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Review

Advances in High-performance computing (HPC) technology have reached the capacity to inform 
cardiovascular (CV) science in the realm of both inductive and constructive approaches. Clinical trials allow for 
the comparison of the effect of an intervention without the need to understand the mechanism. This is a typical 
example of an inductive approach. In the HPC field, training an artificial intelligence (AI) model, constructed by 
neural networks, to predict future CV events with the use of large scale multi-dimensional datasets is the 
counterpart that may rely on as well as inform understanding of mechanistic underpinnings for optimization. 
However, in contrast to clinical trials, AI can calculate event risk at the individual level and has the potential to 
inform and refine the application of personalized medicine.

Despite this clear strength, results from AI analyses may identify otherwise unidentified/unexpected (i.e. 
non-intuitive) relationships between multi-dimensional data and clinical outcomes that may further unravel 
potential mechanistic pathways and identify potential therapeutic targets, therebycontributing to the parsing of 
observational associations from causal links. The constructive approach will remain critical to overcome 
limitations of existing knowledge and anchored biases to actualize a more sophisticated understanding of the 
complex pathobiology of CV diseases.

HPC technology has the potential to underpin this constructive approach in CV basic and clinical science. 
In general, even complex biological phenomena can be reduced to combinations of simple biological/chemical/
physical laws. In the deductive approach, the focus/intent is to explain complex CV diseases by combinations of 
simple principles. 

promising example of HPC with potential clinical 
utility is the use of artificial intelligence (AI) 
constructed by neural networks3). This technology 
provides the ability to detect quantitative relationships 
between multi-dimensional data, such as digital 
images and videos; time-sequential biomarker data; 
and multiple demographics and single dimensional 
clinical outcomes (Fig.1). While the human brain can 
process the associations between multi-dimensional 
data and single dimensional outcomes at some level 
for medical decision making, human decisions are 
confounded by limited objective analytic capability 
across multiple dimensions, biases based on 
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“expert intuition”, yielding more informed choices 
and decision making for patients. Shared decision 
making between providers and patients could be 
enhanced in the era of advanced AI modeling. It is 
important to note that the final therapeutic decisions 
assimilating all such information inputs will still need 
the contributions of human brains from both patients 
and providers because the method of AI modeling is a 
“black box” lacking the common sense of the human 
brain, and could not easily detect edge cases where AI 
models fail. 

Due to the limitation of the ability of the human 
brain to completely understand multi-dimensional to 
multi-dimensional relationships quantitatively, current 
clinical studies are usually carried out assessing single-
dimensional outcome data such as the future risk of 
CV events. Even in a setting where multiple outcomes 
such as CV death/MI/stroke, stroke/systemic 
embolism, serious bleeding, onset of cancer, etc. are 
considered in a study, these are either treated 
individually or simply combined to form a single 
dimensional composite outcome failing to account for 
whether the individual components of the outcome 
are interrelated11). Competing risk models have been 
used to overcome some of these limitations, but it is 
still challenging to predict events when multiple 
outcomes are strongly related. Analyses using AI 
methods are capable of connecting multi-dimensional 
input to multi-dimensional output. 

accumulated knowledge, and subjective intuition-all 
of which can be avoided in AI analytic processes. The 
”intuition-based” decision is the strength of the 
human brain. But, it is hard to quantify or optimize 
the accuracy of human “intuition”, which is not 
standardized. Thus, AI has the potential to evolve 
“expert intuition” into quantifiable science with the 
potential to improve the quality and accuracy of 
personalized medicine and individual-based clinical 
decision making. A few such examples converting 
“intuition” into more objective, quantitative 
approaches include: AI-enhanced electrocardiography 
(ECG)4-7); ultrasonic echocardiography (UCG)8, 9); 
and serial bio-marker analyses10); each of which 
provide patient-level quantitative CV disease risk 
prediction using multi-dimensional input data. 

Technology evolution of multi-core graphics 
processing units (GPUs) has enabled complex AI 
calculations to be done on personal computers. The 
widespread investigation into and the use of various 
AI processes and programs across the CV landscape, 
analyzing data from huge clinical databases in the era 
of highly advanced HPC, could ultimately enable 
providers and patients to use individualized clinical 
risk prediction to inform clinical decision making-the 
mission of “precision medicine”. Through the 
application of AI methods, health care providers could 
potentially provide quantitative estimates of benefits 
and risks for each clinical decision or therapy 
considered, complementing but not replacing their 
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Fig.1. Human intuition and quantifiable probability calculation by AI

Providers make diagnoses and therapeutic plans considering extensive multi-dimensional data from individual patients in the 
context of the clinical evidence base. The accuracy of diagnosis and appropriateness of the choice of treatments are difficult to 
validate, as they are heavily influenced by “intuition” (solid lines). Highly advanced computers are now able to better quantify the 
relationships between multi-dimensional input and single dimensional outcome of the risks of various clinical events (dotted lines). 
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a potentially useful application of HPC, starting from 
basic/simple constructs, is the prediction of protein 
interactions that mediate specific biological functions. 
(Fig.2). A practical example of this is the Chemistry 
at Harvard Macromolecular Mechanics (CHARMM) 
HPC project that uses quantum mechanics and 
Newton’s 2nd law to calculate muscle contraction by 
myosin-actin interactions14), protein structure change 
caused by a point mutation in patients with 
pulmonary artery hypertension15), prediction of the 
mechanism of platelet-type von Willebrand disease16, 17), 
and so on. These successes indicate that HPC enables 
the modeling of complex biological phenomena that 
influence CV events from very simple equations, may 
help understanding them at the theoretical level, and 
may even identify a new therapeutic target by 
resolving the dynamic protein structure mediating 
biological functions. 

Conclusion

The rapid evolution of HPC processes and 
methods, including AI applications to routine clinical 
data, has reached the stage to influence the field of 
clinical CV science. Advanced HPC also plays an 
important role for understanding the mechanism of 
cardiology-related events constructed from simple 
biological/chemical/physical laws and may ultimately 

HPC for Basic Science to Understand 
the Mechanism of Cardiovascular Diseases

Beyond prognostic modeling and informing 
clinical care, the use of AI has the ability to identify 
otherwise unidentified/unexpected relationships 
between multi-dimensional data and clinical 
outcomes, that beyond prognosis, may enlighten/
uncover potential mechanistic pathways of disease via 
hypothesis generation. However, unraveling 
association from causality and drilling down into 
mechanistic pathways triggered by AI results will 
remain challenging to define pathways and identify 
potential novel therapeutic targets. The established 
constructive approach will remain critical for 
understanding of complex biological phenomena. 

HPC technology has the potential to facilitate 
this constructive approach in CV basic research. In 
general, complex biological phenomena can be 
reduced to combinations of simple biological/
chemical/physical laws. In the constructive approach, 
biological phenomena are attempted to be explained 
starting from these simple principles. One major 
success using this approach is the prediction of 
coronary artery fractional flow reserve by analyzing 
computer tomography images12), where the basic 
Navier-Stokes equation is solved discretely by 
computer simulation on HPC13). Another example of 
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Fig.2. Prediction of Dynamic Structure and Function of Various Proteins from the Physical Movement of Atoms

The left panel shows the positions of all atoms constructing specific proteins. Each atom is exposed by force generated by the 
presence of other atoms and water molecules. The physical characteristics of each atom could be express as the vectors 
constructed from position coordinate and velocity vector such as (X1, Y1, Z1, V1). The position coordinates and vector are 
changed by the influence of forces applied to them. The HPC enables the calculation of the position coordinates and 
construction of velocity vectors of all atoms and water molecules within very short periods such as 2 x 10－15 second as shown in 
the right panel. Continuous calculation for 106 times enables the prediction of dynamic structural changes of specific proteins. 
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reveal new targets for drug discovery.
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