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Abstract—Imaging and analyzing the locomotion of semi-
translucent animals such as Drosophila larvae or C. elegans
has become an integral subject of biological research. However,
acquiring contrast rich and high resolution measurements is still
challenging. Several new imaging modalities have been introduced
recently, ranging from optical to non-optical acquisition tech-
niques. Here we briefly survey the modalities by grouping them
into methodological clusters and discussing their challenges such
as field-of-view, signal-to-noise ratio and other biological needs
like the integration of stimuli. Especially the relation between
imaging and subsequent behavioral analysis is examined. We
focus on the new FTIR-based FIM technique, which is used to
detect the contact surface between the arena and the animals.
FIM facilitates high-contrast and high-throughput behavioral
analysis by eliminating many inaccuracies on a physical level.

I. INTRODUCTION

The quantitative analysis of behavior has become an in-
tegral subject of biological research. For example, the re-
lationship between genes and behavior or behavioral neu-
roscience has become increasingly informative over the last
years [1], [2]. Central model organisms to study genetics or
neurobiological bases of behavior are Drosophila melanogaster
larvae [3], Caenorhabditis elegans worms [4], [5] or planarians
such as Schmidtea mediterranea [6]. All mentioned animals
have in common, that there are a plethora of molecular tools
available for both, manipulation and imaging. Furthermore,
these animals are easy to culture in laboratory environments
so that large numbers of animals can be screened to increase
the statistical strength.

Over the past decade there was an exponential growth
of automatic behavioral analysis methods including both,
imaging modalities (i.e. the image acquisition hardware) and
subsequent quantifications (i.e. the software) [7], [8], [9],
[10]. A precise phenotypical quantification however requires
appropriate image acquisition. Therefore, much effort has been
invested into optimizing the acquisition [11], [12], [13].

The contribution of this extended abstract is a brief survey
covering recent imaging techniques by identifying several
methodological groups, each offering specific advantages and
disadvantages. Furthermore, the impact of imaging onto sub-
sequent quantification is discussed using this methodology in
terms of behavioral analysis. In particular, we compare the
newly developed FIM setup (Figure 1) with other modalities
and discuss its possibilities.

II. IMAGING MODALITIES AND ITS CHALLENGES

Imaging small animals with good spatial and temporal
resolution is still a challenging task [14]. On the one hand, high
resolution and good contrast is necessary to extract complex
movement features like the body bending angle or peristaltic
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Fig. 1. Relation between image acquisition and tracking in the FIM setup:
The FIM imaging modality is sketched on the left. A resultant raw image and
several trajectories are given on the right. For more details see Section II-A4.

movement [15], [16]. On the other hand, a large field-of-
view is desirable to enable high-throughput screening [17].
In addition, the semi-translucent character of the animals
aggravates faithful imaging [13]. To improve the experimental
conditions a moist tracking surface (e.g. agar) is often used
leading to disturbing artifacts such as light reflections [18].

Therefore the two central challenges of imaging are the
throughput (mainly limited by the field-of-view) [19] and the
foreground-background contrast (mainly limited by the size
and unsuitable appearance of the animals) [13]. Unfortunately,
increasing the field-of-view will inevitably reduce the reso-
Iution of the animals and thus aggravate faithful segmenta-
tion because of a decreasing signal-to-noise ratio (and vice
versa) [15]. Thus, only imaging modalities with a very high
signal-to-noise ratio enable comparatively large field-of-views:
An increase of the field-of-view indeed causes a quadratic
decrease in the domain of the extractable features, but given
sharp and noise-free detections the overall precision is main-
tained. Furthermore, the integration of stimuli (e.g. light [20],
odor [21], temperature [15]) or the integration of optogenetic
techniques [22] requires flexible conditions [12].

These challenges are addressed in many publications cover-
ing different imaging modalities to improve the measurements.
Current research interests are mostly focused on the following
challenges:

e  Field-of-view vs. resolution of a single animal
(i.e. high-throughput vs. precise feature extraction)

e  Signal-to-noise ratio (i.e. high contrast without noise
or disturbing artifacts)

e Integration of stimuli

e  Generalizability and range of applications
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Fig. 2. Overview of the imaging modalities. Advantages and disadvantages

are roughly classified according to the list given in the text (+: optimized,
—: not optimized, o: semi-optimal). Color code corresponds to Figure 3.

e  Simplicity (in terms of construction and usability)

e  Portability of the setup

A. Imaging Modalities Overview

Imaging modalities range from camera-based setups over
optical but lens-less setups (i.e. using a sensor but no lens) to
non-optical setups (i.e. using no imaging sensor at all).

1) Camera-based Imaging Techniques: A common imag-
ing technique bases on a camera with an appropriate lens
and lightning conditions to image animals in an open-field
arena. Camera-based imaging can be separated into setups
using different optics and illumination strategies. The main
difference in optics is related to the magnification, so that the
two major subgroups either use microscopes [23], [24], [18],
[16], [25] or conventional lenses [15], [17], [26]. Illumination
can be done by incident light [27] or transmitted light [26],
in which the latter strategy is often used in microscope setups
(i.e. bright-field illumination [17]).

Imaging With Conventional Lenses: Multiple setups
using conventional lenses have been introduced in the past,
ranging from single-animal to multi-animal imaging [15],
[17], [26]. To increase the throughput but still enabling high
signal-to-noise ratios, multi-camera and multi-well setups have
been introduced [7], [6]. In a different approach, dark-field-
illumination was utilized as a more elaborate illumination
strategy [28]. However, if a very high precision (resolution
per animal) is necessary, conventional lens systems still lag
behind the microscope setups.

Imaging Using Microscopes: Microscope-based setups
use microscope optics in combination with an appropriate
camera [29], [23], [24], [18], [16], [25]. These setups are very
popular because they offer a very high spatial resolution of the

animals so that artifacts, noise or semi-optimal illumination
conditions can be compensated to a certain degree.

2) Optical Lens-Less Imaging Modalities: As an alterna-
tive to camera-based imaging, optical but lens-less modalities
have been introduced. While still using image sensor arrays
(i.e. CMOS/CCD), no optics are used at all. Examples are the
microfluidics-based lens-less on-chip optical imaging (called
optofluidic microscopy) [10], [30], the lens-free holographic
imaging [9] or the lens-free optical tomography imaging [31].

3) Non-Optical Imaging Technique: Beside optical imaging
techniques, non-optical modalities for phenotypic character-
ization have been introduced recently. This is done by lens-
less and image-sensor-less posture and motion characterization
using a grid of micro electrodes to measure the electrical
resistance allover the grid [32].

4) FTIR-Based Imaging Method: The underlying physical
principle of the above described non-optical modality is also
used in touch-screens, to measure the position of a touch
on LCD displays. Similarly, optical principles such as frus-
trated total internal reflection (FTIR) are used to measure
refracted light caused by physical touches on an illuminated
but transparent plate [33]. This technique has been adapted for
behavioral experiments recently (called FTIR-based Imaging
Method; FIM) [8]. In the FIM setup, the measurement surface
(an acrylic glass plate) is illuminated by infra-red LEDs
mounted at the edges of the plate (Figure 1). Because of
total internal reflection, light is completely reflected inside
the acrylic glass. Only light reflections caused by the animals
crawling on the surface medium (e.g. agar) are detected by
a camera, which is mounted underneath. This technique has
been successfully used to image Drosophila larvae, C. elegans,
planaria or Arabidopsis roots [8].

B. Comparison Of The Different Techniques

As illustrated in Figure 2, each modality has its advantages
and disadvantages. Camera-based imaging with conventional
lenses usually offers a large field-of-view and the highest
generalizability and simplicity so that the integration of dif-
ferent stimuli is possible [19], [28]. However, the signal-to-
noise ratio is far behind the possibilities using microscope
optics, especially if subtle details of small animals need to
be assessed [23]. Thus microscopes are still used for precise
imaging of Drosophila larvae, C. elegans or planarian in many
locomotion studies [29], [18]. However, the limited field-of-
view of microscope-based setups limits the size of the arena in
which the animal can move. Even though this can be addressed
by a movable camera [18], [16] or tracking stage [29], [23],
[24], [25], these setups are still limited to a single animal, since
only one animal can be followed over time.

Optical but lens-less imaging techniques have in common,
that they offer a very high and detailed spatial resolution
of the objects without suffering from the aforementioned
contrast limitations [9], [10], [30] (even in 3D based on
tomograms [31]). On the other hand, it is impossible to
record moving animals since the temporal resolution as well
as physical limitations prevent these techniques from acquiring
movement given feasible frame rates.

In contrast to optical lens-less imaging modalities, the
non-optical imaging technique is able to record a moving



animal [32]. While the spatial and temporal resolution is
feasible to track a freely moving C. elegans worm, both,
the field-of-view and the per-animal-resolution is limited by
the electrode grid, which will always lag behind the physical
possibilities of optical methods. On the other hand both, lens-
less and non-optical techniques are designed to be compact
and portable [32], [30].

The FIM setup incorporates the large field-of-view of
camera-based techniques with the sensitivity of non-optical
techniques since only touches of the animals on the mea-
surement surface are recorded by a camera without disturbing
background artifacts [8]. Thus, high signal-to-noise ratios are
achieved for crawling but semi-translucent animals. Further-
more, given the high contrast internal structures are imaged
without utilizing microscope optics [34], [8]. Since the camera
is mounted underneath, the integration of external stimuli is
done easily.

III. QUANTITATIVE PHENOTYPING

For quantification, the acquired images need to be ana-
lyzed using image analysis algorithms to generate shape and
locomotion related features [35]. Of course, the precision
and reliability of all subsequently calculated features strongly
depends on the quality of the imaging modality. In addition, the
range of desired features can differ according to the biological
question. Current quantification techniques are mostly focused
on the following trade-offs:

e  Shape quantification vs. tracking

e  Single- vs. Multi-target-tracking

e  Point- vs. Contour-tracking

e  Stimulation integrated in the tracking software

e Inner Structures used during quantification

The quantitative readout can be restricted to the size or shape
of the animals [9], [10] or can be done over time to track
the locomotion (i.e. tracking) [8], [32], [28], [25]. Locomotion
related features can be calculated from the animals center [7]
(i.e. point-tracking) or include posture features calculated from
the animals contour [15] (i.e. contour-tracking) [35]. Further-
more, tracking can be differentiated into precise single-target
tracking approaches to maximize the computable locomotion
features [29] or into multi-target tracking to increase the
throughput [26].

In addition, several specific questions can be addressed
by integrating stimuli such as heat [19], light [8], airborne
cues [28] or optogenetics [22] into the quantification. For
example, if the locomotion needs to be analyzed on the level
of inner structures like muscles, directed GFP expression is
used in combination with microscope-based setups [36], [37].

A. The Impact Of Imaging On Quantitative Phenotyping

As illustrated in Figure 3, different imaging modalities lead
to different trade-offs in the subsequent quantitative analysis.
Analogous to the field-of-view, multi-target tracking is only
possible using non-macro optics [28], [17]. On the other hand,
a more detailed analysis of shape-related locomotion is pos-
sible using microscope-based setups but limits the throughput
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Fig. 3. Overview of the phenotyping possibilities. Quantitative readouts

are assigned to each imaging modality. Color code corresponds to Figure 2.
Common tracking methods for each imaging modality are highlighted in bold.

to a single animal at a time [29], [25]. For this reason, point-
tracking algorithms are frequently used in setups utilizing
conventional lenses, while microscope setups almost always
characterize the locomotion based on the animals contour [7],
[29], [26].

All above mentioned optical but lens-less modalities are
restricted to shape related phenotyping only, since these
techniques are not able to generate motion related measure-
ments [9], [10], [30]. However, given the very high spatial
resolution, subtle structures can be measured even in three
dimensions [31].

The microelectrode grid based non-optical imaging uses
tracking software initially programmed for microscope-based
setups [32]. Thus, the software calculates the contour from a
matrix generated by resistance changes on the grid. However,
tracking more than one animal at a time can hardly be realized
given nearby animals.

Tracking animals using the FIM setup benefits from the
high signal-to-noise ratio: Image processing is reduced to a
minimum, while the animals maintain a very sharp appear-
ance [8]. Thus, changes in the animals area can be used
to quantify peristalsis, even if the resolution of the animals
is below 25 pixels larval length [38]. Furthermore, internal
organs like the trachea or structures like gaps between the
muscle fibers were used to quantify locomotion in a more
precise manner [34]. In addition, tracking is not disturbed by
outer stimulations since only the touches of the animals are
measured.

IV. CONCLUSION AND DISCUSSION

Here we compared several imaging modalities for small
and semi-translucent animals in terms of their impact on
subsequent quantitative analysis. In particular, we examined
these modalities based on their throughput, range of extractable
features and specific biological needs with special focus on the
new FIM method.



Since the physical principles of light are almost unlimited
in terms of spatial and temporal resolution, limitations are only
given by the resolution of the camera. Fortunately, modern
cameras are both inexpensive and high-resolution. It became
apparent that FIM combines the strengths of camera-based
and non-optical imaging to maximize the signal-to-noise ratio
(i.e. sensitivity) so that quantitative analysis strongly benefits
from this imaging modality.
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