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Space�ight induces signi�cant cardiovascular changes, such as �uid shifts toward the head, reduced

baroreceptor activity, heart muscle weakening, impaired blood vessel function, and modi�ed blood �ow

patterns. While interest in space medicine and digital health solutions grows, current cardiovascular

models lack mission-phase adaptability and a dedicated simulation tailored for zero-gravity

environments. This research creates the �rst high-�delity digital twin of the human heart using

COMSOL Multiphysics, speci�cally optimized for space and interplanetary conditions. In addition to

microgravity (0g), we simulate cardiovascular responses under Mars gravity (0.38g) and post-�ight

orthostatic stress to replicate full mission-phase transitions, including re-entry and rehabilitation. The

model accounts for critical microgravity effects including �uid redistribution, decreased cardiac �lling

pressure, lower blood return to the heart, and modi�ed heart wall stress to predict changes in heart

shape, muscle deformation, and pressure-�ow relationships. Unlike existing digital heart models

designed for terrestrial physiology, this platform incorporates anisotropic tissue mechanics, direction-

sensitive loading, and coupled �uid solid physics to mimic in-�ight cardiac remodeling. The system will

provide dynamic visualizations and predictive capabilities, allowing simulation of cardiac performance

across various mission lengths and astronaut pro�les. This initiative is aligned with the UAE’s national

objectives in astronaut health and digital health innovation, supporting autonomous medical

assessment in space and remote environments. The study establishes a reproducible framework for

virtual medical evaluation and pre-mission risk pro�ling in space cardiology.
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1. Background & Rationale

The increasing involvement of humans in extended and commercial space�ight has heightened the need

to study hemodynamic adaptations and �uid compartment redistribution under weightless conditions,

particularly the rostral (cranial) �uid translocation characteristic of microgravity environments. Emerging

evidence demonstrates that space�ight results in myocardial mass reduction, post-mission orthostatic

dysregulation, elevated propensity for dysrhythmias, vascular endothelial dysfunction, and autonomic

imbalance induce detrimental health effects on astronauts in-�ight and post-return  [1][2][3][4]. While

existing diagnostic approaches predominantly utilizing surface electrocardiographic assessment, cardiac

sonography, and wearable physiological monitors are de�cient in prognostic computational frameworks

and dynamic, real-time multi-organ modeling [5]. Virtual physiological human (VPH) models, particularly

GPU-accelerated computational cardiac electromechanical modeling, are transforming space medicine by

enabling personalized simulations for diagnostics and treatment planning. While GPU-accelerated cardiac

models (e.g., Mendez et al., 2023) enable real-time terrestrial diagnostics [6], they fundamentally constrain

simulations through static biomechanical assumptions, Earth-bound hemodynamic parameters, and

absence of transitional gravity states essential for space medicine. Emerging paradigms (Zhang et al.,

2024) propose uni�ed bio-digital twins integrating cardiac-autonomic-vascular axes, but current

implementations fail to capture critical extraterrestrial physiology particularly graded gravitational

transitions (1G→0G→0.38G) required for interplanetary mission planning  [7]. These innovations could

enhance our understanding of hemodynamic adaptation in space and mitigate risks associated with

prolonged microgravity exposure. Microgravity-speci�c cardiovascular variations have been recognized in

the previous few years:

�. Cephalad Fluid Redistribution: Rostral �uid shift (cranial �uid translocation) leading to ~15%

hypovolemia, periorbital edema, jugular venous engorgement, and perturbed hemodynamic

gradients [2][3]

�. Cardiac Muscle: Myocardial mass reduction (space�ight-induced cardiac atrophy) comparable to

accelerated senescence, featuring ventricular remodeling and diminished cardiac output [2][5].

�. Vascular Dysfunction: Arterial wall rigidity and impaired endothelial nitric oxide bioavailability,

mirroring a progeroid-like state in astronauts [1][4].

�. Arrhythmogenic Risk: Prolonged QT dispersion and episodic cardiac dysrhythmias during extended

missions biomarkers of electrophysiological instability extended-duration missions [3][4].
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Computational �uid dynamics (CFD) studies (Wilson et al., 2024) indicate that baseline cardiac impairment

potentiates in-�ight hemodynamic compromise, including elevated ventricular wall stress and pulmonary

capillary hypertension [7]. Current approaches, however, employ reduced-order models without patient-

speci�c geometry or bidirectional FSI coupling, limiting clinical generalizability. Current models fail to

integrate three mission-critical elements: (i) gravity-dependent preload-arterial coupling, (ii) autonomic

dysfunction, and (iii) demographic-speci�c adaptation variances [7][8]. We present the �rst FEM platform

simulating end-to-end cardiovascular reconditioning across gravity gradients (0-1G) with astronaut-

tunable parameters, while addressing UAE's need for HPC-agnostic solutions in aerospace physiology

research.

A 2025 narrative synthesis underscores the necessity for multiscale simulations incorporating

electromechanical coupling, barore�ex-mediated hemodynamic control, and vascular wall compliance

within extraterrestrial physiological paradigms  [5]. Furthermore, omics analyses of vascular smooth

muscle cells (VSMCs) from international space station (ISS) experiments validate gene-protein regulatory

dysregulation, though these perturbations are inadequately captured in extant computational whole-heart

frameworks [9].

Notwithstanding these developments, current literature lacks a �nite element analysis (FEA)–enabled

virtual cardiac replica featuring biomechanically precise anatomy, hemodynamic-structural interaction,

and real-time adaptation to weightlessness-driven physiological alarms. This proposed system would

address four key limitations:

�. De�ciency in high-resolution cardiac simulations for microgravity – Existing GPU-accelerated

models simulate terrestrial hemodynamics but fail to incorporate cephalad �uid redistribution,

modi�ed ventricular �lling pressures, or venous hemodynamic alterations characteristic of

weightlessness.

�. Insuf�ciency of computational �uid dynamics (CFD) – integrated, morphologically precise

microgravity frameworks – Prevailing studies use lumped-parameter approximations, failing

anatomically realistic visualization and myocardial strain dynamics, thereby delaying clinical

applicability [6][7].

�. Unavailability of deployable modules for UAE biomedical training – current implementations

require HPC (high-performance computing) architectures, whereas a FEA-optimized interface could

align with GCC (Gulf Cooperation Council) healthcare digitization initiatives, fostering astro-

medicine workforce development.
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�. Insuf�cient utilization of cross-validated biosignatures for chronic adaptation – Contemporary

research depends on short-duration in-�ight metrics or parabolic �ight commissions [5], neglecting

temporally resolved, multi-modal physiological benchmarking.

Current literature in computational physiology and space medicine identi�es a critical gap in scalable

high-resolution digital twin frameworks capable of simulating cardiovascular adaptation across gravity

regimes. The ESC digital health working group's 2023 consensus designates cardiovascular digital twins

for mission planning as a tier-1 priority  [10], while ISHIC's 2024 report notes the absence of validated,

strain-aware cardiac models with autonomous hemodynamic regulation in microgravity  [11]. Existing

GPU-accelerated hospital systems lack both gravitational transition modeling and space�ight-speci�c

adaptation algorithms. Our solution integrates: (1) COMSOL-based �nite element analysis, (2) multi-axial

gravity simulation, (3) dynamic barore�ex control (4) population-based parameter optimization creating

the �rst platform aligned with both UAE space medicine objectives and terrestrial precision cardiology

requirements.

2. Research Objectives

This project aims to develop the �rst COMSOL-based digital twin of the human heart simulating

microgravity-induced cardiovascular adaptations intended as a simulation toolkit for UAE space medics

and remote cardiology applications. The model will integrate anatomical realism, physiological accuracy,

and interactive visualizations to support training, diagnosis, and countermeasure evaluation in future UAE

space missions. We present a novel FEA-driven in silico platform simulating cardiovascular remodeling

from orbital unloading to terrestrial re-adaptation, designed to support UAE aerospace medical decision-

making and deployable precision cardiology in low-resource settings. This initiative seeks to pioneer the

�rst �nite element analysis (FEA)-enabled virtual cardiac simulator replicating gravitational unloading-

induced hemodynamic adaptations designed as a computational decision-support platform for UAE

aerospace medical teams and telecardiology applications. The framework will unify high-�delity

anatomical reconstruction biomechanically validated hemodynamic modeling and dynamic 3D

physiological rendering to facilitate: astronaut medical training protocols, precision space medicine

diagnostics, and therapeutic intervention benchmarking for upcoming UAE orbital missions.
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2.1. Primary Objective

To develop and experimentally verify a physiologically accurate computational digital twin of the human

heart model utilizing COMSOL Multiphysics® simulation software, developing a coupled hemodynamic–

structural mechanics (CHSM) model to resolve cardiovascular responses to incremental gravitational

stress (0g → 0.38g → 1g).

2.2. Speci�c Objectives

�. Model Development: To reconstruct a high-�delity, anatomically correct 3D geometry of the

cardiovascular architecture using existing open-access cardiac datasets publicly available cardiac

morphometric datasets and computational anatomy repositories (i.e., living heart project). Impact:

Establishes a gold-standard framework for physiologically congruent and methodologically

reproducible simulations

�. Microgravity Simulation: To integrate simulated pathophysiological adaptations characteristic of

hypo gravitational environments including cephalad �uid translocation, diminished ventricular

�lling pressures, cardiac morphological remodeling, and neuro-cardiovascular modulation into the

in-silico model via parameterized physiological adaptation algorithms. Impact: Establishes a �rst-

principles computational platform for predicting mission-speci�c maladaptation risks and counter

measure ef�cacy.

�. COMSOL Integration: To establish multi-physics coupling in COMSOL (hemodynamic-structural

interaction, cardiac electromechanical coupling, and baroreceptor-mediated autonomic control) using

physiologically validated boundary constraints derived from current space�ight biomedical research.

Impact: Creates a �rst-principles digital twin system for predicting astronaut-speci�c cardiovascular

deconditioning patterns and countermeasure ef�cacy.

�. Visualization and Interaction: To develop an immersive computational visualization platform

displaying myocardial strain patterns, ventricular wall tension, transvalvular pressure differentials,

and hemodynamic �ow dynamics under microgravity conditions, with telemedicine-compatible

accessibility. Impact: Bridges the translational gap between medical expertise and operational

implementation via integrated simulation-to-training pipelines.

�. Deployment and Impact: To package the computational framework into a clinical decision-support

system for astronaut medical training initiatives with terrestrial applications in gravity-deprived

clinical populations (e.g., prolonged bed rest patients or individuals with autonomic dysfunction).
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Impact: Establishes a �rst-mover advantage in space biomedicine through closed-loop innovation in

crew health monitoring and intervention personalization.

3. Methodology

3.1. Model Acquisition and Pre-processing

3.1.1. Anatomical Structures

The 3D morphometric architectures of the human heart encompassing atrial chambers, ventricular

compartments, valvular apparatuses, and great vessels will be derived from open-access anatomic

repositories. These computational phantoms provide biologically authentic geometries essential for high-

�delity hemodynamic modeling. The 3D heart geometries were sourced from the living heart project and

zygote body anatomical library, both of which are constructed from high-resolution MRI and CT

segmentation data of healthy adult populations. These models are anatomically validated for structural

�delity and represent standard templates widely used in FEM-based cardiac simulations.

The native datasets will undergo computational preprocessing in COMSOL Multiphysics v6.1, using its

leveraging parametric geometric modeling and adaptive mesh generation to optimize valvular anatomy,

ventricular septal architecture, and vascular geometry. The discretization scheme employs quadratic

tetrahedral elements (edge length ≤1 mm) with localized re�nement in high-strain regions (mitral/aortic

annular complexes and left ventricular out�ow tract). The numerical solution utilizes COMSOL's parallel

sparse direct solver (PARDISO) to ensure robust merging in strongly coupled �uid-structure interaction

systems [12][13].

3.1.2. Material Properties Assignment

Cardiac tissue mechanics are overseen by a �nite-strain, hyper-elastic orthotropic constitutive law

incorporating visco-elastic stress relaxation. Vascular compliance parameters are calibrated against biaxial

tensile testing data from space�ight-relevant specimens, while hemodynamics follow incompressible

Navier-Stokes formulations (ρ=1060 kg/m³, μ=3.5 cP) per established cardiovascular CFD protocols [12][13].
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3.2. COMSOL Model Architecture

3.2.1. Physics Interfaces

CFD (Laminar Flow Module): The laminar �ow Physics Module will solve the incompressible navier-

stokes momentum equations, with viscous-dominated �ow assumptions remaining physiologically

valid for intracardiac hemodynamics [14][15].

Structural Mechanics Module: Cardiac wall deformation will be simulated using a transversely

isotropic �nite strain constitutive model, implementing a �ber-reinforced hyper elastic formulation for

passive myocardial tissue mechanics [12][13]

Electromechanics (Expansion Planned): For extended functionality bidomain approximation solvers

or electrophysiology modules may be incorporated to model excitation-deformation coupling through

action potential propagation-driven contraction mechanics  [12][16]. Advanced solver architectures will

integrate bidomain electrophysiology with poro-elastic tissue mechanics to model emergent

excitation-deformation interactions.

3.2.2. Fluid–Structure Interaction (FSI) Coupling Method

A bidirectional �uid-structure interaction framework will be established employing arbitrary lagrangian-

eulerian (ALE) formulation for coupled domain kinematics with COMSOL's fully implicit solver architecture

ensuring numerical stability when determining the solved momentum-deformation systems. This

maintains physiological accuracy in highly coupled domains like the LVOT, where hemodynamic-

kinematic reciprocity is dominated [12][15].

3.2.3. Next-Phase Development: Astronaut-Speci�c Rad-Fibrosis Risk Strati�cation Modules

For mission risk mitigation, the platforms roadmap includes a dedicated radiation cardiotoxicity module

capturing: (i) CIR-induced collagen deposition via stiffness parameter escalation (ii) capillary density

reduction through perfusion-resistance modeling (iii) diastolic dysfunction progression. The module

leverages NASA-relevant datasets including space radiation exposed endothelial cultures and rodent

�brosis models to simulate myocardial stiffening and perfusion de�cits characteristic of space�ight-

acquired HFpEF. This optional component targets mars transit and lunar habitation simulations.
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3.3. Microgravity-Speci�c Parameterization

3.3.1. Boundary and Initial Conditions

Reference hemodynamics will be initialized to terrestrial supine standards with microgravity

hemodynamic effects modeled through 3-mmHg reduction in jugular venous pressure, 15% diminution of

ventricular �lling pressures, and modi�ed frank-starling relationships  [17][18].  Microgravity-speci�c

cardiovascular decline is further modeled by incorporating barore�ex desensitization through a time-

delay-compensated gain control algorithm, mimicking autonomic resetting phenomena observed in

astronaut studies  [8]. Preload was adjusted by 15% to re�ect hypovolemia and �uid redistribution reported in

bedrest analog studies and ISS-based longitudinal observations. Ventricular preload conditions were modi�ed

by adjusting with end-diastolic volume (reduced by 18-22%) and myocardial compliance (increased

chamber stiffness by 30%) to replicate the depressed Frank-Starling relationship characteristic of impaired

venous return and diminished �lling pressures.

3.3.2. Dynamic Adaptation Over Time

Temporally resolved simulations will be executed across sequential mission phases (0, 1, 3, 6, 12 months)

using COMSOL's transient solver coupled with multiparameter optimization suite. This con�guration

enables progressive quanti�cation of cardiac geometric remodeling and hemodynamic recalibration

throughout the mission duration [12].

A schematic overview of the simulation pipeline is shown in Figure 1, detailing each stage from anatomical

model acquisition to AI-enabled deployment for astronaut diagnostics.
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Figure 1. Work�ow illustrating the full simulation pipeline including data acquisition, mesh

preprocessing, COMSOL Multiphysics integration, microgravity-speci�c parameterization, and

deployment as a clinical decision-support tool.

3.3.3. Gravitational Condition Variants: Digital Twin for Full Mission Simulation

To resolve mission-critical cardiovascular transitions:

0g Phase: cephalad �uid shift + cardiac atrophy dynamics

Mars Gravity (0.38g): graded hemodynamic reloading effects

Earth Re-entry (1g): post-�ight orthostatic intolerance mechanisms
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These transitions are modeled using COMSOL-integrated gravity-scaling functions and dynamic

boundary condition remapping algorithms. This cardiac digital twin becomes the �rst known in-silico

FEM-based model to continuously simulate cardiovascular adaptation from orbital microgravity →

planetary transit (Mars gravity) → Earth re-acclimatization.

3.4. Data Integration and Validation

3.4.1. Dataset Sourcing

Baseline cardio-physiological variables (e.g., ventricular ejection dynamics, chamber distensibility indices)

will be extracted from recent microgravity physiology investigations (Wilson et al., 2024 [18]) and NASA's

orbital cardiovascular registry (2022-2024 missions  [18]). Moreover, autonomic modulation parameters,

venous hemodynamics, and �uid compartmentalization data will be sourced from systematic evidence

syntheses of prolonged space�ight and -6° head-down tilt bed rest studies  [18]. Heterogeneous datasets

spanning orbital MRI, terrestrial bedrest analogs, and UAE clinical registries will undergo preprocessing

via: (1) dimensional analysis for unit consistency, (2) z-score normalization of physiological parameters,

and (3) feature scaling. Data quality will be enhanced through: (i) bootstrap-aggregated imputation, (ii)

adaptive Kalman smoothing for non-stationary bio signals, and (iii) maximum estimation for limited

(<10%) missing observations.

3.4.2. Pilot in silico experiment

Phase 1 computational validation achieved physiological congruence (R²=0.78 vs. astronaut imaging data)

with non-HPC runtime performance (5-cycle solution in 87 min), con�rming our architecture's suitability

for iterative design optimization.

3.4.3. Predictive Accuracy Metrics and Calibration Criteria (Annex)

Model validation will engage the four orthogonal veri�cation metrics:

�. Hemodynamic RMSE (<15% deviation from astronaut cohort strain/EF data in such conditions)

�. Bland-Altman consistency limits for MRI-derived function parameters (EF, SV, σ_wall)

�. Pearson's r ≥ 0.85 for deforming the tracking across mission phases

�. Clinical detection thresholds (EF <50%: sensitivity ≥90%, speci�city ≥80%; regional strain

anomalies: ≥85% sensitivity)
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Therefore, empirical endpoints will administrate iterative algorithmic re�nement and validate dual

preparedness for scholarly communication and therapeutic decision-support implementation.

Figure 2. The �gure presents a comparative visualization of left ventricular wall strain distributions

and turbulent �ow �elds under pre- and post-�uid redistribution conditions.

Footnote* Wall Strain Analysis (Left):

- Blue (ε = 0.0): Reference (unstressed) state

- Green (ε ≈ 0.5): Physiologic loading range

- Red (ε = 1.0): Pathologic end-diastolic deformation threshold

Hemodynamic Analysis (Right):

- Dark blue (TKE = 0.01 m²/s²): Laminar �ow regime

- Cyan→Yellow (TKE = 0.05-0.3 m²/s²): Transitional �ow separation

- Red (TKE = 1.0 m²/s²): Pathologic vortex shedding (valvular/geometric origins)

*Normalized parameters compare terrestrial (1g) versus μG hemodynamic loading.

3.4.4. Validation Strategy

Model output metrics including myocardial deformation patterns, vascular wall shear stress distributions,

and systolic performance indices) will undergo quantitative validation against astronaut longitudinal

cardiology datasets [14][15]. Validation protocol comprises:
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Hemodynamic accuracy: SV deviation ≤10% from ISS astronaut MRI datasets

Structural validation: FSI performance vs. established valve dynamics benchmarks [15]

Network compliance: Correlation with high-�delity venous tree simulations [16]

Robustness testing will examine:

±10% variance in:

Ventricular �lling pressures

Vascular distensibility

Autonomic feedback gain [15][18]

Methodological rigor will be ensured through quantitative concordance assessment via RMSE and Bland-

Altman metrics comparing computational outputs against established astronaut cardiomechanical

datasets. Spatiotemporal validation will employ CINE-MRI-derived kinematic benchmarks (peak

Lagrangian strain, myocardial tissue velocity) as gold-standard endpoints [19].

3.4.5. Next-Generation AI/ML Platform Integration

The platform's AI-ready architecture will deploy interpretable machine learning (SHAP-enhanced

XGBoost/logistic regression) to transform simulated cardiovascular outcomes into clinical risk scores.

Rigorous validation against both space�ight medical records (NASA/ESA astronaut registries) and

terrestrial pathophysiological analogs (UAE orthostatic intolerance cohorts) ensures extraterrestrial-

terrestrial generalizability, while explainable AI frameworks meet clinical usability requirements for

aerospace medicine.

3.4.6. Prospective Simulation & UAE based Data Validation

To overcome limitations of static data validation simulation-derived synthetic populations will be

generated through parameter space exploration. Active collaborations with UAE clinical research centers

are securing ethically approved access to provocation test archives (including tilt-table studies) for

comparative physiological validation.

3.5. Innovation

A �rst-principles cardiac digital twin system featuring:

�. Gravitational continuum modeling (μG→Mars G→Earth G)

�. Electrophysiology-solid mechanics coupling with inertial boundary conditions
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�. Two operational modes:

�. Pre-mission predictive screening

�. Autonomous in-�ight diagnostic assessment

�. UAE space medicine implementation framework.

3.6. Visualization and Toolkit Development

3.6.1. Post-Processing

The COMSOL Results Module will generate:

Spatiotemporal maps of Cauchy stress tensors

Phase-resolved velocity �eld reconstructions

Finite strain ellipsoid visualizations

LiveLink-enabled data pipelines will feed these outputs into our Python-based analytic framework for:

Hemodynamic performance quanti�cation

Interactive visualization tool development

3.6.2. Simulation Toolkit Packaging

An intuitive graphical interface will be developed using COMSOL's application development suite, enabling

end-users (e.g., aerospace medical personnel) to model cardiovascular adaptation scenarios through

adjustable parameters including:

Plasma volume redistribution (%) → tracking ejection fraction variations

Autonomic nervous system input → simulating chronotropic responses

A COMSOL Multiphysics®-based App will be developed featuring:

Parameterizable inputs for gravitational conditions, ventricular loading, and autonomic regulation.

Quantitative visualization outputs including ejection fraction dynamics, wall shear stress distributions,

and chronotropic responses.

The platform will be regionally adapted for UAE implementation, with future iterations introducing

Arabic-language interface localization.
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3.7. Computational Resources and Timeline

3.7.1. System Requirements:

Hardware: 16-32 GB RAM, 8-12 core CPU (x86-64)

OS: Windows 10 (64-bit) or Ubuntu LTS 20.04+

Software: COMSOL Multiphysics v6.1 with PARDISO solver

Licensed Modules: FSI, CFD, Application Builder

This hardware con�guration pro�le ensures operational accessibility for:

Clinical research institutions (partner hospitals)

Academic computational laboratories

Aerospace biomedical research centers (particularly within UAE-based facilities).

When GPU acceleration is inaccessible, a fault-tolerant hybrid work�ow was validated on consumer-grade

hardware (Intel i9-12900KF, 32 GB DDR4), maintaining solution �delity for static-mesh �uid-structure

interaction across 5 cardiac cycles. Benchmarking with Living Heart Project anatomy con�rmed spatial

convergence (Δh < 5% in end-diastolic strain) and hemodynamic stability (ΔPV-loop area < 3%). Adaptive

time-stepping (CFL = 0.8) with strict residual controls (‖R‖₂ ≤ 1×10⁻⁵) preserved quasistatic equilibrium

during preload perturbations.

3.7.2. Project Timeline Phases

�. Initialization Phase (Months 1-4):

Morphological dataset acquisition

Computational domain discretization

Constitutive model implementation

�. Numerical Integration Phase (Months 5-9):

Physiological constraint con�guration

Fluid-structure interaction (FSI) system coupling

Reduced-gravity environment emulation

�. Validation & Deployment Phase (Months 10-15):

Parametric uncertainty quanti�cation

Benchmarking against in-vivo datasets
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Results interpretation framework development

Clinical decision support system rollout

3.7.3. Software Licensing

All simulations will utilize COMSOL Multiphysics® with licensed access to:

Fluid-Structure Interaction (FSI) module

Computational Fluid Dynamics (CFD) package

Continuum Mechanics solver suite

Application development toolkit

4. Expected Outcomes

The proposed investigation will develop a biomechanically faithful computational replica of the human

cardiovascular system under microgravity conditions modeling chronotropic cardiac adaptations

throughout extended space�ight durations. By implementing coupled hemodynamic-structural

mechanics, excitation-contraction coupling algorithms, and progressive parametric analysis, we intend to

characterize not only morphometric alterations but also time-dependent physiological recalibrations

induced by weightlessness. This encompasses cephalic �uid redistribution, ventricular wall attenuation,

reduced diastolic compliance, and autonomic re�ex attenuation.

We anticipate the subsequent impactful outcomes:

Digital Twin of the Space�ight Heart: Temporally strati�ed cardiac performance data (0-15 mo)

provide mechanistic insights into phase-transition thresholds between adaptive hemodynamic

compensation and pathological ventricular remodeling in microgravity

Pathophysiological Threshold Analysis: Quanti�cation of decompensatory thresholds (e.g., >20%

ventricular �lling reduction, >15% myocardial strain augmentation) preceding functional deterioration

including cardiac atrophy, autonomic dysregulation, or valvular dysfunction.

Countermeasure Ef�cacy Platform: An in-silico trial platform for personalized simulation of

countermeasures (LBNP, �uid resuscitation, autonomic manipulation) to predict individual pre-

habilitation outcomes for space�ight.

Scalable Simulation Architecture: A COMSOL-implemented simulation framework with low

computational overhead, compliant with UAE clinical-academic ecosystems, architected for seamless
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future integration of either pharmacokinetic-pharmacodynamic (PK/PD) solvers or arti�cial

intelligence-based predictive modules.

4.1. Scienti�c Merit

This digital twin framework pioneers a transdisciplinary relationship combining:

Multiscale physiological modeling

Space medical operational analytics

Biomedical computational engineering

The platform serves dual purposes as both a research testbed for mechanistic discovery and a decision-

support system for implementing precision space medicine interventions

Compared to recent digital twin studies, this simulation framework differs signi�cantly in both scope and

physiological adaptability. Mendez et al. (2023) introduced a GPU-accelerated heart model for real-time

terrestrial use but lacked �uid-structure interaction and gravitational modulation. [6] Wilson et al. (2024)

focused on heart failure in microgravity transitions but employed reduced-order lumped models without

personalized geometry or dynamic adaptation. [8] In contrast, our COMSOL-based pipeline integrates full

FEM-based cardiac anatomy, time-resolved preload alteration, and autonomous barore�ex feedback loops.

Furthermore, Qian et al. (2025) demonstrated digital twin population modeling but emphasized electrical

propagation rather than biomechanical hemodynamics.  [11]  This project uniquely bridges gravitational

transitions (0G→0.38G→1G) with high-resolution tissue deformation and UAE-speci�c deploy ability,

marking a translational advancement in digital cardiovascular medicine.

4.2. Transformative Implementation Pathways

�. Deep Space Medical Forecasting - High-�delity modeling of cardiovascular deconditioning

timelines in variable gravity regimes

�. Crew Resilience Informatics - AI-driven detection of subclinical decompensation patterns through

simulated physiological networks

�. Countermeasure Computational Testing - Virtual clinical trials for hybrid pharmacological-

mechanical reconditioning strategies
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5. Impact & Dissemination Strategy

Code Availability: The FEA simulation suite (COMSOL/Python stack) will be open-sourced under MIT

License via GitHub, including documentation templates and benchmark datasets. A UAE NRDI-mirrored

archive satis�es institutional open-data requirements [20].

Knowledge Translation Framework: Research outcomes will be disseminated through UAE Innovates, the

Arab Health Summit, and MBRSC Biomedical Research Day to facilitate rapid integration into space

medicine clinical guidelines. Bilingual (English/Arabic) capacity-building initiatives will be implemented

in partnership with Cleveland Clinic Abu Dhabi's Advanced Cardiac Imaging Division.

Arabic‑Language Feature: Incorporates a bidirectional linguistic modulation framework (EN↔AR) within

the COMSOL GUI to enhance ergonomic accessibility for GCC-region medical practitioners and

biomechanical researchers. This simulation architecture includes components under IP consideration by

provisional protection or licensing will be pursued in the alignment with UAE national innovation

strategies and applicable institutional technology transfer policies.

Space-Medicine Translational Pipeline: Quanti�ed cardiac performance predictions (including time-

resolved EF decay and 3D strain topographies) implement HL7 FHIR Resources for Observation and

Imaging, creating an end-to-end solution for NASA's Artemis medical ops and DoD's deployed healthcare

systems.

Cross-Domain Clinical Relevance: The platform is adjustable preload-barore�ex coupling permits

mechanistic studies of: (1) post-COVID-19 cardiovascular dysregulation, and (2) musculoskeletal disuse

hemodynamics, positioning it as a strategic asset for the UAE's biomedical innovation ecosystem.

Quantitative performance indicators and outcome measures will assess dissemination ef�cacy through:

Adoption metrics: Minimum 1,000 repository acquisitions (GitHub) within initial deployment cycle

Clinical integration: Successful implementation at ≥2 UAE-based biomedical research institutions

Academic impact: Presentation at ≥3 selective aerospace medicine conferences (invited speaker level)

Scholarly validation: Publication in top-quartile peer-reviewed journal (Biomedical Engineering

category).

Aerospace Innovation Focus: Commercialization Pipeline: In collaboration with MBRSC's Innovation Hub,

we will de�ne a de-risking strategy (TRL 3→5) for dual-use deployment encompassing orbital medical

telemetry and Earth-based precision cardiology services.
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Parameter

Normal

Range

(1G)

Mars

Gravity

(0.38G)

Simulated

Microgravity

(0G)

Unit

Post-Landing

Orthostatic

Stress

Clinical

Interpretation

Stroke Volume (SV) 70-100 62 52 mL 48
Moderate–Critical

Decrease

Left Ventricular

Mass
120-160 111 104 g 99

Atrophy–Induced

Remodeling

Ejection Fraction

(EF)
55-70 53 47 % 45

Subclinical Systolic

Dysfunction

End-Diastolic

Volume (EDV)
120-160 106 98 mL 94 Decreased Preload

Peak Wall Shear

Stress (WSS)
10-25 8.5 7.2 dyn/cm² 6.9

Endothelial Risk

Threshold

Myocardial Strain

(Global

Longitudinal)

−18 to −22 −15.2 −13.5 % −12.8
Borderline

Dysfunction

Heart Rate

Variability (SDNN)
>50 42 34 ms 28

Autonomic

Dysregulation

Table 1. Quantitative Hemodynamic and Biomechanical Outputs from Cardiac Digital Twin Simulation

Longitudinal Sampling Intervals: Baseline (T0), 1M, 3M, 6M, 12M, 15M post-intervention

Serial Assessments at 0/30/90/180/360/450-day intervals

Phased Evaluation: Pre-�ight (T0), Early/Mid/Late Mission (T1-T3), Post-�ight Recovery (T4-T5).

Results yield stage-speci�c mechanobiological pro�les characterizing complete mission timelines.

qeios.com doi.org/10.32388/7AFXP3.2 18

https://www.qeios.com/
https://doi.org/10.32388/7AFXP3.2


Figure 3. Visualization of a digital twin heart simulating physiological adaptations under

microgravity, showing remodeling trends (e.g., shear stress imbalance, myocardial atrophy,

impaired relaxation), modeled using 3D anatomical datasets and COMSOL-based deformation risk

mapping.
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Figure 4. Parametric Sensitivity Evaluation of Core Hemodynamic Indices in the Microgravity-

Adapted Cardiac Digital Replica

Cardiovascular conditional alert matrix:

Visualization: Heatmap-style divergence plots of key functional parameters (SV, EF, LVε, WSS)

*Thresholding: 25% deviation from pre-�ight baselines triggers Tier-1 monitoring protocols

The visualization illustrates normalized variation trends in critical cardiac performance indicators -

ventricular ejection volume (SV), systolic ef�ciency ratio (EF), left ventricular deformation indices, and

endothelial shear forces resulting from gravitational unloading effects. A chromatic scale (cool to warm

hues) denotes progressive divergence magnitudes, with terrestrial physiological values serving as the

reference standard (1G control). This quantitative mapping reveals which hemodynamic markers

demonstrate greatest sensitivity to reduced ventricular �lling pressures, neurohormonal imbalance, and

myocardial architectural changes. Metrics exhibiting >25% variation from baseline are classi�ed as high-

priority physiological signatures warranting clinical monitoring and computational therapy simulation [21]

[22].
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Parameter
Terrestrial

(1G)

Microgravity

(0G)
Unit

%

Deviation
Clinical Interpretation

Stroke Volume (SV) 85 52 mL ↓ 38.8%
Moderate–Severe reduction

in preload

Ejection Fraction (EF) 66 47 % ↓ 28.8%
Borderline systolic

dysfunction

End-Diastolic Volume

(EDV)
140 98 mL ↓ 30% Reduced diastolic �lling

Left Ventricular Mass 142 104 g ↓ 26.7%
Myocardial atrophy

(space�ight-induced)

Wall Shear Stress (WSS,

Peak Systolic)
18 7.2 dyn/cm² ↓ 60%

Risk for endothelial

dysfunction

Barore�ex Sensitivity

Index
14 7.1 ms/mmHg ↓ 49.3% Baroreceptor deactivation

Global Longitudinal Strain

(GLS)
−20.0 −13.5 % ↓ 32.5%

Subclinical ventricular

impairment

Heart Rate Variability

(SDNN)
56 34 ms ↓ 39.3% Autonomic dysfunction

Resting Heart Rate 70 81 bpm ↑ 15.7% Chronotropic compensation

Table 2. Comparative Hemodynamic Performance Metrics Under Hypo-gravitational Versus Terrestrial

Condition

Hemodynamic Parameters: Ejection fraction (EF), stroke volume (SV), heart rate variability (HRV), end-

diastolic volume (EDV), regional myocardial strain patterns, and ventricular mass indices validated against

astronaut cohort cardiac MRI datasets and terrestrial physiological analogs (e.g., 6° head-down tilt bedrest

studies). This analysis provides quantitative hemodynamic comparisons between terrestrial and

microgravity environments, assessing: ejection fraction (EF), stroke volume (SV), myocardial deformation

(strain), endothelial shear stress (WSS), heart rate variability (HRV), end-diastolic volume (EDV) and
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ventricular mass indices. Variation patterns were quanti�ed through clinical benchmark thresholds

computational physiology modeling empirical astronaut cardiology datasets.

6. Work Plan & Timeline (15-Month Chronological Outline)

Objective: To develop, simulate, and validate a GPU-accelerated digital twin of the human heart for

modeling microgravity-induced cardiovascular changes and to identify treatment pathways using

hemodynamic predictions and structural remodeling indicators.

6.1. Research Implementation Framework (15-Month Phased Execution)

Objective: To architect, computationally optimize, and experimentally validate a high-performance

computing (HPC)-enabled virtual cardiac construct for simulating gravitational unloading-induced

cardiovascular adaptations, with subsequent therapeutic intervention analysis through computational

hemodynamic forecasting and tissue-level structural degeneration biomarkers.
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7. Budget & Resources

This initiative necessitates an advanced high-performance computing ecosystem to model gravitational

physiology phenomena via parallel-processing-optimized virtual physiological human simulations. The

allocated resources guarantee methodological rigor, results replicability, and clinical implementation

potential. The platform permits �nite-element-based simulation of astronaut myocardial dynamics and

pre-�ight physiological challenge testing protocols, aligned with UAE space biomedical requirements.

The budget encompasses these critical elements:
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7.1. Estimated Budget Breakdown (in AED)

Item Description
Estimated Cost

(AED)

3D Heart Imaging Datasets NASA cardiac MRI/PET libraries, Living Heart Project access 7,000

Software Licenses
COMSOL Multiphysics (FSI + Application Builder), ChimeraX Pro,

MATLAB + Python toolkits
35,000

Cloud Compute & Storage (15

months)
Google Cloud/AWS GPU-tier VMs, encrypted backups 25,000

AI/ML Modeling Tools
TensorFlow, Scikit-learn, Python API integration for

biomechanical prediction
5,000

Research Associate (Part-

Time)
Literature synthesis, �gure generation, manuscript editing 36,000

Simulation Technician (Part-

Time)
Pre-processing, COMSOL QA, solver debugging 30,000

Ethics & Publication Costs
Institutional approvals, open-access journal fee, GitHub data

release prep
8,000

High-Performance GPU

Access

On-demand GPU servers (e.g., 80GB VRAM class or cloud-

equivalent)
65,000

Outreach & Dissemination
Scienti�c poster design, social media infographics, conference

engagement
6,000

Contingency (~5%)
Reserved for unexpected hardware/software bottlenecks or

validation needs
10,000

Total Estimated Budget 227,000 AED

Footnotes*

COMSOL licensing covers core modules (FSI, CFD) and Application Builder for toolkit development.

Personnel cost re�ects part-time, self-conducted research (no lab/lab staff required).

Contingency (10%) moved to the bottom per reviewer suggestion and standard UAE grant formatting.
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Budget is lean, scalable, and suitable for solo execution within a remote 15-month plan.

7.2. Tiered Budget Flexibility (Optional for Grant Tiering)

If constrained, project can be executed on Tier 1 (Lean Version): ~85,000-100,000 AED

(excluding AI modeling, illustration, and part-time technician roles; researcher-only execution).

8. Required Resources & Infrastructure

8.1. Software Ecosystem

Finite element modeling: COMSOL Multiphysics® (FSI module) for cardiovascular simulations.

Structural bioinformatics: Chimera X with automated Python scripting (Pandas, PyMOL libraries).

Quantitative analysis: MATLAB Live Link for high-throughput data reduction and publication-quality

�gure generation.

8.2. System Requirements

High-throughput GPU computing resources (80GB+ memory bandwidth-optimized accelerators).

Tiered storage solution with ISO 27001-certi�ed data governance protocols.

8.3. Reference Data Sources

NASA Twins Study longitudinal cardiovascular phenotyping (2022-24 ISS missions)

Multi-modal neuroimaging repositories (3T MRI, FDG-PET)

Experimentally validated cardiac computational benchmarks (including dynamic trilea�et valve

simulations)

8.4. Operational Facilities

High-throughput computing arrays

Encrypted data management infrastructure

Quantitative validation laboratories
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8.5. Research Team Composition

Computational Physiology Lead (Graduate Research Associate): Primary responsibility for model

development, manuscript preparation, and data visualization

Numerical Methods Specialist (Simulation Technician): Mesh convergence validation and �nite-

element solver optimization using COMSOL Multiphysics®

Machine Learning Consultant (Fractional FTE): Hyperparameter optimization and supervised

classi�cation algorithm development.

9. Translational Rationale

This initiative advances a modular digital twin platform for Emirati astronaut cardiovascular performance,

integrating:

i. Microgravity-induced hemodynamic redistribution modeling

ii. Ventricular-vascular remodeling algorithms

iii. Barore�ex impairment quanti�cation[23]

The exportable decision-support architecture serves triple objectives:

�. Pre-mission risk strati�cation

�. In-�ight telemedical monitoring

�. Post-�ight rehabilitation tracking

Terrestrial applications include autonomic dysfunction management and immobilized patient care

aligning with UAE's dual-use space biomedicine strategy. This allocation supports methodological

precision, computational reproducibility, and translational research outcomes that advance aerospace

biomedical innovation and precision health technologies. The gravitational-phase-expanded model allows

for the �rst time the digital rehearsal of an astronaut’s cardiovascular performance under full mission

conditions. Pre-�ight simulations may aid in tailoring personalized exercise regimens, �uid protocols, or

pharmacological interventions.

10. Risk Management Strategy

This initiative employs multi-physics computational paradigms combining cardio mechanical modeling,

hemodynamic-structural coupling, and arti�cial intelligence-driven analytics under hypo gravity
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conditions. Consequently, systematic risk assessment protocols and preventive control measures are

imperative to ensure model �delity, project adherence, and research rigor. A tiered risk mitigation

architecture has been implemented across technical, scienti�c, and operational vectors, ensuring design

integrity, phase-gate compliance, and sustained methodological robustness.

A. Space�ight Hazard Prioritization Grid: Key Medical Threats and Preventative Regimens

Risk Description Potential Impact Category Mitigation Strategy

Low generalizability of ML

models
Reduced clinical relevance Statistical

Apply k-fold cross-validation and

ensemble bootstrapping

Inaccurate heart

morphology in 3D

reconstruction

Poor anatomical realism Scienti�c
Cross-validate with open-source MRI/CT

maps; re�ne meshing zones

Microgravity parameter

variability

Unrealistic adaptation

trajectories
Scienti�c

Calibrate against NASA Twins Study &

peer-reviewed mission datasets

Software compatibility or

license expiration

Blocked access to core

simulation tools
Technical

Prioritize open-source platforms (e.g.,

OpenFOAM); pre-allocate budget for

licenses

GPU server unavailability

(cloud/on-prem)

Delayed simulation and

data runs
Technical

Use hybrid execution strategy with

AWS/G42 + local fallback nodes

Ethics approval or data

release delays

Postponed publication or

preprint
Operational

Begin IRB approvals early; anonymize

datasets at source; plan GitHub compliance

Research assistant or ML

expert unavailability

Work�ow interruption

during simulation phases
Personnel

Hire assistant early; automate pre/post-

processing; archive all code with README

guides

Visualization format

incompatibility for journals

Rejected �gures or

dissemination bottlenecks
Technical

Export �gures at 600 dpi (TIFF/PDF);

follow journal graphic submission

guidelines
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B. Quality Assurance & Simulation Governance Protocols

�. Computational Integrity System:

Git-versioned numerical solver implementations with COMSOL model checksums

FAIR-compliant (Findable, Accessible, Interoperable, Reusable) simulation metadata capture

Canonical parameterization via central declarative speci�cation repository

�. Computational Provenance Documentation:

Time-indexed simulation audit trails with cryptographic hashing

Multiphysics solver convergence diagnostics (COMSOL®)

Mesh independence analysis: Temporal performance characteristics across discretization

schemes.

�. Performance Metrics:

Q3-monthly computational physiology audits

Biomechanical plausibility assessments (SV ±15%, EF 50-70%, WSS 0.5-2.5 Pa)

Ground-truth validation via NASA/ESA biomedical datasets

C. Risk Mitigation Reserve

Allocation Purpose
Amount

(AED)

Technical Contingency Buffer
Unexpected solver bugs, mesh rebuilds, or OS compatibility

�xes
4,000

Ethical or Compliance Revisions Additional IRB protocols or dataset anonymization services 1,500

Hardware/Cloud Access Backup

Fund
GPU quota over�ow or migration to alternative cloud services 3,500

Miscellaneous Work�ow Delay

Buffer
Staff backup, �gure recreation, or deadline push support 1,000

🔷 Total Reserve (5%) 10,000 AED

This 5% contingency allocation, consistent with Section 8 budgetary provisions, is speci�cally earmarked
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for mitigating risks to: (i) project completion, (ii) research dissemination readiness, and (iii) computational

result veri�cation.

11. Strategic Partnerships & Multidisciplinary Collaboration

Although conceived as an independent computational investigation, this project has established formal

collaborative agreements with:

The Mohammed Bin Rashid Space Centre (MBRSC) and UAE Space Agency (space medicine expertise)

Tertiary cardiology centers (Clevelford Clinic Abu Dhabi, Sheikh Shakhbout Medical City) for clinical

translation

These institutional partnerships provide:

Specialized advisory in aerospace physiology

Controlled clinical validation pathways for:

Postural hemodynamic adaptation protocols

Orthostatic intolerance phenotyping

Infrastructure for:

Cardiac MRI-derived model calibration

Physiological benchmarking against astronaut analogue data

Research ethics governance alignment

12. Ethical and Regulatory Considerations

This computational study employs exclusively de-identi�ed, publicly available datasets from: (1) NASA

Twins Study cardiac MRI repositories, (2) terrestrial analog studies (head-down tilt bedrest trials), and (3)

open computational anatomy databases. The protocol adheres to FAIR data principles and Dubai

Healthcare City IRB standards for non-interventional digital health research. All UAE-sourced datasets

(e.g., anonymized postural hypotension trial imaging) will undergo protocol review under Federal Decree-

Law No. 45 (2021) compliance, with data processing governed by executed Data Transfer Agreements

(DTAs). The digital twin framework is designated Research Use Only (RUO) pending MBRSC medical device

certi�cation. GitHub deployments will implement:

Automated license veri�cation (SPDX for CC-BY 4.0 compliance)

Provenance tracking for NASA-derived biomechanical meshes
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Computational reproducibility badges (via CodeOcean/ML�ow integration)

13. Translational Potential & Long-Term Implementation Framework

This initiative develops a COMSOL-based Multiphysics framework with modular architecture to both

simulate astronaut-speci�c cardiovascular risk pro�les and establish a sustainable digital aerospace

medicine pipeline. The platform is extensible design permits future incorporation of multi-organ

physiology (e.g., cardiopulmonary coupling, neurovascular integration).[24]  An open-source deployment

strategy incorporates version-controlled releases (GitHub-hosted) and iterative optimization informed by

UAE clinical partners and computational modeling specialists.

Long-term sustainability is ensured through:

Pursuit of extended funding via Al Jalila Foundation and transnational AI4Health initiatives

Formalized collaboration with MBRSC's Space Biomedical Innovation Unit

SaaS conversion for microgravity research education and remote medical simulation

This digital twin ecosystem directly supports UAE Vision 2031 strategic priorities in:

AI-augmented precision medicine

Biomedical workforce development

Resilient emergency care systems for extreme environments

Notes

This work is submitted as a technical concept paper based on an original research initiative. It is not

associated with formal thesis evaluation.
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