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Abstract

The movement of intercellular cargo, such as transcripts, proteins and organelles, is fundamental 

to cellular function. Neurons, due to their long axons and dendrites, are particularly dependent on 

proper intracellular trafficking and vulnerable to defects in the movement of intracellular cargo 

that are noted in neurodegenerative and neurodevelopmental disorders. Accurate quantification of 

intracellular transport is therefore needed for studying the mechanisms of cargo trafficking, the 

influence of mutations and the effects of potentially therapeutic pharmaceuticals. In this article we 

introduce an algorithm called “Kymolyzer”. The algorithm can quantify intracellular trafficking 

along a defined path, such as that formed by the aligned microtubules of axons and dendrites. 

Kymolyzer works as a semi-autonomous kymography software. It constructs and analyzes 

kymographs to measure the movement and distribution of fluorescently tagged objects along a 

user defined path. The algorithm can be used under a wide variety of experimental conditions 

and can extract a diverse array of motility parameters describing intracellular movement, including 

time spent in motion, percentage of objects in motion, percentage stationary, and velocities. This 

article serves as a user manual describing the design of Kymolyzer, providing a stepwise protocol 

for its use, and illustrating its functions with common examples.

Basic Protocol 1: Kymolyzer, a semi-autonomous kymography tool to analyze intracellular 

motility.
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INTRODUCTION

Intracellular movement defines fundamental aspects of cell biology. The advancement 

of imaging technologies, along with fluorescent tagging of proteins, has highlighted 

the intracellular milieu as a highly dynamic environment, crowded with macromolecular 

complexes, organelles and solutes (Leonard et al., 2015; Mourao, Hakim, & Schnell, 2014; 

Nixon-Abell et al., 2016; Shim et al., 2012). While Brownian motion can mediate short 

distance diffusion of solutes and macromolecules (Brangwynne, Koenderink, MacKintosh, 

& Weitz, 2009; Dlugosz & Trylska, 2011; Mourao et al., 2014; Mullineaux, 2017), the 

rapid long distance movement of organelles and large protein complexes is driven by active 

transport, mediated by molecular motors like Kinesin (Hirokawa, 1998; Miki, Okada, & 

Hirokawa, 2005; Verhey, Kaul, & Soppina, 2011), Dynein (Pilling, Horiuchi, Lively, & 

Saxton, 2006; Reck-Peterson, Redwine, Vale, & Carter, 2018; Roberts, Goodman, & Reck-

Peterson, 2014; Schnapp & Reese, 1989), and Myosin (Hartman & Spudich, 2012; Kurth et 

al., 2017; Lalli, Gschmeissner, & Schiavo, 2003; Lombardo et al., 2019; Titus, 2018; Wu, 

Bowers, Rao, Wei, & Hammer, 1998).

The rates of both passive diffusion and active transport are tightly regulated and display 

a large degree of heterogeneity. A multitude of factors, such as the type of molecule 

or organelle under consideration, cell metabolism, signaling pathways, disease states, 

and intracellular localization, affect the rates of active and passive movements within 

a cell. Defects in intracellular movements, especially in the rates of active transport, 

are often correlated with pathologies. Neurons, owing to their extremely polarized 

shape, are highly dependent on active intracellular trafficking (Goldstein & Yang, 

2000; Kapitein & Hoogenraad, 2011; Maday, Twelvetrees, Moughamian, & Holzbaur, 

2014; Misgeld & Schwarz, 2017; Schwarz, 2013). Defective intracellular trafficking 

thus frequently culminates in neurodegenerative and neurodevelopmental diseases (Baloh, 

Schmidt, Pestronk, & Milbrandt, 2007; Collard, Cote, & Julien, 1995; Gunawardena & 

Goldstein, 2001; Hafezparast et al., 2003; Pigino et al., 2003; Szebenyi et al., 2003; 

Williamson & Cleveland, 1999). Studying intracellular transport is thus of vital importance 

to understanding fundamental and translational cell biology and to elucidating disease 

mechanisms and establishing disease biomarkers.

We introduce two new algorithms that serve as complementary approaches to quantitatively 

report organelle motility depending on the path and organization of intracellular cargo 

transport. For cells where transport occurs along linearly arranged microtubules or 

actin filaments, such as in neuronal axons and dendrites, we have developed the 

algorithm “Kymolyzer” that uses kymography to semi-autonomously measure movement 

and distribution of organelles along a defined path. For samples where microtubules are 

not parallel and cargoes may undergo shorter and less organized movement, such as 

in non-neuronal cell lines, we have developed “QuoVadoPro”, an algorithm that works 

autonomously to quantify organellar motility based on the temporal variance.

In this article we report here the algorithm “Kymolyzer” (Pekkurnaz, Trinidad, Wang, 

Kong, & Schwarz, 2014). A common use of this algorithm is to quantify the movement 

of fluorescently tagged organelles or protein complexes along neuronal axons or other 
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thin cellular processes. Kymography has been the traditional method of choice to depict 

and measure such intracellular movements that occur along a specific path (Guimaraes 

et al., 2015; Klinman & Holzbaur, 2016; Misgeld & Schwarz, 2017). A kymograph is a 

representation of motion along a path where time is displayed along the Y-axis and distance 

along the path on the X-axis. Kymograph mapping thus allows the visualization of objects 

moving along the defined path in a static image from which a variety of motility parameters 

can be extracted. Multiple tools to build and quantify kymographs in a manual or semi-

autonomous manner already exist. However, most of them do not extract complex motility 

parameters like pause rates or reversal rates (Chaphalkar, Jain, Gangan, & Athale, 2016), 

require high signal to noise ratios (Chetta & Shah, 2011; Chiba, Shimada, Kinjo, Suzuki, 

& Uchida, 2014; Neumann, Chassefeyre, Campbell, & Encalada, 2017), have complex 

workflows, or are most suited to measure short unidirectional movements (Chaphalkar et al., 

2016; Jakobs, Dimitracopoulos, & Franze, 2019).

Kymolyzer, the software described here, behaves as a semi-autonomous kymography 

tool that can extract multiple movement parameters from objects displaying long range 

bi-directional movements along linear tracks. The algorithm is highly versatile and 

can be easily adjusted to analyze intracellular trafficking in a variety of experimental 

paradigms, such as different experimental systems, organelles and microscopy setups 

(Gutnick, Banghart, West, & Schwarz, 2019; Pekkurnaz et al., 2014; Shlevkov et al., 2019). 

Kymolyzer works by means of a graphical interface that guides the user through a simple 

and intuitive workflow of building and analyzing kymographs. In the Kymolyzer workflow, 

the user is initially assisted to define the path of movement that is then converted to a 

kymograph depicting the movement of objects along the path. Kymolyzer then assists the 

user to indicate the movement tracks of individual objects on the kymograph and finally 

quantifies motility of the tracked objects based on user-defined thresholds. Kymolyzer is 

packaged as an ImageJ based macro-set that can read time-lapse movies acquired through 

most microscopy setups and output easily interpretable quantified motility data in form of 

CSV files.

BASIC PROTOCOL 1

Kymolyzer, a semi-autonomous kymography tool.

We developed Kymolyzer as a tool to semi-autonomously build and analyze kymographs 

from time-lapse images of fluorescently tagged proteins or organelles moving along a 

defined path, like neuronal axons. To initially build the kymograph, the user defines 

a central line along which object movement is monitored. Distance moved along the 

path by individual fluorescent objects is then plotted against time, thereby generating the 

kymograph. The user then indicates the tracks of individual objects on the kymograph. Each 

object track is then broken down along the time axis into individual segments and each 

segment is in turn analyzed for distance moved and direction. The final motility parameters 

for each object are then derived from the motility of individual segments. Kymolyzer then 

allows the user to group data from multiple kymographs either as individual objects or as 

averages of all objects in each kymograph.
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Kymolyzer can be used to reliably track fluorescently tagged objects and provide a 

quantitative description of complex in vivo movement parameters including motility, pause 

frequency, reversal rates and speed. The thresholds that are used to define motility and 

direction in Kymolyzer are easily adjustable, making it applicable to tracking a wide variety 

of cellular cargoes at different temporal and spatial resolutions.

The Kymolyzer package contains a set of four macros that can be installed onto the open-

source image analysis platform Fiji (a distribution of ImageJ with bundled plugins from the 

National Institutes of Health) and can be run sequentially through a user-friendly guided 

graphical interface.

Necessary Resources

Hardware:  Workstation with internet access

Software:  Please read Instructions_Readme file and download folder named 

as “Kymography_Macro_TLS_Lab_<date>” from https://github.com/ThomasSchwarzLab/

KymolyzerCodes

Sample File:   https://drive.google.com/file/d/

161uMXC3YP_pEzQjwhDzRhUE2ryFosHeY/view?usp=sharing

To use the sample file, please download the zipped file and extract all files within it to a new 

folder before use. The zipped file contains a time lapse image stack of a distal axon segment 

expressing a fluorescent tag that marks the mitochondria (mito-DsRed, addgene: 55838) and 

a cytosolic GFP (meGFP-N1, addgene: 54767) that helps visualize the axon. Both these 

channels are present as individual tif files that can be opened using ImageJ (or FIJI).

In addition, the zipped file also has a movie (in avi format) depicting both the channels, 

the axon segment and its orientation. The end of the axon segment closer to the cell body 

is marked as the negative (-ve) end while the end away from the cell body is marked as 

the positive (+ ve) end. This axon segment has been used as an example to illustrate the 

steps of analyzing movement by Kymolyzer (figures 1, 2 and 3) and to highlight the features 

and critical parameters (figure 5 and 6) of which the user should be aware while using 

Kymolyzer. For all the examples, the path of movement is traced from the -ve end to the +ve 

end. Any movement towards the +ve end is considered as anterograde movement and any 

movement towards the -ve end is considered as retrograde.

Movie S1 depicts the segment of the axon shown in the sample file along with a kymograph.

Protocol steps—Step annotations

1. Installation instructions:

a. Download and install FIJI from: https://imagej.net/Fiji/Downloads. After 

installing Fiji the user should update to the latest version by going to the 

following tab: help > update
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b. Download the zipped folder named “Kymography_Macro_TLS_Lab_<date>” 
from https://github.com/ThomasSchwarzLab/KymolyzerCodes and extract it in a 

separate folder anywhere on the computer (preferably on the desktop, so that it 

can be accessed easily. This folder can be deleted after installation).

c. From FIJI, go to the following tabs: Plugins > Macros > run. 

In the file selection window that opens up, select the file named 

installer_Kymolyzer_HimanishBasu_SchwarzLab_ and run it.

d. Restart FIJI to complete macro installation. Following the restart, a new tab will 

appear as follows: Plugins > Macros > Kymolyzer.

2. Step 1: Generation of kymographs.: In step 1, Kymolyzer assists the user to trace 

the central axis of movement. To initiate step 1, Kymolyzer imports a time-lapse image 

sequence, supplied by the user. The user is then prompted to draw a segmented line over the 

path of movement. The segmented line is then used to build the kymograph by plotting the 

intensities along the selected line (x’-axis) against time (t, represented on the Y-axis) (figure 

1).

As the central axis of movement may not be easily visualized in an individual time frame 

depicting the fluorescent objects (especially in cases where the object density is low, figure 

1A, bottom panel), the user can choose to have Kymolyzer depict a maximum intensity 

projection (MIP) of each pixel over time, thereby highlighting the track of all fluorescent 

objects at all time points along the path of movement (Figure 1B). Alternatively, the user can 

also have Kymolyzer temporarily open another image (or channel) where the central axis of 

movement can be clearly visualized (for example, figure 1A, top panel). The user can then 

use the MIP or the separate image (or channel) to indicate the central axis of movement.

Instructions for running Step 1:

a. To run Step 1 of Kymolyzer go to the following tabs in FIJI: 

Plugins>Macros>Kymolyzer>Step1_MakeKymograph. A file selection window 

should appear.

b. In the file selection window, select the movie file to analyze. If it is a dual 

channel movie, the macro will ask the user to select any one channel. The user 

should select the channel which has the moving objects that are to be tracked.

Note: Kymolyzer can read most microscopy file formats. If the user encounters 

a file format that cannot be read by Kymolyzer, the user should convert or 

re-export the file as a multi-page tiff file beforehand.

Note: Instead of opening the image through the file selection window of step 

1, the user can choose to open the time lapse through the native file reader 

inbuilt into FIJI (or imageJ) before running step 1. In this case when an image is 

already open before step 1 is run, no file selection window will appear, but rather 

Kymolyzer will process the already open image. This however is not a preferred 

method, as the native image reader on ImageJ or FIJI is often not successful 
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in reading the metadata of the image (such as spatial and temporal resolutions) 

which are thus likely to be lost and would need to be re-entered in step 3.

c. The macro will then build the maximum intensity projection image (MIP) of 

the selected channel. Following this, the macro will ask the user to define the 

central axis along which the object movement will subsequently be analyzed, 

for example, to trace the neuronal axon along which object movement is to be 

recorded. To define the axis of movement, the user should trace the axis on the 

maximum intensity projection image.

Note: To trace the axis, the user can left click to add points on the maximum 
intensity projection image (MIP), that represent the axis of movement. The 
segmented line tool needed to do the selection will be automatically selected. 
The selected points are then interpolated to form a segmented line highlighting 
the axis of movement. To finish tracing the line, the user should double click on 
the last point to be added.

If the analyzed structure has a known polarity, the user should be consistent in 

the direction in which the lines are drawn. For example, for a neuron, the user 

should consistently trace starting at the segment end closest to the cell body. As 

discussed later in step 3, any movement towards the end of the selection will 

be considered anterograde, while any movement towards the beginning of the 

selection, as retrograde.

d. To build the kymograph, the program plots intensities along the defined path 

on the X-axis of the kymograph (called the x’-axis), with each timepoint being 

stacked along the Y-axis (called the t-axis).

Note: In case of a multichannel image, at this stage, the user will have the option 

to temporarily open a different channel (or image) to define the central axis. The 

defined axis will then be automatically copied on to the channel representing the 

fluorescently tagged objects (selected in step1a), which will then be used to build 

the kymograph. This step is often useful when the central axis of movement is 

not apparent in the maximum projection image. For example, while processing 

a sample similar to that shown in figure 1, the user can choose to temporarily 

open the GFP channel (figure 1A, top panel) to trace the axon (as the axis 

of movement) in an unbiased manner. This trace will then be applied to the 

mitochondrial channel (dsRed channel) to generate the kymograph (figure 1D)

e. At the final stage of step 1, following the generation of the kymograph, 

the macro will prompt the user to adjust the brightness and contrast of 

the kymograph as necessary. The user can then choose to adjust the image 

parameters such that all the object tracks can be clearly visualized against the 

background. The resulting kymograph is then saved in a folder made in the same 

location as the image.

3. Step 2: Track assignment.: In step 2 of Kymolyzer, the algorithm assists the user in 

tracking the movement of objects using the kymograph generated in step 1. Step 2 runs in a 
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semi-autonomous manner. For each object, the user selects key points along the movement 

track of the object (object track), following which Kymolyzer interpolates the points in 

between the selections (figure 2), thus building the complete tracks.

Note: Given the semi-autonomous nature of this step, the track assignment can be subjective, 

especially at points where two objects cross-over or undergo fission or fusion or in 

highly crowded areas of the kymograph. The variability resulting from the subjectivity is 

minimized when the imaging is done with high temporal resolution that allows the user to 

confidently assign the tracks.

Instructions for running Step 2:

a. To run Step 2 of Kymolyzer select the following tabs in FIJI: 

Plugins>Macros>Kymolyzer>Step2_Track. A folder selection window will open. 

In this window select the folder made in step 1 (This folder will have been made 

at the end of step 1 at the same location from where the original image was 

loaded. It will be named with the same name as the original image).

b. The selected folder contains the kymograph made in step 1 along with other 

metadata from the original image. The macro will automatically find and open 

the kymograph file and ask the user the following in the form of a pop-up 

window:

I. Puncta Start Count: All objects tracked by Kymolyzer are numbered 

as punctum 1, punctum 2, and so on. The input made by the user at 

this window indicates the punctum number from which the algorithm 

should start counting.

• At the start of each image this number should be 1, thus 

denoting it as the first object to be tracked.

• If, for some reason, step 2 on a given image has to be restarted 

when some objects have already been tracked in that image, 

then the user should change the punctum start count to the 

number of objects that have already been tracked +1 (so that it 

represents the present object number to be tracked).

II. Show box size: This is the size of the box used to mark the tracked 

object on the kymograph and in a pop-up movie of the time lapse, 

after the tracking is completed. These features allow the user to verify 

the correctness of the tracking. The show box size should ideally be 

just large enough to surround the object tracked. The “Show box size” 

denotes the size of the box created (in pixels) to mark the tracked 

object. The default value is set to 5 pixels, but the user should change it 

according to the maximum size of the objects to be tracked.

Note: The show box size is exclusively for visualization purposes and 

has no bearing on the quantifications by itself.
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After the user inputs the two values mentioned above, the user should 

press the OK button on the pop-up window to start tracking the first 

object.

c. Object tracking is done on the kymograph window named “select”. After 

indicating the puncta start count and the show box size, this window (depicting 

the kymograph) will automatically be maximized and brought to the front of the 

screen. To track a given object on the kymograph window, the user should select 

the key points on the kymograph representing the movements of an object. The 

key points are points on the object track indicating a change in speed or direction 

(figure 2, left panel).

To indicate the key points on the movement track of an object, the user can 

perform one the following actions at any pixel on the kymograph window:

I. Shift+LeftClick to add points on the track of an object.

II. Cntrl+leftClick to finish the track of an object.

III. Alt+leftClick to drop a vertical line (depicting a stationary object) till 

the end of the movie

After selecting the key points of an object’s track on the kymograph 

(i.e. when the last point is marked through the Cntrl+leftClick action or 

a vertical line is dropped by the Alt+leftClick action), Kymolyzer will 

automatically interpolate the points in between the selections, thereby 

effectively marking the whole track (figure 2, center panel). To confirm 

and display the fidelity of tracking, a movie will popup, where the 

tracked object in each frame is marked by a box. The user should use 

the slider on the movie window to go through the movie and ensure that 

the object is tracked (surrounded by a box) in each frame. Additionally, 

a dialog box will appear, asking the user to save the track or discard it. 

The user can click OK to save the track or choose to discard the track if 

it failed to follow the object faithfully and needs to be re-tracked.

With either choice, a new dialog box will pop-up asking the user 

whether another object needs to be tracked. On this dialog box, named 

as “For another track”, the user can click “yes” to assign another 

track. If the user clicks “yes”, the algorithm will loop back to step 2c 

(mentioned above) and allow the user to mark the key points of another 

object track. If the user had chosen to save the previously marked track, 

it will now be indicated on the kymograph window as a colored track 

(figure 2, right panel).

Note: The colors chosen to mark the tracks of previously tracked 

objects are randomly chosen as red, blue or green. Marking previously 

tracked objects prevents the user from tracking the same object twice.

After tracking the final object, the user should click “No” on the “For 

another track” dialog box to end this step.
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4. Step 3: Measurement.: To quantify the movement of objects whose tracks have been 

assigned in the previous step, in step 3 each track is broken down into user defined 

segments of time. The segments are then scored as motile or non-motile based on a 

defined speed threshold. The distance travelled in each motile segment is calculated and 

they are further sub-classified according to net anterograde or retrograde movement (figure 

3). The directionality of movement is decided by the direction in which the central axis of 

movement (x’) is defined. Any movement towards the end of the x’ axis, i.e. in the positive 

direction is defined as anterograde movement, while any movement towards the beginning 

of the x’ axis, i.e. in the negative direction is defined as retrograde movement. The motility 

of each object is then quantified by analyzing the speed and directionality of movement in 

each temporal segment of that object’s track. The motility parameters for each object, for 

example speed, directionality, percent movement, pause frequency, reversal frequency etc. 

are expressed as a fraction of the temporal segments that span the object’s movement and 

show the relevant behavior.

Instructions for running Step 3:

a. To run Step 3 of Kymolyzer go to the following tabs in FIJI: 

Plugins>Macros>Kymolyzer>Step3_Measure. A folder selection window will 

open as in step 2. In this window select the folder made in step 1 (which has the 

same name as that of the original image).

b. At this step, the selected folder should contain the kymograph, the saved 

object tracks and image metadata. After selecting the folder, Kymolyzer will 

automatically find and load the object tracks for further analysis. A dialog 

box will appear asking for the temporal and spatial resolution of the image. 

The macro tries to automatically fill these parameters from the meta-data 

of the image (already saved in the folder) if it is legible. These parameters 

should always be cross-checked and changed if necessary. The following image 

parameters are used for measurement:

I. Pixel Scale (in μm/pixel): This is the length of each pixel in microns 

after magnification. The macro assumes a square pixel.

II. Timescale (in seconds): This is the time interval between sequential 

frames of the video.

III. Kymograph Width (in pixels): This is the length of the segmented line 

selection drawn by the user in step 1 to indicate the central axis of 

movement.

IV. Kymograph Height (in pixels): This represents the total number of time 

points in the video, as every time point is projected onto one pixel in the 

t axis of the kymograph.

c. After setting the resolution parameters, the user will have to select the following 

calculation options in another pop-up dialog box:

I. Number of frames per time step: The track of each object is divided 

into temporal segments. The “Number of frames per time step” value 
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defines the length of each temporal segment in terms of frames (or 

pixels in the t-axis of the kymograph). For example, a value of 5 will 

divide the track of each object in a movie into segments consisting 

of 5 frames. If an object is tracked for 100 frames, its track will be 

divided into 20 segments. For velocity and direction quantification, the 

object position at the beginning and end of each temporal segment is 

considered (figure 3, right panel).

II. Lower limit of speed: This value represents the lowest speed of 

an object within a particular temporal segment below which it is 

considered as stationary for that time segment.

By default, the temporal segmentation parameter is set to 10 frames 

(i.e. the position of each object at every 10th time frame interval is 

used for quantification) and the velocity parameter is set to 0.5μm/s 

(i.e. the object is considered stationary during a temporal segment if 

its speed during that segment is less than 0.5μm/s). The user should 

empirically change these thresholds to accurately reflect the biology 

(see commentary). An efficient way to set the minimum velocities and 

time step thresholds is to track known moving and stationary objects, 

and set the length of the temporal segments and the lower limit of speed 

to the lowest possible values such that a known stationary object is 

indeed recorded to be stationary while movement is detected for the 

motile objects.

Note: As discussed later, these parameters significantly affect the 

quantifications, and thus should be set to accurately reflect the biology. 

For example, setting the temporal segmentation feature too low, (i.e. 

if every frame is considered) would result in an over-estimation of 

motility as frame to frame jitters will come into effect. On the other 

hand, if the temporal segmentation parameter is set too high (i.e. too 

many frames are skipped in between two segments), it would result in 

an under-estimate of motility.

The raw data for all objects in a kymograph can be found in the 

following excel file: “…pathTofolderWithImageName/RawPunctaFiles/
Summary.xls”. To check the effect of different thresholds, the user can 

open this file and check the tab “Move %” to validate whether the 

stationary objects are indeed recorded to be stationary. If not, the user 

can repeat step 3 on the same folder with higher thresholds.

Once the thresholds are decided upon by the user, these values should 

not be changed between different samples of the same experiment.

d. By analyzing the speed and directionality of each temporal segment of an 

object’s movement track, Kymolyzer extracts multiple motility parameters for 

each object. The motility parameters provide a thorough quantitative description 

of motility of the objects that have been tracked. They can be found in the 
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excel file: “…pathTofolderWithImageName/RawPunctaFiles/Summary.xls”. The 

explanations and the guidelines to understanding and interpreting each motility 

parameter are listed later (see guidelines for understanding results).

5. Step 4: Data collation.: As a final step in Kymolyzer, the data from multiple 

kymographs are collated through an automated interface into one output file. The data from 

different kymographs can be collated as individual objects (object-wise collation) or as an 

average of all objects in each kymograph (kymograph-wise collation).

Instructions for running Step 4:

a. To collate the data as a kymograph-wise average, the user should 

go to the following tabs in FIJI: Plugins>Macros>Kymolyzer>Step4_ 

CollateDataMeansOnly. As described in the previous steps, a folder selection 

window will open. In this window the user should select the folder made in 

step 1 of Kymolyzer (i.e. the folder with the same name as that of the image). 

The macro will automatically find the quantification file in that folder and 

calculate the average of the motility parameters of all the tracked objects in 

that kymograph. A dialog box will then appear asking the user whether to add 

more image folders. If the user selects “yes”, the algorithm will automatically 

open a folder selection window where the user can choose to add another image 

folder. This process is repeated so that the user can re-iteratively collate all the 

individual quantification files from the desired image folders into one file. The 

macro will then ask the user for a name and location where the output file is to 

be saved. This creates a file in the desired location which has the average per 

kymograph of the various motility parameters.

b. If the single object measurements are needed instead of the mean of all the 

objects per kymograph, the object-wise raw data for each kymograph can 

also be collated into one excel document in a similar manner by running 

Plugins>Macros>Kymolyzer>Step4_ CollateData.

GUIDELINES FOR UNDERSTANDING RESULTS

Explanation of motility parameters quantified by Kymolyzer

To quantify different features of movement, Kymolyzer breaks down each object track into 

several segments in time. The position of the object at the beginning and end of each 

temporal segment is used to classify the object as motile or stationary during that temporal 

segment (figure 3). A motile temporal segment (referred to as a motile segment) is further 

sub classified as anterograde or retrograde depending on the direction of motility of the 

object (figure 3, right panel). The final motility parameters (got at the end of step 3) for 

each object are then calculated as the fraction of temporal segments that display a particular 

movement behavior. Kymolyzer calculates the following movement parameters for each 

object:

I. Total Segments: Total number of temporal segments that span a track
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II. Total Move Length (μm): Total distance moved by the object. The “Total Move 

Length” is the summation of the absolute distances moved at every motile 

segment by an object regardless of direction. To calculate the “Total Move 

Length” both anterograde and retrograde movements are considered as positive 

movements and are summed.

III. Average Speed (μm/s): This value represents the average of the speeds of 

movement recorded at every temporal segment where an object was classified 

as motile. During the calculation of average speed, the direction of movement is 

not taken into consideration (i.e. it serves as an average of both anterograde and 

retrograde speeds).

IV. Move (%): Percent of temporal segments of an object track that were classified 

as motile among all the segments spanning that object track.

V. Still (%): Percent of segments within an object track that were classified as 

stationary among all the segments spanning that object track.

VI. Forward Length (μm): Summation of distances moved by an object in all its 

temporal segments that were classified as motile and anterograde (i.e. moving in 

the positive direction along the x’ axis).

VII. Average Forward Speed (μm/s): Mean of the speeds at which an object moved in 

every temporal segment classified as motile and anterograde.

VIII. Forward (%): Percent of the temporal segments that were classified as motile and 

anterograde among all the segments spanning the track of an object.

IX. Backward Length (μm): Summation of distances moved by an object in the 

segments classified as motile and retrograde (i.e. moving in the negative 

direction along the x’ axis).

X. Average Backward Speed (μm/s): Mean of the speeds at which an object moved 

in every motile segment classified as retrograde.

XI. Backward (%): Percent of segments in an object track that were classified as 

motile and retrograde.

XII. Stop (%): This value represents the pause frequency. It is calculated as the 

percent of temporal segments spanning the track of an object that were classified 

as stationary but have a motile segment preceding it (thus marking a pause 

event). It is important to note that a pause event that is shorter than a single 

temporal segment is likely to be missed. For example, if an object pauses and 

restarts its movement within the same temporal segment, it will not be classified 

to have paused during that temporal segment as the segment containing the 

pause itself will be classified as motile. To avoid such missed pause events, the 

user should keep the temporal segmentation parameter as small as possible (see 

commentary section for more details).

XIII. Reverse (%): This value represents the rates at which an object reverses direction 

during the time lapse. It is calculated as the percent of temporal segments that 
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were classified as motile and had another motile segment in an opposite direction 

preceding them.

Note: If two temporal segments belonging to the same object track have opposite 

directionality of movement while having one or more still segments in between 

them, they are also considered to be depicting reversal events.

XIV. Net Movement (μm): This is the net displacement of an object during the time 

lapse. It is calculated as the sum of distances moved in all temporal segments that 

were classified as motile where the retrograde motility is considered as negative 

distance.

Recommendation for appropriate statistical tests to analyze data obtained from Kymolyzer

Kymolyzer allows the user to collate data object-wise or kymograph-wise. The user should 

choose the method that best reflects the biology. However, depending on the method of 

collation, the distribution of data from the same sample can be significantly different. For 

example, data from the same set of neurons that have been imaged for axonal mitochondrial 

motility shows a normal distribution when collated per axon but an atypical distribution 

when the data is analyzed per mitochondrion (figure 4). In such cases, the statistical tests 

to compare between samples and the graphical depiction of the samples should be chosen 

accordingly.

COMMENTARY

Kymographs are an elegant tool to visualize and analyze movement along a defined path, 

where the position of objects along the path (x’-axis) is plotted against time (Y-axis). 

Kymography has classically been used in molecular biology to study transport along flagella 

(Iomini, Babaev-Khaimov, Sassaroli, & Piperno, 2001; Piperno et al., 1998), polymerization 

dynamics of tubulin and actin filaments in vitro (Kuhn & Pollard, 2005; Smal, Grigoriev, 

Akhmanova, Niessen, & Meijering, 2010) and movement of molecular motors (Cho, 

Reck-Peterson, & Vale, 2008; Zhou, Brust-Mascher, & Scholey, 2001). In addition to 

previous uses, kymography has now become the staple method for studying intracellular 

cargo trafficking in a diverse array of biological samples where movement occurs along a 

defined axis, such as in neuronal axons and dendrites (Maday, Wallace, & Holzbaur, 2012; 

Pekkurnaz et al., 2014; Rangaraju, Lauterbach, & Schuman, 2019; Wang & Schwarz, 2009) 

and in other extended cellular processes like filopodia (Alieva et al., 2019; Kerber et al., 

2009) and fungal hyphae (Bielska et al., 2014; Penalva, Zhang, Xiang, & Pantazopoulou, 

2017; Salogiannis, Egan, & Reck-Peterson, 2016).

Multiple solutions to build and analyze kymographs exist. Of note, programs like the 

Multi Kymograph plugin in ImageJ or Kymomaker (Chiba et al., 2014) take a manual 

approach, wherein the user builds the kymograph and highlights straight segments in 

the kymographs that represent movement trajectories of objects. The algorithms then 

calculate the speed and directionality of the straight segments indicated by the user. While 

such manual approaches to analyzing kymographs are accurate, they are extremely time 

consuming and do not readily provide all motility parameters needed to describe long 

range bidirectional movement (such as pause frequency or reversal rates). On the other 
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hand, several algorithms have tried to fully automate the analysis of kymographs through 

edge detection and line detection methods (Chaphalkar et al., 2016; Mangeol, Prevo, & 

Peterman, 2016). The automated approach to analyzing kymographs is time efficient but 

needs images with high signal to noise ratios and is best for measuring short unidirectional 

runs. When automated kymograph analysis approaches are applied to kymographs with 

objects displaying long range bidirectional movements, individual object tracks are often 

detected as broken segments, faint tracks are not detected, and tracks are wrongly assigned 

when two tracks crossover one another in the kymograph. More recently, computer learning 

driven approaches have been used to mitigate the shortfalls of automated kymography 

analysis (Jakobs et al., 2019), but with limited success as they require large training datasets 

and are computationally intensive.

In contrast to existing algorithms, Kymolyzer represents a semi-autonomous kymography 

software to build and analyze kymographs. Kymolyzer uses time lapse images to build 

kymographs, following which it relies on user assistance to track both moving and stationary 

objects visible on the kymographs, in a partially automated manner. The semi-autonomous 

approach allows Kymolyzer to track objects accurately even in images with low signal to 

noise ratios and high object densities with minimal user dependent variations. Kymolyzer 

is well suited for the analysis of complex transport events such as those encountered 

for organelles with bidirectional movement and that can alternate between runs and 

pauses. The algorithm can extract movement parameters not easily extracted by other 

software, such as pause rates, reversal rates, distances and speeds of movement in either 

direction of every object tracked, features that are particularly important to fully describe 

complex bidirectional motility. In addition to quantifying the time-averaged motility and 

flux of individual fluorescent organelles or protein complexes, Kymolyzer can be used 

to deconvolve the movement of an object to extract information about the active motor 

properties, such as instantaneous velocities.

Kymolyzer is highly versatile and can be used to process stacks of time-lapse images 

recorded for different lengths of time and at different temporal and spatial resolutions. As 

demonstrations of its versatility and robustness, the algorithm has already been used to 

study movement of mitochondria, synaptic vesicles, endosomes and peroxisomes in rodent 

hippocampal neurons and in human iPSC derived neurons (Gutnick et al., 2019; Pekkurnaz 

et al., 2014; Shlevkov et al., 2019) under a variety of experimental and imaging conditions.

Critical Parameters

During the analysis of multiple samples within the same experiment, the following 

parameters can impact the motility quantifications and should be kept constant between 

samples:

• Duration for which the time-lapse is recorded: During motility measurement, 

Kymolyzer breaks down the movement of each object into small temporal 

segments (the duration of which is defined by the user). Most of the motility 

parameters are then quantified as a percent of temporal segments displaying a 

particular feature, such as reversals or pauses. Thus, most motility parameters 

calculated by Kymolyzer are intrinsically normalized for the duration of 
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imaging. This allows Kymolyzer to compare samples that have slight differences 

in the duration for which they have been imaged. However, when samples 

with significantly different numbers of frames are compared, the quantifications 

by Kymolyzer can become unreliable: the number of stationary objects stays 

constant during the imaging, but longer movie durations allow more motile 

objects to traverse into the field of imaging. The fraction of motile objects will 

therefore likely increase as the imaging time increases. It is therefore necessary 

to keep the analyzed durations similar.

• Number of objects imaged: During analysis and quantification by Kymolyzer, 

each assigned object track is quantified and saved separately. The user then has 

the option to collate the data from different kymographs as individual objects or 

as an average of all objects from individual kymographs. If the number of objects 

per kymograph differs by a large extent, it is advisable that the user collates the 

data object-wise rather than kymograph-wise. The object-wise approach is less 

affected by the differences in the number of objects per kymograph.

• Temporal resolution of imaging: The absolute frame rate or temporal resolution 

needed to reliably track an object in Kymolyzer depends on the density of 

objects and the speed of movement. For high fidelity tracking, the frame rates 

should be high enough such that frame to frame displacement of the object 

is lower than the size of the object itself and smaller than the distance from 

its nearest neighbor. The user should decide upon a frame rate empirically, as 

movement speeds and object densities vary greatly with different experimental 

systems and organelles. While a frame rate that is set too high may cause 

phototoxicity and create data files that exceed capacity, a frame rate that is 

too low reduces reliability in track assignment, especially in crowded areas of 

a kymograph and when objects tend to cross over each other (figure 5). To 

compare between samples of the same experiment the rates of image acquisition 

should be kept constant.

• Number of frames per temporal segment: Every object track in Kymolyzer is 

broken down into temporal segments and most motility parameters are quantified 

as a percent of temporal segments containing a desired feature of motility. 

This allows Kymolyzer to normalize for the duration of imaging. The temporal 

segmentation feature is also useful to remove small jitters (or very short non-

processive movements) of an object that may not be desirable for the user to 

incorporate into the movement analysis (figure 6). The length of each time 

segment should be decided empirically with controls. This depends not only 

on the experimental system and the organelle being tracked but also the user’s 

preference in tracking a particular type of motility: long distance processive 

movements or short and fast movements. To decide on the temporal segment 

length, the user should use controls that have objects which are considered to 

be stationary and controls where objects can be considered to be motile. The 

user should then track these objects, run Step 3 of Kymolyzer multiple times 

on the tracked objects with different temporal segmentation lengths and monitor 

the motility recorded in the summary file (in the % move column of the excel 
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file) found at “…pathTofolderWithImageName/RawPunctaFiles/Summary.xls”. 

The user should choose the smallest temporal segment where the control with 

stationary objects shows zero motility.

A temporal segmentation that is too small results in an over-estimate of motility, 

where even small jitters (that may be below the threshold of what is considered 

to be motile) are scored as movement. A segment length that is too large results 

in underestimation of some motility parameters, as different types of biologically 

significant movements can be averaged together when they occur in the same 

segment (figure 6). For example, including a pause together with a moving 

segment will decrease the measured velocity for that segment and the pause will 

not be scored as a pause (compare panels of figure 6B).

• In general, the shorter the time segment selected, the closer the velocity 

parameters will be to the instantaneous velocity of the moving object. The user 

can select the segment duration that best addresses the user’s question and may, 

for example, wish to use larger segments if the goal is to understand net progress 

down an axon (figure 6B, left panel) or shorter segments if the goal is to describe 

properties of the active motor such as instantaneous velocity (figure 6B, right 

panel). Because temporal segmentation length influences several parameters, 

once decided in Step 3, it should be kept constant for all samples of the same 

experiment.

• Lower velocity threshold: To classify an object as motile or stationary at each 

temporal segment, Kymolyzer utilizes a lower velocity threshold that is declared 

by the user in step 3. This parameter establishes the smallest distance that 

has to be moved by an object within a temporal segment for that segment 

to be considered as motile. The lower velocity threshold helps avoid counting 

movements due to slow drifts of the sample. The user should select the lowest 

possible value that causes a known stationary object to be scored with zero 

motility. If the lower velocity threshold is too low, it results in an over-estimate 

of motility by including drift. Conversely, if the lower velocity threshold is too 

high, the user will miss out on biologically significant movements.

During the use of Kymolyzer, the most prevalent factor that leads to user-dependent 

variation is the manual selection of the key points during track assignments. This variation 

can be minimized with imaging at higher temporal and spatial resolutions. Additionally, if 

the imaging parameters and thresholds (as discussed above) are kept constant and optimal, 

the variations are further minimized. Kymolyzer, also stands to benefit greatly with the 

incorporation of a line tracking algorithm (Egan, McClintock, Hollyer, Elliott, & Reck-

Peterson, 2015), one that eliminates or reduces the need for manual object tracking after 

building the kymograph.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Example of fluorescently tagged mitochondrial movement in a distal axon segment, 
illustrating step 1 of Kymolyzer.
A distal axon segment expressing GFP (addgene: 54767) to mark the cytosol and having 

dsRED tagged mitochondria (addgene: 55838) is shown (A). A new image is made from 

the mitochondrial channel depicting maximum intensity projection (MIP) in time (B). As 

the density of mitochondria is relatively low in the distal axon, any single time frame of the 

mitochondrial channel cannot be used to visualize the entire axon segment. However, as the 

mitochondria are highly motile along the entire axon segment, the MIP of the mitochondrial 

channel allows the visualization of the whole segment. The MIP is then used to draw a 
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segmented line along the axis of movement (x’) (C). Alternatively, the GFP channel can also 

be utilized to draw the axis of movement. The x’axis is drawn from left to right representing 

an orientation that starts nearer to the cell body and progresses away from it. The kymograph 

is built by plotting the intensities along the defined x’ axis against time (represented in the 

Y-axis) (D).
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Figure 2. Example kymograph illustrating step 2 of Kymolyzer.
The user selects key points on the kymograph marking the movements of an object. These 

are shown as yellow dots on the kymograph (left panel). The key points indicate changes 

in the object’s speed and directionality. Kymolyzer then interpolates the selected points to 

effectively track the object in each frame (middle panel). After the user confirms the fidelity 

of tracking, the algorithm loops back to the previous step to mark another track. All marked 

tracks are displayed as colored paths on the kymograph. Through this re-iterative process, 

the user marks all the object tracks on the kymograph (right panel). Horizontal scale bar on 

kymograph depicts 10μm and vertical scale bar depicts 30s.
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Figure 3. Example kymograph illustrating step 3 of Kymolyzer.
In step 3 of Kymolyzer, each object track is broken down into a defined number of temporal 

segments which are classified according to direction and speed. The motility parameters 

for each object are then derived from analyzing the velocities of the temporal segments 

that make up the object track. In this example, one such object track (marked in red) is 

shown on the kymograph (left panel). To quantify its motility, Kymolyzer breaks down the 

movement of the object into five-second segments, each of which is analyzed for speed and 

directionality and classified accordingly. Two sets of three consecutive segments of the track 

depicted in red are magnified and shown (right panels). The individual segments are boxed 

in white and their classifications are indicated. Horizontal scale bar on kymograph depicts 

10μm and vertical scale bar depicts 30s.
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Figure 4. Examples of distributions of data got after tracking objects in Kymolyzer.
Histograms of motility data obtained by analyzing and collating data from 27 axons with 

a total of 413 discrete mitochondria are shown. During data collation, when the average 

motility per kymograph is considered, the data generally follows a Gaussian trend (A). Data 

samples showing normal or close to normal distribution can be analyzed with traditional 

t-tests and summarized by their mean or median. However, when plotted per mitochondrion 

(object-wise collation), the data does not follow a normal distribution (B). Data that are not 

normally distributed should be analyzed with non-parametric statistical tests.
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Figure 5. Choosing optimal temporal resolution for reliable quantification by Kymolyzer.
Kymographs depicting movement of mitochondria in a neuronal axon (top panels, same 

example as that used in figure 1) with different temporal resolutions. When mitochondrial 

movement is imaged at a high temporal resolution (3.3Hz), the object tracks appear as 

un-broken lines in the kymograph and object tracks that cross can be easily differentiated 

(lower-left panel). To simulate the effects of a low temporal resolution, the same kymograph 

was plotted with only a subset of frames from the original movie to reduce the temporal 

resolution to 0.3Hz (lower-right panel). In this case, the motile objects form broken lines. At 

areas where multiple objects cross (arrow), the tracks cannot be assigned confidently to their 

proper objects. Thus, while a temporal resolution of 3.33 Hz is enough to track neuronal 

mitochondria reliably, a temporal resolution of 0.3 Hz is not optimal. Horizontal scale bars 

on both kymographs depict 10μm and vertical scale bars depict 30s.
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Figure 6. Impact of temporal segment length on motility quantifications.
The track of a single mitochondrion (marked in red, A, left panel) from a kymograph of 

axonal mitochondria is analyzed with Kymolyzer using different temporal segmentations. 

A magnified portion of the object track is shown (A, right panel). An example of a 

processive movement is marked (arrowhead) along with a small non-processive movement, 

also referred to as a jitter or jiggle (arrow) (A). The movement is analyzed by breaking down 

the object track into temporal segments that are 5s, 15s, or 0.6s (B). Kymolyzer records 

the position of the object every 5s, 15s or 0.6s. With 5s temporal segmentation (B, left 

panel), movement due to small jitters is eliminated, while processive movement is retained 

and quantified. When the temporal segmentation is too large (B, middle panel), the net 

movement and speed are artificially reduced. Conversely, the 0.6s segmentation (B, right 

panel) results in a higher net movement and speed, as transient changes in behavior and 

small jitters in the object track are now included. Horizontal scale bar on kymograph depicts 

10μm and vertical scale bar depicts 30s.
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