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One of our clinical colleagues once told us, “There are PhD problems, and there are
important problems. You should work on important problems.” We reject our colleague’s
blunt criticism of basic science but we recognize that, as fields advance, researchers can do
more to increase the tangible impact of their work. It seems to us that the field of myocardial
contraction has reached this point. Decades of work by thousands of scientists has provided
us with detailed information about the molecular, cellular, and tissue-level mechanisms that
drive and regulate ventricular function. In our opinion, it is time for researchers to put more
emphasis on leveraging that knowledge to improve patient care. This article outlines one
potential approach based on multiscale computer modeling of cardiac function. Our vision is
a transdisciplinary team that optimizes treatment plans for patients who have cardiac disease
by predicting how the heart will respond to each of the potential therapeutic options using
personalized computer models that integrate genomic, proteomic, imaging, and functional
data. Over the next few years, we want to work towards that moonshot goal by planning a
clinical trial that tests whether implementing model-predicted therapies helps patients more
than the current standard of care.

Reductionist techniques have dominated myofilament research for the last 70 years. Our
field now understands that contractile force is generated by interactions between myosin
heads and binding sites on actin [1]. The energy that drives cross-bridge cycling comes from
the hydrolysis of ATP molecules and we have detailed knowledge about many aspects of
myosin’s mechano-chemistry [2]. We have also learned that the intracellular Ca2*
concentration controls contractile activity through complex mechanisms involving troponin
and tropomyosin [3]. These processes are cooperative so the status of one binding site
depends on the status of its neighbors [4]. Thick filaments are also dynamic with myosin
heads transitioning between OFF and ON states at rates that are likely to depend on force
[5-7].
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Many, perhaps most, of these mechanisms are regulated by signaling pathways that
modulate the posttranslational status (for example, phosphorylation, acetylation,
glycosylation) of sarcomeric proteins [8]. Some of these pathways can be manipulated using
drugs, which gives clinicians the ability to implement therapies that adjust cellular-level
cardiac contractility [9].

Of course, what really matters to a patient, and thus the clinician that is treating them, is
organ-level function — how much blood did the heart eject, at what pressure, and how much
energy did that require? Mathematical techniques have been developed to predict
hemodynamics from the behavior of a single cell [10] but these are too simplistic for clinical
use because they omit patient-specific factors such as the shape of the heart.

A better approach for translational work is to use finite element modeling. This
mathematical technique simulates the behavior of a large structure by first deconstructing it
into smaller interconnecting blocks (the elements). The physical properties of each block
(for example, force per unit area) are then defined. Finally, sophisticated algorithms integrate
the block-level data to determine the global function of the whole structure. For beating
hearts, outputs of the calculations include factors that have clinical utility such as ejection
fraction and cardiac torsion.

Cardiac finite element systems have been available for more than 40 years [11] but most are
still based on phenomenological models of contraction (for example, steady-state force-
calcium relationships). As a result, it can be challenging to simulate transient data, such as
load-dependent relaxation [12]. The phenomenological basis of most models also makes it
difficult to scale from molecular mechanisms to organ-level function. Our groups have been
working to overcome this limitation and recently published a finite element system [13] that
is built on a molecular-level model of contraction called MyoSim [14]. Note that our
“molecular-level model” simulates transitions between states (for example, attachment of
cross-bridges) rather than fluctuations within proteins, as would be the case for calculations
based on molecular dynamics. Accordingly, MyoSim simulates myosin heads interacting
with Ca2*-dependent binding sites and predicts contractile force using cross-bridge
distribution techniques [15]. MyoSim thus mimics velocity-dependent contractile forces
better than calculations based on steady-state assumptions. Intriguingly, this allows our finite
element system to reproduce regional cardiac mechanics (specifically, heterogeneous re-
lengthening during diastole) better than conventional modeling techniques [13].

While the ability to simulate a cardiac cycle might be interesting to scientists, it is not, by
itself, important to clinicians. If a physician wanted to know how much blood their patient’s
heart was ejecting, they could just measure stroke volume using one of several standard
techniques (for example, echocardiography). It would be more useful to have a model that
could predict how the heart’s performance will change over time.

We are working on this too and are currently integrating growth and remodeling algorithms
into our finite element simulations [16, 17]. Specifically, we are creating a modeling
framework that couples element-level mechanics (cyclical patterns of stress and strain) to
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long-term changes in tissue-level structure and function. In simple words, our models will
evolve.

Most of the prior implementations of cardiac growth and remodeling algorithms have
focused on geometrical effects that correspond to the addition [18] and deletion [19] of
sarcomeres. This allows the models to change shape. For example, a finite element model of
the heart might dilate following a simulated infarct. We plan to augment these structural
changes with algorithms that modulate tissue-level function. For example, the passive
stiffness of the elements could increase to mimic an elevated N2B:N2BA titin isoform ratio
[20], or the contractile system could be sensitized to Ca2* by reduced phosphorylation of
troponin I [21]. It will even be possible to impose regional variation in our models. For
example, we will be able to increase the passive stiffness of the middle transmural portion of
the left ventricular free wall above that of the sub-endocardial and sub-epicardial portions.
This will allow us to reproduce the transmural patterns of fibrosis that we’ve previously
measured in failing human hearts [22].

While passive mechanics could be adjusted in most prior cardiac finite element models, few
of the other approaches allowed fine control of the contractile mechanisms. This will not be
a problem with our approach because the MyoSim framework allocates parameters to each
step in the contractile process. For example, in a recent study that used MyoSim to
investigate length-dependent activation [23], k; and k, defined the rates of the OFF to ON
and ON to OFF myosin states respectively, while k3 and ky set the rates at which myosin
heads attached and detached from force-generating states. Other parameters defined
additional sarcomere level effects including the affinity of binding sites on actin for Ca2*,
the strength of cooperative activation, and the power stroke of a force-generating cross-
bridge.

Including this type of molecular level data in our finite element model provides two main
advantages. First, we can perform sensitivity analyses to predict which parameters have the
biggest influence on ventricular function. In essence, this is as simple as defining a metric
(for example, stroke work divided by ATP consumed by cross-bridge cycling) and then
calculating how that metric changes when each parameter is systematically adjusted. Some
parameters will produce large changes in function while others will have more modest
effects. For example, prior analysis of cell-level simulations has shown that varying thin
filament Ca2* binding properties has a bigger impact on unloaded shortening profiles than
adjusting the strain-dependence of cross-bridge detachment rates [14]. When implemented
in our finite element simulations, this type of analysis could form a useful screening tool in
drug development pipelines because manipulations that don’t have a big impact on function
are unlikely to be useful therapies. The sensitivity data might also be useful to
experimentalists who could use it to guide and refine their measurements — for example, by
identifying variables (perhaps heart rate and/or afterload) that have a particularly large effect
on the measured outcome. It is our view that experimental and computational data can be
used synergistically to accelerate the rate of scientific progress.

The second main advantage of including molecular level data is that we can use our model
to predict the effects of potential therapies. For example, mavacamten is a drug that reduces
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cellular level contractile force and is currently being tested in patients who have
hypertrophic cardiomyopathy [24]. Biophysical studies show that it directly inhibits the
myosin ATPase cycle and stabilizes the myosin OFF state [25]. We could reproduce this
effect in our finite element models by decreasing the ki parameter described above, and
calculate how suppressing cellular level force will impact ejection during a cardiac cycle.
More importantly, we can then run the model forward in time and watch how the simulations
evolve. Since the drug changes cellular level force, it will change the cyclical patterns of
stress and strain in each model element, and thus the growth and remodeling of our virtual
organ. In other words, we can use our finite element calculations to predict how the drug will
change the structure and function of the heart over time.

The devil, of course, will be in the detail. One obvious limitation is that our calculations can
only mimic mechanisms that are included in the modeling framework. As an example, we do
not currently simulate mitochondrial function so our current models are not sensitive to
perturbations that impair electron transport chain activity or shift metabolic substrate
utilization [26]. We could fix this specific problem quite easily (by integrating MitoCore
[27] into the simulations, for instance) but the general problem remains. How will we know
which aspects of a patient’s physiology need to be simulated to predict their individualized
response to a potential therapy? This problem is not new, and was summarized by
Rosenblueth & Wiener in 1945 as “The best material model of a cat is another, or preferably
the same, cat.” [28].

Another limitation is the difficulty of running models forward in time. Our predictions will
depend on the initial conditions that we set at the beginning of the calculations. Given the
complexity of cardiac physiology, it is possible that the simulations will exhibit chaotic
behavior; subtle changes in the initial conditions amplify over time and lead to radically
different outcomes. Similar issues plague scientists’ ability to predict the weather and the
vagaries of the stock market!

We are optimistic that this general strategy will eventually contribute to improved patient
care. We envisage a scenario in which clinicians collaborate with scientists to create
personalized models for their patients. Each model would include all of the clinical data that
were available and might potentially be of use. For example, if a patient’s heart had been
imaged, a personalized finite element mesh would be created from the MRI, CT, or
echocardiographic data. This would produce a model that matched the patient’s current
cardiac dimensions. The mesh could also incorporate information about the shape and
location of a fibrotic scar if the patient had suffered an infarction. Similarly, if a biopsy had
been performed, data related to the current posttranslational and/or isoform status of
sarcomeric proteins could be incorporated. Genomic mutations could also be integrated,
perhaps using complementary functional results obtained from in vitro assays performed by
basic scientists. In short, the team would work to create the most personalized model
possible.

A battery of simulations would then be run, each predicting how the patient’s heart would
evolve over weeks and months in response to a different potential therapy. Presumably,
cardiac function would deteriorate markedly in many of the simulations, but perhaps a few
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of the calculations would predict improvements. Combinations of pharmaceutical therapies
could also be tested to see if they produced additive effects. Similarly, the virtual hearts
could be unloaded to mimic the effect of treatment with a ventricular assist device [29]. The
end result of these calculations would be a dataset consisting of potential therapeutic
interventions and patient-specific predictions for their result.

The final step, which we term “closing the therapeutic loop”, will be to work as a
transdisciplinary research team to implement the therapies that are predicted to be most
efficacious for each patient. Obviously, this will need to be done in a carefully regulated
clinical trial with appropriate supervision from a data safety monitoring board. However, the
goal is simple — test the hypothesis that implementing model-predicted therapies helps
patients more than the current standard of care.

We already know that our plan has tens of challenges, and recognize that this means we
probably need to overcome hundreds more. Clinical logistics, ethical issues relating to return
of results, and training of physicians all present significant barriers that would need to be
overcome. However, in our opinion, the end goal is worth it. If a team can demonstrate that
model-predicted therapies help patients who have cardiac disease, they will have succeeded
in leveraging our field’s knowledge to advance patient care. And that will be a wonderful
and important thing!

Acknowledgments
Funding sources

This work was supported by NIH U01 HL133359 to KSC and JFW, TR001998, and NSF 153874 to JFW.

References

[1]. Gordon AM, Homsher E, Regnier M, Regulation of contraction in striated muscle, Physiol. Rev.
80(2) (2000) 853-924. [PubMed: 10747208]

[2]. Trivedi DV, Muretta JM, Swenson AM, Davis JP, Thomas DD, Yengo CM, Direct measurements
of the coordination of lever arm swing and the catalytic cycle in myosin V, Proc Natl Acad Sci U
S A 112(47) (2015) 14593-8. [PubMed: 26553992]

[3]. Moore JR, Campbell SG, Lehman W, Structural determinants of muscle thin filament
cooperativity, Archives of biochemistry and biophysics 594 (2016) 8-17. [PubMed: 26891592]

[4]. Fitzsimons DP, Moss RL, Cooperativity in the regulation of force and the kinetics of force
development in heart and skeletal muscles: cross-bridge activation of force, Adv Exp Med Biol
592 (2007) 177-89. [PubMed: 17278365]

[5]. Ait-Mou Y, Hsu K, Farman GP, Kumar M, Greaser ML, Irving TC, de Tombe PP, Titin strain
contributes to the Frank-Starling law of the heart by structural rearrangements of both thin- and
thick-filament proteins, Proc Natl Acad Sci U S A 113(8) (2016) 2306-11. [PubMed: 26858417]

[6]. Kampourakis T, Sun YB, Irving M, Myosin light chain phosphorylation enhances contraction of
heart muscle via structural changes in both thick and thin filaments, Proc Natl Acad Sci U S A
113(21) (2016) E3039-47. [PubMed: 27162358]

[7]. Irving M, Regulation of Contraction by the Thick Filaments in Skeletal Muscle, Biophys J 113(12)
(2017) 2579-2594. [PubMed: 29262355]

[8]. Peng Y, Ayaz-Guner S, Yu D, Ge Y, Top-down mass spectrometry of cardiac myofilament proteins
in health and disease, Proteomics Clin Appl 8(7-8) (2014) 554—68. [PubMed: 24945106]

[9]. Hwang PM, Sykes BD, Targeting the sarcomere to correct muscle function, Nat Rev Drug Discov
14(5) (2015) 313-28. [PubMed: 25881969]

Arch Biochem Biophys. Author manuscript; available in PMC 2020 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Campbell et al.

Page 6

[10]. Campbell KB, Simpson AM, Campbell SG, Granzier HL, Slinker BK, Dynamic left ventricular
elastance: a model for integrating cardiac muscle contraction into ventricular pressure-volume
relationships, J Appl Physiol (1985) 104(4) (2008) 958-75. [PubMed: 18048589]

[11]. Janz RF, Grimm AF, Finite-element model for the mechanical behavior of the left ventricle, Circ
Res 30(2) (1972) 244-252. [PubMed: 5061321]

[12]. Chung CS, Hoopes CW, Campbell KS, Myocardial relaxation is accelerated by fast stretch, not
reduced afterload, J Mol Cell Cardiol 103 (2017) 65-73. [PubMed: 28087265]

[13]. Zhang X, Liu ZQ, Campbell KS, Wenk JF, Evaluation of a Novel Finite Element Model of Active
Contraction in the Heart, Frontiers in physiology 9 (2018) 425. [PubMed: 29740338]

[14]. Campbell KS, Dynamic coupling of regulated binding sites and cycling myosin heads in striated
muscle, J Gen Physiol 143(3) (2014) 387-99. [PubMed: 24516189]

[15]. Huxley AF, Muscle structure and theories of contraction, Prog.Biophys. 7 (1957) 255-318.

[16]. Lee LC, Genet M, Acevedo-Bolton G, Ordovas K, Guccione JM, Kuhl E, A computational model
that predicts reverse growth in response to mechanical unloading, Biomech Model Mechanobiol
14(2) (2015) 217-29. [PubMed: 24888270]

[17]. Lee LC, Sundnes J, Genet M, Wenk JF, Wall ST, An integrated electromechanical-growth heart
model for simulating cardiac therapies, Biomech Model Mechanobiol 15(4) (2016) 791-803.
[PubMed: 26376641]

[18]. Gerdes AM, Kellerman SE, Moore JA, Muffly KE, Clark LC, Reaves PY, Malec KB, McKeown
PP, Schocken DD, Structural remodeling of cardiac myocytes in patients with ischemic
cardiomyopathy, Circulation 86(2) (1992) 426-30. [PubMed: 1638711]

[19]. Gerdes AM, Clark LC, Capasso JM, Regression of cardiac hypertrophy after closing an
aortocaval fistula in rats, Am J Physiol 268(6 Pt 2) (1995) H2345-51. [PubMed: 7611486]

[20]. LeWinter MM, Granzier HL, Cardiac titin and heart disease, J Cardiovasc Pharmacol 63(3)
(2014) 207-12. [PubMed: 24072177]

[21]. Siddiqui JK, Tikunova SB, Walton SD, Liu B, Meyer M, de Tombe PP, Neilson N, Kekenes-
Huskey PM, Salhi HE, Janssen PM, Biesiadecki BJ, Davis JP, Myofilament Calcium Sensitivity:
Consequences of the Effective Concentration of Troponin I, Frontiers in physiology 7 (2016)
632.

[22]. Haynes P, Nava KE, Lawson BA, Chung CS, Mitov MI, Campbell SG, Stromberg AJ,
Sadayappan S, Bonnell MR, Hoopes CW, Campbell KS, Transmural heterogeneity of cellular
level power output is reduced in human heart failure, J Mol Cell Cardiol 72 (2014) 1-8.
[PubMed: 24560668]

[23]. Campbell KS, Janssen PML, Campbell SG, Force-Dependent Recruitment from the Myosin Off
State Contributes to Length-Dependent Activation, Biophys J 115(3) (2018) 543-553. [PubMed:
30054031]

[24]. Varian K, Tang WHW, Therapeutic Strategies Targeting Inherited Cardiomyopathies, Curr Heart
Fail Rep 14(4) (2017) 321-330. [PubMed: 28660543]

[25]. Anderson RL, Trivedi DV, Sarkar SS, Henze M, Ma W, Gong H, Rogers CS, Wong FL, Morck
M, Ruppel KM, Irving TC, Cooke R, Green EM, Spudich JA, Mavacamten stabilizes a folded-
back sequestered super-relaxed state of B-cardiac myosin, bioRxiv (2018).

[26]. Brown DA, Perry JB, Allen ME, Sabbah HN, Stauffer BL, Shaikh SR, Cleland JG, Colucci WS,
Butler J, Voors AA, Anker SD, Pitt B, Pieske B, Filippatos G, Greene SJ, Gheorghiade M, Expert
consensus document: Mitochondrial function as a therapeutic target in heart failure, Nat Rev
Cardiol 14(4) (2017) 238-250. [PubMed: 28004807]

[27]. Smith AC, Eyassu F, Mazat JP, Robinson AJ, MitoCore: a curated constraint-based model for
simulating human central metabolism, BMC Syst Biol 11(1) (2017) 114. [PubMed: 29178872]

[28]. Rosenblueth A, Wiender N, The role of models in science, Philosophy of Science 12(4) (1945)
316-321.

[29]. Drakos SG, Kfoury AG, Selzman CH, Verma DR, Nanas JN, Li DY, Stehlik J, Left ventricular
assist device unloading effects on myocardial structure and function: current status of the field
and call for action, Curr Opin Cardiol 26(3) (2011) 245-55. [PubMed: 21451407]

Arch Biochem Biophys. Author manuscript; available in PMC 2020 March 15.



	References

