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Toward building comprehensive particle tracking
tools with u-track 3D
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In this issue of Cell Reports Methods, Roudot et al. present u-track 3D, a package geared toward improving
the workflow of offline widefield multi-molecule tracking. The package is tailored for visualization of tracks,
tracking, and assessment of trackability in tracking particles in biological systems.

Particle tracking, which involves deter-
mining the number of particles and their
spatial trajectories, is an open problem
whose relevance extends across a spec-
trum of disciplines from tracing the path
of elementary particles through cloud
chambers at the smallest scales to moni-
toring the movements of celestial bodies
at the largest scales. Equally interesting
is tracking of biological systems from the
single molecule to the cellular scale.
Each biological scale, and each setup
from which tracking data are derived, pre-
sents its unique challenges from image
registration across multiple frames or
z-stacks, to particle detection (localiza-
tion), to optical aberrations, detector
noise, shot noise, and beyond. Indeed,
under the broadest of scenarios, it is diffi-
cult to imagine an ambitious tracking tool
working across all scales escaping Wol-
pert’s famed “no free lunch” theorem.’

One common simplifying approach is to
track one single particle in real time and
thereby avoid counting particles and link-
ing across frames. Recent examples of
this approach include real-time particle
tracking tools such as MINFLUX? and
3D-SMART,? though tracking one particle
is not suitable to all applications. Specific
scenarios, such as intracellular transport
studies,” demand approaches with higher
throughout (multi-particle tracking).

While an easy-to-use tracking tool with
higher throughout (multi-particle tracking)
would be helpful to the community,
equally helpful are tools facilitating data
visualization and even statistical assess-
ments of the reliability of tracks. Enter
u-track 3D by Roudot et al., (Figure 1).

Here we focus, in that order, on data
visualization, the underlying tracking
method, and the trackability score of
u-track 3D.

Data visualization is a key feature of
u-track 3D. Besides addressing chal-
lenges pertaining to visual occlusions,
3D perception on a flat screen, more
importantly, u-track 3D considers diffi-
culties arising from the fact that the envi-
ronment in which particles are moving is
not always fixed in the lab frame. For
instance, tracking proteins in a living cell,
i.e., where viewing particle trajectories in
the cell reference frame instead of the
lab frame is often preferred. u-track 3D
tackles this problem by introducing the
concept of a dynamic region of interest
(dynROI), which automatically defines
the ROI on each frame. More concretely,
to achieve this, an ROl on a frame is
defined and found. Assuming that an
ROI coincides with a recognizable shape,
segmentation algorithms are applied to
draw a cell mask. To then reduce compu-
tational cost, the mask on each frame is
downsampled to a point cloud enclosed
in a bounding box. Finally, these point
clouds are associated to each other
through rigid transformations (rotation
and translation), telling us how ROls
change frame to frame (Figure 1).
Although the procedure described here
is general, each step requires experi-
ment-specific adaptation for which Rou-
dot et al.” have equipped their tool with
interactive features. For example, instead
of obtaining point clouds by downsam-
pling cell masks, dependent upon the
experiment, these points can also be

spindle poles or kinetochores. For cases
where a bounding box is not appropriate,
dynROI also allows users to switch to
more appropriate shapes such as a
sphere, a tube, or a cone.

In terms of the underlying tracking
method, u-track 3D is built upon the
mathematical core of the original 2D
u-track® platform, and hence maintains
both its computational advantages and
its regime of applicability.

As hinted above, the particle tracking
problem issue poses a highly com-
plex mathematical challenge. Even
under dramatically simplified assump-
tions, concentrating only on identifying
the best point estimates for both the num-
ber of particles to be tracked and their
paths in space, and ignoring the uncer-
tainty estimates, the problem remains a
high-dimensional, nonlinear global optimi-
zation challenge. It includes both discrete
elements (like links of particle positions
across frames and particle counts in each
frame) and continuous elements (such as
spatial localization of particles in each
frame), making it known as a “mixed-
integer nonlinear problem” in the field of
mathematical optimization. For the limiting
case of point emitters (like fluorescently
labeled single molecules), one may simul-
taneously and self-consistently determine
the number of particles in each frame,
localize each particle, and link them across
frames.® This full global optimization,
leveraging information across all pixels in
space and all pixels across time, intro-
duces computational cost.

Efficient approximations can be invoked,
as demonstrated by Roudot et al., which
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Figure 1. u-track 3D’s simplified analysis pipeline
From the provided image stacks, u-track 3D can execute offline multi-particle tracking while automatically
adjusting the region of interest (ROI, depicted by the boxes in the figure).

are valid in reasonably dilute and bright
conditions. In such scenarios, shot noise,
amongst other complexities, can be ne-
glected. For instance, the number of parti-
cles of interest to be tracked and their
localization in each frame can be indepen-
dently estimated without propagating
error of how many particles are present
into errors on localization or linking. Simi-
larly, exemplified by most offline particle
tracking methods including u-track,
another approximation is to treat particle
localization and linking as two distinct
steps. By doing so, particle localization on
each frame can be performed indepen-
dently through techniques such as single-
molecule localization microscopy. There-
fore, this approach necessarily requires
each frame to contain sufficient information
to localize particles. Fortunately, this
requirement can be satisfied thanks to
the development of experimental tools
including super-resolution microscopy
and quantum dot.

As for the linking step, it can be tackled
using methods such as multiple-hypothe-
sis tracking,” the linear assignment prob-
lem,” or even neural networks.? Although
the localization-then-linking approach is
intuitive and widely used, it remains an
approximation invoked for computational
reasons. Fundamentally, tracking through
separating particle localization and linking
is a greedy algorithm, as intra-frame

optimal particle positions are obtained
then fed into the search for optimal inter-
frame links. As the greedy algorithm is
not guaranteed to find the global optima,
this tracking approach is optimized for
relatively high signal-to-noise. For the
sake of an objective performance com-
parison to other methods, Roudot et al.
closely followed the methodology estab-
lished by Chenouard et al.® Their compar-
ison highlights u-track 3D’s competitive-
ness with respect to both conventional
and deep-learning-based approaches.
The trickiest step in the workflow pre-
sented by Roudot et al. is the linking
step. The authors provide working solu-
tions to predict the risk of linking errors,
captured in a trackability score. For syn-
thetic data sets, where ground truth
tracks are known, a widely applied
approach is to evaluate the similarity be-
tween the ground truth tracks and the
output of a tracking tool through the Jac-
card index, also used in the work from
Chenouard et al.® Apparently, the Jaccard
index cannot be applied to real experi-
ments directly as ground truths are usu-
ally inaccessible. In order to tackle this
issue, Roudot et al. define trackability
based on the probability of associating
the particle detections at time t to
the track segments at t—1 calculated
with stochastic filtering. Impressively, as
shown in the paper, this trackability score
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aligns well with the Jaccard index for
systems with various particle densities,
velocities, and heterogeneities of motion

types.

Together, trackability scores, alongside
other features of u-track 3D, equip the
biological community with a helpful tool
and also serve as a reminder that tracking
is a broad and open challenge to which
different areas of science can contribute
and mutually benefit.
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