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Abstract
Speed distribution of T cells in 

different tissues
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Virtual cells are moved by sampling from the speed and 

angle distributions constructed from the empirical cell 

distributions.  However, matching the speed and angle 

distributions are not sufficient to match the volume 

distributions.  The volume distributions can be matched by 

creating sampling distributions for classes of T cells which 

patrol different levels of volume per time.
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Introduction

Angle distribution of T cells in 

different tissues

Volume distribution of T cells in 

different tissues

T lymphocytes, also known as T cells, are white 

blood cells that mediate cell immunity by helping 

humans respond to foreign material and harmful  

infection by bacteria, viruses, and parasites.  T cells 

can also kill tumor cells.  T cells can move through 

many tissues to find and eliminate infection, 

including lymph node, lung, gut, and other tissues.  

How these different tissue environments impact T 

cell movement is not well understood.

T cell migratory patterns have been studied and 

analyzed using two-photon microscopy by many 

groups. T cell movement has been characterized as 

Brownian random motion (Donovan et al., 2012; 

Gerard et al., 2014; Miller et al., 2003), Levy walks 

(Harris et al., 2012) and lognormal distributions of 

step lengths (Fricke et al., 2016). Movement is 

dependent not only on the T cell internal clock or 

rhythmicity but also on environmental factors. 

Additional studies revealed that T cells travel in 

dynamic, turbulent streams along strands of 

fibroblastic reticular networks (Beltman et al., 2007). 

These networks consist of thin, long fibers with 

random positioning and orientation. On a short-term 

scale, T cells travel along a straight-line trajectory at 

a fixed speed for brief periods of time, pause, turn, 

and continue along a random trajectory on a long-

term scale (Woodland, 2005). This stop-and-go 

behavior allows T cells to reorganize their cellular 

machinery after changing directions. (Beauchemin, 

Dixit, & Perelson, 2007). Such motility patterns are 

the cause for effective communication and 

interaction between all specialized cells; thus, 

leading to a quick, thorough, and successful 

immune response essential for the overall human 

survival.

T cells are important in immune responses to infection, 

and T cells can patrol all tissues to clear infection.  To 

study how T cell movement in different organs impact 

immune responses, we used two-photon microscopy of T 

cell movement in lymph nodes, lung, the gut villi and 

female reproductive tissues (FRT) for our analysis. The 

data provided three-dimensional Cartesian coordinates for 

each T cell with a fourth coordinate for time. We 

constructed the speed, turning angle, and volume 

distributions within each tissue. We also computed the 

tendency for T cells to move in the same direction when 

they patrol the same area.  Using statistical analysis, we 

computed the p-value for pairwise comparisons of tissues. 

Our analysis showed that T cells exhibit different behavior 

within different tissues.  By sampling from distributions of 

empirical data, we were able to create virtual T cells which 

move with similar speeds and turning angles in order to 

better understand the amount of time necessary for T cells 

to patrol a tissue fully.

Angles between 
velocity directions 
are computed for T 
cells that are within 8 
um of each other. 

Distribution of volume (cubic microns per second) patrolled by T cells in each 
tissue.

Box and whisker plot of volume per time (cubic μm per second) patrolled by T cells in lymph 

node (median 11.7 um3/s),  FRT (median 8.2 um3/s), villi (median 6.6 um3/s), lung (LPS) (median 

2.6 um3/s) and lung (flu) (median 5.4 um3/s). The p-values are all less than 2.e-16 for all 

comparisons except villi vs lung (flu) (p-value .0025), villi vs FRT (p-value 2.9e-7), lung (flu) vs

FRT (p-value 3.4e-11), and lung (LPS) vs lung (flu) (p-value 1.1e-14). 

Data

Table 1 summarizes the number of T cells tracked 

within the lymph node, female reproductive tract 

(FRT), lung, and small intestine. The data comes in 

the form of x-, y-, and z-coordinates for each T cell 

at different time frames. The protocol described in 

Fricke et al. (2016) was used for the lymph nodes. 

The T cells in the small intestine were imaged using 

the methods described in Thompson et al. (2019) 

and the T cells in the FRT were imaged using the 

methods described in Beura et al. (2018).  The T 

cells in the lung were activated by either a 

lipopolysaccharide molecule (LPS) or by the flu 

virus.

Number of T cells Type of T cell Source

Lymph node 5348 Naive Fricke et al. 2016

Female Reproductive Tract 
(FRT)

193 Memory Beura and Vezys

Small Intestine (villi) 828 (Day 5) Activated (Day 5) Thompson and Vezys

Lung LPS 194 Activated Mrass and Cannon

Lung Flu 356 Activated Mrass and Cannon

Table 1.  Two-photon microscopy T cell data 

Results

Distribution of T cell speed in lymph, FRT, villi, lung (LPS activated), and lung (flu activated). 

The distributions are created by averaging all velocities from all frames of a cell.

Boxplots  of speed (um per minute) in lymph node (median 9.6 um/min), FRT (median 8.5 um/min), villi (median 6.1 um/min), lung (LPS) 

(median 4.1 um/min) and lung (flu) (median 7.8 um/min).The p-values are less than 2.e-16 for all pairwise comparisons except for lung 

(flu) vs FRT (p-value 1.0), lymph vs FRT (p-value .091),  lymph vs lung (flu) (2.3e-5) and villi vs FRT (4.8e-15).  The  Mann-Whitney test was 

used to calculate the p-values and the Bonferroni adjustment method was used for the multiple comparison adjustment.  The boxplots 

are constructed from the average velocities for each cell.

Turning angle distributions within different tissues.  All groups of three frames for each cell path are used to create the distribution.

Angle vs Speed

Plot of speed (um/minute) versus 

angle (degrees) for lymph, FRT, villi, 

lung (LPS), and lung (flu).  The error 

bars plot plus and minus 1/8 of the 

standard deviation in each bin.

Virtual T Cells

Discussion 
The T cell speed distribution revealed that most T cells travel at 

speeds less than 5 μm/min in the lung (LPS), lung (flu), FRT, and 

villi tissues as demonstrated by the peaks. After the 5 μm/min 

mark, the number of T cells traveling at larger speeds decreased 

substantially. The lymph T cells, plotted in red, move substantially 

faster than T cells in other tissues. T cells vigorously and 

continuously migrate throughout the body to encounter antigen-

presenting dendritic cells. Once an encounter is made, an immune 

response is triggered and these dendritic cells along with the 

antigen are taken to a nearby lymph node to be destroyed by a 

killer T cell. In order to destroy an antigen or foreign substance, T 

cells must move back and forth until completely destroying the 

invader. 

The T cell turning angle distribution shows that T cells in all 

tissues, besides the lung (LPS and flu), primarily turn at angles 

ranging between 15 and 55 degrees. Afterwards, the amount of T 

cells that turn at angles greater than 55 decrease significantly. The 

two exceptions are the LPS and flu infected lung tissues. T cells in 

lung tissues have different turning angle patterns because large 

fractions of them have both small turning angles ranging from 15-

50 degrees and very large turning angles ranging from 140-170 

degrees. This means that T cells located in lung tissue appear to 

travel a certain distance, and completely turn around in the 

opposite direction.  A possible explanation for this type of 

movement is due to the restricted surface area available within the 

alveoli sacs found in the lungs. 

The figure below the angle distribution represents the volume per 

time (cubic μm/sec) patrolled by T cells within different tissues. 

The volume covered is highest in lymph and FRT tissue, 

intermediate for villi tissue, and lowest for lung tissue (flu and LPS). 

The volume patrolled is computed by dividing a 400 μm x 400 μm x 

400 μm volume within which a T cell moves into 2.5 μm x 2.5 μm x 

2.5 μm cubes. If the distance between the cube center and the T 

cell is less than 5 μm, the cube volume is assumed to be patrolled.  

A cube volume cannot be counted more than once towards the 

volume patrolled by the cell. The total volume patrolled by a T cell 

is then divided by the time it is tracked. 

The angle vs speed graph show a dependence of angle and 

speed.  When the turning angle is small, the speed is highest in all 

four tissues.  As the turning angle increases, the speed tends to 

decrease; however, the range of speeds for each turning angle bin 

is also very large, and for this reason, error bars are also included.  

Due to the large standard deviations, error bars are created to 

extend from plus and minus 1/8 of the standard deviation in each of 

the 9o turning angle bins. Our result is consistent with the results of 

Maiuri et al. (2015) who show that there exists a dependence of 

cell velocity with a persistence to move in a direction. 

The correlation graph reveals the distribution of angles between T 

cell velocities for T cells that patrol the same volume. Two cells are 

said to patrol the same volume if the distance between them is less 

than 8 microns.  T cells angles are also used for the same T cell as 

long as they are separated in time by 5 minutes.  The graph shows 

that T cell tend to move in the same direction if they patrol the 

same tissue. 

Conclusion 

Our study of T cell motion sheds light on differences between 

various types of tissues. We studied T cell speeds, turning 

angles, and volumes traversed over a period of time. We also 

revealed a dependence of angle on the tissue vasculature.  T 

cells can only be tracked in the lab while they remain in a 

microscope’s field of view. Our work with virtual T cells will 

allow us to conduct simulations with varying T cell densities 

for very long periods of time and track all T cells.

Distribution of speed for empirical and virtual distributions match.

Distribution of turning angles for empirical and virtual distributions match.

Distribution of  volume per time matches for both empirical and 
virtual distributions if multiple classes of T cells are used.


