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Abstract: Fractal analysis in the neurosciences has advanced over the last twenty years to include 
measures such as lacunarity. Lacunarity assesses heterogeneity or translational and rotational invariance 
in an image. In general, measures of lacunarity correspond to visual impressions of uniformity, where 
low lacunarity conventionally implies homogeneity and high lacunarity heterogeneity. It is now 
necessary to review some of the new permutations of this analysis technique and what it can tell the 
neuroscientist. This paper outlines methodological considerations associated with three different types of 
lacunarity analysis applied to the classification of microglial cells. 
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1. INTRODUCTION 

It is well known that form and function are inextricably 
linked. The neuroscientist will be intimately familiar with the 
fact that biological cells characterized by a morphological 
pattern having many relatively thin, long, and branched 
processes, for instance, are well suited to responding to 
information over the volume they span. Several cells of the 
central nervous system assume this sort of structure, 
including neurons and the subject of this paper, microglia. 
Much about the relationship between form and function can 
be learned from analysing patterns, and in recent decades, the 
types of patterns being analysed to learn about biological 
form and function have expanded from more traditional 
features such as density or area to include measures of 
complexity such as the fractal dimension and, the topic of 
interest here, lacunarity. 

2. LACUNARITY 

2.1 Definition of Lacunarity 

The word “lacuna” derived from the word for lake literally 
refers to a gap or pool. In neuroscience, lacunar most often 
describes small, deep “lake like” infarcts left in brain tissue 
after stroke, but in fractal analysis, lacunarity is more 
generally a measure of “visual texture” in images, as is useful 
for studying patchiness in vegetation and forests, for instance 
(McIntyre & Wiens 2000). It has been defined as the degree 
of gappiness, inhomogeneity, and translational and 
rotational invariance in an image (Plotnick, Gardner, & 
O'Neill 1993; Smith, Lange, & Marks 1996). Low lacunarity 
implies homogeneity, equated to having mostly similarly 
sized gaps and little rotational variance, and high lacunarity 
implies heterogeneity, or having many differently sized gaps 

and notable rotational variance. Usually denoted as Λ or λ, 
the general concept is illustrated in Figure 1 below.  

 

Fig. 1. Lacunarity often corresponds to visual impressions of 
uniformity: The top row shows three related patterns; the 
bottom, the same patterns rotated 90°. Heterogeneity and 
rotational variation are evident in the rightmost figure. 

In the figure, the left and centre images have regular gaps and 
are essentially unchanged when rotated. The rightmost 
pattern, in contrast, has many irregular gaps and changes 
noticeably when rotated. Accordingly, as indicated by the 
values shown for Λ, lacunarity increases from left to right 
across the figure. 

Lacunarity is frequently assessed during fractal analysis. The 
details of fractal analysis are beyond the scope of this paper 
(e.g., see Smith, Lange, Marks 1996 for review). In essence, 
fractal analysis assesses scaling inherent in a biological form 
or process, as measured by a statistical index of complexity 
having no units called the fractal dimension (DF). This 
parameter measures not length, width, or height, but scale 
invariant detail, describing complex patterns without 
rendering meaningless the relative numbers of large and 
small measurements within them. (Takayasu 1990) Figure 2 
below illustrates scale invariant detail compared to finite 
detail.  
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Fig 2. Scale Invariant Detail: The top series shows images of 
a fractal pattern, the bottom a non-fractal pattern. In non-
fractals (bottom), as the pattern is successively magnified, 
the level of detail decreases. But in fractals (top), as the 
pattern is successively magnified (considered at a finer 
scale), the level of detail remains the same. Notice that in 
the last image in the fractal series shown here, the level of 
detail decreases owing to limitations of digital imaging; in 
a true fractal pattern, the level of detail would remain 
unchanged infinitely. 

Fractal dimensions are useful for answering questions about 
matters such as how to quantitate the intricacy of a fractal or, 
for our purposes, how one might quantify a microglial cell’s 
morphological complexity. A fractal pattern may be found to 
have one global fractal dimension or may be characterized by 
multiple scaling rules (i.e., multifractality) (Chhabra and 
Jensen, 1998). As will be discussed here, lacunarity analysis 
is relevant to describing both types of fractal. 

2.2 Calculating Measures of Lacunarity  

Several methods have been used to measure lacunarity and 
fractal dimensions. The ones focused on here employ the box 
counting technique implemented in digital image analysis 

software. In sum, box counting is a way of assessing the 
distributions of background and non-background pixels in 
binary digital images representing extracted patterns, such as 
the images already shown in Figures 1 and 2. In non-
overlapping box counting, a series of grids of decreasing 
calibre is placed over an image and for each calibre the pixels 
per box as well as the number of boxes required to cover all 
of the pixels are recorded. (Smith, Lange, & Marks 1996) In 
overlapping or “sliding” box counting, the number of pixels 
per box is assessed using for each calibre, rather than a fixed 
grid, a single element that is systematically moved over the 
entire image such that the element may overlap with a 
previous placement at the next placement (Plotnick, Gardner, 
& O'Neill 1993).  

For both fixed grid (non-overlapping) and overlapping box 
counting, lacunarity is determined from the probability 
distribution for pixels, sometimes called the mass 
distribution. The distribution is determined from the number 
of pixels per box as a function of box size or scale (), which 
is inversely proportional to the box size. Lacunarity at a 
particular  is denoted as λ, calculated as the squared 
coefficient of variation, CV, for pixel distribution: 

	 1 	

where σ is the standard deviation and μ the mean of the pixels 
per box at  (McIntyre & Wiens 2000; Smith, Lange, & 
Marks 1996). For example, when CV2 is equal to 0.25 (i.e. 
CV = 0.50), it means the number of pixels per box varied an 
average of 50% from the mean. To arrive at a single number, 
the values for λ can be summarized as the mean (λ̄) for the 
total number of calibres (E) used: 

̅ ∑
. 2 	

  

A known limitation of box counting is that the pixel 
distribution depends on how an image is scanned. For some 
patterns more than others, placing the non-overlapping box 
counting grid at different orientations yields different results. 
Figure 3 below illustrates how, for a sample image of a 
triangle, different placements of a grid at one box size 
influence the pixel distribution. 

 

Fig. 3. Variation in pixel distribution with grid location. 

This potential for variation means the values in (1) and (2) 
are actually specific to a grid location (). Accordingly, 
another value that can be calculated as a measure of 
lacunarity is the mean (Λ) for the number of grid locations 
(G):  
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∑
 (3).  (3). 

For Λ thus calculated, a higher value means greater variation 
in the distribution of pixels within an image. Λ > 1 means σ 
generally exceeds μ, i.e., there are very large and very small 
clusters of pixels or, in other words, there is considerable 
heterogeneity in an image. 

Λ is a single practical measure that can be compared to other 
measures. But in order to arrive at one number, the 
calculations described in (1) to (3) assume that there is 
minimal variation first with  and, second, within λ for any . 
This is not always so, though sometimes there is significant 
variation in either or both. For the first case, one way to 
assess the effect of  is to look at the variation in Λ itself 
according to (4): 

	 	 ⁄  (4) 

where σ(λ̄) is the standard deviation and μ(λ̄) the mean for all   
λ̄. 

For the second case, variation within λ can be assessed from 
the relationship between λ and  for any . Plotting the ln-ln 
graph for λ and  shows how heterogeneity depends on the 
scale at which it is measured. If the slope is linear, another 
measure of lacunarity can be found from the ln-ln linear 
regression line. In this case, the data are transformed by λε+1, 
because a completely homogeneous image will not vary in 
pixels per box, so that σ at some ε will be 0, and according to 
(1) λε=(σ⁄μ)

2=0, which is intuitive but also means that the ln of 
λε and therefore the slope of the ln-ln regression line for λε 
and ε would be undefined. By transforming the data to λε+1, a 
completely homogeneous image has a slope of 0, 
corresponding to the idea of no rotational or translational 
invariance and no gaps. 

In contrast, if the slope is not linear, then the assumptions 
made so far using the mean or slope are not valid. Graphs that 
are clearly not linear are typically associated with 
multifractals, and Λ in such cases has to be considered in the 
light of the variation in λε with ε (see Figure 3). 

 

Fig. 3. Graphs of λε vs.  from sliding box lacunarity scans. 
The graph shows typical relationships between λε and ε 
for non-fractal (bottom), mono-fractal (middle), and 
multifractal (top) patterns from a sliding box count. The 
slope is generally linear if the pattern is not multifractal. 

2.3 Calculating the Fractal Dimension 

As was the case with lacunarity, fractal dimensions can be 
calculated by several methods. Each has its associated 
strengths and weaknesses, where the fractal dimension 
obtained for a single image may be different with each 
method (Jelinek and Fernandez 1998). In box counting, the 
fractal dimension is calculated from the pixel distribution or 
from the number of boxes required to cover all of the pixels 
(N). The fractal dimension using N is derived from the basic 
scaling relation: 

 (5), 

which is then solved for the DF: 

 (6). 

In box counting practice, the relationship between N and  is 
statistical, so the DF is based on the limit:  

lim →  (6) 

calculated as the slope of the linear regression line for the 
series. As was noted, with box counting, grid orientation can 
affect the pixel distribution, so to address this, the mean 
fractal dimension over all grid orientations can be used. 

Another value for lacunarity has been derived when the 
fractal dimension is calculated in this way, called the 
prefactor, denoted by A-1 in the scaling relationship derived 
from the regression line: 

 (7) 

where A is calculated from the y-intercept i, for the regression 
line as: 

 (8). 

2.4 Lacunarity and the Fractal Dimension  

Something to consider when interpreting lacunarity in a 
fractal analysis is that the fractal dimension and lacunarity 
may be correlated. Smith, Lange, and Marks (1996), for 
instance, found that values they calculated for lacunarity were 
negatively correlated with a mass related fractal dimension. 
Our lab similarly found for a sample of 11 computer-
generated test patterns that different types of lacunarity were 
moderately negatively correlated with the box counting 
fractal dimension.  

But the relationship between the fractal dimension and 
lacunarity is not simple. Prefactor lacunarity, for instance, is 
highly dependent on box size and is generally redundant with 
the fractal dimension. Thus, we do not use prefactor 
lacunarity in the analysis of microglia reported in this paper. 
Moreover, as illustrated in Figure 4, the correlation between 
Λ and the box counting fractal dimension may be positive or 
negative, depending on the images/patterns being analysed. 
The figure shows that for a series of grids of decreasing 
calibre (i.e., increasing density), Λ mainly decreased as the 
box counting fractal dimension increased, but for a series of 
increasingly complex fractal contours, as density but also 
detail increased, clusters of different sizes appeared and Λ 
increased.  
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Fig. 4. A: Four simple grids the same width and height but 
getting denser. As the fractal dimension approaches the 
theoretical of 2.0 for a completely filled plane, Λ rises 
then decreases. B: Four 8-segment fractal contours the 
same width and height, but getting more complex. As the 
fractal dimension approaches theoretical (1.5 in this 
example), Λ increases. 

The general results exemplified in Figure 4 suggest that 
lacunarity and the fractal dimension may be correlated in 
some instances, but are not necessarily redundant. Indeed, as 
Figure 5 below illustrates, we have found that sometimes 
patterns indistinguishable by their fractal dimensions are 
distinguishable by their lacunarity, or vice versa. 

 

 

Fig. 5. Lacunarity vs. Fractal Dimension: Although A-K vary 
notably in the fractal dimension they vary less in Λ, i.e., 
they are relatively homogeneous or translationally 
invariant. F, G, and L have similar fractal dimensions but 
varying Λs describing similar complexity but differing 
heterogeneity. Higher Λ in M compared to the similar 
pattern in I corresponds to M’s greater visually obvious 
heterogeneity. 

 

3. LACUNARITY ANALYSIS OF MICROGLIA 

The methods of fractal and lacunarity analysis have been 
applied to many phenomena in neuroscience. We applied 
these methods to microglia, immune-inflammatory cells that 
reside in the central nervous system. Microglia, generally 
found in intimate physical proximity to neurons, perform 
vital roles in neurodevelopment as well as normal and 
pathological brain. They are especially well-suited to 
morphological analysis because they are morphologically and 
functionally dynamic entities, where their form is a strong 
indicator of their current function. (Dailey & Waite 1999; 
Kreutzberg 1995; Male and Rezaie 2001; Streit 2002). 
Indeed, microglia are classified as “resting”, “intermediate”, 
or “activated”, corresponding to a spectrum through which 
they cycle ranging from a highly branched sentinel form to a 

highly condensed macrophage form (see Figure 6).  

Fig. 6. Essential microglial morphology: Silhouettes 
highlighting the cycle of activation with typically 
associated gross morphological changes in microglia. 

Looking at microglia in a variety of paradigms including 
Alzheimer’s disease, schizophrenia, stroke, and other 
disorders, our lab and others have published work showing 
that microglial activation state can be objectively quantified 
using the box counting fractal dimension (see Figure 7). The 
fractal dimension is a sensitive index that discerns not only 
the major categories of microglial activation but also subtle 
changes in microglial activation that are not visually 
detectable. (Karperien et al., 2008a,b; Soltys et al 2001)  

 

Fig. 7. Branching in a ramified resting microglial cell. The 
left side of the figure shows a microglial cell silhouette 
overlain with markers showing a branching pattern 
repeated at finer and finer scales. The right shows the 
branching pattern without the silhouette. Identifying and 
measuring such features manually is impractical; fractal 
analysis conveniently quantitates the complexity in 
microglia. 

 

Using cultured cells, we have also found that lacunarity 
analysis can be a useful supplement to the fractal dimension, 
where the cycle portrayed in Figure 6 is characterized by 

RESTING 

INTERMEDIATE 

ACTIVATED 
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generally decreasing complexity and lacunarity as cells cycle 
toward a more activated state, then increasing complexity and 
lacunarity as they return to a resting state (Jelinek et al., 
2008). We have also found through in silico modelling of 
microglia (unpublished results), that although the fractal 
dimension is generally more sensitive on the whole, Λ is 
more sensitive to changes in some features of microglial 
morphology manipulated in computer simulations. The work 
reported here expands on previous work and looks at the 
utility of the fractal dimension and lacunarity in a variety of 
pathological paradigms. 

3.1 Methods and Results of Lacunarity Analysis 

Using the same basic techniques described in our previous 
work cited above, we performed box counting lacunarity 
analysis on 277 microglial cells published in the literature, 
from a variety of species and pathological states. As 
described in our previous work, we outlined and converted 
the images to binary patterns using a Wacom© tablet, and did 
the analysis using FracLac for ImageJ, software published by 
our lab and freely available through the U.S. National 
Institutes of Health’s website (Karperien 2011; Rasband 
2011). We also used FracLac to calculate traditional 
measures such as the overall size and shape of the space 
covered by a cell, the density of pixels in an image, etc. 

We considered the cells from two perspectives: as the entire 
sample set and in relevant groupings (e.g., activation state). 
Overall, we found that the fractal dimension and lacunarity 
were both generally moderately positively correlated with the 
number of foreground pixels, and that lacunarity but not the 
fractal dimension was generally weakly negatively correlated 
with density (pixels per area). But for other measures, the 
results depended more on the source of the cells and 
activation state. In particular, for the overall analysis, we 
found that the fractal dimension and lacunarity were 
positively correlated, but when cells were considered by 
activation state, the correlation was strong only for the most 
reactive cells (i.e., those with generally the lowest 
complexity).  

In general, in line with results reported in our previous 
studies, both lacunarity and the fractal dimension decreased 
as cells became more activated. We assessed in detail how 
lacunarity and the fractal dimension distinguished activation 
state within groups of cells using paired t-tests, effective in 
removing effects of irrelevant individual differences and 
sensitive to small changes, to test cells at a significance level 
of 0.05. Traditional measures such as shape, area, and density 
did not consistently differentiate categories, but both 
lacunarity and the fractal dimension distinguished most 
activation states, where the fractal dimension was better able 
to distinguish between more closely related states. There was 
some variation associated with the sample itself. For 
example, both lacunarity and the fractal dimension 
distinguished most activation states in microglia from human 
brain tumour and elderly human cortex, but lacunarity 
performed better in elderly human cortex than in tumour. 

We also investigated the correspondence between visual 
rankings and the objective measures we obtained. For this 

aspect of our investigation, we looked at the cells in groups 
based on their source (e.g., we compared all of the cells from 
OX-42-stained microglia from rat spinal cord to each other). 
For most samples, a correspondence with activation state was 
not apparent when cells were ranked using more traditional 
measures such as circularity, pixels, or density. For some 
samples, ranking by the size and shape a cell spanned 
corresponded moderately well with obvious changes in 
activation state. In keeping with our previous results, though, 
the correspondence with activation state was much more 
evident for lacunarity and the fractal dimension. Although 
ranking cells by lacunarity corresponded less closely than by 
the fractal dimension, ranking by lacunarity corresponded 
particularly well with visual impressions of the changing 
relationship of process length relative to soma size. We also 
found that combining lacunarity and the fractal dimension 
separated cells with very close fractal dimensions, as Figure 8 
illustrates for two samples of cells.  

 

Fig. 8. Lacunarity vs. Fractal Dimension: Top: Microglia 
from a human white matter lesion; Bottom: Microglia 
from rat striatum. Similar to what was noted for 
theoretical images, lacunarity was in some cases 
moderately correlated with the fractal dimension, but 
distinguished cells having overlapping fractal dimensions. 

3.2 Lacunarity and Multifractality 

We used sliding box lacunarity and looked at the variation 
over  to assess multifractality. Most of the graphs resembled 
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the patterns seen in monofractals. About 5% of the microglia 
showed nontypical or “pseudomultifractal” patterns, but none 
showed variation that could be considered strictly typical for 
multifractals. Ramified resting cells were especially likely to 
be classified as pseudomultifractals (12% of ramified cells 
but 5% or less for the rest). In some instances, the 
pseudomultifractals were characterized by visually detectable 
features suggesting they were in a transitionary state between 
categories (e.g., having one long, branched process rather 
than several), but further investigation is warranted to 
understand the meaning of multifractal scaling in microglia. 

 

4. CONCLUSIONS 

Previous studies have established that fractal analysis is a 
valuable objective measure for classifying microglial 
morphology as related to microglial function. In this paper, 
we report that lacunarity can be a useful complement to 
typical fractal analysis. The value measured as lacunarity 
here proved especially valuable for quantifying differences in 
cells within the usual activation level categories and in 
different pathological paradigms. We also found that sliding 
box lacunarity plots can identify multifractal scaling in some 
microglia. 

The underlying physiological correlates of differences in 
heterogeneity in different activation states and under different 
circumstances is unknown, as is the significance of pseudo-
multifractality as identified by sliding box lacunarity plots. 
High heterogeneity and rotational variance could reflect 
transitional states, cellular motion, or shearing forces, for 
instance, related to processing tissue in the lab or events 
within the brain. 

Multifractality may also reflect transitional states. Such 
differences have been too subtle to detect or quantify in the 
past when microglia have been classified, but the ability to 
differentiate and quantitate subtle differences in morphology 
could have important implications for the study of microglia 
and enhance our understanding of microglial involvement in 
several disorders. Transitional states may be especially 
relevant to chronic neurodegenerative diseases and protracted 
responses such as the initial response and later healing after 
stroke or trauma. Further investigation is necessary to clarify 
the implications of these findings. 
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