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Mitochondria are ubiquitous organelles involved in a variety of essential processes in eukaryotic cells,
readily recognized by electron microscopy (EM) on account of their double-membrane-bound structure
and internal membrane folds called cristae. Contrary to textbook cartoons, mitochondria display widely
different morphologies depending on many variables such as cell type and disease status [1]. These
variations are not limited to any 2D plane and can be interrogated with high-resolution 3D fluorescence
microscopy and EM techniques. Volume EM approaches such as focused ion beam scanning electron
microscopy (FIB-SEM) have the resolution in all three axes to visualize fine ultrastructural changes in
mitochondria. However, creating accurate representations for visual and quantitative analysis continues
to be a challenge. Automated or semi-automated approaches to delineate these complex morphologies in
a crowded intracellular context still require manual intervention to ensure model fidelity [2]. For example,
“skeletonization” algorithms mathematically reduce 3D shapes into a series of linked points in space,
called a “curve skeleton”, that roughly adhere to the centerlines of an object’s branches. Close inspection
of skeletons often reveals errors such as poor centering, spurious branches, or broken topologies — these
errors profoundly alter downstream analyses and hobble efforts at automated quantification [3]. Yet
manual clean-up of skeletons is slow, non-intuitive, and prone to subjective errors because of a central
limitation — the interaction with 3D data on a 2D plane (computer monitor or drawing tablet), a constraint
inextricably associated with information loss and a reduced awareness of spatial relationships.

The application of virtual reality (VR) to visualize volumetric image data has a long history, beginning
with displays of molecular models and astrophysical data [4]. Dramatic improvements in hardware and
software solutions have opened avenues for VR applications in other scientific disciplines such as 3D
microscopy, which often generates massive image datasets [5]. Volume rendering itself is a
computationally demanding task and VR rendering requires double the number of calculations for every
corresponding stereo-image. Moreover, these calculations must be done in real-time to provide smooth
viewing and interaction with the data. To overcome these challenges, iso-surface rendering or projection
rendering techniques have been used to achieve acceptably fast generation of stereo-images [6]. In our
approach, we introduced an agile ray-tracing technique in conjunction with custom smoothing operations
and a quick-access data format to achieve fast, high quality VR rendering of 3D microscopic image data
on commercially available Oculus Rift headsets [7].

In addition to visualization, VR rendering of volumetric data can help to validate and improve the accuracy
and efficiency of quantifications [8]. Here, we developed tracing functionalities to analyze and correct the
curve skeletons of complex objects and their extensions, specifically, mitochondrial networks in FIB-SEM
volume reconstructions of mammalian cells. Previously, we generated FIB-SEM image volume
reconstructions of fixed, stained, and resin-embedded mammalian cells according to established protocols
[9]. These image volumes contained a number of convoluted and branched mitochondria that we wished
to characterize. We utilized the skeletonize_3d function provided in scikit-image to create curve skeletons
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from the label maps (although other skeletonization algorithms may also be used) [10]. The voxel
skeletons were separated into branches at the node points where they were connected. Each branch was
then converted into a set of ordered 3D coordinates and stored in a .csv file for import into the VR
environment, along with the label maps corresponding to the mitochondria themselves. This allowed us
to interact with mitochondrial reconstructions and associated skeletons at the same time and in context
(Figure 1). For clarity, we display the results from a sub-volume containing five complete mitochondria
of different sizes and shapes. There were a variety of errors generated by the skeletonization module,
including spurious branch connections and extraneous bumps or “jitters” arising from underlying
mathematical boundary conditions — these were easily and intuitively visualized. In addition to skeleton
visualization in VR, we developed modules that then allow for easy addition, deletion and editing of points
to alter the skeleton appropriately within the environment; these corrected skeleton coordinates can be
exported again as a .csv file for downstream analysis. The connectivity map generated with this tool can
thus be used to quantify various aspects of other complex cellular networks, including datasets of neuronal
processes acquired by LM or EM approaches.

The process of manually editing 3D data on a computer monitor or tablet is hindered by the inherent
shortcomings of having to project these data on a 2D plane. With VR, users now have the unique potential
to use their hands to navigate through a 3D image and intuitively edit data within 3D space; this simplifies
and speeds up manual proofreading of automated approaches to object modeling and creates opportunities
for novel applications.
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Figure 1. (a) FIB-SEM imaging of mammalian cells resulting in nanoscale resolution volume
reconstructions of mitochondrial networks. (b) Mitochondrial volume renderings as imported into a VR
environment for intuitive 3D interaction. (c) Algorithm-derived curve skeletons of mitochondria for
downstream characterization as visualized in VR. A subset of mitochondria skeletons (thick lines) are
shown for clarity. (d) An individual volume rendered mitochondria, boxed in (c), as displayed in VR;
closer inspection of the skeleton reveal errors that are challenging to correct with 2D visualization. (e)
Two common sets of errors that occur from skeletonization (curve skeletons, blue) before VR based
correction: spurious branches (arrow) and jitters (arrowheads) in the tracings. The mitochondrion is
rendered at high transparency to guide the eye. (f) Same skeleton after manual fixing of errors in the VR
environment. Errors are typically fixed within minutes, depending on complexity of the skeleton.
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