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Abstract. Virtual planning tools that provide intuitive user interac-
tion and immediate hemodynamic feedback are crucial for cardiologists
to effectively treat coronary artery disease. Current FDA-approved tools
for coronary intervention planning require days of preliminary process-
ing and rely on conventional 2D displays for hemodynamic evaluation.
Immersion offered by extended reality (XR) has been found to bene-
fit intervention planning over traditional 2D displays. To bridge these
gaps, we introduce HarVI, a coronary intervention planner that lever-
ages machine learning for real-time hemodynamic analysis and extended
reality for intuitive 3D user interaction. The framework uses a predefined
set of 1D computational fluid dynamics (CFD) simulations to perform
one-shot training for our machine learning-based blood flow model. In a
cohort of 50 patients, we calculated fractional flow reserve (FFR), the
gold standard biomarker of ischemia in coronary disease, using HarVI
(FFRuarvr) and 1D CFD models (FFR1p). HarVI was shown to al-
most perfectly recapitulate the results of 1D CFD simulations through
continuous and categorical validation scores. In this study, we establish a
machine learning-based process for virtual coronary treatment planning
with an average turnaround time of just 74 minutes, thus reducing the
required time for one-shot training to less than a working day.
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1 Introduction

Enabling intervention planning can give physicians an intuitive approach to per-
forming virtual interventions and receiving real-time hemodynamic feedback to
guide clinical decision making. By integrating patient-specific computational
fluid dynamics (CFD) models, our planning tool offers a seamless and intu-
itive platform to perform virtual interventions in extended reality (XR). The
role of immersion beyond traditional 2D displays has been explored and shown
to improve user interaction for intervention planning [1, 2, 3, 4, 5, 6, 7]. More
importantly, our tool also provides real-time hemodynamic feedback, which is
crucial for informed clinical decision making. Advances in personalized CFD
have already demonstrated the ability to non-invasively and accurately deter-
mine key hemodynamic metrics vital for decision-making processes. For example,
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fractional flow reserve (FFR) [8] is a pressure-based metric that indicates coro-
nary ischemia [9]. There is even FDA-approved coronary intervention planning
software that predicts FFR in response to treatment [10, 11]. However, these
state-of-the-art models face limitations in turnaround time and user interaction.

In coronary artery disease (CAD), stent implantation is the leading percuta-
neous coronary intervention (PCI) to treat functionally significant lesions (i.e.,
FFR < 0.80), with more than 600,000 stents implanted annually in the United
States alone [12]. However, 25 % of the patients evaluated for a successful PCI
procedure still have residual ischemia associated with long-term adverse out-
comes [13]. This issue of incomplete functional revascularization could be miti-
gated by allowing interventional cardiologists to interactively experiment with a
variety of possible PCI strategies and their impact on the hemodynamics of that
patient to determine how best to relieve ischemia. Another use case is in complex
coronary lesions. Bifurcation lesions represent 20 % of cases and occur in arterial
bifurcations or branch points [14]. Determining how best to treat these lesions
remains a particular challenge, as they can affect the main branch (MB), the
side branch (SB), or both vessels, and bifurcation stenting is associated with a
higher risk of adverse cardiac events [15]. Using intervention planning, we could
rapidly test strategies in MB, SB, or both lesions to help identify options to
achieve complete revascularization and improve outcomes.

Machine learning has emerged as a promising option to predict FFR with-
out explicitly running CFD simulations [10]. The only FDA-approved coronary
intervention planning tool uses an interpolation model, which requires running
a series of 3D CFD simulations as part of model training [10]. Although accu-
rate, these models require 24-48 hours of processing time before a clinician can
apply the planning tool. 3D [8] and 1D CFD models of FFR, [16] have both been
shown to recover invasive FFR accurately, and we hypothesized that real-time
predictors of post-intervention FFR derived from reduced-order models would
accurately recapitulate virtual PCI hemodynamics with short turnaround times.
Enabling a faster turnaround time is helpful for some patient subgroups with un-
stable coronary disease, such as patients with ST-elevated myocardial infarction,
where door-to-balloon time — the time from hospital admission to intervention
— is recommended to be less than 90 minutes [17].

In addition to efficiently training machine learning models, another essential
part of intervention planning is enabling intuitive interaction with 3D geometries
to simulate intervention. The utility of intervention planning tools can benefit
from the immersion offered by XR devices. The role of immersion in intervention
planning and evaluating hemodynamic feedback has been extensively explored
through user studies. Visualizing complex anatomy in traditional 2D displays
could be challenging with vessel overlap and foreshortening effects [18]. These
user studies [1, 2, 3, 4] have demonstrated that immersive displays are beneficial
over 2D displays in the analysis of hemodynamic maps and performing some
intervention planning tasks. There is well-established geometry editing software
in the literature [5, 19], but all of these frameworks do not provide instantaneous
hemodynamic updates for geometric modification. The only FDA-approved coro-
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Establishing HarVI for intervention planning 3

nary intervention planning tool that provides instantaneous hemodynamic feed-
back uses 2D displays. To our knowledge, no intervention planning tool exists
with a turnaround time of one working day and is compatible with commonly
available XR headsets.

To enable intervention planning with short turnaround times that leverage
XR, we present HarVI (HAR VEY [20] V irtual I ntervention). HarVT is the back-
end that predicts post-PCI FFR. On the user interaction side, we used Harvis [2]
— an established computational platform to modify geometries, deploy massively
parallel simulations, and visualize hemodynamic results [2]. We introduce an in-
novative tool for intuitive clinical decision support by leveraging the real-time
flow prediction we establish here with HarVI alongside the immersive anatomical
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Fig. 1. Overview of the HarVI pipeline. (A) Clinically validated patient-specific
modeling pipeline for coronary arteries. The computational domain was derived from
coronary angiogram reconstructions. Boundary conditions were informed by clinical
measurements. Quality control was performed to ensure reconstruction accuracy com-
pared to coronary angiogram analysis. (B) A set of modifications was made to the
reconstructed geometries to sample probable intervention scenarios. This step is a one-
shot learning process and was invoked once per patient. The results of this training
process were used to train a machine learning model to enable real-time prediction
of post-intervention FFR. (C) After training the HarVI model, users could plan a
revascularization strategy using extended reality headsets and receive real-time hemo-
dynamic feedback in the Harvis GUI. HarVI refers to the machine learning model used
for intervention planning. We coupled HarVI with Harvis — a virtual reality platform
for patient-specific modeling.
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