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Abstract 

Microglia affect and are sensitive to events in the central nervous system, changing in 
morphology and function as they respond to and resolve disruptions.  Monitoring 
microglia is, therefore, an important goal of neuroscience.  We investigated 
morphological changes in cultured mouse microglia, using the box counting fractal 
dimension (DB), lacunarity (Λ), and other measures.  The DB and Λ corresponded well to 
visually applied classification systems of these cells.  Complementing such systems, 
which depend on grossly visible differences between cells, the DB also differentiated 
between visually indistinguishable microglia in different functional states (i.e., 
deramifying versus reramifying).  The results suggest that fractal analysis may help 
determine if a microglial cell is “resting”, rousing itself for action, acting subtly, or 
returning to a resting state.  Because of the awesome potential microglia have to affect 
events in the central nervous system, the implications of this for the study of human 
health and disease are profound.   

 

1. Introduction 

Microglia are neuroimmune cells currently garnering interest for their potential roles in 
human health and disease.  Integral central nervous system-resident immune cells, microglia 
may be found at any time in any combination of activities ranging from nurturing neurons to 
eroding extracellular matrix.  They have, as such, been implicated in virtually anything 
affecting the human brain and spinal cord (e.g., neurodevelopment, trauma, schizophrenia, 
stroke, multiple sclerosis, and Alzheimer’s disease).  Microglia may respond abruptly and 
stop, as in the case of transient ischaemia, for instance, or may respond protractedly, as in the 
neurodegeneration of Alzheimer’s disease or the evolving response and healing after trauma. 
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 As microglia respond to their environment, they undergo several changes in function such as 
in migratory, phagocytic, and antigen presenting capacities.  As they change function, they 
also change form, evolving continuously and at different rates on several fronts.  (Dobrenis, 
1998; Ellison, Barone, & Feuerstein, 1999; McGeer & McGeer, 1999; Schmitt et al. 1998; 
Smith 2001)  

Microglia in normal adult human CNS are generally small-bodied cells with multiple 
branched extensions; cultured microglia are similarly complex but appear somewhat different 
than microglia in tissue.  In both cases, however, as microglia respond to noxious stimuli (i.e., 
become activated), they may extend or retract fine processes or fringes and on a more obvious 
level, processes may swell or shrink in diameter, and may spread out or wind in. Cell bodies, 
too, may grow or shrink and membrane detail may change in many ways.  Despite the 
potential for variation implied by such multifarious changes in size, shape, and complexity, 
microglia are generally categorized into only a few morphologically distinct categories.  
These are generally called, in sequence, resting (or ramified), hypertrophied, bushy, and fully 
reactive, where the morphological continuum is essentially paralleled by a functional 
continuum.  (Kreutzberg  1996; Rezaie et al. 2002; Stence, Waite, Dailey 2001) 

Because microglial morphology changes along a continuum that reflects a host of 
influences and events, when comparing microglia in different settings, the same numbers of 
cells in a subjective category might be found despite there being subtle but important 
differences in what the cells are doing.  Subtle but meaningful morphological differences may 
be detectable by methods that evaluate morphological features at a finer level than permitted 
by standard categories based on cell body size or the presence and nature of filipodia, for 
instance.  We explored this possibility for cultured mouse microglia exposed to varying 
degrees of stimulation and allowed to respond to and recover from activating stimuli. We 
used methods based on fractal theory.  Fractal analysis, a technique sensitive to subtle and 
overt differences in the complexity of patterns, has been used to quantitate morphological 
features of several biological cells, including different types of glia. (Fernandez & Jelinek, 
2001; Smith et al. 1991; Soltys et al. 2001)  In particular, we used the box-counting 
dimension (DB), an elegant measure of morphological complexity, and lacunarity (Λ), a 
measure of heterogeneity, as well as some other morphometrics. 

2. Materials and Method 

We assessed previously published images of cultured mouse microglia marked by 
immunohistochemistry for microglial αMβ2 integrin.  These cells were activated to graded 
degrees by being exposed to varying concentrations of a stimulus such as brain cell 
membranes, in one setting, and followed over time after exposure to and removal of that same 
activating stimulus in another setting.  Cells were from newborn mice and grown in astrocyte 
co-cultures; details of the culture and staining method are published elsewhere (Bohatschek et 
al. 2001).  The mouse cells were classified using standard criteria for a progression of 
categories through ramified, hypertrophied, bushy, and activated states (see Figure 1).  
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 Bushy  Activated/Reactive  Resting Hypertrophied 

Binary silhouettes from contours drawn from images published in Schmitt et al. 1998, 
illustrating typical patterns of cultured mouse microglia. 

Fig. 1. Typical categories of microglial morphology 

2.1 Pattern Extraction and Morphological Analysis 
Images were processed and analyzed using a Dell Pentium 4, 2.66 GHz computer.  In 
grayscale images at 72 dpi, regions of interest were automatically and manually segmented, 
backgrounds were removed, and contrast was enhanced using ImageJ (Rasband 2004) and 
Adobe PhotoShop LE.  Using multiple layers, final contours were traced with a Wacom 
Graphire tablet and pen and converted to binary.   

Various parameters were measured using FracLac, software written in our laboratory and 
implemented on ImageJ.  Complexity of the contours was measured using the minimum cover 
slope-corrected DB from a 4-origin count with a maximum box size of 45% of the pixelated 
part of the image containing a contour.  Heterogeneity, Λ, was measured as the squared 
coefficient of variation for pixels per box from the box counting routine.  (Smith, Lange, 
Marks 1996)  Other image and cell features measured using FracLac included the number of 
foreground pixels in the contour and the density as the total foreground pixels divided by the 
area of the convex hull enclosing the contour (reported in pixels/pixels2).  Relative cell size 
was measured using the cell span, as the largest diameter through the convex hull (i.e., the 
longest line connecting two contour points of the convex hull) and reported in pixels.  Span 
was supplemented by the relative total area of a cell’s span (i.e., the area in pixels2 of the 
convex hull).  Overall shape was measured using circularity as the ratio of the hull’s 
perimeter to its area (i.e., a circle = 1.00).   Circularity was supplemented by the span ratio, a 
measure of elongation (i.e., the longest axis through the ellipse fitted to the convex hull 
compared to that axis’s orthogonal axis).  Details of these morphometrics are outlined in the 
software's user's manual (Karperien 2004). 

2.2  Statistical Analysis 
The proportions of cells in different morphological categories with each treatment were 
compared, and the independence of the DB and Λ and other measures was assessed using t-
tests for correlations.  Between groups and within group variation was assessed for 
morphological category and treatment.  Whether groups of cells differed on the 
morphological features measured was answered using ANOVA, t-tests assuming equal 
variances, and paired t-tests.  Probabilities (p-values) less than or equal to 0.05 were 
considered significant. 

3. Results 

From six groups exposed to different levels of stimulus, 303 cells were counted and 
patterns were extracted from 197 of them (not all cells were useable due to overlap of images 
or incomplete illustrations).  From groups that were followed over time after being exposed to 
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the stimulus and then after having it removed, 423 cells were counted and 264 contours 
analysed.  For each group, the proportion of useable contours was high and there was no 
evidence suggesting the relative proportions of cells analyzed differed from those in the 
original samples (z-test for proportions; p≥0.05).  For the samples analyzed, the proportion of 
cells in each category became progressively more activated as judged by our morphological 
analysis, in accordance with the original published results (see Figure 2).  

 

 
Fig. 2. Proportions of cells in each morphological category according to level of 

stimulus (top) and after addition and removal of a stimulus (bottom) 

3.1 Correlations 
When all of the microglia were considered as one group for each series, some measures were 
strongly correlated.  Circularity and the span ratio, for instance, were significantly and 
strongly negatively correlated.  In addition, the DB and Λ were strongly positively correlated 
with each other and to varying degrees with other measures (e.g., size and pixels more than 
density; see Table 1 for correlations over the time series). 

 

Table 1. Correlations for astrocyte co-cultured mouse microglia exposed to brain 
membrane and followed over time 

 DB Λ 

(N=263 Cells) r p r p 

Pixels  0.77 «« 0.77 «« 

Density -0.41 «« -0.64 « 

Circularity -0.22 «« -0.28 «« 

Span Ratio 0.22 « 0.20 « 

Area 0.65 «« 0.74 «« 

Cell Span 0.70 «« 0.77 «« 

Λ 0.70 «« - - 

NS=not significant; ««=<0.001; « = <0.01 

 

Despite the correlations overall, however, the DB and Λ were not surrogates for other 
features, including image-related features.  When the cells were considered in subgroups, 

Amount (µg) of brain membrane added per 100 mL 

0.00 20.0 40.0 

 

6.67

Resting Hypertrophied 

2.220.74

 Activated/Reactive  Bushy 

3 12 24 48 72

Remove-3-6-24 -48-96

Add

Hours after addition and 
removal of brain 
membrane 
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relationships amongst measures depended on how the groups were assembled.  In both 
samples, the association between the DB and Λ for resting ramified cells was weak to not 
significant, yet for all other cells was moderately positive and significant (see Figure 3).   

 

 

0.8

1.3

0.1 0.6

All cells
combined

0.8

1.3

0.1 0.6

Bushy Ramified

 
Fig. 3. The relationship between the DB (x-axis) and Λ (y-axis) depended on the 

morphological category for cultured mouse microglia exposed to brain cell 
membrane then followed over time.  For the entire time series shown here, the 

overall positive correlation (all cells combined) was broken down into a positive 
one for bushy and essentially none for ramified cells.   

3.2 Differences between Categories 
On most morphological measures, activation-related categories were significantly different.  
Category coincided with certain ranges of size, shape, complexity, and visual texture, with, 
for the graded series, two exceptions.  Resting and hypertrophied cells, although they had 
significantly different DBs, were not significantly different on all of the other measures (e.g., 
Λ was identical p=0.92; power=95%; see Table 2).  In addition, the temporally somewhat 
distant resting and bushy cells were significantly distinguished by the breadth, shape, area, 
circularity, and Λ of the two dimensional space they covered, but not by their DBs (p=0.29, 
power=95%).  For the cells followed over time, however, each category was clearly 
distinguishable from all others by the DB and Λ as well as by most measures of size and 
shape. 

3.3 Differences within Categories 
Despite being validated as separable categories associated with morphological differences, 
when within category variation was investigated, the categories were remarkably different.  
Comparing groups of cells within a category but exposed to different stimuli revealed that 
categories overlapped to different degrees on different features, some more than others.  In 
many cases, cells exposed to different levels of stimulation were classified in the same 
category, but the category could be further distinguished according to the level of stimulation. 

Ramified   Unactivated cells slowly changed with increasing stimulation.  In the graded 
series, no differences were significant between unstimulated ramified cells and ramified cells 
at the first level of exposure.  Some were—density, size, circularity, and the span ratio—
between cells in the unstimulated and second level groups.  From the second level to the third, 
changes in size and shape and small decreases in the DB and Λ were significant. 
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For the time series, similarly, various features of ramified cells changed significantly over 

time.  Overall, ramified cells that were de-ramifying were significantly different in size, 
shape, and complexity from ramified cells that were re-ramifying, but there were also 
differences between distinct periods.  Cells that were classified as ramified 24 hours after 
removal of the stimulus were significantly different in shape, size, and complexity from 
unstimulated ramified cells, for instance, and cells at 48 hours were smaller, less complex, 
and had lower Λ values than at 96 hours.  In addition, many cells at 96 hours after removal of 
the stimulus were classified as ramified, but looked subtly different from unstimulated resting 
cells, and these vaguely discernible differences were quantitated as the re-ramifying cells 
being slightly larger, less elongated, and, most pertinent here, more complex than the 
unstimulated ramified cells. 

 

Table 2. Means and p-values for paired t-tests for classes of cultured mouse 
microglia exposed to graded levels of a stimulus 

 DB Λ Density Pixels Area Circularity Span Span Ratio 

Ram 1.33 0.36 0.25 308 1284 0.73 54 1.92 

Hyp 1.37 0.36 0.26 357 1503 0.76 44 1.78 

p 0.05 NS 0.92 NS 0.70 NS 0.37 NS 0.49 NS 0.38 NS 0.82 NS 0.52 

Hyp 1.37 0.36 0.26 356 1503 0.76 55 1.78 

Bush 1.31 0.30 0.27 227 877 0.82 40 1.48 

p 0.02 « NS 0.52 « 0.03 0.02 « NS 0.10 

Bush 1.31 0.30 0.27 227 877 0.82 40 1.48 

Act 1.12 0.15 0.34 57 178 0.87 17 1.34 

p «« «« «« «« «« « «« NS 0.14 

Ram 1.33 0.36 0.25 308 1284 0.73 54 1.92 

Bush 1.31 0.30 0.27 227 877 0.82 40 1.48 

p NS 0.29 « NS 0.28 0.01 « « «« 0.02 

Ram 1.33 0.36 0.25 308 1284 0.73 54 1.92 

Act 1.12 0.15 0.34 57 178 0.87 17 1.34 

p «« «« «« «« «« «« «« « 

Hyp 1.37 0.36 0.26 357 1503 0.76 55 1.78 

Act 1.12 0.15 0.34 57 178 0.87 17 1.34 

p «« «« «« «« «« «« «« 0.01 

NS=not significant; ««=<0.001; «=<0.01 

  

Hypertrophied   For the graded series, hypertrophied cells fluctuated significantly on 
different measures (increasing and decreasing in the DB, Λ, and circularity) between some 
nearby low levels of stimulation as well as between more distant levels.  For the time series, 
the results for hypertrophied cells were similar to those for ramified cells in that 
hypertrophied cells differed (in Λ and size) overall in the responding and recovering groups.  
Cells initially changed significantly in the DB between the earlier stages just after the stimulus 
was removed, then as time went on, changes were less significant between stages. 

 Bushy   For most cells in the graded series that were classified as bushy measures of size 
and complexity regardless of the level of stimulation were the same.  Bushy cells that were 
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not very highly stimulated had significantly higher Λ and circularity, than bushy cells in the 
highly stimulated groups.  For the time series, the DB peaked then decreased as time went on 
after the stimulus was added, then, in essentially the reverse pattern, increased to a peak with 
a small decrease after it was removed.  Overall, bushy cells that were newly exposed to 
stimuli had significantly lower DBs compared to bushy cells that had had stimuli removed, 
although no other measures were showed significant differences. 

Activated/Reactive   Activated or reactive cells were present in three of the groups in the 
graded series.  In the second and third most highly stimulated groups, they differed 
significantly from each other only in size and pixel density.  Reactive cells in the most highly 
stimulated group, however, were different from both other groups (e.g., they were 
significantly smaller, more circular, less complex, and less heterogeneous).  In the time series, 
activated cells were present in five of the groups, not appearing until 24 hours after the 
stimulus was added.  They dropped slightly in complexity as time went on, then rose again 
after the stimulus was removed. As was the case with the graded series, differences were most 
notable between the most and least highly stimulated groups. 

3.4 Morphological Differences between Treatment Groups 
Morphological differences were also evident when cells were considered by level of 
stimulation and over time.  For both groups, the DB and to a lesser extent Λ were better than 
other measures in distinguishing the smallest differences between categories.  At a rather 
subtle level, between control and the lowest level of stimulation, for instance, the DB was the 
only measure for which differences reached significance. The results of t-tests evaluating 
differences by stimulation level for successive levels of added membrane are listed in Table 3.   

 

Table 3. Means and p-values from t-tests for morphological features of cultured 
mouse microglia exposed to successively greater concentrations of membrane. 

µg of 
membrane DB Λ Density Pixels Area Circularity Span Span Ratio 

0.00 1.33 0.33 0.25 289 1209 0.77 49 1.66 

0.74 1.37 0.34 0.25 345 1461 0.77 55 1.79 

p1 «« NS 0.49 NS 0.82 NS 0.08 NS 0.18 NS 0.97 NS 0.12 NS 0.43 

0.74 1.37 0.34 0.25 345 1461 0.77 55 1.79 

2.22 1.31 0.31 0.28 229 912 0.69 48 2.30 

p2 «« 0.05 NS 0.10 «« « « NS 0.06 0.04 

2.22 1.31 0.31 0.28 229 912 0.69 48 2.30 

6.67 1.22 0.24 0.31 137 512 0.80 30 1.66 

p3 «« «« 0.04 «« « «« « « 

6.67 1.22 0.24 0.31 137 512 0.80 30 1.66 

20.0 1.17 0.23 0.27 121 485 0.80 30 1.63 

p4 0.02 NS 0.84 «« NS 0.40 NS 0.76 NS 0.96 NS 0.89 NS 0.79 

20.0 1.17 0.23 0.27 121 485 0.80 30 1.63 

40.0 1.12 0.16 0.32 62 206 0.87 18 1.36 

p5 «« «« «« «« «« «« « « 

NS=not significant; ««=<0.001; «=<0.01 
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Whereas the DB was most successful in discriminating between subtle morphological 

differences, most measures differed when comparing groups of cells at stimulation levels that 
were far apart, as outlined in Table 4 for the graded series.   

 

Table 4. p-values from t-tests comparing cultured mouse microglia in groups 
exposed to distant levels of stimulus 

µg of membrane DB  Λ Density Pixels Area Circularity Span Span Ratio 

0.00 vs. 2.22 NS 0.26 NS 0.22 NS 0.09 0.05 NS 0.08 « NS 0.64 « 

0.00 vs. 6.67 «« «« «« «« «« NS 0.22 « NS 0.99 

0.00 vs. 40.00 «« «« NS 0.09 «« «« NS 0.28 «« NS 0.79 

0.00 vs. 40.00 «« «« «« «« «« «« « « 

0.74 vs. 6.67 «« «« «« «« «« NS 0.19 «« NS 0.39 

0.74 vs. 20.0 «« «« NS 0.11 «« «« NS 0.24 « NS 0.25 

0.74 vs. 40.00 «« «« «« «« «« «« «« «« 

40.00 vs. 6.67 «« «« NS 0.46 «« «« «« «« «« 

2.22 vs. 20.00 «« «« NS 0.61 «« «« «« «« «« 

2.22 vs. 40.00 «« «« «« «« «« «« «« «« 

NS=not significant; ««=<0.001; «=<0.01 

 

Different morphological features of cells evolved differently as the level of stimulation 
progressively increased and as time from addition or removal of the stimulus increased. Cells 
exposed to the third level of stimulation in the graded series were markedly less circular, on 
average, than any other group, but were also more variable, spreading over a broader range of 
circularities than at other levels of stimulation.  Moreover, the variation in some other 
morphological features (e.g., Λ) similarly broadened at this level, whereas for others (the DB) 
it did not. 

 

In general, after removal of the stimulus, cells were classified as progressing in reverse 
from highly activated to bushy to hypertrophied to ramified, but there were some objectively 
quantified differences suggesting that deactivation proceeds through a different pattern of 
changes than does activation.  Figure 4 illustrates this for the DB and Λ . 
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Fig. 4. The DB and Λ for microglial responses over time.  The trends during 

deramification after exposure to an activating stimulus (left) differed in some 
respects from reramification after its removal (right).  For both graphs, the data 

points show the mean DB or Λ respectively for cells at each stage of the time 
series, starting with addition of a stimulus then 3, 12, 24, 48, and 72 hours 

afterward on the left graphs.  The right graphs show removal of the stimulus then 
3, 6, 24, 48, and 96 hours afterward.  The inset shows, for comparison, the trend 

in the DB from the series exposed to graded levels of a stimulus 

 

4. Discussion 

This investigation measured several morphological changes associated with different degrees 
and types of stimulation of microglia, focusing on how complexity and visual texture evolved 
as cells became activated and de-activated to varying degrees.  Cells were classified and 
counted and variability within classes along several morphological features was quantified, as 
an alternative to classifying individual cells subjectively.  The categories used in this 
investigation were validated by quantifiable differences in morphological features, but 
significant variation within those categories and with different types of stimuli and response 
stages supported the argument that details can matter.  That is, measures of the size and shape 
of the 2-dimensional space occupied by a cell were useful in describing different levels of 
activation, but measures of complexity and heterogeneity were sensitive to even subtle 
features of changes in that space with changes in stimulation as shown in Tables 3 and 4.  
Limitations and implications of these results are discussed here. 

Two points to consider first are the validity and generalizability of the results.  First, the 
independence of the DB and Λ from image-related features and other, easily measured 
morphological features was assessed.  When all the cells were considered together, the DB 
and Λ were strongly positively correlated with each other and were also correlated with pixel 
density and measures of cell size and shape (more with size than shape).  However, for each 
treatment and category, the strength and presence of correlations varied.  Thus, this suggests 
that the DB and Λ were not redundant for interpreting morphological attributes of cultured 
mouse microglia and the changes observed with respect to activation and deactivation.  
Second, these were cultured mouse cells.  Cultured cells bear some differences from cells 
found in tissue, and mouse cells under any circumstance are not necessarily comparable to 
human cells in vivo.  Nonetheless, the relative patterns of change in the DB found here 
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generally agree with trends we have found in our laboratory for microglia in other 
pathological models including Alzheimer’s disease and schizophrenia.  Thus, the results 
found here for morphological complexity at least should be broadly generalizable to other 
microglia.   

  The work reported here has several implications for the study of microglia.  Although 
visually assigned categories corresponding to presumptive activation states were well-
distinguished by morphological features, in all of the groups studied, cells in the same 
category differed from each other depending on the stimulation they were exposed to.  As 
outlined in Tables 2 to 4, the assessments done here quantified how features changed 
concomitantly but not always in regular correspondence with each other.  This investigation 
quantitated that resting cells at lower levels of stimulation first became less complex with a 
lower Λ, then grew smaller and changed the overall shape of their span before they could be 
classified as hypertrophied; hypertrophied cells jumped around somewhat in shape and 
complexity with different levels of stimulation; bushy cells were generally less variable on 
most measures including complexity although they did vary in shape at different stimulation 
levels; and reactive cells were very different in complexity and all measures when most 
highly stimulated compared to when less stimulated.  This variability within categories adds 
to other findings in our laboratory whereby cells of the same category were found to be 
significantly different depending on where in the brain they were found, for instance.   

The DB in particular but also Λ were sensitive to most changes associated with different 
activation levels.  Whereas cells separated by greater differences in stimulation could 
generally be distinguished by many measures (usually including measures of size), the DB 
stood apart as the only measure consistently sensitive to the smallest changes in stimulation 
overall.  In this respect, it was shown that for both groups, subtle changes along the 
continuum of changing microglial morphology, potentially indicators of microglial activation, 
are sometimes missed by standard classification systems.  For the graded series, for instance, 
assessing the level of activation in terms of the number of ramified as opposed to unramified 
cells missed a difference between control cells and cells at the lowest level of stimulation 
(Bohatschek et al. 2001).  The difference was evident on inspection as a difficult to define 
mildly swollen or hypertrophied state with 0.74 µg of brain membrane added, but with no 
obvious changes in size or overall shape.  This difference was, however, significantly 
detected by the DB (but no other measure). This subtle change as detected by fractal analysis 
provides the basis for a more in depth investigation of functional changes along the activation 
continuum..  

Moreover, for the time series, cells recovering after removal of an activating stimulus 
differed on several measures from their presumably actively responding morphologically 
similar counterparts recently exposed to the stimulus.  After addition of an activating 
stimulus, for instance, as cells deramified, the DB rose somewhat initially then fell, and cells 
progressively got smaller.  This essentially repeated in reverse with reramification after 
removal of the activating stimulus for the time series, but the DB plateaued then rose again, to 
a level slightly more complex than cells at the starting level. This suggests that differences 
between cells that are winding in and cells that are newly extending processes may be 
measurable by fractal and other morphological analyses.  Such differences are generally 
ignored when microglia are classified, but the ability to differentiate between these two 
essentially opposite in meaning but similar morphological states could have important 
implications for the study of microglia and enhance our understanding of microglia 
involvement in several disorders such as neurodevelopment, neurodegeneration, and 
protracted responses such as the initial response and later healing after stroke or trauma.  
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In conclusion, in this investigation, the importance of subtle details that might be 

overlooked in broad analyses of microglial activation was explored.  This work suggests that 
accepted classification systems are inadequate and offers an objective method for quantitating 
important but subtle or visually undetectable differences in microglial morphology.  In some 
instances, such differences may be critical.   In this regard, a noteworthy finding was that 
responding and recovering cells in comparable stages of activation differed in ways that were 
measurable by the DB and Λ.  Such differences should be studied in more depth.  The DB and 
perhaps Λ can detect subtle changes in cell borders that provide a basis for a finer 
classification and, as such, a better correlation between functional changes associated with 
microglia activation and structure.  That is, for microglia and related immune cells, structure 
is very tightly linked with function and both change.  A detailed analysis of microglial 
morphology may help determine if a cell is “resting” as opposed to newly awakened and 
rousing itself for action, or is perhaps already acting subtly in some capacity, or is in the 
process of stopping acting.  Because of the awesome potential microglia have to affect events 
in the central nervous system, the implications of this for the study of human health and 
disease are profound.   
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