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FIGURE 4 Different visualizations of time-lapse image data and particle tracks using representations sim-
ilar to [14]. Left top: Montage of a number of frames from a 2D time-lapse image sequence. In this case
the sequence was artificially created by our particle track generator developed for controlled quantitative
validation of tracking algorithms. Left bottom: Spatiotemporal view of the particle tracks. The track co-
ordinates are known exactly (floating-point precision) at the sampling times and can be interpolated using
cubic splines to obtain continuous track representations. Right top: Combined visualization of frames and
tracks giving a qualitative impression of the accuracy and consistency of the tracking results. Note that
such representations are suitable only for 2D time-lapse data. Visualization of 3D time-lapse image data
requires animations or projections. Right bottom: Spatiotemporal view of particle tracks from an artificial
3D time-lapse image sequence (not shown), with the t-coordinate indicated along the trajectories by small
spheres. Since the spacing between time points is indicative of the velocity of a particle, this may serve as
a cue for consistency checking if velocities are known to vary only gradually.

Apart from assisting in the verification of tracking results, such visualizations also give first impressions of
possible trends in the data, which may motivate specific quantitative analyses.

Once tracking results are verified (and possibly corrected), a host of motion parameters can be derived
from them. Displacements, velocities, and accelerations are easily computed per particle and even per time
point or interval. Generally, these values are studied collectively over larger numbers of particles, lumping
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the intrinsic heterogeneity of particle behavior into histograms that reveal the most dominant modes of
motion. This also allows the discovery of rare phenomena, which can subsequently be studied in detail
by mapping back to the original data. Another frequently studied motion parameter is the mean squared
displacement (MSD), which summarizes particle displacement behavior over an entire trajectory. Averaged
over subpopulations, it enables the computation of their diffusion coefficients and exponents [5, 12]. An
important observation made recently [22] is that particle trajectories should really be studied in 3D over
time: 2D data analyses may lead to significant information loss and severe misinterpretation.

With the development of more robust automated tracking methods in cellular and molecular biology it
will become more and more possible to accumulate large trajectory databases that allow statistical distinc-
tion of behavioral heterogeneity from measurement noise at the single particle level [23]. The analysis of
behavioral heterogeneity defines an emerging paradigm in molecular biology, the goal of which is to identify
all possible states and the relevant state transitions of a system in its natural mode of action. This approach
is likely to reveal the mechanism of cellular homeostasis that underlies robustness in life. Knowing the state
space of a healthy molecular process, it will be much easier to understand abnormal behavior that leads to
disease and to define strategies that return the deviated system to its normal states. Therefore, comprehen-
sive and automated analysis of large scale experimental data is an urgent item on the biomedical research
agenda, placing image analysis and pattern recognition into the center of progress.

PARTICLE TRACKING RECONSIDERED
Since it must be our aim to minimize manual labor while improving sensitivity and objectivity, and ulti-
mately to replace human beings, in the analysis of cellular and molecular images, it is worth studying how
the discussed techniques compare to motion perception in the human visual system. Although less accurate
and reproducible in determining the precise coordinates of particles, expert human observers are still much
better at confirming the presence or absence of a particle at very low fluorescence levels and making corre-
spondences between frames at relatively high particle densities. It is an experimental fact that even at SNRs
as low as 1dB, in which case signals are virtually indistinguishable from the noise in the individual frames
of a time-lapse series, humans are still able to “see” a particle and to make rough estimates of its direction
and velocity when shown the series as a movie, at a suitable frame rate. Given the poor performance of
current approaches to computerized tracking under more severe practical conditions, one wonders about the
qualities of the human visual system that explain its superiority in such cases.

Recent experimental psychophysical and neurological studies have revealed important aspects of hu-
man vision that may provide clues. One aspect, especially relevant to larger objects, is that visual motion
perception involves multiple motion systems, of which the subsystem of local detectors that responds just
to moving luminance patterns is but the lowest-order and simplest. Higher-order systems involve texture-
sensitive units and differential salience-weighting of features determined by selective attention [24]. Another
important finding is that the detection of extended trajectories is mediated by a flexible network of detectors
that propagate activation among units tuned to similar directions of motion [25]. Effectively, the network
operates as a directionally-selective spatiotemporal integrator: motion detectors selective to all directions
of motion at many spatiotemporal scales exist at each location in the visual field. Temporal integration and
assumptions about temporal coherence are of crucial importance in detecting local motion of weak and/or
ambiguous spatial distributions [26]. Of equal importance are the cognitive processes involved in human
visual motion perception. Generally, expert biologists are able to make more sense out of the data than do
non-experts, through the use of a priori knowledge about the dynamics.

One of the striking characteristics of most past and current approaches to particle tracking, however,
is the rather strict discrimination between spatial and temporal information. Methods for detecting particles
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and estimating their positions per frame typically rely on spatial image features only and do not incorporate
information from other frames. Nor do they yield many clues regarding possible interframe correspon-
dences. In turn, methods for addressing the resulting linking problem are generally limited to considering
only two or three frames at a time. Alternatively, more integrated optic flow techniques have been pro-
posed [15], which consist in solving a spatiotemporal differential equation for every point in spacetime.
While useful for computing velocity fields and distributions, such techniques do not yield explicit particle
positions and correspondences without further processing, and they are suitable only in the case of dis-
placements between time frames that are relatively small compared to the size of the object [2]. Finally,
the use of prior knowledge to detect weak signals and to resolve ambiguous signals has so far been limited
mainly to restricting the allowed maximum particle velocity, or displacement between time frames. These
observations suggest interesting directions for future research.

FUTURE CHALLENGES
Advances in biological imaging technology continue to provide new opportunities in unraveling the com-
plex processes underlying the basic building blocks of life. Molecular biology research has only just begun
to study how proteins are spatially and temporally organized in larger functional units and how they be-
have under the influence of selective perturbations of the system by genetic and molecular interventions.
Answering these questions will be critical to understanding diseases and our ability of designing more ef-
fective drugs and therapeutic strategies. Since more and more research is being done in living cells, with
high-resolution time-lapse image data sets that are not only very large in size but also highly variable and
complex, research in this area is rapidly becoming dependent on automated techniques for image processing
and analysis. Commercial software packages with modules for particle tracking and motion analysis are
already available, but it is highly unlikely that a general-purpose algorithm, developed to provide a solution
to many different tracking problems, is going to be the best fit to any particular tracking problem. Further-
more, although there is still room for improving light microscopic imaging (witness the recent development
of 4Pi-confocal microscopy and image-interference widefield microscopy) and considerable progress can
be expected from new physical concepts capable of breaking the diffraction barrier [27], some of the fun-
damental imaging problems and limitations mentioned in this article will never be entirely eliminated. As
new biological questions continue to be posed and addressed with new imaging technology, there will be
a continuing demand for new and improved, dedicated tracking and motion analysis algorithms. Thus the
future is bright for researchers in signal and image processing.

From the above considerations, a number of possible research directions emerge as particularly chal-
lenging. Studies in human vision seem to indicate that integration is the keyword to developing more robust
tracking algorithms. Whereas some have proposed to generate continuous spacetime reconstructions of par-
ticle tracks after detection and linking [14], only very few attempts have been made so far to address the
tracking problem itself in a more integrated, spatiotemporal fashion [28,29]. Also very important appears to
be the possibility to incorporate prior knowledge of dynamic properties, that is of spatiotemporal geometry
and topology. This requires research efforts to become increasingly multidisciplinary, with imaging and im-
age processing experts working closely together with biologists in building flexible spatiotemporal models
capable of integrating accumulating knowledge about the dynamics of molecular complexes. A different line
of research is suggested by the fact that in some studies, images are of such low quality and high complexity
that even expert biologists are not able to track individual particles in a deterministic way. More proba-
bilistic approaches to tracking have already been successfully applied in other fields but are relatively new
in biological imaging [30]. Finally, we note the importance of developing rigorous validation procedures
and standardized protocols to generating test data in order to facilitate objective comparison of different
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algorithms. Ultimately, these efforts will contribute to the verification of biophysical models, leading to a
deeper understanding of the molecular mechanisms of life.
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