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The primary roles of the small intestine (gut) are nutrient absorption and transport of digestive material (chyme). Propulsive wave-like propagations (peristalsis) control axial transport, while rhythmic contractions of short segments of the gut (segmentation) are believed to control radial transport and absorption. Once advected to the surface, nutrients must diffuse through a low-velocity diffusion layer known as the “unstirred (water) layer (UL).” In vitro estimates of the thickness of this layer has been reported up to ~1000 m, however these are mechanically unrealistic. Using more accurate methods in vivo, however, thicknesses less than 50m have been reported, suggesting the existence of a “highly efficient stirring mechanism” (Levitt et al. 1990). We hypothesized that the motility of finger-like projections called villi on the mucosal surface may be responsible. Since it has not been possible to measure villi motion in vivo, we study the potential micro-macro scale transport physics through a series of functionally relevant computational models. The models apply the lattice Boltzmann (LB) framework to predict fluid motions, nutrient concentration transport and absorption with moving boundary conditions and zero-concentration at the epithelial surfaces to model rapid nutrient absorption.

We began our study with two-dimensional (2-D) models. The first is a lid-driven cavity flow with 2-D “villi” lining the bottom designed to analyze the fluid dynamics by which disparate macro-micro scale motions might interact dynamically to alter of nutrient transport and absorption. The second is a 2-D macro-scale gut model of fluid motion and nutrient transport and absorption generated by peristaltic and segmental motility where the relative mixes of peristalsis and segmental motility were systematically changed. This model was integrated with magnetic resonance imaging data from the rat intestine in vivo and was subsequently generalized to a three dimensions. With the macro-scale motility models we show that the absorption dynamics of the small intestine is much more complex and interesting than is described in the literature. Common wisdom associates segmentation with absorption and peristalsis exclusively with transport. In contrast both peristalsis and segmentation significantly promote nutrient absorption. However, to maximize absorption while minimizing the power required by the muscles to generate the gut motility, segmentation is optimal over the range of functionally relevant occlusion ratios.

To study the interactions between macro-scale eddying motions and a micro mixing layer generated by villus motility, a multi-grid lattice Boltzmann model was developed with second order moving boundary conditions for lid-driven cavity with villi lining the lower surface. The initial 2-D model with 2-D “villi” was subsequently generalized to a 3-D cavity flow model with finger-like villi, more representative of the human gut. We show that coordination between the outer macro-scale eddying motion and an inner micro-mixing layer (MML), generated by specific patterning of villi, create advection-dominated macro and micro scale layers separated by an internal micro-scale diffusion layer that work together to enhance the rate of transport of nutrients to the epithelium. The strength of the MML is associated with vertical ejections of low concentration fluid from between villi groups and absorption enhancement results from the return of high-concentration fluid to the villi surfaces from the diffusion layer. Three-dimensional motions reduce the strength of the MML while enhancing absorption over the legs of the villi.

The previous knowledge and model strategies were combined in the design of a three-dimensional, multi-scale lattice Boltzmann model of the intestine with villi limiting the intestinal wall to study the effects of coupled macro-scale deformations and pendular villous motility on absorption in the gut. These are massive high-performance computing simulations requiring TeraGrid resources. We show that active movements of the villi can enhance absorption by 25% above that with passive villous movements that are a result of macro-scale motility patterns alone. Increasing the length or the frequency of oscillation enhances the effect. Consistent with the findings of our lid-driven cavity flow villous motility models, we show that the presence of coordinated counter-oscillating groups of villi is a key mechanism in generation of the MML, and significantly promotes absorption. Azimuthally moving counter-oscillating groups of villi are most advantageous to absorption. Because the azimuthal movements are perpendicular to the fluid patterns induced by the macro-scale motility, the interaction produces 3-D fluid motions that further enhance mixing and increase the absorption in the gut.
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