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Abstract
Introduction  Several functional gastrointestinal disorders (FGIDs) have been associated with the degradation or remodeling 
of the network of interstitial cells of Cajal (ICC). Introducing fractal analysis to the field of gastroenterology as a promising 
data analytics approach to extract key structural characteristics that may provide insightful features for machine learning 
applications in disease diagnostics. Fractal geometry has advantages over several physically based parameters (or classical 
metrics) for analysis of intricate and complex microstructures that could be applied to ICC networks.
Methods  In this study, three fractal structural parameters: Fractal Dimension, Lacunarity, and Succolarity were employed 
to characterize scale-invariant complexity, heterogeneity, and anisotropy; respectively of three types of gastric ICC network 
structures from a flat-mount transgenic mouse stomach.
Results  The Fractal Dimension of ICC in the longitudinal muscle layer was found to be significantly lower than ICC in the 
myenteric plexus and circumferential muscle in the proximal, and distal antrum, respectively (both p < 0.0001). Conversely, 
the Lacunarity parameters for ICC-LM and ICC-CM were found to be significantly higher than ICC-MP in the proximal and 
in the distal antrum, respectively (both p < 0.0001). The Succolarity measures of ICC-LM network in the aboral direction 
were found to be consistently higher in the proximal than in the distal antrum (p < 0.05).
Conclusions  The fractal parameters presented here could go beyond the limitation of classical metrics to provide better 
understanding of the structural-functional relationship between ICC networks and the conduction of gastric bioelectrical 
slow waves.

Keywords  Bio-image analysis · Fractal analysis · Neurogastroenterology & motility · Pacemaker cells · Interstitial cells of 
Cajal (ICC) network structure · Gastric antrum · Lacunarity · Succolarity

Introduction

Interstitial cells of Cajal (ICC) are specialized pacemaker 
cells distributed throughout the gastrointestinal (GI) tract. 
ICC networks generate rhythmic bioelectrical events known 

as slow waves (SWs) and aid in the coordination of motility 
[19, 33]. Characterization of the complex microstructure of 
ICC networks and the relation between the structural prop-
erties and GI function in health and disease is an emerg-
ing area of research [8, 9, 25]. Differences in ICC network 
microstructure are often a fundamental factor for predicting 
the macroscopic physiology of GI motility function.

Specific structural traits such as deficient, and/or altered 
networks of ICC are often observed in gastroparesis [15], 
constipation [16], chronic intestinal pseudo-obstruction 
[20], and Hirschsprung disease [35]; based on qualitative 
histopathological findings, and serve as key factors in infer-
ring the health of GI motility function. Although confocal 
microscopy can image and quantify the spatial distribution 
of ICC networks, current techniques to evaluate ICC in his-
tological studies are limited to nuclei counts, volume com-
putations, or, most often, simply by visual grading [25]. A 
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critical advance would be to develop an objective, automated 
techniques for the quantitative assessment of ICC networks. 
A suite of numerical metrics for the quantitative assessment 
of the structural features of ICC networks has recently been 
developed [9, 28]. However, analysis has been limited to the 
analysis of ICC structure in two-dimensional images.

Since Mandelbrot proposed fractal geometry in the 1970s, 
[29] it has since been widely applied across multiscale struc-
tural analysis in various fields and has been extended to char-
acterize physiological processes and anatomical structures 
[12]. Fractal geometry theory includes several key structural 
parameters including Fractal Dimension (FD), Lacunarity, 
and Succolarity [29]. FD indicates how and by how much 
an object occupies its underlying metric space; and is an 
important parameter to characterize scale-invariant physical 
properties. The FD has been widely used to characterize the 
complex retinal vasculature of retinopathy [30], pulmonary 
bronchial and vascular trees [32], and neuronal cellular pro-
files [36]. Lacunarity evaluates the degree of gap distribution 
within a structure and therefore describes the heterogeneity 
in the distribution of gap sizes [11]. Succolarity evaluates 
the degree of filaments that allow percolation of a medium 
[6], and characterizes the extent of connectedness or anisot-
ropy for a given direction [43]. Both Lacunarity and Succo-
larity can distinguish different structures with the same FD.

In contrast to numerous research applications pertaining 
to FD, there have been relatively few studies performed with 
Lacunarity and Succolarity on biological structural analysis 
for clinical applications, with none to date on ICC networks. 
Recent studies have explored the implementation of (multi) 
fractal analysis and Lacunarity for the quantitative charac-
terization of the microvascular geometry in the retina [1, 
14, 31, 34]. The results of these studies demonstrated the 
classification between normal, developing, and pathological 
tissues with high specificity, with the potential of translat-
ing to diagnostic biomarker. Krohn et al. [23] computed FD 
estimates on global tissue segmentations of structural brain 
MRI, and demonstrated its potential as a marker in a wide 
range of vascular, inflammatory, neoplastic, and neurode-
generative pathologies. Likewise, these fractal structural 
parameters can be employed to quantify the complex, intri-
cate structures of the ICC networks from different regions 
of the GI tract.

In this paper, FD, Lacunarity, and Succolarity were inves-
tigated based on the box-counting methods and gliding-box 
algorithm [39, 42], on confocal images of transgenic mouse 
gastric tissues [22]. The implementations of the algorithms 
were validated with standard self-similar classical 3D fractal 
structures.

Methods

Whole‑Mount ICC Image Acquisition & 
Segmentation

A previously reported wholemount transgenic mouse 
stomach images of ICC was used [22]. Ethical approval 
was provided by the Université Libre de Bruxelles Ani-
mal Welfare Committee (Protocols 491N and 552N). A 
whole-mount tissue sample was obtained from the stomach 
antrum of a 10-week-old male (c-KitCreERT2, R26mT-
mG) transgenic mouse that expressed enhanced green 
fluorescent protein in the c-Kit positive cells after admin-
istration of tamoxifen [22]. C-Kit is a receptor tyrosine 
kinase, which is specifically expressed in ICC within the 
gut musculature and serves as a fiducial marker for ICC 
[40].

Two groups of transverse image tiles (identified in this 
paper as the proximal and distal tiles) were acquired using 
a multiphoton microscope (LSM780NLO, Zeiss, Jena, 
Germany) with an excitation wavelength of 920 nm, LD 
C-Apochromat 40x/1.1 water immersion objective, and a 
digital zoom of 0.7. Emission was collected in 3 channels- 
second-harmonic generation (SHG), green channel, and 
red channel consisting of emission wavelengths between 
445–470  nm, 500–545  nm, and 570–620  nm; respec-
tively. Only the green channel expressing green fluores-
cence protein (GFP) c-Kit positive ICC was used in the 
analysis in this study. Frames of 512 × 512 pixels with a 
field of view of 303 × 303 μm2 were acquired as an image 
stack with 1 μm spacing across the thickness of the gas-
tric wall. The proximal (6170 × 862 × 285 μm3) and distal 
(5611 × 862 × 266 μm3) tiles were composed of a grid of 
image stacks with 8% overlap and their approximate loca-
tions are illustrated in Fig. 1a. A total of 126 whole-mount 
image stacks were analyzed in this study. The proximal 
region was comprised of stacks of images (n = 66). ICC-
MP and ICC-CM were observed in all image stacks, while 
ICC-LM was only observed in 32 image stacks- ICC-LM 
(n = 32), ICC-MP (n = 66), and ICC-CM (n = 66). The dis-
tal region was comprised of stacks of images (n = 60), five 
of which, were excluded from the analysis due to poor 
image quality; resulting in, ICC-LM (n = 38), ICC-MP 
(n = 55), and ICC-CM (n = 55).

All 126 tissue stacks were segmented using the Weka 
Fast Random Forest (FRF) model machine learning clas-
sifier as described previously [28]. An example of the 
segmented image stack is shown in Fig. 1c, where the 
ICC-LM, ICC-MP, and ICC-CM layers are visible. Exam-
ining the confocal image stacks from the serosal to the 
mucosal surface: the ICC-LM is located closest to the 
serosal surface, followed by the ICC-MP and ICC-CM, as 
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observed in Fig. 1c. When projections of the segmented 
confocal image stacks along the longitudinal direction 
(Fig.  1d) and circumferential direction (Fig.  1e) are 
viewed, it is evident that the MP layer contains signifi-
cantly denser ICC than the surrounding tissue layers [26]. 
The thickness of each tissue layer along the gastric wall 
was manually demarcated for each image stack [26]. Vari-
ations in the density of ICC could be visually observed 
along the transmural direction from the circumferen-
tially and longitudinally-projected 2D images (Fig. 1d, 
e, respectively).

ICC Network Fractal Analysis

Fractal Dimension

The FD indicates how much an object occupies its underlying 
metric space [6]. Fractal analysis was performed by employ-
ing the Hausdorff-Besicovitch 3D box-counting algorithm [2, 
42] which involved partitioning the FRF segmented binary 
image of the ICC networks into several grids of cubes of equal 
size of ε × ε × ε pixels. The procedure was performed for dif-
ferent ε values ranging from 2 to 512 pixels in increments of 

Fig. 1   ICC network morphol-
ogy of the mouse gastric antrum 
following machine learning 
segmentation of confocal 
imaged ICC. a The antrum 
was dissected along the lesser 
curvature, and b the approxi-
mate location of two transverse 
tissue strips (proximal and 
distal) within the mouse gastric 
antrum is shown. c An isometric 
view of a single image stack 
from the transverse distal strip 
near the greater curvature. d 
Circumferential-projection of 
the segmented image stack 
based on the standard deviation 
of pixels along the longitudi-
nal-transmural plane, and e 
longitudinal-projection along 
the circumferential-transmural 
plane. The ICC-LM, ICC-MP, 
and ICC-CM can be observed 
within the longitudinal muscle 
(LM), myenteric plexus (MP), 
and circumferential muscle 
(CM) layers, respectively
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powers of 2. Boxes containing at least one ICC voxels were 
considered positive while those without any ICC voxel were 
considered negative. The count of positive boxes (Npos) is 
given, as follows,

where FA denotes fractal abundance. D0 and FA are defined 
as the slope and intercept of the linear regression of the log-
log plot of Npos(�) versus ε, respectively.

FD analysis was performed on sampled ICC-LM, ICC-MP 
and ICC-CM networks from a confocal image stack. An array 
of Npos values corresponding to the various cubic box-sizes 
(i.e., ε = 1,2,4,8,16,32, 64, 128, 256, 512) for each type of ICC 
network, respectively were computed. With reference to Eq. 
(1), the number of positive boxes, Npos(ε) versus box-size, ε for 
the identified ICC-LM, ICC-MP, and ICC-CM networks from 
a confocal stack were plotted on a log-log graph, thus, result-
ing in a linear regression with the slope, D0 corresponding to 
the fractal dimensions of ICC-LM, ICC-MP, and ICC-CM net-
works, respectively. The fractal analysis was then subsequently 
performed for all the other sampled ICC-LM, ICC-MP, and 
ICC-CM networks from 126 confocal stacks across the proxi-
mal (n = 66) and distal (n = 60) murine antrum.

Lacunarity Analysis

The Lacunarity analysis provides further insights that comple-
ments the FD for the quantitative characterization of the ICC 
networks and can be used to identify the extent of heterogene-
ity in the distribution of hole sizes surrounding the ICC within 
its network structure. Lacunarity analysis was performed using 
our custom MATLAB program based on the 3D gliding box 
algorithm [39]. The gliding box algorithm was implemented 
by shifting an ε × ε × ε cube starting at the top left top corner 
of a 3D image stack and counting the number of ICC voxels 
within the cube. The process was repeated as the cube was 
shifted by one voxel to the right each time until it reached 
the bottom right corner of the image stack and thereafter, the 
cube is shifted one voxel in the transmural direction [39]. The 
process was recursively executed until the cube has shifted 
through all voxels in the confocal image stack. The Lacunarity, 
L(ε) for a given cube width, ε is calculated as:

(1)Npos(�) ≈ �
−D

0

(2)log10
(

Npos(�)
)

= −D0log10(�) + FA

(3)L(�) =
N(�) × Q2

Q2
1

(4)Q1 =
∑

i

p(i, �)

where N(�) is the total number of gliding cubes of 
width ε given the size of the image, x × y × z as; 
N(�) = (x − � + 1)(y − � + 1)(z − � + 1) . Q1 is the sum of 
the number of signal voxels in each cube, Q2 is the sum of 
the square of the number of signal voxels in each cube, and 
p(i,ε) is the number of signal voxels on the ith cube with 
i ∈ [1, N(ε)].

An array of L(�) values corresponding to different cubic 
gliding box sizes, ε (i.e. ε = 2,4,8,…,E, with ε being powers 
of 2, E ≤ Nmin, and Nmin representing the minimum dimen-
sion of the sampled ICC network) is obtained for each 
type of ICC network (ICC-LM, ICC-MP, ICC-CM) from 
a confocal image stack. The Lacunarity plots ( L(�) vs. ε) 
for ICC-LM, ICC-MP, and ICC-CM networks from each 
confocal stack were plotted on a log-log graph. Fitting of 
the Lacunarity plot was performed during the validation step 
(“Algorithm Verification” section), whereby we found best 
resembles that of the power law function. Taking the loga-
rithm of the power law function, thereby, the Lacunarity plot 
is a straight line on a log-log graph.

The Lacunarity analysis over all cohort sets of ICC-LM, 
ICC-MP and ICC-CM networks from the 126 confocal 
stacks were performed. Subsequently, the mean Lacunar-
ity,L(�) of ICC-LM (n = 42), ICC-MP (n = 121), and ICC-
CM (n = 121); of the 66 proximal and 60 distal cohort sets 
of confocal stacks, respectively was plotted over the range 
of gliding box-sizes, ε as log-log plots with error bars repre-
senting the standard error (Fig. 5). Each confocal stack was 
assigned 9 values of ε and curve of best fit was determined 
from L(ε) against ε when plotted on a log10-log10 scale. With 
reference to Eq. (12), the exponent, b, which we use to rep-
resent the Lacunarity parameter, corresponds to the slope of 
the Lacunarity log-log plot. Thus, the Lacunarity parameter, 
b was evaluated for each of the best fit linear plots as shown 
in Fig. 5.

Succolarity Analysis

The Succolarity measure serves as another insightful frac-
tal parameter for the quantitative assessment and charac-
terization of the ICC networks. It is used to evaluate the 
degree of connectivity of a structure in different directions. 
In the present context, it may characterize the ability of SWs 
to actively propagate within the gastric tissue. Namely, it 
quantifies the extent that SWs can actively conduct through 
the ICC network with respect to a particular direction. The 
Succolarity analysis was extended based on our previously 
reported 2D analysis method [27]. In this first step, all ICC 
voxels, starting from a boundary, have their neighbours (i.e. 
top, bottom, left, right, front, and back) considered onto the 

(5)Q2 =
∑

i

p(i, �)2
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next step and the process was iteratively executed until it 
reaches the opposing side of the boundary (e.g., from serosa 
boundary towards the mucosa boundary). At the conclusion 
of this step, we will have obtained an intermediate image 
representing the connected regions in white voxels for 
each of the 6 directions analysed- serosa to mucosa (s2m), 
mucosa to serosa (m2s), anterior to posterior (a2p), posterior 
to anterior (p2a), aboral, and oral.

The intermediate image with dimensions nx × ny × nz was 
then divided into N

�
 equal sized boxes by a dividing factor 

(d). The box size (BS) for a given d is given as:

The total number of boxes, N
�
 possible in the image for 

a given d is given as:

Subsequently, the occupation percentage (OP) of ICC 
voxels at each level of d was calculated:

The Succolarity for a given BS is the OP of that box mul-
tiplied by its electrical potential, P, which denotes the dis-
tance between the centroid (pc) of each BS to the edge from 
which SW is assumed to propagate from. The direction (dir) 
used in the analysis have influence on the Succolarity results 
(i.e., the potential field, P increases from top to bottom when 
considering the serosa to mucosa direction). For anterior-
posterior field of potential, the circumferential-position 
of the centroid was used, while for the aboral-oral field of 
potential, longitudinal-position of the centroid was used, and 
for the serosa-mucosa field of potential, transmural-position 
of the centroid was used.

Therefore, for a given BS and dir, the Succolarity (σ) 
measure is given as:

where the direction, dir for a given GI confocal tissue can be 
from serosa to mucosa (s2m), mucosa to serosa (m2s), ante-
rior to posterior (a2p), posterior to anterior (p2a), proximal 
to distal (aboral), and distal to proximal (oral). The Succo-
larity value was normalized by dividing the value obtained 
in Eq. (9) by its largest possible value,

The overall Succolarity was approximated as:

(6)BS(d) =
nx

d
×
ny

d
×
nz

d
= �x × �y × �z

(7)N
�
(d) = d × d × d

(8)OP(BS) =
numberof ICC voxels

�x × �y × �z

(9)�(BS(d), dir) =

N
�

∑

1

OP(BS(d)) × P(BS(d), pc, dir)

(10)𝜎̂(BS(d), dir) =
𝜎(BS(d), dir)

∑N

1
P(BS(d), pc, dir)

We notice that Succolarity of ICC networks shows lit-
tle dependency on BS as observed in our preliminary study 
[27]. Thus, to improve computational efficiency, we only 
perform Succolarity analysis for a single BS (d = 2) in this 
study.

Statistical Analysis

Statistical analysis was performed in MATLAB (R2020b, 
MathWorks, Natick, MA, USA). Unless otherwise specified, 
data are reported in mean ± standard deviation. A one-way 
ANOVA was applied to each quantitative metric to deter-
mine a significant difference between ICC-LM, ICC-MP, 
and ICC-CM within the proximal and distal antrum regions, 
respectively. Where significance was found, a post-hoc test 
with Bonferroni correction was performed to reveal pairwise 
differences. A two-sample t-test or Mann-Whitney U test 
was performed to determine the specific relationship of sta-
tistical significance further between proximal and distal ICC. 
The adjusted p < 0.05 was considered statistically significant.

Results

Algorithm Verification

The fractal analysis algorithm was validated by calculat-
ing the FD and Lacunarity of standard self-similar classical 
fractal-structures. Figure 2a shows the Sierpinski-Menger 
sponge of the 1st order, 2nd order, and 3rd order.

The computation methods for the FD, Succolarity and 
Lacunarity as detailed in this paper were based on the 
Hausdroff box-counting method and the gliding box algo-
rithm. Thus, the box-counting algorithm was validated 
by comparing the FD results for the yellow fractal phase 
of the 1st order Menger sponge (FD = 2.7594), 2nd order 
Menger sponge (FD = 2.6759) and 3rd order Menger sponge 
(FD = 2.5986) from our program with the ideal FD value 
of 2.7268 [5] (Fig. 2a); resulting in an RMSE of 0.0819. 
Therefore, this confidently demonstrates the validity of our 
box-counting program for calculating the fractal dimension.

After verifying the box-counting method for the FD anal-
ysis, the next step was to verify the gliding box algorithm 
and the calculation of Lacunarity based on Eq. (3). Figure 2c 
depicts a graph of the Lacunarity values, L(ε) computed 
at 5 different cubic gliding box widths(i.e., ε = 2, 4, 8, 16, 
32) for the 1st order, 2nd order, and 3rd order Sierpinski-
Menger sponge, respectively. The Lacunarity plots resem-
bled a power law, therefore, the Lacunarity function was 

(11)𝜎̂avg =
1

6

∑

dir

n
∑

d=2

𝜎̂(BS(d), dir)

N
𝜎
(d)
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fitted with the power law function and then taking the log 
transform,

where the exponent, b (referred to as the slope in a log-
log plot) is related to the degree of heterogeneity in the 

(12)L(�) = a�b + c

(13)log10
(

L(�)� − c
)

= blog10(�) + log10(a)
�

distribution of gap sizes within the structure. A higher b 
value (i.e., a power law curve with wider concavity) defines 
higher Lacunarity, which describes a structure with a high 
distribution of empty gaps throughout.

In addition, the choice of the power law function is further 
supported by its Goodness of Fit with high R2 values rang-
ing between 0.9864–0.9989, RMSE between 0.0077–0.1778, 
and SSE between 0.0633–1.77 × 10−4 obtained from the 
fitting of the power law function to the 3 sets of Lacunarity 

Fig. 2   Fractal and Lacunarity analysis validation. a Representation of 
the first-, second- and third-order Sierpinski-Menger Sponges (left to 
right). b Fractal Dimension estimation based on the linear regression 
of the log-transformed data for the 3 Menger sponges respectively as 
shown in a. c Plot of Lacunarity L(�) versus cubic gliding box size, 
� . Curve fitting of the power law function to the set of Lacunar-

ity data points obtained from the analysis of the first-, second-, and 
third-order Sierpinski-Menger Sponge (left to right). d The slope 
represents an estimation of the Lacunarity parameter, b, based on the 
linear regression of the log-transformed data for the 3 Menger sponge 
shown in a 
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data points as shown in Fig. 2c. The results in Fig. 2d show 
that the Lacunarity increases from the 1st order Menger 
sponge (b = − 0.4748) to the 2nd order Menger Sponge 
(b = − 0.2536), and followed by the 3rd order Menger sponge 
(b = − 0.1204); highest Lacunarity amongst the 3. The trend 
seen in the Lacunarity plots in Fig. 2d clearly matches the 
observed increased heterogeneity of hole size distributions 
with increasing orders of the Menger sponge, thus verifying 
our program for Lacunarity analysis.

Figure 3 depicts four 3D blocks with parallel planes 
arranged in various orientations to achieve different degrees 
of structural anisotropy. The Succolarity analysis was per-
formed in each of the 6 directions: serosa to mucosa (s2m), 
mucosa to serosa (m2s), anterior to posterior (a2p), posterior 
to anterior (p2a), aboral, and oral; as indicated in Fig. 3d. 
The calculated Succolarity values in each of the 6 direc-
tions for the 4 blocks with different degrees of anisotropy is 
given in Table 1. The trend seen in these values matches the 
observed differences in anisotropy in Fig. 3. As expected, the 
Succolarity of block Fig. 3a is the same in all 6 directions 
since the structure is isotropic, while, there is zero Succo-
larity in the t2b and l2r direction of block Fig. 3b and block 
Fig. 3c, respectively. The parallel planes in these structures, 
Fig. 3b and c, forms complete obstruction at the top and left 
boundary, respectively.

Fractal Dimension Analysis

The fractal analysis plots shown in Fig. 4 is given as log-log 
plots of the mean Npos(ε) versus ε for all identified ICC-LM, 

ICC-MP and ICC-CM networks over the proximal (n = 66) 
and distal (n = 60) cohort sets of confocal image stacks. The 
summary statistical analysis is presented in Table 2. The FD 
of the networks of ICC-LM is observed to be lower com-
pared to the FD of the networks of ICC-MP and ICC-CM 
in the proximal antrum, as well as in the distal antrum (both 
reporting p < 0.0001). This is unsurprising since the ICC-
LM consists of a very thin network with very sparse, stri-
ated strands (Fig. 1d). There are also markedly fewer ICC-
LM that could be identified from the 126 imaged confocal 
stacks (n = 70) compared to ICC-MP (n = 121), and ICC-
CM (n = 121). In addition, the FD values of ICC-CM were 
found to be significantly lower from the FDs of ICC-MP 
in the proximal, and in the distal antrum (both p < 0.0001), 
due to the significantly greater complexity presented by the 
networks of ICC-MP. In addition, the mean FD of ICC-LM 
networks was found to be lower in the proximal antrum com-
pared to the distal antrum (1.30 ± 0.16 vs. 1.51 ± 0.22; 
p < 0.0001). On the other hand, the mean FD for ICC-CM 
networks in the proximal region was greater compared to 
the distal region (2.05 ± 0.08 vs. 1.89 ± 0.14; p < 0.0001). 
However, there were no observable differences found in the 
mean FD of ICC-MP networks between the proximal and 
distal antral regions (2.17 ± 0.12 vs. 2.17 ± 0.17; p = 0.86).

Lacunarity Analysis

As shown in Fig. 5, the corresponding Lacunarity param-
eter, b of the best-fit plots shown in Fig. 5 are 98.30 × 10−2 
(ICC-LM), 24.52 × 10−2 (ICC-MP), and − 61.54 × 10−2 

Fig. 3   Succolarity Analysis validation. The 3D structures are: a iso-
tropic, b anisotropic in the horizontal direction, c anisotropic in the 
vertical direction, and d anisotropic in the diagonal direction (45°), 
respectively. The Succolarity analysis was perform in each of the 6 

directions- top to bottom (t2b), bottom to top (b2t), left to right (l2r), 
right to left (r2l), front to back (f2b), and back to front (b2f); as indi-
cated in d 

Table 1   Succolarity validation 
table for a dividing factor, d = 2

Structures (a), (b), (c) and (d) are shown in Fig. 3

Structure t2b b2t l2r r2l f2b b2f

(a) 0.2743 0.2743 0.2743 0.2743 0.2743 0.2743
(b) 0.0000 0.0278 0.0185 0.0185 0.0185 0.0185
(c) 0.0185 0.0185 0.0000 0.0093 0.0185 0.0185
(d) 0.0003 0.0003 0.0005 0.0002 0.0002 0.0005
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(ICC-CM) in the proximal region. On the other hand, in 
the distal region, the Lacunarity parameter, b are − 66.65 
× 10−2 (ICC-LM), − 14.18 × 10−2 (ICC-MP), and − 48.78 
× 10−2 (ICC-CM). The wider concavity of the proximal 
power law curve trends infer that the Lacunarity for the 
networks of ICC-LM and ICC-MP, respectively is over-
all higher in the proximal antrum compared to the distal 
antrum.

The Lacunarity parameters, b for ICC-LM ((− 0.48 ± 
0.34) × 10−2 and (− 0.54 ± 0.52) × 10−2) and ICC-CM 
((− 0.43 ± 0.10) × 10−2 and (− 0.33 ± 0.18) × 10−2) were 
found to be both significantly higher than ICC-MP ((− 8.45 
± 3.78) × 10−2 and (− 6.47 ± 4.53) × 10−2) in the proximal 
(both reporting p < 0.0001) and in the distal (both reporting 
p < 0.0001) antrum, respectively.

Succolarity Analysis

Figure 6a–c depicts the variations in Succolarity of ICC-
LM, ICC-MP, and ICC-CM networks, respectively along 
the circumferential axis of the murine gastric antrum with 
the vertical dotted line indicating the approximated location 
of the greater curvature. Details on how the approximated 
location of the greater curvature was registered with respect 
to the whole-mount proximal and distal tissue strip have 
been reported in Mah et al. [28].

With reference to Table 2, the Succolarity measures of 
ICC-LM network in the aboral direction throughout the cir-
cumferential axis were found to be consistently higher in 
the proximal than in the distal antrum (2.49 ± 3.94 × 10−4 
vs. 0.71 ± 3.03 × 10−4; p = 0.0416). As shown in Fig. 6b, 

Fig. 4   Fractal Analysis. Log-log 
plots of the mean number of 
positive boxes, N(ε)of all identi-
fied a ICC-LM, b ICC-MP, 
and c ICC-CM network images 
across the distal and proximal 
murine antrum at various cubic 
box size, ε. The red dotted line 
represents the linear best fitted 
plot represent the overall results 
of the ICC-LM, ICC-MP and 
ICC-CM in the proximal and 
distal regions respectively. 
The slope of the best-fit line 
represents the mean FD of these 
networks
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Succolarity values of ICC-MP network in all 6 directions 
are predominantly higher in the proximal antrum compared 
to the distal antrum throughout the circumferential axis. In 
particular, the proximal versus distal Succolarity values of 
the ICC-MP network are within (1465 ± 1285) × 10−4 vs. 
(656 ± 741) × 10−4; (in the direction from m2s), (1258 ± 
1069) × 10−4 vs. (500 ± 534) × 10−4; (in the direction from 
a2p), (1053 ± 1080) × 10−4 vs. (474 ± 581) × 10−4; (in the 
direction from p2a), (1044 ± 1144) × 10−4 vs. (455 ± 589) 
× 10−4; (in the aboral direction), and (1265 ± 1155) × 10−4 
vs. (544 ± 577) × 10−4; (in the oral direction).

In the proximal antrum, Succolarity of ICC-MP in all 
directions, in general appears to be the highest near the 
greater curvature with average Succolarity measures of 
0.0930 (s2m), 0.2905 (m2s), 0.2348 (a2p), 0.1510 (p2a), 
0.1737 (aboral), and 0.2422 (oral). On the other hand, in the 
distal antrum the ICC-MP Succolarity measures in all six 
directions demonstrated a gradual increase along the circum-
ferential axis from the anterior side towards the posterior 
side of the gastric antrum (Fig. 6b). The increase in Succo-
larity of ICC-MP network in the distal antrum is by 705 × 
10−4, 986 × 10−4, 789 × 10−4, 222 × 10−4, 563 × 10−4, and 
799 × 10−4 in the s2m, m2s, a2p, p2a, aboral, and oral direc-
tion, respectively; and over a span of 2513.8 μm proceeding 
from the greater curvature towards the lesser curvature of 
the posterior antrum (Fig. 6b).

Conversely, the Succolarity of ICC-CM in the proxi-
mal antrum, as observed in Fig. 6c, appears to gradually 

decrease along the circumferential axis from the anterior 
side towards the posterior side of the gastric antrum. The 
decline in Succolarity of ICC-CM network in the proximal 
is by 17.2 × 10−4, 23.3 × 10–4, 24.6 × 10−4, 17.6 × 10−4, 
0.296 × 10−4, 28.6 × 10−4 in the s2m, m2s, a2p, p2a, aboral, 
and oral direction, respectively, over a span of 1955.1 μm 
proceeding from the lesser curvature towards the greater 
curvature of the anterior antrum (Fig. 6c). A similar trend is 
observed as to the Succolarity of ICC-MP network; likewise, 
the Succolarity of ICC-CM network is overall higher in the 
proximal antrum compared to the distal antrum. However, 
the differences are less pronounced compared to that of ICC-
MP Succolarity measures. In the proximal antrum, the Suc-
colarity of ICC-CM networks were computed to be within 
(1.63 ± 6.51) × 10−4 (s2m), (5.50 ± 11) × 10−4 (m2s), (5.24 
± 9.68) × 10−4 (a2p), (3.25 ± 8.28) × 10−4 (p2a), (0.46 ± 
2.36) × 10−4 (aboral), and (8.17 ± 18) × 10−4 (oral). On the 
other hand, in the distal antrum, the Succolarity of ICC-CM 
networks were computed to be within (0.47 ± 0.18) × 10−4 
(s2m), (2.90 ± 5.60) × 10−4 (m2s), (2.63 ± 4.44) × 10−4 
(a2p), (0.91 ± 1.76) × 10−4 (p2a), (0.32 ± 1.16) × 10−4 
(aboral), and (1.49 ± 3.69) × 10−4 (oral).

With reference to the box-plots in Fig. 7, the Succo-
larity of the networks of ICC-LM in the proximal antrum 
was significantly lower in the p2a direction ((0.35 ± 1.06) 
× 10−4) than in the oral direction ((2.49 ± 3.94) × 10−4) 
with p = 0.0096. The Succolarity of the networks of ICC-
MP in the proximal antrum was significantly lower in the 

Table 2   Statistical summary table for two-sample t test

Groups ICC-LM ICC-MP ICC-CM

Regions Proximal Distal Proximal Distal Proximal Distal

Fractal dimension (FD) 1.30 ± 0.16 1.51 ± 0.22 2.17 ± 0.12 2.17 ± 0.17 2.05 ± 0.08 1.89 ± 0.14
p = 1.3724 × 10−5 p = 0.8610 p = 6.2741 × 10−11

Lacunarity parameter (b)
(× 10−2)

− 0.48 ± 0.34 − 0.54 ± 0.52 − 8.45 ± 3.78 − 6.47 ± 4.53 − 0.43 ± 0.10 − 0.33 ± 0.18
p = 0.6907 p = 0.0115 p = 4.2391 ×10−4

Succolarity (σ) (× 10−4)
 s2m 0.90 ± 0.15 0.26 ± 1.47 332 ± 754 291 ± 717 1.63 ± 6.51 0.47 ± 0.18

p = 0.0120 p = 0.7602 p = 0.1537
 m2s 1.96 ± 3.76 1.43 ± 3.33 1465 ± 1285 656 ± 741 5.50 ± 11 2.90 ± 5.60

p = 0.5378 p = 3.4818 × 10−5 p = 0.0860
 a2p 0.96 ± 2.37 1.35 ± 2.94 1258 ± 1069 500 ± 534 5.24 ± 9.68 2.63 ± 4.44

p = 0.5407 p = 1.9663 × 10−6 p = 0.0527
 p2a 0.35 ± 1.06 0.21 ± 0.46 1053 ± 1080 474 ± 581 3.25 ± 8.28 0.91 ± 1.76

p = 0.5181 p = 2.9043 × 10−4 p = 0.0286
 Oral 0.83 ± 0.25 0.92 ± 3.35 1044 ± 1144 455 ± 589 0.46 ± 2.36 0.32 ± 1.16

p = 0.8742 p = 4.2930 × 10−4 p = 0.6773
 Aboral 2.49 ± 3.94 0.71 ± 3.03 1265 ± 1155 544 ± 577 8.17 ± 18 1.49 ± 3.69

p = 0.0416 p = 2.2332 × 10−5 p = 0.0046
 Mean 1.25 ± 1.17 0.81 ± 1.26 1069 ± 788 486 ± 477 4.04 ± 5.53 1.45 ± 1.82

p = 0.1396 p = 2.1450 × 10−6 p = 5.8223 × 10−4
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s2m direction (332 ± 754) × 10−4 compared to the other 
5 directions investigated- m2s ((1465 ± 1285) × 10−4; 
p < 0.0001), a2p ((1258 ± 1069) × 10−4; p < 0.0001), p2a 
((1053 ± 1080) × 10−4; p = 0.0026), aboral ((1044 ± 1144) 
× 10−4; p = 0.0031), and oral direction ((1265 ± 1155) × 
10−4; p < 0.0001). On the other hand, the Succolarity of the 
networks of ICC-MP in the distal antrum was found to be 
significantly lower in the s2m direction (291 ± 717) × 10−4 
compared to the m2s direction only ((656 ± 741) × 10−4; 
p = 0.0373). The Succolarity of the networks of ICC-CM in 
the proximal antrum was found to be significantly higher 
in the oral direction ((8.17 ± 18) × 10−4) compared to the 
s2m direction ((1.63 ± 6.51) × 10−4; p = 0.0051) and aboral 
direction ((0.46 ± 2.36) × 10−4; p < 0.001). While, in the dis-
tal antrum, the Succolarity of the network of ICC-CM was 
found to be significantly higher in the m2s direction ((2.90 
± 5.60) × 10−4) than in the s2m direction ((0.47 ± 0.18) 
× 10−4; p = 0.0031), p2a direction ((0.91 ± 1.76) × 10−4; 
p = 0.0343), and aboral direction ((0.32 ± 1.16) × 10−4; 
p = 0.0012). Furthermore, the Succolarity of the network of 
ICC-CM in the distal antrum was found to be significantly 
higher in the a2p direction ((2.63 ± 4.44) × 10−4) than in 
the s2m direction (p = 0.0146), and in the aboral direction 
(p = 0.0063).

The results of the two-sample t-test are summarized in 
Table 2. The Fractal Dimensions of ICC-LM and ICC-CM 
between the proximal and distal antrum regions were signifi-
cantly different with both reporting p < 0.0001. While no sig-
nificant difference was found between the proximal and dis-
tal antrum regions for the FD of ICC-MP (p = 0.8610). The 
Lacunarity parameter, b of ICC-MP and ICC-CM between 
the proximal and distal antrum regions were significantly dif-
ferent with p = 0.0115 and p < 0.001, respectively. However, 
no significant difference was found between the proximal 
and distal antrum regions for the Lacunarity parameter, b of 
ICC-LM (p = 0.6907). The Succolarity of ICC-LM between 
the proximal and distal antrum regions in the direction 
from serosa to mucosa (s2m), and distal to proximal (oral) 
were significantly different with p = 0.0120 and p = 0.0416, 
respectively. On the other hand, no significant difference was 
found between the proximal and distal antrum regions for the 
Succolarity of ICC-LM in the other 4 directions analyzed- 
m2s (p = 0.5378), a2p (p = 0.5407), p2a (p = 0.5181), aboral 
(p = 0.8742). The Succolarity of ICC-MP in the proximal 
antrum regions of the 5 directions analyzed were signifi-
cantly higher than the distal regions with p < 0.0001 (m2s), 
p < 0.0001 (a2p), p < 0.001 (p2a), p < 0.001 (aboral), and 
p < 0.0001 (oral). However, no significant difference was 
found between the proximal and distal antrum regions for the 
Succolarity of ICC-MP in the direction of s2m (p = 0.7602). 
The Succolarity of ICC-CM between the proximal and dis-
tal antrum regions in the direction from p2a, and distal to 
proximal (oral) were significantly different with p = 0.0286 

Fig. 5   Lacunarity Analysis. Log-log plots for the mean Lacunarity 
of all identified ICC-LM, ICC-MP & ICC-CM networks from the 66 
proximal and 60 distal antral confocal image stacks. The slope of the 
best fit linear plots represents the overall mean Lacunarity parameter 
which is used the gauge the extent in the distribution of empty gaps 
throughout the network structure
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and p = 0.0046, respectively. Conversely, no significant dif-
ference was found between the proximal and distal antrum 
regions for the Succolarity of ICC-CM in the other 4 direc-
tions analyzed—s2m (p = 0.1537), m2s (p = 0.0860), a2p 
(p = 0.0527), and aboral (p = 0.6773).

Discussion

The current study presents a systematic and in-depth evalu-
ation of the FD, Lacunarity, and Succolarity to character-
ize structural ICC network complexity from confocal image 
datasets, and may present a potential tool for diagnosing 
changes in ICC associated with FGIDs  [3, 15, 24, 40]. 
These fractal parameters have shown potential capabilities 
to capture the dynamics of complex physiologic networks 
and therefore, aid our theoretical understanding of organisms 
functions in health and disease [41].

Fractal analyses has been used to characterize physiologi-
cal processes [7, 21, 37], as well as anatomical structures 
[12] (e.g., pulmonary and myocardial blood flow, bronchial, 
and vascular tree structures [17, 32]). Fractal analysis has 
the potential to provide a comprehensive and nuanced under-
standing of the ICC network structure, function, and dynam-
ics affecting gut motility, which could provide new insights 
into GI disorders and, develop new approaches to diagnosis 

and treatment. The fractal properties of the network structure 
may reflect the propagation of SWs and the coordination of 
myogenic contractions along the GI tact. The geometry of 
the ICC network in the gastric tissue sections were empiri-
cally measured through a combination of FD, Lacunarity, 
and Succolarity analyses. These analyses provide us with 
quantitative and qualitative measures, and their evaluation 
does not require priori experience. The FD characterize the 
extent of geometric complexity and branching self-similarity 
of the ICC network, while Lacunarity provide a measure of 
the degree of geometric diversity or heterogeneity in dis-
tribution of the ICC network structure caused by the pres-
ence of gaps within the structure. The mean FD of ICC-MP 
network is significantly greater compared to the mean FD 
of ICC-LM and ICC-CM networks throughout the gastric 
antrum. In addition, the overall web like ICC-MP networks 
have predominantly higher Lacunarity compared to that of 
the striated ICC-LM and ICC-CM networks.

The unique feature of Succolarity is useful for distin-
guishing anatomical structures with some directional or flow 
information associated with it that cannot be discriminated 
by neither FD nor Lacunarity [6]. Succolarity can be used 
as a measure of geometric connectivity of the ICC network 
in a particular direction, and therefore indicates the pro-
pensity of SWs to actively propagate in that direction via 
the ICC structure to generate a particular motility pattern 

Fig. 6   Succolarity results of the 3 types of ICC network structures: 
a ICC-LM, b ICC-MP, c ICC-CM across the distal and proximal 
murine antrum in the 6 directions analyzed with a dividing factor, 
d = 2 (BS = 2 × 2 × 2). The vertical dotted line indicates the approxi-
mated location of the greater curvature- the border that separates 

between the anterior (left) and the posterior (right) antral surfaces. 
The directions of Succolarity analyzed with respect to the whole-
mount confocal antral tissue are- serosal to mucosa (s2m), mucosa to 
serosal (m2s), anterior to posterior (a2p), posterior to anterior (p2a), 
proximal to distal (aboral), distal to proximal (oral)
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from resultant myoelectrical contractions. This present study 
emphasizes the significance of ICC structural connectiv-
ity on slow wave propagation, supported by compelling 
evidence from previous research [8, 10]. The Succolarity 
measures of ICC-LM network in the aboral direction were 
found to be consistently higher in the proximal than in the 
distal antrum; suggesting that the intensity of longitudinal 
muscle contractions decreases aborally towards the terminal 
antrum possibly to restrict digesta from accelerating pass 
the pyloric region [26]. Extracellular mapping studies have 
demonstrated increased SW amplitude (stronger activity) 
and velocity in the prepyloric antrum [4]. Thus, we hypoth-
esized that increasingly rapid large circumferential muscle 
contractions is responsible for increasing antral recirculation 
to enhance gastric mixing at the terminal antrum. Further 
investigations coupling the structural element with slow 
wave propagation simulations are required to fully compre-
hend this relationship.

The FD and Lacunarity parameter, b estimates obtained 
from the box-counting and gliding box algorithm will 
numerically depend on the ε-range over which the linear 
regression of the log-transformed data is computed. In this 
study, FD and Lacunarity parameter, b were estimated over 
the scale interval of ε = 2 to 512 and ε = 2 to 32, respec-
tively, however; the question remains as to which ε-range 
will adequately or best capture the underlying FD and b 
estimates. The validation studies of Sierpinski-Menger 
sponge sets (“Algorithm Verification” section) demonstrate 
adequate estimation accuracy for FD (RMSE = 0.1484) 
with an ε-range between 2 to 512 (Fig. 2b), and Lacunarity 
parameter, b estimates (RMSE between 0.0077–0.1778) over 
an ε-range between 2 to 32 (Fig. 2c, d). However, a particu-
lar scale interval that yields good estimation accuracy for 
one type of structure may not necessarily fare equally well 
for another type of structure [23]. Furthermore, the set of 
Menger sponges only differed from each other over an order, 

Fig. 7   One-way ANOVA: 
Statistical analysis performed 
for ICC-LM, ICC-MP, and 
ICC-CM in the proximal and 
distal antral regions, respec-
tively for each fractal parameter. 
The Succolarity was evaluated 
in the direction from: - serosa 
to mucosa (s2m), mucosa 
to serosa (m2s), anterior to 
posterior (a2p), posterior to 
anterior (p2a), and in the aboral, 
oral directions; respectively. A 
statistically significant differ-
ence was found in 9 sub-figures 
(***p < 0.0001, **p < 0.001, 
*p < 0.05). A plus symbol in the 
boxplot represents an outlier
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while the ICC network segmentations may differ over many 
degrees of freedom for different ICC types, regions, and 
sequences. To obtain an optimized estimation, Krohn et al. 
[23] applied an algorithmic scale optimization procedure 
that can improve the estimation accuracy, as well as, dem-
onstrates increased flexibility toward different object types.

While our study demonstrates that by combining Suc-
colarity, Lacunarity, and Fractal Dimension analysis, it is 
possible to quantitatively characterize ICC network struc-
tures to provide a better understanding on the influence of 
complexity, self-similarity, heterogeneity, and anisotropy of 
structural properties to physiological function, a wider range 
of confocal imaging data, as well as, from more subjects 
would offer a more comprehensive analysis of the spatial 
variations of the ICC networks. We seek to resolve these 
limitations and plan to analyze the confocal images along 
with corresponding SW signals recorded from the same 
mouse imaged in future studies. The Hurst exponent—
another fractal parameter, is a measure of the long-term 
correlation or self-similarity of a signal [7]. Analysis of 
the SW signals with the Hurst exponent, from control mice 
and mice with different levels of GI dysmotility can provide 
complementary information about the degree of persistence 
or anti-persistence in the SW signal, thereby reflecting the 
underlying physiological and pathological processes affect-
ing gut motility. A high Hurst exponent may indicate a more 
organized and coordinated SW activity that is associated 
with normal GI motility, while, a significantly lower Hurst 
exponent may imply a more disorganized and erratic SW 
activity, that indicate impaired motility.

Any pathological morphology should exhibit decreased 
complexity- marks a physiologic network’s response, meas-
ured by FD [13], and can be used as an indicator of the 
state of health. This hypothesis has been well supported 
by numerous studies [18, 34, 38]. For example, Stosic and 
Stosic [38] observed that retinal vascular networks associ-
ated with various pathological processes expressed a signifi-
cantly lower generalized FD- lower complexity, compared 
to retinal vascular networks of healthy people. In addition, a 
number of investigators have reported sparse, less complex 
(lower FD) retina microvasculature in hypertensive retinopa-
thy, diabetic retinopathy, and in Alzheimer’s disease [18, 23, 
34]. As such, a higher FD may indicate a more complex and 
interconnected ICC network that is associated with normal 
motility, while a lower FD may indicate a less complex and 
fragmented ICC network that is associated with impaired 
motility. We seek to test out this hypothesis in our impending 
future studies between healthy subjects and those with GI 
dysmotility. At present, this exploratory study demonstrates 
that the network of ICC-MP is highly complex relative to the 
striated strands of ICC-LM and ICC-CM networks through 
the significantly greater FD measured throughout. In addi-
tion, the mean FD of ICC-LM networks was found to be 

lower in the proximal compared to the distal antrum but 
appears vice-versa for the mean FD of ICC-CM networks. 
Hence, FD may also be used to distinguish between these 
two smooth muscle networks.

The study presented here provides valuable insights into 
the complex network structure of ICC in GI tissues. There 
is potential for assimilating these findings into mathematical 
models of GI slow waves, by incorporating the fractal analy-
sis parameters into structural simulations of ICC networks. 
The integration of empirical data and mathematical mod-
eling holds promise for unravelling the complexities of ICC 
networks and shedding light on the functional significance of 
their structural characteristics [25]. However, it is important 
to note that further experimental studies and investigations 
are required to validate the clinical translation and applica-
bility of these fractal indices (i.e. FD, Lacunarity, Succolar-
ity) in the context of GI dysmotility and disease diagnostics. 
This multidisciplinary approach, combining experimental 
techniques, electrophysiological recordings, and computa-
tional modeling, can lead to comprehensive insights into 
disease mechanisms and potential treatment strategies, fos-
tering advancements in FGIDs diagnosis and management.

Conclusion

Our findings raise hopes of defining novel biomarkers for 
improved diagnostics and enhancing our understanding 
of disease-induced ICC network changes/remodeling. To 
achieve this goal, however, the diagnostics and prognostic 
capacity of fractal analysis needs further investigation, both 
on a diseased population with varying degrees of GI dys-
motility and on healthy controls. As such, future work is 
warranted to expand upon the utility of our present fractal 
analysis for gastric histopathological imaging; specifically 
with respect to disease diagnostics. Thus, this present work 
contributes to the methodological groundwork to facilitate 
progress in this direction.
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