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1. Schematic guideline for single molecule/QDot trajectory construction 

For trajectory contruction, SD and QDots are first identified through their spatial intensity distribution. 

The most straightforward method to retrieve the position of the objects is to perform two dimensional 

fitting the full intensity distribution of each spot by a Gaussian approximating the true point spread 

function of the microscope. This approach is the most sensitive and well suited for dim molecules such 

as dye molecules. The main drawback is that it is computer time consuming. For brighter emitters like 

QDots, less sensitive algorithms can be used to reduce the computation time. We present in the 

following such a fast algorithm that relies on wavelet transforms that filters the image frames and 

identifies the QDots through their morphology alone and not their absolute intensity signals. Once the 

positions of the objects are determined, the reconstruction of the trajectories has to be performed. We 

present two strategies, the Vogel algorithm for SD which performs a correlation analysis between the 

positions of the SD found in consecutive images and the Multidimensional Image Analysis package for 

QDots which is based on a multi-frame object correspondence problem looking globally for the 

minimal energy of all possible trajectories using the simulated annealing algorithm.  

 

2. Trajectory construction of fluorescent dye molecule: the Vogel algorithm 

Once the fluorescent spots are detected in each image, the two-dimensional trajectories of single 

molecules in the plane of focus are constructed by correlation analysis between consecutive images 

using a Vogel algorithm (Schmidt et al., 1995). This method connects simultaneously several pairs of 

spots detected in two successive images by minimizing the deviation of the mean diffusion constant of 

the connected spots with respect to a given diffusion constant, Dpred (Fig. 1, 2). In other words, the 

trajectory of one molecule will add one point in an image if there is a fluorescent spot within a 

statistically relevant distance from the position of the previous point. If there is no connection possible, 

the trajectory is finished (Tardin et al., 2003; Groc et al., 2004; Groc et al., 2006). The termination of 

the trajectories can reflect the photobleaching of the dye or the diffusion perpendicular to the 

observation plane what makes the molecule to exit the detection volume. For this reason, new 

molecules not present at the beginning of the recording can appear during the image sequence. Dpred is 

determined performing a preparative analysis varying its value (Fig. 1) and selecting the one that allows 

the better connections between spots. By varying Dpred in the analysis, it is possible to accurately 

retrieve the molecule trajectories and to check the validity of the experimental labelling conditions. 

Indeed, when a too small value of Dpred is used in the program, only portion of trajectories where 

molecule performed small displacements are retrieved. In this case, only very short trajectories are 

obtained with a mean diffusion constant equal to Dpred (Fig. 2). On the contrary, using a very large 



Dpred,, the Vogel algorithm will privilege the connection between spots that belong to different 

molecules, giving aberrant trajectories and high measured diffusion value (Dmeas). Between those two 

cases, trajectory construction should lead to a constant Dmeas, independent the choice of Dpred as 

evidenced by the curve plateau in Fig. 2. This plateau should be obtained for each experiment and when 

this is not the case the labelling density of molecules is too high to retrieve accurately the trajectories 

and the analysis stops. 

 
Figure 1. Series of image frames showing the trajectory reconstruction as a function of a given diffusion 
constant (Dpred). Diffusion unit is in µm2/s; time unit (t) is in ms; scale bar = 2 µm. The image series does 
not start at time 0 in order to exemplify the effect of change in Dpred on already existing trajectories. 
 

 
 
 
 
 

 
Figure 2. Calculated diffusion constant (Dcalc) retrieved as a function of Dpred. Diffusion unit is in µm2/s. 

 
 

3. Tracking of QDots: the multi-dimensional image (MIA) analysis 

As already mentioned, the superior brightness and photostability of QDots make them particularly 

attractive for wider (thousands of square-micrometers) and longer (minutes) recording fields than SDs 

(typically up to 1000µm² and few seconds) (Dahan et al., 2003; Groc et al., 2004; Groc et al., 2006; 
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Bats et al., 2007). This allows the simultaneous minutes long recording of many QDots but at the 

obvious price of increased complexity in data analysis. Due to their brightness the use of a faster 

detection algorithm than Gaussian fitting of the signals was possible to reduce the computation time of 

large fields recordings. Detection and tracking of QDots are thus performed with a dedicated multi-

dimensional image analysis software described in Supplementary Methods. This software has been 

developed at the Imaging Facility at the Curie Institute as user-friendly software provided as a plug-in 

for Metamorph (Molecular Device) (http://www.curie.fr). The graphical interface is written in Visual 

Basic whereas the image analysis routines are based on speed-optimized C++ codes. Note that this 

algorithm which is highly appropriate for QDots is however less sensitive than Gaussian fitting and 

could not be used to analyse dimmer objects such as fluorescent dye molecules. 

3.1 Multidimensional Image Analysis software description 

The algorithm retrieves the fluorescence spot positions based on their morphology instead of the 2D 

fitting of the signals. Schematically, segmentation of individual bright objects was performed using a 

dyadic undecimated fast wavelet transform, and trajectory reconstruction was achieved by minimizing 

association costs between successive objects using a simulated annealing algorithm. 

 

3.2. Object segmentation 

Region based segmentation is used to detect bright spots from the backgrounds. The initial image is 

decomposed into a set of wavelet maps that embed different level of details, from the finer to the 

coaster. The implemented wavelet transform is called “à trous” algorithm (Shensa, 1992). It is an 

undecimated (i.e. the coefficient number of each wavelet map is equal to the pixel number of the initial 

image) and dyadic (i.e. the size of the analyzing wavelet doubles between two consecutive maps) 

algorithm. The implemented wavelets (third order B-Spline) (Unser and Aldroubi, 1992) are isotropic, 

thus the detection is more adapted to the segmentation of isotropic objects like in the images of QDots. 

Strong advantages of the “à trous” algorithm are its very fast computation (according to the fast wavelet 

transform) and its good precision (the undecimated property leads to redundant information) (Starck et 

al., 1998). Using the graphical interface, the user needs to choose first, the wavelet map(s) where the 

objects of interests are well defined. Secondly, each map is segmented using user defined threshold 

value which allows the successful extraction of the objects from the background, based on the correct 

morphology of the extracted objects with comparison of the point spread function of the microscope. As 

the threshold is operated in the wavelet maps, the heterogeneous background does not affect the spot 

detection. The segmentation is applied on all the frames with the same parameters (maps and threshold 

values).  

 

3.2.1. Object tracking  

The tracking procedure is resolved as a multi-frame object correspondence problem. For this purpose, 



we use the simulated annealing algorithm for its flexibility for feature correspondence and its ability to 

give results in a very short time (Racine et al., 2006). 

 

3.2.2 Correspondence problem 

This approach takes into account events like “birth” and “death”. We use an energy minimization-based 

approach for object trajectory reconstruction in 2D+t and 3D+t images of cellular and sub-cellular 

structures acquired by video-microscopy. 

For the correspondence problem, an object is allowed to appear and disappear as well as to enter and 

leave the field. This is motivated by the image resolution and signal to noise ratio, often leading to weak 

spots impossible to precisely segment. Moreover, the blinking of the QDots, leads to fluorescent object 

appearance and disappearance which is consistent with birth and death events. We solve the 

correspondence problem using the simulated annealing algorithm for its flexibility to modulate 

constraints according to physical situations, for its rapidity since the number of variables used in the 

energy calculation is low, and finally because it does not require any particular track initialization. 

We use several features to provide a reliable representation for object correspondence. Each object is 

described by its centre of mass c(O) where O denotes an object, its average intensity I(O) and its sum of 

intensity S(O). These features encode a global description of how the object appears. To deal with death 

and birth events, features of a empty object, called dummy object ø are also considered, except that its 

centre of mass is defined by I(ø)=0 and S(ø)=0. 

A connection corresponds to the matching hypothesis between two objects detected in two successive 

frames. We distinguish tree different events as described in Fig. 3A. In the case of a continuation event, 

the two objects from two successive frames are connected. In the case of a death (resp. birth) event, an 

object is connected in the future (resp. past) to a dummy object. The connections must be coherent, 

meaning that each object is connected in the future (resp. past) either to an object of the next (resp. 

previous) frame or a dummy object. The set of connections of all the objects of all the frames is called a 

“coherent solution” (Sol) of the assignment problem.  

 

3.3. Energy functions 

The global energy J(Sol) associated to a coherent solution Sol is defined as the sum of the individual 

energies of all events for all times. The energy of any event can be written as E(A, B) where A is an 

object of the frame i and B of the frame i+1. Depending on the event type, A or B can be a dummy 

object. The energy E(A, B) is defined by: 

E(A, B) = n I   

Where Ec(A,B) =1 for death and birth events and Ec(A,B) = 22
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n defines the number of objects implicated in the event, n = 1 for birth and death events and n = 2 for a 

continuation event. 
2
. represents the Euclidean norm. 2

c
! , 2

I
! and 2

S
! are scale parameters describing 

the standard deviations associated to each feature. In the case of birth (resp. death) events, the 

localization energy Ec(ø,B) (resp. Ec(A,ø)) is set to 1 in order to consider the dummy object ø at a 

distance 
c

! from the object B (resp. A). The energy definition allows to handle the blinking of the 

fluorescent molecules as well as missed detections and false alarms due to segmentation errors. A birth 

event followed by a death event will be considered as a false alarm, while a death event followed by a 

birth event will be considered as a missed detection. In this last case, the object trajectory will be split. 

 

3.4. Simulated Annealing Algorithm 

Thus far, we are able to compute the energy associated to a coherent solution. The objective of 

the algorithm is to find the solution Sol* that best minimizes the global energy. Scale 

parameters 2

c
! , 2

I
! and 2

S
!  are used to control the standard deviations associated to each 

feature. These values change according to the different parameters of the moving objects and 

the acquisition frame rate. They can be set by the user for a particular experiment or guessed 

by resolving the object tracking using a simple algorithm like the nearest neighbor. A first 

solution Sol0 is initialized such as there is no continuation event. We use the simulated 

annealing algorithm (Press et al., 1992) to reach the optimal solution starting from the initial 

solution Sol0 while decreasing the temperature T. At the kth iteration, a local change in the 

solution Solk is tested and eventually kept. All possible local changes are summarized in Fig. 

3B. We consider that the convergence is reached when no more change is allowed, then the 

optimal solution Sol* is obtained.  

The obtained trajectories are exported as a hyper text file, where the statistical information is stored 

(Fig. 4). This file can be loaded in any software for further exploitation of the trajectories, as shown in 

the Fig. 5. The segmented objects can also be exported as a time series of images where each segmented 

object has a unique tag over the time. The user can do a visual inspection of the results to validate them. 

  

 

3.5. Taking into account the blinking of quantum dots: connection of subtrajectories.  

Different approaches can be used to take into account blinking in trajectory reconstructions (Bonneau et 

al., 2005; Bachir et al., 2006). In most cases, a simple method can be used connecting iteratively 

trajectories already constructed during the non-blinking states. To allow the connection, we set criteria 

in time (amount of images without signal) and space (the distance roamed during blinking). More 



precisely, in a given iteration, the last position of the molecule of the first trajectory is connected to the 

first position of the closest following trajectory, only if it is within a time and a spatial limit. The same 

procedure is used for all trajectories and repeated iteratively until no connexions are allowed. The 

QDots observed in D blinks over approximately few seconds as can be seen in the plot of its intensity 

versus time. After reconnection, the movements are successfully tracked over the whole observation 

time. Additional constraints can be added into the reconnection analysis. For instance, blinking period 

that are longer than a determined period (e.g. few seconds) are considered as ending/starting time point 

for trajectories. 
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Figure 3. A, Representation of the selected event types. B, Different changes of configuration operated 
during the optimization algorithm. The grey double arrows indicates that the left configuration can be 
replace be the right one.  
 

 

 



 
Figure 4. HTML file generated by the MIA software representing 2 objects over the time.  

 

 

 

 
 

Figure 5. HTML file loaded in Microsoft Excel to be analyzed.  
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