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This white paper aims to present numerical methods that facilitate integration of cell scale to macroscale in the human body, and identify associated multiscale modeling issues from the numerical standpoint. Due to the complexity of the human body, the strategies for model integration may be quite different. Therefore, several examples of multiscale model integration, such as the airway defense system (Appendix A), the cerebro-vasculature (Appendix B), the gastrointestinal tract (to be added), and the tumor growth (to be added later), are provided in the appendices. Through these examples, several common themes emerge for discussion. They are:

1. Fluid-structure interaction (FSI)

2. Image-registration driven simulation

3. 3D-1D model coupling and interface conditions

4. Contiunuum-atomistic coupling and interface conditions

5. Multiscale geometry representation and boundary conditions

6. Uncertainty in materials properties and geometry

7. ….
Appendix A:

Modeling of Airway Defense System in the Human Lung
by Ching-Long Lin

I. Need for an Integrated Cell-Mechanics Model

Airway defense is a multiscale process, involving mechanotransduction to transmit oscillatory mechanical force from macro scale (motion of lung, rib cage, diaphragm, and abdomen) to micro scale (airflow-induced shear stress and tissue stress at a local level), and further translation to biochemical responses via cell signaling to maintain the periciliary liquid (PCL) volume for mucociliary clearance. Lung diseases may alter mechanical force, which then alters stress-mediated adenosine triphosphate nucleotide (ATP) release, disturbs PCL water homeostasis, and weakens the integrated airway defense system, forming a vicious cycle of events. Airway bifurcation is particularly sensitive and vulnerable to the above pathologic process because local maximum stress is located in the vicinity of the bifurcation and increases substantially with airway stiffening and narrowing as found in the diseased lungs so that it can easily exceed the normal physiological range of stress. In the healthy lung, PCL and mucus - together with trapped inhaled bacteria and particulates - are continuously transported cephalad by coordinated ciliary beating. The bifurcation is a singular point where the inner walls of daughter branches meet and toxins/irritants accumulate; this is therefore a key weak spot in the network of mucociliary transport. A failure to maintain PCL water homeostasis near the bifurcation might effectively disrupt this defense pathway. 

In order to understand the relationship between mechanical forces at the organ level and cell responses at the cellular level and model the airway defense system, the systems biology approach that integrates mechanics and cell models is needed. The mechanics model utilizes imaging-based, high-fidelity fluid-structure interaction (FSI) computational technologies for three-dimensional (3D) fluid and solid mechanical systems to predict airflow-induced shear stress and tissue stress at a local level in the realistic human lung models. The cell model is based upon mathematical cell biology and in vitro data for epithelial cells and nucleotide metabolism to predict ATP release, cell metabolism, ion and water transport, PCL height, and calcium ion concentration [Ca2+]. The stress computed from the mechanics model is used as an input for the cell model. The predictions by the cell model, such as PCL height and [Ca2+],  can be mapped to the 3D airway geometry to study the interaction between lung and cells and its role in the distribution and progression of lung disease. 
II. Critical Link Between Scales: Cellular Response to Mechanical Force 

The human bronchial epithelial (HBE) cells, like other cell types (e.g., endothelia), have mechanosensing capabilities that can detect changes to the extracellular micromechanical environment. The mechanical force exerted on the lung to change lung volume and pulmonary airflow can be transmitted from the organ level down to the levels of tissue, cell and molecule. From HBE cell culture experiments, Tarran et al., (2005, 2006) and Button et al. (2007, 2008) found that HBE cells respond to mechanical force. Figure 1 shows that the epithelial cells release ATP into the PCL in response to: (1) airflow-induced oscillatory shear stress and (2) (transepithelial) cyclic compressive stress (CCS). Here oscillatory (or phasic, cyclic as opposed to static) indicates inspiration/expiration of the airflow and expansion/recoil of the lung. CCS mimicks the transmural airway pressures of tidal breathing. Their major findings are: (1) HBE ATP release only responds to phasic motion, (2) the ATP release increases with increasing stress, but quickly reaches a plateau. These findings suggest that the rate of change of stress, not just its magnitude alone (due to phasic motion), is the important stimulus for ATP release into the extracellular PCL environment. ATP, along with its metabolite adenosine, interact with airway epithelial purinergic receptors, to up-regulate transcellular ion and water transports that increase PCL volume and ciliary beat frequency to accelerate mucus transport. HBE cells also protect themselves from over-stimulation and flooding of the airways by limiting ATP release during non-physiological stresses (refer to the plateau in Fig. 1). Thus, beyond the physiological range of stress, ATP release rates become less sensitive to higher stresses applied.  
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	Figure 1: Release of ATP during physiological stress. Relationship with magnitude of oscillatory (A) shear stress and (B) compressive stress. Red lines denote the physiological range of stress during tidal breathing (Button et al., 2007, 2008).


III. Cell Model

In healthy subjects the PCL extends from the cell surface to a depth equal to the length of an out-stretched cilium. The cilia beat in a coordinated fashion at ~7Hz. If the PCL layer is not maintained at an adequate depth the cilia may become entangled in the mucus, and unable to disengage in the recovery stroke, resulting in no net movement of mucus. Conversely, if the PCL layer is too deep the cilia may be unable to contact the mucus to apply force. It is therefore imperative that ASL hydration is maintained within a specific tolerance, and hence it is one of the most tightly regulated microenvironments within the body. To maintain the optimal PCL depth of ~7µm, water movement into and out of the lumen is regulated through active ion transport. Normal airway epithelium has the capacity to absorb and secrete salt, predominantly Na+ and Cl-, thereby generating osmotic gradients which induce water flow across the epithelium. Figure 2 shows a schematic diagram of the mechanism by which ion channels, pumps, and cotransporters establish an osmotic gradient to drive water flow (Warren et al., 2009, 2010). The epithelial Na+ channel (ENaC) serves as the major conduit for Na+ through the apical membrane, and the Na+-K+-ATPase is the mechanism of basolateral extrusion. Transport of Cl- through the apical membrane is primarily through the CFTR and the Ca2+-activated Cl- Channel (CaCC). 

Under a number of stress conditions airway epithelial cells release nucleotides into the lumen (see Fig. 2). Nucleotides act as signaling molecules to activate cell surface receptors, and are then degraded via ecto-nucleotidease activity. The P2Y2 receptor plays an important role in this autocrine response. P2Y2 receptors are G-protein coupled receptors (GPCRs), which act through the Gq/Phospholipase C pathway to produce the cytosolic signaling molecule IP3 (inositol-triphosphate, a secondary messenger). Cytosolic IP3 binds to Endoplasmic Reticulum (ER) receptors, triggering the release of calcium from the ER into the cytosol. Intracellular IP3 concentration is known to be calcium dependent and this feedback is responsible for the characteristic oscillations of [Ca2+] concentration within the cytosol. The rise in [Ca2+] within the cell also activates CaCCs and Calcium-activated potassium channels (CaKCs) causing an osmotic gradient to form across the epithelium, which results in a flux of water into the lumen. 

We plan to adopt a mathematical model that predicts PCL height and [Ca2+], i.e. disruption from PCL volume homeostasis leading to an intracellular Ca2+ transient reaction, in response to stress-mediated ATP release (Warren et al., 2009, 2010). The model has been compared against the experimental calcium traces of the rabbit tracheal epithelial cells upon stimulation with 0.1, 1, and 2 (M ATP (Zhang et al., 2003). The model predicts similar [Ca2+] oscillatory behaviors and pulsatile change of PCL height.  
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	Figure 2: Schematic of epithelial model components (Warren et al. 2009), showing the production of IP3 after being triggered by an extracellular stimulus, the regulation of the inositolphosphate pool, and Ca+ handling of the cell activated through IP3. AQPs, aquaporins.  


IV. Mechanics Models 

One-way and two-way FSI mechanics models (Choi et al., Lin et al., Tawhai et al., Xia et al.) may be adopted to predict stress distributions in the human lungs. In the one-way FSI approach, the fluid (CFD) and solid (CSM) solvers are executed separately (Fig. 3). The boundary surface meshes between fluid (pulmonary gas flow) and solid (lung tissue mechanics) domains and the lobar and vessel tree boundary meshes are deformed using the image-registration derived displacement fields. The airway and lobe deformations are determined a priori to match as precisely as possible with CT images at different lung volumes (Yin et al.), and then are provided to both solvers as Dirichlet boundaries. In the two-way FSI approach (Fig. 4), the FSI interface between fluid and solid domains now are treated as internal nodes, and their positions and velocities are computed from the interactions between pulmonary gas flow and lung tissue mechanics. Any disagreement between the deformed airways (or the displacements of lung tissues) and those derived from image registration indicates that the FSI model has flaws caused by either prescribed lung biomechanical properties for CSM or lack of incorporation of detailed physiological processes into the model. A comparison between two-way and one-way FSI solutions allows identifying the potential source of the problem that causes the disagreement. One-way FSI is considered more accurate, but more restrictive, than two-way FSI because the former relies more on measurement data. 
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	Figure 3: 3D-1D coupled airway tree and five lobes at (A) the minimum volume (55% VC) and (B) the maximum lung volume (85%VC). (C) The distribution of deformation as a function of normalized lung height from the apex (100%) of the lung to the base (0%) calculated from the Jacobian. (V and (L denote volume and length changes. The subscript “max” corresponds to the maximum lung volume. Tawhai and Lin (2010)
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	Figure 4: Meshes of a CT-based airway bifurcation: (A) wall, (B) lumen. (C) Volume change of the lumen between peak inspiration (wireframe) and resting state (gray) at Re=183. Deformation in: (D) the bifurcation plane, and (E) the transverse plane before bifurcation (black, maximum deformation; red, resting state). Xia et al. (2010)


V. Methods and Integration

A key component in the airway-defense system is “stress-mediated ATP release” that interconnects three scales: pulmonary airflow at the organ scale (which exerts shear stress on the airway liquid lining the epithelia), tissue tensile force at the tissue scale (which produces CCS on the epithelia), and epithelial cell response and signaling at the cellular/molecular scale (which releases ATP in response to cyclic stresses).

With the relationships between stress and ATP-release measured from cell culture experiments (Fig. 1), accurate prediction of ATP release (output), which up-regulates cell signaling and reaction to maintain PCL volume and hydration, relies upon accurate prediction of stress (input) that triggers its release in a location-specific and state-specific manner. Therefore, the stress computed from the mechanics model will be used as an input for the cell model. The cell model together with the thermodynamics laws for heat and moisture is then used to predict the biochemical responses of HBE cells and the regional distributions of PCL water level and [Ca2+] concentration. These predictions can be mapped to the 3D airway geometry to study the interplay between cell and organ. 

VI. Limitation

1. Single versus multiple types of cell models: Mechanical stress may simultaneously affect several cell types that shape and remodel airway structure, and vice versa. Here we only consider HBE cells. 

2. Liquid lining, mucus layer, and cilia: The airway surface liquid (ASL) lining covering the epithelia (PCL+mucus layer) is modeled as a compartment with dynamically changing depth; however we do not consider fluid interaction with the cilia in the PCL or the mucin release pathway. Whether cilia act as flow sensors in epithelia to transduce phasic stress is not known. Mucociliary clearance can be modeled by three different approaches: phenomenological, slender body theory, and FSI models (Smith et al., 2007, 2008; Yang et al., 2008), all from the mechanical point of view only. 
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Appendix B:  by George Karniadakis

Need for an Integrated Cerebro-Vasculature Model 

The human brain although less than 2% of the body weight, receives about 20% of the resting cardiac output of blood and 25% of body's oxygen supply. Interactions of blood flow in the human brain occur between different scales, determined by flow features in the large arteries (diameter of 0.5 mm or larger), the smaller arteries and arterioles (500 microns to 10 microns), and the capillaries (mean diameter of 5 microns) all being coupled to cellular and sub-cellular biological processes. While many biological aspects have been studied systematically, surprisingly less effort has been put into studying blood flow patterns and oxygen transport within the brain, i.e., the fundamental biomechanical processes of the integrated intracranial vascular network. However, recent pioneering 3D imaging of the human brain by Cassot et al. (2006)  and of the mouse brain by Mayerich et al. (2008)  provides statistical information for constructing realistic topological models on which future brain simulations will be based. A key observation is that arterioles down to 10 microns follow a tree-like structure (governed by a fractal law) whereas the capillary bed (below 10 microns) follows a net-like structure.

[image: image11.emf]
Figure 1:  MaN simulations involving a complete Circle of Willis consisting of 65 arteries. Colors represent pressure (inner part is transparent to show velocity vectors and not pressure levels) arrows velocity, XY plots depict flowrate in ml/s and pressure drop in mmHg. Top right: instantaneous streamlines shown swirling flow in communicating arteries. Bottom right: MRA image of the cranial arterial system provided by Prof. J.R. Madsen & Dr. T. Anor (Harvard Medical School).

Following these observations and based on other clinical results, it is now possible to advance the development of an integrated model of the vascular network in the human brain (cerebro-vasculature) characterized by three distinct spatial length scales (Grinberg et al, 2009): 

(1) The macrovascular network (MaN) consisting of large arteries, down to diameter of 0.5 mm, which are patient-specific and can be reconstructed from CT/MR imaging. Typically, about 100 such arteries are involved surrounding the circle of Willis, which is formed downstream of the four main arterial inlets at the neck (two carotids and two vertebral arteries); see Figure 1.

(2) The mesovascular network (MeN) consisting of small arteries and arterioles, from 500 microns down to 10 microns, which follow a tree-like structure governed by specific fractal laws (Cassot et al, 2006; Zamir, 1999). The human brain contains about 10 million small arteries and arterioles. 

(3) The microvascular network (MiN) consisting of the capillary bed, which follows a net-like structure; its topological statistics have been recently quantified for the human brain in Cassot et al. (2006). The typical number of capillary segments in the brain is more than 1 billion.

We could study each network separately but there are several reasons for coupling these vascular networks and not simply model MaN as in Figure 1: (1) to provide a closure for MaN modeling, (2) to model brain perfusion in pathological cases, (3) to model neuro-vascular coupling. With regards to (1), outflow boundary conditions have been developed that aim to minimize the effect of not including the MeN-MiN components (see Figure 1 for a healthy case and Grinberg et al., 2009). However, it has been found that in pathological cases (e.g., hydrocephalus, aneurysms, etc.) the blood flow circulation depends strongly on the outflow boundary conditions. For example, in a systematic study of brain aneurysms the size effect of the computational domain was examined and differences of up to 100% in wall shear stress (WSS) on the aneurysm were found (Baek et al, 2007). Clinical data can be used at all the outlets but such measurements are extremely difficult and costly. This and other results point to the need for a closure model, that is, a full-scale model that couples the macrovascular “image-based” simulations to the “subpixel” simulations involving the mesovascular and microvascular networks as well. This multiscale (MaN-MeN-MiN) brain model will provide the closure conditions. With regards to (2), a full-scale mode will facilitate physiologically correct simulations of brain perfusion and associated pathologies (e.g., malaria, sickle cells anemia, see Kaul & Fabry, 2004 and Chien et al., 1982) for realistic studies. In particular, oxygen transport from the red blood cells (RBCs) to the brain takes place primarily at the MiN-MeN levels, and hence these networks have to be explicitly integrated to MaN. Finally, to model the active vaso-dilation of the arteries and arterioles we need to couple it to the neuronal system accounting explicitly for the action of astrocytes on the surface of the vessels. 

In summary, the proposed MaN-MeN-MiN is a conceptual framework that can lead to an integrated computational model for the cerebro-vasculature for studying various pathologies in the brain. In the next section we give a specific example of a MaN-MiN coupling, where blood cells and their interaction with the arterial wall need to be modeled explicitly.

Specific Example: Multiscale Modeling of Cerebral Aneurysm
Cerebral aneurysms (CAs) are pathological, blood-filled permanent dilations of intracranial blood vessels usually located near bifurcations in the Circle of Willis (CoW), see Figure 2, see Baek et al. (2010 and references therein). CAs occur in up to 5% of the general population, and can cause subarachnoid hemorrhage (SAH), a devastating event afflicting over 40,000 Americans each year.  Over 60% of patients with SAH (a form of stroke) are left dead or disabled, and less than 50% of survivors are able to return to their former jobs or level of activity. The processes of initiation, growth and rupture of CAs are not well understood, and several -- often contrasting - hypotheses on the modified hemodynamics have emerged in recent years, e.g. see the recent reviews in (Lasheras, 2007; Sforza et al, 2009) and references therein.
[image: image12.emf]
Figure 2: Left: Reconstructed intracranial arterial tree of a patient with an aneurysm showing the circle of Willis and all main arteries. ICA: internal carotid; MCA: middle cerebral; VA: vertebral; PCoA: posterior communicating, etc. (Courtesy of Prof. J.R. Madsen and Dr. T. Anor, Harvard Medical School). Right: Scanning electron microscope image of the inside layer of a ruptured MCA aneurysm showing the disrupted pattern of endothelial cells and blood cells adhered to the inter-endothelial cell gaps. (Kataoka et al, 1999).

While one would expect that aneurysm rupture be associated with high pressure or high wall shear stress (WSS) magnitude, this is not the case with CAs as no elevated peak pressure and typically low WSS values are observed within the aneurysm. Hence, to advance our understanding, we need to investigate scenarios beyond the pure mechanical point of view. In particular, we need to understand the role of endothelial cells (ECs) and their interactions with the blood cells, i.e., platelets, red-blood cells (RBCs) and white cells (WCs).

The Role of Cells: Histological observations have revealed a degeneration of ECs and degradation of the intracellular matrix of the arterial walls due to decreasing density of smooth muscle cells (SMCs) . WSS is related to the endothelial gene expression, and in laminar flow produces a quiescent phenotype protecting from inflammation or cell apoptosis. However, flow instabilities and oscillatory WSS can trigger certain genetic traits that affect the elastic properties of the arterial wall. For example, recent studies reported that low WSS levels in oscillatory flow can cause irregular EC patterns, potentially switching from an atheroprotective to an atherogenic phenotype \cite{Meng07,SforzaPC09}. On the other hand, low WSS can also be protective as it leads to thickening of arterial walls, which then becomes more tolerant to mechanical loads. Hence, by simply examining the magnitude of WSS we cannot arrive at a consistent theory of aneurysm growth or rupture. To this end, experimental studies with ECs subjected to impinging flow (Meng et al, 2007) have shown the importance of WSS gradients (WSSG) (rather than the magnitude) on the migration of ECs downstream of the stagnation region. 
Perhaps the most dramatic evidence on the role of ECs and their interaction with blood cells has been documented in a Japanese clinical study comparing ruptured and un-ruptured aneurysms (Kataoka, 1999). Ruptured aneurysms exhibited significant endothelial damage and inflammatory cell invasion compared with un-ruptured aneurysms; see Figure 2(right) for a typical image. We observe that the EC layer is drastically altered and covered with blood cells and a fibrin network. Similarly, it was reported in (Kataoka, 1999) that leukocytes (WCs) in the wall could be associated with SAH, and endothelial erosion enhances leukocyte invasion of the wall before rupture. In addition, the role of RBCs has also been elucidated in recent work in (Cebral et al, 2009): For a basilar artery aneurysm, for which 3D angiographic imaging was made just hours before it ruptured, a patient-specific CFD model was constructed. It was found that a concentrated inflow jet would have impacted onto a small region of the dome of the aneurysm while it remained intact. One of the events likely to affect the hemodynamics in CAs, particularly as they become obstructed with wire coils, is the formation of red-cell rouleaus.In addition,  the role of platelets has not been fully explored in experimental work, but clinical tests have documented the existence of spontaneous thrombosis in giant aneurysms (Rayz et al, 2008) due to platelet deposition. Thrombus formation within the aneurysm is non-uniform due to the complex flow patterns and the interaction of platelets with the damaged EC layer. Similarly, it was found in endovascular studies that creation of spontaneous thrombosis occurs after stent placement (Vanninen et a, 2003). In other studies, enhanced platelet aggregability has been observed in cerebral vasospasm following aneurysmal SAH (Okhuma et al, 1991).
A key question regarding the process of aneurysm progression is how to correlate the blood cell dynamics and interactions to the complex flow patterns observed within the aneurysms. To this end, there are currently two schools of thought: high-flow effects and low-flow effects (Sforza et al, 2009). The former suggests that localized elevated WSS cause endothelial injury that causes an over-expression of NO production, which in turn can lead to apoptosis of SMCs and subsequent wall weakening. The latter points to the stagnation type flow in the dome of the aneurysm, which also causes irregular production of NO. This dysfunction of flow-induced NO leads to aggregation of red blood cells as well as accumulation and adhesion of platelets and leukocytes along the intimal surface (the first layer of the arterial wall). This, in turn, may damage the intima, allowing for infiltration of WCs and fibrin.

Multiscale Modeling: Considering the aforementioned findings, simulating the rupture of CAs requires multiscale modeling to account for blood flow in MaN and for explicitly accounting for the presence and interactions of blood cells with the arterial wall as well as cell-cell interactions (e.g. rouleaux formation). To this end, methods similar to the triple-decker algorithm can be employed (Fedosov & Karniadakis, 2009), as shown in the schematic of Figure 3. In particular, a continuum description (Navier-Stokes) can be employed for the large domain to represent accurately the flow dynamics in the internal carotid artery (ICA) and also downstream of the supraclinoid ICA - including the entire Circle of Willis and other peripheral arteries as needed. On the other hand, the smaller (aneurysm-only) domain will represent the region inside and around the aneurysm, where an atomistic flow description based on the dissipative particle dynamics (DPD) method will be employed. The two domains overlap in order to achieve a seamless representation of the flow and facilitate the introduction and removal of blood cells at the inlet and outlet. 
[image: image13.emf]
Figure 3:  Left: Flow visualization in a aneurysm based on MaN simulations results Right: Proposed multiscale Continuum (NS)--Atomistic (DPD) modeling, showing the two overlapped domains and a sketch of the rheology to be simulated inside the aneurysm that includes red blood cells (red), platelets (blue) and white cells (white). The dynamics of blood cells will be simulated by DPD-LAMMPS.

Methods and Integration

Simulations at the MaN level involve the solution of the 3D Navier-Stokes} equations taking into account the compliance of the large brain vessels. Given proper initial conditions, the system of equations describing the fluid flow in the arbitrary Lagrangian-Eulerian (ALE) reference 
[image: image14.emf]
Figure 4: Left - Flow resistance in malaria: Healthy (red) and malaria-RBCs (blue) in Poiseuille flow in a arteriole of diameter D=20 microns. The Hematocrit is 45%, and the parasitemia level is 25%. Plotted is the relative apparent viscosity of blood in malaria for various parasitemia levels and tube diameters. Symbol ``x'' correspond to the schizont stage with a near-spherical shape. Experimental data from the empirical fit by Pries et al. (1992). Right -  Increased stiffening of malaria-infected RBCs: Simulated stretching of healthy and malaria-infected RBCs at different malaria stages compared with optical tweezers experiments of Prof. S. Suresh.  DA and DT refer to the axial and transverse diameters. 

frame can be solved with any type of CFD methods, e.g. finite elements. This should be coupled to hyper-elasticity equations governing the displacements of the flexible arteries and the aneurysmal domain. The fluid and solid domains are coupled through proper kinematic and dynamics boundary condition at the interface. Modeling of this fluid-structure interaction (FSI) is a major challenge cutting across many diverse areas of biomedical modeling.  

At the MeN level, the quasi-1D Euler hyperbolic equations can be employed accounting also for the dynamic motions of the arteriolar tree (Sherwin et al, 2003). The mathematical model is based on the nonlinear 1D equations for pressure and for the flow wave propagation in compliant vessels. They express conservation of mass and momentum but they are averaged over the cross-sectional. Solution of this system can also be solved using any CFD method for hyperbolic systems, e.g. finite volumes or discontinuous Galerkin methods. Due to the statistical description of the arteriolar tree but also because of uncertainties in its material properties, a stochastic modeling approach based on generalized polynomial chaos can be followed (Xiu & Karniadakis, 2002). This approach has been found to be very effective for a moderate number of uncertain parameters with a speed-up factor compared to Monte-Carlo simulation greater than 1,000. 

At the MiN level, mesoscopic methods such as coarse-grained MD or Lattice Boltzmann or the dissipative particle dynamics (DPD) can be employed.  In particular, DPD has already been used with success in modeling explicitly platelets and red blood cells, e.g. Fedosov et al. (2010). It is based on coarse-graining of MD, with each particle representing a molecular cluster rather that an individual molecule (Lei & Karniadakis, 2010). The DPD system consists of N point particles, which interact through conservative, dissipative and random forces given forming a system of stochastic ODEs, which are solved with extensions of MD methods. DPD has been implemented in the popular MD code LAMMPS by Sandia Labs. An example is shown in Figure 4, where healthy red blood cells and malaria-infected red blood cells are modeled. 

Integration across scales, e.g. coupling MaN-MeN or MaN-MiN or of all vascular networks simultaneously depending on the biomedical problem we need to model, should be based on proper interface conditions so that mass and momentum (and possibly energy) are conserved. There have been many attempts in the literature to couple continuum with molecular dynamics directly both for fluids and solids but they have not been adopted for production computing due to the complexity of the algorithms and the apparent errors at the interface. In contrast, interfacing mesoscopic methods with continuum is more appropriate and conservation laws can be readily maintained with the proper use of microscopic forces and torques, e.g., see Fedosov & Karniadakis for a description of a triple-decker algorithm (2009).  There are many challenges remaining that have to be addressed in the specific context of modeling biomedical problems. 
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