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Abstract— The wound healing assay in vitro is widely used
for research and discovery in biology and medicine. This
assay allows for observing the healing process in vitro in
which the cells on the edges of the artificial wound migrate
toward the wound area. The influence of different culture
conditions can be measured by observing the change in the
size of the wound area. For further investigation, more detailed
measurements of the cell behaviors are required. In this paper,
we present an application of automatic cell tracking in phase-
contrast microscopy images to wound healing assay. The cell
behaviors under three different culture conditions have been
analyzed. Our cell tracking system can track individual cells
during the healing process and provide detailed spatio-temporal
measurements of cell behaviors. The application demonstrates
the effectiveness of automatic cell tracking for quantitative and
detailed analysis of the cell behaviors in wound healing assay
in vitro.

I. INTRODUCTION

Analysis of cell behaviors in population is important for

research and discovery in biology and medicine. To effec-

tively obtain the quantitative measurements of cell behaviors,

automatic cell tracking system is important. Many tracking

algorithms have been developed to correctly segment and

track cells in populations. These existing tracking algorith-

mic papers which describe the algorithms are valuable for

computer researchers to improve the tracking algorithms in

order to achieve higher accuracy. To facilitate cell behavior

analysis for biological researchers, it is also important to

show how easily and effectively biological measurements can

be obtained by applying tracking algorithms to biological

experiments. Some papers presented biological measure-

ments computed from tracking results. In [1], House et

al. introduced a set of measures of cell morphology and

trajectories including displacement, path length, speed, and

changes and persistence in movement direction to describe

cell migration. In [2], Padfield et al. applied their tracking

algorithms for fluorescent images and demonstrated how

biological measurements (i.e, the number of mitosis/arrested

cells, migration speed and mean intensity of cell areas)

change over time in order to show that the tracking system

is useful tool for biological research.

In this paper, we aim to show how easily and effec-

tively automated cell tracking systems can provide detailed
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Fig. 1. The process of making wound.

Fig. 2. Example images of the wound healing process. (a) the initial image
on the healing process. (b) an image at which cells move to wound area.
(c) an image at which cells fill the wound area.

spatio-temporal cell behavior measurements for biological

analysis rather than discovering new biological phenomena

and proposing new tracking algorithms. The spatio-temporal

measurements of cell behaviors are important for critical

analysis, because the cell culture conditions vary with time

and space on the dish. For example, an effect of a medicine

may change with time and space since cell density can be

different on different spaces. We present an application of

automatic cell tracking for wound healing assay in vitro

under different culture conditions to show the effectiveness

of cell tracking system for biological research.

The wound healing assay is an easy and low-cost method

to allow for observing cell migration in vitro [3]. In this

assay, cells are firstly grown to form a confluent monolayer

in vitro. An artificial wound is generated by scratching and

displacing a group of cells at the center as shown in Fig.1,

and then the healing process is observed while neighboring

cells fill in the wound area as shown in Fig.2 (a-c). This

healing process takes 3 to 24 hours, depending on cell types

and culture conditions. The healing process is monitored by a

sequence of microscopic images. Liang et al. [3] compared

several migration assays in vitro and described advantages

of using the wound healing assay that mimics cell migration

in vivo. For example, endothelial cells (ECs) in vitro mimic

the process in which ECs in the blood vessels migrate into

the denuded area to close the wound. Yarrow et al. [4]

measured the healing speed by observing the size of the

wound area in order to analyze the effectiveness of different

culture conditions. For further analysis of the effectiveness
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Fig. 3. Right: an example image of the tracking result. Left: an example image sequence of the zooming images that correspond with the white dot
rectangle in the right image.

of the cell culture condtions, more detailed measurements of

the cell behaviors are often required. For example, Abbi et

al. [5] analyzed the cell migration path to assess the effects

of expression of exogenous genes on migration of individual

cells. Nikolic et al. [6] manually tracked cell migration in

wound healing assay in order to understand how multiple

cells execute highly dynamic and coordinated movements

during the healing process. Cell tracking allowed them to

analyze how individual aspects of the wound contribute to

the coordinated dynamics of cells.

We applied our automatic cell tracking method to se-

quences of phase-contrast microscopy images of a wound

healing assay in vitro under three different culture conditions

(i.e., three different amounts of medicine “Latrunculin B

”that interferes with cellular activity). Our system can locate

cell regions and track more than hundreds of cells individu-

ally under non-invasive imaging. It allows us to compute

spatio-temporal measurements including the cell density,

migration speed and direction, statistics of mitosis events,

and their mutual dependency in order to analyze how the

cell culture conditions (i.e., amount of the medicine) affect

the cell behaviors over time and space. These measurements

can provide critical information for investigating the healing

process.

II. CELL TRACKING SYSTEM

To track cells, we have adopted our tracking method

recently developed in [8]. In this section, we briefly introduce

our tracking method.

A. Cell Detection

To facilitate segmentation, we have adopted the image

restoration technique recently developed in [9]. The tech-

nique utilizes the optophysical principle of image formation

by phase contrast microscope, and transforms an input image

into an artifact free image by minimizing a regularized

quadratic cost function. With artifacts removed, high quality

segmentation can be achieved by simply thresholding the

restored image.

B. Mitosis Detection

To detect the birth events, we have adopted the mitosis de-

tection technique recently develped in [10]. Firstly, as mitosis

events generally exhibit increase of brightness, bright regions

are extracted as patches, and then candidate patch sequences

are constructed by associating patches. Next, the gradient

histogram features are extracted from the patches. Finally,

a probabilistic model named Event Detection Conditional

Random Field (EDCRF) is applied to determine whether

each candidate contains a birth event and which frame the

birth event is located in.

C. Tracking Algorithm

Based on the segmentation and mitosis detection results,

we proposed a cell-blob association approach tolerant of

missing cell detection, cell overlapping and dividing. The

tracking system is automatically initialized by the segmenta-

tion algorithm and can handle objects coming into or leaving

the field of view. Fig. 3 shows an example of the tracking

result where the cells are well tracked in high confluence.

The tracking system assigns a positive integer ID to each cell

that is being tracked as its unique identifier. As its descriptor,

each cell has its parent identifier Parent-ID for maintaining

its lineage information (Parent-ID=0 for cells with no parent,

i.e., those cells that appear in the first frame or enter to

the field of view) and its state information (i.e., its centroid

and contour shape of the cell region) at each frame. Using

this information, various cell behavior measurements can be

computed.

III. SPACE-TIME ANALYSIS OF CELL BEHAVIORS OF

WOUND HEALING

We applied our tracking system for experiments which

aim to screen out cell migration inhibitors. Cell migration

inhibitor is important for inhibiting the migration ability of

cancer cells [11][12]. In general, the cell behaviors where the

cells move toward to an open wound in a cellular mono-layer

is thought to predict their migratory ability. Fig. 4 shows the

overall flow of wound healing analysis experiment. Firstly,

the culture dishes with wound area are prepared under differ-

ence types of culture conditions. These dishes are monitored
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Fig. 4. Flow of our wound healing assay experiments under three culture conditions.

Fig. 5. The jet map of cell density changes
over time with tracking results, each row of
which represents the density. In the jet map, red
color shows higher density, blue color shows
lower density.

Fig. 6. The space-time transition of the cell density.

by microscope, generating a time-lapse image sequence. The

image sequences are inputted to the automatic cell tracking

system. From the tracking results, various measurements

that characterize the cell behavior are calculated. In the

experiments, we compute the spatio-temporal measurements

under three different culture conditions (i.e., three different

amounts of medicine “Latrunculin B ”that interferes with

cellular activity) by using tracking results. It allows us to

easily analyze how the cell behaviors change over time and

location.

A. Cell Culture Conditions and Imaging Modality

The followings are how we prepared the cell culture

dishes and how the image sequences were obtained for the

experiments.

1) Cell Culture Conditions: On three dishes, BAEC

(bovine aortic endothelial cells) were cultured under three

different culture conditions. For each dish, a group of cells

at the center of the dish was scratched and displaced on

a confluent monolayer. Different amount of medicine was

added to each dish.

Condition A : control (no medinine)

Condition B : 10nM (nano molar) of Latrunculin B

Condition C : 100nM of (nano molar) Latrunculin B

2) Time-lapse Imaging: The area around the wound area

in each dish is monitored with a Leica DMI 6000B inverted

microscope using a 10X objective with phase optics until

neighboring cells fill completely. Images were acquired every

5 minutes for 17 hours using a 12-bit CCD camera with each

image of 1040 × 1392 pixels.

B. Cell Behavior Characteristic Measurements

Using tracking results, we calculated various measure-

ments of cell behavior characteristics. In cell behavior analy-

sis, the change of the cell density over time on the whole area

is a useful index [13][14]. To investigate how the cell culture

conditions affect the cell migration, speed and direction of

the cell migration are often measured [13][15]. Cell culture

condition usually affects both migration and proliferation.

To separate these affects, the statistics of the mitotic events

are important. Our system allows us to compute all of these

spatio-temporal behavior characteristics in detail, including

cell density, the speed and the direction of cell migration,

and the statistics of mitosis events.

1) Cell Density: Figs. 5 and 6 show how the cell density

changes over time and location. Since cells generally migrate

horizontally in the experiments as shown in Fig.2, the cell
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Fig. 7. The average speed of the cell migration over
the time.

Fig. 8. Local areas. Fig. 9. The average speed of the cell migration at each
local area.

Fig. 10. Rose diagrams of cell migration directions on each local area.

density is computed over narrow vertical window (the width

of the window is 40 pixels, i.e., 36.5 µm) as shown in Fig.

6(a). The vertical lines show that the 95% cell migration

front of left and right sides, which is defined as the 95th

percentile line of the total cell count of each side. Red color

lines indicate the 95% line at the initial frame, blue dotted

lines indicate the 95% line at the current frame. Fig. 6 (b-d)

show the comparison of the space-time transition of the cell

density under three different conditions. At the second row

(condition A), the cell density in the wound area is low at

frame 1. Then, cells in the left and right regions migrate into

the central area and the density in the wound area increases

until it becomes flat in frame 200. We observe the similar

behaviors for the other conditions, but cells on condition C

(100nM) migrate more slowly than those in condition A and

B. The density in the wound area is still low at the end of

the sequence.

2) Speed of the Cell Migration: To analyze how the

speed of cell migration changes over time, we computed the

average speed of the cell migration over the whole area in

each frame. The results presented in Fig. 7 show that the

speed in the condition A (control) is consistently higher than

those in other conditions, and the speed in the condition C

(100nM) is the slowest. The migration speed firstly increases
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Fig. 11. The relationship between density slope and migration direction.

until frame 50, and then it continuously decrease with the

time.

It is conceivable that the speed of the cell migration

depends on the distance from the wound area. To verify

whether this is the case, the filled area (i.e., the left and

right side of the wound area) is divided into six local areas

as shown in Fig. 8. These local areas were defined based

on the distance from the wound area, from L1 to L3 at the

left side and from R1 to R3 at the right side away from

the wound area. The cells on the edges of the wound area

migrate toward the center, therefore, these local areas also

move toward the center with the time. For each local area,

the average speed of the cell migration is computed as shown

in Fig. 9. Understandably, the cells in condition A (control)

move faster than the others in every local area, and the cells

in condition C (100nM) are the slowest. The graph indicates

another interesting phenomenon in that the order of speeds

are L1, L2 and L3 for the left side, and R1, R2 and R3 for

the right side; that is, the speed of cell migration decreases

with the distance from the wound edge.

3) Direction of the Cell Migration: To quantitatively

analyze the direction of the cell migration, the distribution

of cell migration directions on each condition was plotted

by an angular histogram (rose diagram) as shown in Fig. 10.

The first three rows show the distributions of the direction on

each local area, respectively, for conditions A, B and C, and

the bottom row shows the distributions on the whole areas

left and right. We can observe that the cells tend to migrate

toward the wound area in every local area on condition A

and B. The cell migrations in L1, R1 (nearest area to the

wound) are most highly directional to the direction to the

wound. Also the graphs indicate an interesting phenomenon

that cell migration in condition C (100nM) is less directed

to the wound area (0◦ for the left side, 180◦ for the right

side). This means that the speed of the cell migration toward

the wound area is the slowest in condition C (Fig. 6 (d))

not because the migration speed is slow, but because the

Fig. 12. The number of accumulated cell mitosis events at each frame.

migration direction is less directed.

4) Density Slope and Migration Direction: It is conceiv-

able that the direction and speed of the cell migration depend

on the density slope. For example, when the density slope is

high, the cells on the area may move from the high density

area to the low density area. When the density slope is

small (i.e., the density is flat), the cells don’t move much.

To confirm the hypothesis, we compute the graph in which

shows the relationship between density slope and migration

direction as shown in Fig. 11. The horizontal axis indicates

the cell density slope which is computed as how the cell den-

sity change over x axis on Fig. 6. The illustration described

below the graph indicates cell density on the two areas. As

shown in the illustration, negative density slope indicates the

density decreases from left to right direction on the area,

positive density slope indicates the density increases from

left to right direction on the area. The illustration described

at the left side of the graph indicates the distribution of cell

migration direction. As shown in the illustration, vertical axis

indicates the directional migration speed i.e., how the cells

move toward to the same direction. When the absolute value

of the vertical axis is small, the cell migration on the area is

less directed. When the absolute value of the vertical axis is

high, the cell migration is highly directional to the direction

from high density to the low density. Understandably, we can

observe that the cell migration direction is highly directional

on the area where the density slope is high, and migration

direction is less directed on the area where the density slope

is small.

5) Number of Cell Mitosis Events: To analyze how the

number of cell mitosis events changes over time, we com-

puted the number of accumulated mitosis events over the

whole area. The results presented in Fig. 12 show that the

number of mitosis events in the condition A (control) is

higher than those in the other conditions. The curves of the

accumulated number are almost linear. It indicates that the
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Fig. 13. The number of cell mitosis events at each local area.

mitosis events occur consistently.

To show how the number of the cell mitosis events changes

by location, the number of the cell mitosis events is computed

over each local area as shown in Fig. 13. In this graph, we

observe no distinctive characteristics. This means that the

culture condition has more effects to the number of mitosis

events than the distance from the wound area does.

IV. DISCUSSION AND CONCLUSION

We presented the application of automatic cell tracking in

phase-contrast microscopy images for wound healing assays

in vitro in order to produce detailed quantitative analysis of

the cell behaviors under three different culture conditions.

Understanding the cell behaviors is important to studying

the influence of the environments including the types of

medicines, the amount of the medicine, and materials in

which these cells can grow. In the past, the simple measure-

ment, such as the size of the wound area is often used, but

such simple measures cannot provide the detailed analysis

of cell behaviors. The spatio-temporal measurements of cell

behaviors are important for critical analysis, because the cell

culture conditions vary with time and space on the dish.

Our system can provide such spatio-temporal cell behaviors

measurements: the cell density, cell migration speed and

direction, and statistics of cell mitosis events. The results of

the experiments demonstrated the effectiveness of automatic

cell tracking for quantitatively analyzing cell behaviors.
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