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Introduction

Many scientific disciplines use spatial point analysis to investigate the underlying generative or patterning processes of sample distribution.  This is especially true for ecological studies where relative positioning of sessile organisms can be used to analyze how individuals interact.  Such techniques can also be useful for examining neuronal structures such as synapse positions and how one synapse’s position might influence that of another. Spatial point analysis, in general, can deliver two types of conclusions: the point-point interaction and the scale of the interaction.  For the point-point interaction, points are said to either repel, and generate a regular pattern, or attract and generate a clustered pattern.  In between these two types of patterns is a random pattern.  Spatial point analysis can either differentiate between clustered and regular patterns, or declare the pattern indistinguishable from random.  In addition, for a regular or a clustered pattern, spatial point analysis can identify the scale.  The scale is the size-range over which a generative process is operating.  For instance, a regular pattern might have a scale of 10, meaning that each point is separated about 10 units from the next point.  For a clustered pattern, the scale refers to the average diameter of point clusters.  Spatial point analysis has been used in the CNS and has indicated that synapses can be distributed randomly (Rusakov et al, 1999), regularly (Meinertzhagen et al, 1998) or in a clustered manner (Szekely et al, 1989).  In order to develop this method further, I have written a software package called PAJ, or Point Analysis in Java.  It is based on the approaches described in “Statistical Analysis of Spatial Point Patterns”, Peter J. Diggle, Arnold Publishers, 2003 ISBN 0 340 74070 1. In PAJ, data is copied into an Excel-like table and various analyses, described below, are carried out.  In addition, a Monte Carlo approach is taken to compare the test data to a randomized set.  The positions of the experimental data set are randomized but the density and test volume are kept the same.  Randomization and analysis of the data set is carried out 100 times and the maximum and minimum value for each analytical test noted.  This represents, by convention, the 99% confidence interval zone for random data.  Regions of potential patterning can be identified as those in which an experimental data analysis deviates out of the random zone. 

Getting started

The program is written in Java and can be either locally compiled (PAJ.java) or used directly as an application (PAJ.jar).  The program is designed to interface directly with Excel.  An Excel template is provided that can be used to graph the data.  Up to 10,000 points, as three columns, representing X, Y and Z coordinates should be copied from Excel and pasted directly into the first three columns of PAJ. Very important: use the PAJ “Paste” option under “Edit” to paste the data into PAJ.  Likewise, use the PAJ “copy” option to take the results back out to Excel.  This converts the Excel data format into PAJ format.  I would like to thank Venkataraman Nagaradjane, Pondicherry, India, for help and advice about this option.  The different analytical tools are run by pressing the appropriate button.  Pressing the “Monte Carlo” button will perform Monte Carlo analysis along with the chosen analytical tool.  Various test data sets can also be introduced: random, regular or fractal (clustered data, but scale-free).  Some of the analysis can take a significant time: in general, rank order without Monte Carlo is best tried first and is the fastest.  Monte Carlo data output is marked as red on the PAJ graphs.  Entered data is ‘scaled’ internally to have a density of 20 points/1000 cubic units.  This makes it compatible with the designed sensitivity of the analytical tools.  To use the Excel template, use “Select All” under ‘Edit” in PAJ and then select “Copy” under “Edit”.  Paste the data into the “data” worksheet in the supplied Excel template.  The data is graphed in the “graph” worksheet.  
Analytical tools

Rank

Rank takes each point and measures the distance to first nearest point, then the second nearest then the third, etc.  The plot is the average of these distances.  Below this plot is the variance of this measure.  If the average distance is higher than random, then the experimental data is regular, and if lower, clustered.  

Density

Density takes each point and stepping out at 0.25 units, measures the ratio of the point density in a sphere centered on that point to that of the bulk density.  For regular data sets, a low ratio is expected immediately surrounding each point. The opposite is expected for clustered points.

Voronoi

For Voronoi analysis, the sample volume is broken down into singles cubes, each with a side of 1 unit.  Each single cube is then assigned to the nearest data point.  The number of cubes, or Voronoi volume, is then summed for each point. This quantifies the unique volume around each point.  The points nearest the outside of the sample are removed to avoid edge effects.  The data are displayed as a frequency distribution of the volumes.  For regular data sets, the volume should be the total volume divided by the number of points and should have low variance.  For clustered points, the peak should be shifted to the left.  

Lacunarity

Lacunarity measures the variance in density at different sample sizes.  The analysis measures the density of 10,000 randomly placed sample cubes and examines how the variance among samples of a certain cube size varies with that cube size.  In general, regular patterns show a wavy line, which has lower lacunarity than random while clustered data has higher variance or lacunarity.  Lacunarity in this analysis is (1+sample variance)/(average variance)^2.  

Known bugs.

The Monte Carlo button is not reversible.  Once pressed, the program has to be shut down in order to cancel this option

The PAJ graphic output is unstable, depending on the screen or system used.  Moving the scrollbar on the side helps right the display.  Use this display only as a guide and for analytical purposes, copy the data into the supplied Excel template.

Future plans

Develop Monte Carlo models based on more varied processes.  For neurons, this would be a Galton-Watson neuron-like branching process with built in self-avoidance and other such potential patterning processes.  Parameters might then be tuned to see what generative process might underlie an observed pattern.

References

Sykes, PA and BG Condron (2004) Development and sensitivity to serotonin of Drosophila serotonergic varicosities in the central nervous system. Dev. Biol. 286:207-216 

Meinertzhagen, IA , CK Govind, BA Stewart, JM Carter and HL Atwood (1998)  Regulated spacing of synapses and presynaptic active zones at larval neuromuscular junctions in different genotypes of the flies Drosophila and Sarcophaga. J. Comp. Neuro. 393:482-492

Rusakova, DA, DM Kullmann and MG Stewart (1999) Hippocampal synapses: do they talk to their neighbours? Trends in the Neurosciences. 22:382-388
Székely, G, I Nagy, E Wolf and P Nagy (1989) Spatial distribution of pre- and postsynaptic sites of axon terminals in the dorsal horn of the frog spinal cord. Neuroscience. 29:175-88
Examples of analysis.
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Regular Test Sample.

Test sample: a regular array of points, each
separated by 4 units and subjected to small amount
of ‘noise’ displacement.

Rank order measures, for each point, the distance
to the first, second, third, etc nearest neighbor. The
ploton the left shows the average of all measures.
The dotted lines show the 99% confidence
intervals, based on 100 samples of randomized
poirts. The fact that the data points are consistertly
higher than random, indicates dispersed poirts.
The steps indicate the scale of the dispersion, in
this case a4 unit grid.

Average Distance.

Density plot

Density measures the ratio of point density,
immediately around any point to that of the bulk
density. The randomized plots show a initial high
spread due 1o the small volume measureed. Over
larger scales, density decreases due to edge
effects. Aregularized data set shows very low
density immediately surrounding a point and then
shows distinctive peaks at 4 unit intervals.

Lacunarity measures the variance of density for
randomly selected and iteratively increased
volumes. As the sample volume (x axis)
decreases, the variance goes up. However, for a
regular sample, at certain volumes, the variance is
either less than, or greater than randomized sets.
This indicates regular data and the peaks the scale.
10,000 measures are taken at each test sample
Cube side volume.

Voronoi tesselation measures the unique volume
around each point. For aregular data set, the
distribution of volumes is much tighter than
randomized data sets.
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Clustered Test Sample.

Test sample: arandom walk of 500 poirts with
astep size of 0.5-4 units. The sample is
expected to be clustered but scale-free.

For rank order, the average neighbor distances
are far shorter than the randomized data sets.
However, no distinct bumps are seen on the
curve. This indicates a scale-free clustered
distribution.

Density is higher than random around each
point. There is a sharp cut-offat 0.5 units due
to the minimum step size.

Lacunarity shows a smooth clustered
distribution. The distribution s clustered over
the entire scale of the analysis.

Voronoi tesselation indicates clustering as the
bulk of the volume distribution is smaller than
the random samples. However, the distribution
does not have a peak, indicating that there is
not a characteristic cluster size. This is again
indicative of a scale-free clustered distribution.
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Neuronal Sample.

Sample is based on serotonin staining of the
Drosophila central visual system (scale=10um, image
courtesy of Dr. John Chen, University of Virginia).
Serotonergic varicosities were classified with
Improvision Volocity on the basis of size and volume
(Sykes and Condron, 2004). Varicosities have a
clustered appearance that is clearly seen by by rank
order and density analysis. However, density
analysis also shows a sharp cut-off at about 1 unit (in
this case 1 um). This likely represents the closest en
passant approach for these varicosities (Sykes and
Condron, 2004). A density peak also occurs at about
2.5um which represents the diameter of these
clusters. This is corroborated by lacunarity analysis,
which indicates that the distribution is
indistinguishable from random up to about 2.5um
(data lines lies between the the dotted 99% Cl). After
2.5um the sample indicates clustering. Voronoi
analysis, in this case, is not very useful as there are
not enough volumes to obtain an useful distribution.




