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ABSTRACT 

Many biological structures like blood vessels, neurites, processes of astrocytes and 

microglia, and motion trajectories of moving granules possess a curvilinear geometry 

that must be quantified for screening and hypothesis testing. This thesis presents a 

framework for improved automatic detection and tracing of curvilinear structures in 

videos and 3D (three-dimensional) images. Two specific applications are investigated 

using a common core set of ideas: profiling the velocity patterns of granules that 

transport Brain derived Neurotrophic Factor (BDNF) along the axons of cultured 

neurons, and reconstructing vascular networks from 3D in vivo multi-photon 

fluorescence microscopy images. 

The first application profiles velocity patterns of small secretory granules that trans-

port a protein called BDNF along the axons of cultured neurons imaged by time-lapse 

fluorescence microscopy. This effort was motivated by the difficulty of using 

conventional approaches for tracking the granules, because of low frame rates and low 

signal-to-noise ratios in the videos. Our method reformulates the task by extracting 

curvilinear trajectories from kymographs. A kymograph is a two-dimensional, spatio-

temporal map of the granule movement along a chosen axonal segment. Our approach 

improves upon the traditional kymographs by incorporating three enhancements: (i) a 

temporal sharpening filter to enhance fast-moving granules, while suppressing clutter 

due to stationary granules; (ii) a neighborhood voting scheme using the estimated 

orientation distribution function (ODF) at each spatio-temporal location to bridge gaps in 

the kymograph; and (iii) a ridge-enhancement algorithm based on the Weingarten matrix 

to enhance faint tracks. To extract the multiple granule trajectories, a novel curve 

extraction approach is proposed that is computationally efficient, robust to significant 

levels of noise and clutter. It can be used to capture and quantify trends in the transport 

patterns quickly and accurately. When tested on a collection of videos, the proposed 

method was found to detect granule movement events with 94% recall and an 82% 

precision. The efficacy of velocity profiling is also demonstrated by analyzing the 

impact of oxidative stress on granule transport, in which the fully-automated analysis 

correctly reproduced the biological conclusion generated by manual analysis. 
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The second application maps vessel networks imaged by 3D microscopy. The main 

difference between this and the previous application is the significant variation in 

thickness (scale) of the curvilinear structures. Another important difference is the 

presence of branches. The ODF is constructed in the 3D space (x, y, z) at the locally 

estimated vessel scale to address the variation in thickness of vasculature. To address the 

latter issue, a graph-theoretic analysis is used to extract the vessel network as a network 

of curves in 4D space (x, y, z, scale). The proposed approach offers several advantages 

over traditional tracing methods: (i) it reduces the dependence of the tracing results on 

the initial seed points, improving the consistency of traces and branch points; (ii) it 

combines region-based and edge-based terms to produce a more accurate segmentation 

algorithm that can cope with thickness variations; (iii) it provides a natural top-down 

control mechanism that schedules multiple sequential tracers to incrementally cover the 

vascular network in the decreasing order of a proposed trace-quality measure, thus 

delaying the detection of uncertain vessel segments until more information is available; 

and (iv) it incorporates a mechanism to prune the traces based on branch geometry and 

saliency. In a multiple observer-blinded study based on 10 test images, the proposed 

method outperformed the superellipsoid-based tracing algorithm of Tyrrell et al. with 

fewer misses in 100% of the cases, and fewer false positives in 85% of the cases. 

 


