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Absorption and secretion in the small intestine (gut) depend critically on details of luminal mixing driven by contractions of different muscle groups with corresponding space-time deformation of lumen geometry (motility). Motility at two disparate scales is relevant: global deformations of the lumen at the cm scale controlled by the muscularis propria, and local motions of epithelial villi at the 100 m scale, driven by the muscularis mucosae. A longer term goal is to couple quantifications of gut motility at both scales in the rat model with computer simulations of macro-micro mixing in the gut. This poster addresses macro-scale gut motions quantified from time-resolved (dynamic) magnetic resonance imaging (MRI) of the in vivo rat jejunum using three-dimensional segmentation. The gut wall motions were analyzed using the principle component method called “active shape models.”

Objectives. This study has multiple objectives. Firstly, we aim to quantify the space-time geometry of the rat intestine during nutrient transport for use in geometry models for computer simulation of nutrient transport and mixing in the gut (see other poster). Secondly, we aim to quantify details of gut motility to learn what classes of gut motion are predominant, and how the basic gut motions are affected by specific types of anesthesia. To this end, we aim to decompose the space-time geometry data into principle components based on two proper orthogonal decomposition strategies. Thirdly we aim to determine the mixing characteristics of each principle component by integrating with computer simulation. Fourthly, we aim to extend to micro-scale MRI of the rat villi in vivo.
Methods. A series of three-dimensional static and two-dimensional slice-selective dynamic MRI data was collected with two rats (200-300g) after giving an oral gavage of Gd-DPTA (1 ml/kg) approximately 90 minutes before scanning. MRI experiments were performed using a horizontal bore 7 tesla magnet with a 12 cm diameter gradient set and a Varian Direct Drive console. Rats were anesthetized using a mixture of isoflurane and oxygen. Prior to dynamic scanning, a heavily T1-weighted multi-slice data set covering the whole of the GI tract was acquired to aid localization of the small intestine. For dynamic imaging a gradient echo pulse sequence (TE 2.8 ms, TR 1.12 ms, 64 x 48 (3/4 partial k-space coverage), 2 mm slice thickness, FOV = 25 mm x 25 mm, in-plane resolution 390 µm x 390 µm and time resolution 135 ms, or 7.4 frames-per-second) was used to acquire sequences of up to 1000 images to capture the gut motion. Semi-automated 3-D segmentation software was developed based on “3D Live-Wire” and “Gradient Vector Flow with Snakes” algorithms to determine the time-dependent gut wall geometry over ~ 3 cm segments of the rat jejunum over approximately 135 s. These data were then used within two classes of “active shape models,” a two-dimensional class in which each time sample is treated as independent, and a three-dimensional class in which the time series was separated into 10-20 space-time samples. Principal component analysis (PCA) was applied in each class, and the eigenvectors (principle modes) were determined. Also from the data, a central axis was determined using a skeleton algorithm, and radius vs. time was quantified for the upper and lower boundaries of the gut lumen in the slice-selective images. These data were used to extract the primary parameters for the computer model of macro-scale mixing described on the companion poster.
Results and Discussion. We found that the anesthesia apparently influenced motility, eliminating most of the peristaltic activity in the imaged gut segment. To identify suitable gut segments for dynamic imaging, and to quantify the anatomical location of the imaged gut segment, 3-D static imaging and reconstruction were carried out at regular intervals. The distinction between duodenum and jejunum was apparent in the 3-D reconstructions, and the pylorus, kidneys and caecum locations could be identified. We observed primarily segmental contractions in both data sets, with the second data set suggesting potential presence of weak peristalsis in addition. The second dataset appeared to be closer to normal gut physiology. In this study the filled gut diameter was ~ 7 mm, the period of segmental contraction was typically ~ 3.5 s, the rate of contraction ~ 2 mm/s, and the aspect ratio of the mixing segments was ~2. These values were used in the modeling studies. Significant asymmetry was observed which may contribute to mixing. The data were separated into 20 space-time samples to develop a 3-D active shape model. The eigenvectors of the first 3 principle components contained most of the variance. The first mode characterized segmental contraction, while the next two were similar and showed less well-defined space-time structure. Interestingly, the coefficients in the orthogonal expansion indicated a change in dominant modes from sample to sample, although the first mode appeared to characterize most samples, indicating predominance of segmental contraction over the 135 s data collection period.
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