also matched during parameter optimization. For RHC: measured
COgpc is 7.53 L/min and simulation CO is 3.63 L/min. For TTE: measured COyop, is 3.48 L/min, measured
COypyor is 6.73 L/min and simulation CO is 3.52 L/min
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