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Depletion of interstitial cells of Cajal (ICC) networks is known to occur in

several gastrointestinal motility disorders. Although confocal microscopy

can effectively image and visualize the spatial distribution of ICC networks,

current descriptors of ICC depletion are limited to cell numbers and volume

computations. Spatial changes in ICC network structural properties have not

been quantified. Given that ICC generate electrical signals, the organiza-

tion of a network may also affect physiology. In this study, six numerical

metrics were formulated to automatically determine complex ICC network

structural properties from confocal images: density, thickness, hole size, contact
ratio, connectivity and anisotropy. These metrics were validated and applied in

proof-of-concept studies to quantitatively determine jejunal ICC network

changes in mouse models with decreased (5-HT2B receptor knockout (KO))

and normal (Ano1 KO) ICC numbers, and during post-natal network matu-

ration. Results revealed a novel remodelling phenomenon occurring during

ICC depletion, namely a spatial rearrangement of ICC and the preferential

longitudinal alignment. In the post-natal networks, an apparent pruning

of the ICC network was demonstrated. The metrics developed here enabled

the first detailed quantitative analyses of structural changes that may occur

in ICC networks during depletion and development.
1. Introduction
Gastrointestinal (GI) motility, the contractile activity of GI organs required for

digestion and transportation of contents along the GI tract, is facilitated by

specialized cells called interstitial cells of Cajal (ICC) [1]. ICC exist throughout

the muscularis propria of the GI tract and are classified into several populations

according to their location [2]. Different populations of ICC also have different

functional roles [3]. A primary role of ICC, particularly those within the region

of the myenteric plexus (ICC-MP) between the longitudinal and circular smooth

muscle layers in the small intestine, is that they act as the primary pacemaker

cells responsible for generating and regulating an omnipresent underlying elec-

trical oscillation, termed ‘slow waves’, that coordinate motility [4,5]. Additional

roles ICC are known to play include mediating neurotransmission to smooth

muscle cells (SMC) [6], establishing membrane potential gradients in the

tissue wall [7] and responding to stretch [8,9].

ICC loss and injury is now a major research focus as it is recognized as a

hallmark of several GI motility disorders [10], including gastroparesis [11,12],

slow transit constipation [13,14] and intestinal pseudo-obstruction [15,16].

In addition, progressive depletion of ICC is known to occur as part of

normal ageing [17].

Since the discovery of ICC-specific immunohistochemical stains, confocal

microscopy has been an effective tool for imaging and visualizing the spatial
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distribution of ICC throughout the muscularis propria [2,18].

Although the complex network structures formed by ICC

can be accurately imaged, current descriptors of ICC loss

only involve simple cell (nuclei) counts and volume compu-

tations [17,19], and no attempts are currently made to

quantify spatial changes that may be occurring in the structural

properties of ICC networks. Accurately defining the structural

characteristics of ICC networks would allow investigators to

explicitly contrast and compare aspects of ICC organization

in a consistent, unbiased manner. In addition, the major net-

work structural properties that potentially influence network

function and dysfunction could be defined and investigated

as, given that ICC generate electrical signals, the organization

of a network may also affect physiology.

To advance this problem, this paper presents a set of six

numerical metrics to automatically quantify structural proper-

ties of confocal ICC network images. These metrics were

applied in proof-of-concept studies to quantitatively determine

structural changes in ICC networks from 5-HT2B receptor and

Ano1 knockout (KO) animal models, as well as the changes

that occur during network maturation of neonatal animals.
2. Material and methods
2.1. Formulation of numerical metrics
The two-dimensional formulation of the six metrics: density,

thickness, hole size, contact ratio, connectivity and anisotropy

are described in detail below (§§2.1.1–2.1.6). Two of the six

metrics (density and connectivity) were described in a prelimi-

nary form in an earlier report by Gao et al. [20]. The metrics

were inspired by and partly adapted from existing methods of

quantifying structure from alternative fields [21,22]. The metrics

were initially chosen to quantify ICC network properties that

may influence electrical behaviour.

An ICC network image from a 5-HT2B receptor KO jejunal

ICC-MP dataset [19] was used as an example network to illus-

trate the developed metrics (figures 1a and 2b). See §2.2.1 for

the detailed description of the example network image.

2.1.1. Density
The density metric (r) calculates the relative volume of the tissue

occupied by ICC (figure 1b). This metric is dimensionless and

ranges from 0 to 1, with 0 indicating that no ICC were present

and 1 indicating that only ICC were present. The density metric

was defined as

r ¼ NICC

NTotal
; ð2:1Þ

where NICC and NTotal are the number of pixels representing ICC

and the total number of pixels in the image, respectively.

2.1.2. Thickness
The thickness metric (t) measures the representative width of the

ICC network processes and cell bodies (figure 1c). This metric,

measured in mm, was calculated as a weighted average of the

process and cell body widths over the entire ICC network.

In computing this metric, the Euclidean distance transform of

the ICC network image was first calculated. This returned a dis-

tance map of distance from each ICC pixel to the nearest non-ICC

pixel (figure 1i). The ICC network can be approximated by cir-

cles centred on the points of the regional maxima of the

distance map, with radii of the regional maximum distances

(figure 1j ). Therefore, the regional maximum values of the dis-

tance transform signify the ‘radii’ of the processes and cell
bodies. The thickness metric was then calculated as a scaled

weighted sum of these individual thickness radii:

t ¼ 2r
Xn

i¼1

twitri; ð2:2Þ

where r is the resolution of the image in mm, n is the number of

regional maxima in the distance map, tri is the ith regional maxi-

mum value or thickness radius in the distance map and twi is the

thickness weight applied to tri. As the thickness radius only

reflected half the width, a scaling factor of 2 was included.

The thickness weights were defined as

twi ¼
tr2

iPn
i¼1 tr2

i
: ð2:3Þ

The thickness weights were derived as the proportion of total

ICC area represented by the individual thickness radii. Visualiz-

ing the ICC network image as the circles centred on the regional

maxima, the area contributed by the ith regional maxima is ptr2
i ,

and the total area of ICC is approximately the sum of the individ-

ual circles,
Pn

i¼1 ptr2
i . The ratio of these expressions reduce to the

above definition (equation (2.3)).

Substituting equation (2.3) into equation (2.2) gave the sim-

plified thickness metric formulation:

t ¼ 2r
Pn

i¼1 tr3
iPn

i¼1 tr2
i
: ð2:4Þ

2.1.3. Hole size
The hole size metric (h) measures the representative radius of the

non-ICC regions in the ICC network (figure 1d ). This metric,

measured in mm, was calculated as a weighted average of the

individual radii of all the non-ICC region holes within the ICC

network. The calculation process of this metric was identical to

that of the thickness metric, but the Euclidean distance transform

computed was that of the non-ICC regions. That is, the distance

map in the hole size metric returned the distance from each non-

ICC pixel to the nearest ICC pixel (figure 1k). Therefore, the hole

size metric was defined as

h ¼ r
Pn

i¼1 hr3
iPn

i¼1 hr2
i
; ð2:5Þ

where r is the resolution of the image in mm, n is the number of

regional maxima in the distance map and hri is the ith regional

maximum value or hole radius in the distance map.

2.1.4. Contact ratio
The contact ratio metric (f ) calculates the proportion of ICC

pixels in contact with (i.e. directly neighbouring) non-ICC

pixels (figure 1e). This metric is measured in mm– 1, and in two

dimensions, is equivalent to the perimeter to area ratio of the

ICC network. The contact ratio metric was defined as

f ¼ 1

r
NBICC

NICC
; ð2:6Þ

where r is the resolution of the image in mm, NBICC is the number

of border ICC pixels (i.e. ICC pixels directly neighbouring non-

ICC pixels) and NICC is the total number of ICC pixels. In the

actual computation of this metric, the pixels along the edges of

the image were discarded as the border ICC pixels could not

be differentiated with certainty.

2.1.5. Connectivity
The connectivity metric (c) indicates how connected (or discon-

nected) the ICC network is. This metric, measured in mm, was

computed as the ratio of tissue area to disconnection or ‘gap’ sever-

ity of the ICC network (figure 1f ). The ICC network may be

formed by more than one group of interconnected ICC pixels,
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Figure 1. Illustration of the six numerical metrics on a sample ICC network (a) with specific regions magnified in (b – f ). (b) Density metric: the proportion of the
image that was populated by ICC (red) was calculated. (c) Thickness metric: the representative thickness of the ICC bodies/processes (as indicated by length of red
line) was computed. (d ) Hole size metric: the representative radius of the non-ICC regions (as indicated by length of red line) was computed. (e) Contact ratio metric:
the ratio of ICC that was immediately neighbouring non-ICC (red) to total ICC (white and red) was calculated. ( f ) Example ICC network overlaid with red lines that
connect the ICC islands together with shortest summed distance. These connections denote the ‘gaps’ or lack of connectivity of the network. Note that as this is a
magnified view of the original network in (a), the two seemingly separate islands at the top of the current field of view are actually connected, and hence no
connection was drawn to the top island. (g) Example ICC network with vectors in the circular (solid) and longitudinal (dashed) directions scaled so the magnitudes
were proportional to the respective alignment strengths. (h) Corresponding ICC-DMP network of the example ICC network with vectors in the circular (solid) and
longitudinal (dashed) directions as found using PCA. The vectors were scaled so the magnitudes were proportional to the respective eigenvalues (alignment
strengths). (i) Euclidian distance transform of the magnified ICC network in (c), which was used in computing the thickness metric. ( j ) Approximation of the
magnified ICC network in (c), used in computing the thickness metric. This network approximation was constructed by centring circles on the points of the regional
maxima of the distance map, with radii of the regional maximum distances. (k) Euclidian distance transform of the non-ICC regions within the magnified ICC
network in (d ), which was used in computing the hole size metric. The background (black) of (a – h) and ( j ) represents non-ICC regions.
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and here these individual groups are termed islands. Assuming

there are n islands, the n–1 connections that join the n islands

together with the shortest summed distance, or the minimum

spanning tree, can be determined using Prim’s algorithm [23].

Starting from an arbitrary island, islands were connected sequen-

tially until all islands were joined. The connectivity metric was

then computed as the ratio of image area to the weighted sum of

the individual connection distances, and was defined as

c ¼ r
NTotalPn�1

i¼1 cwicdi
; ð2:7Þ
where r is the resolution of the image inmm, n is the number of ICC

islands, NTotal is the total number of pixels in the image, cdi is the

ith connection distance and cwi is the connection weight of cdi. The

weighted distance sum in the denominator reflects the severity of

‘gaps’ in the network.

The connection weights were defined as

cwi ¼
Ni

NICC
; ð2:8Þ

where Ni is the number of pixels in the ith connected island and

NICC is the total number of ICC pixels. The weights were the



(a) (b)

(c) (d)

Figure 2. Representative ICC network images for each group of the datasets,
as objectively defined by having metric values near the median of the group.
Shown are 4-week-old (a) WT and (b) KO from 5-HT2B receptor dataset, with
physical dimensions of 0.318 � 0.318 mm, and 3-day-old (c) WT and (d ) KO
from Ano1 dataset, with physical dimensions of 0.212 � 0.212 mm. The
white represents ICC, while the black represents non-ICC regions.
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ratios of the added island sizes to the total number of ICC pixels,

and hence gauged the size of the added islands. This weighting

factor was included as when measuring gap severity, not only

are the distances between the islands important, but the relative

sizes of the separated islands need to be considered as well. For

example, the gap induced by a large island should be considered

more severe than that induced by a small island the same dis-

tance away. Also for this reason, the arbitrary starting island

was selected to be the largest island, so only the smaller islands

were considered as ‘additions’ and the weighted distance sum of

the network was not falsely increased.

Combining equations (2.7) and (2.8) gave

c ¼ r
NICCNTotalPn�1

i¼1 Nicdi
: ð2:9Þ

2.1.6. Anisotropy
The anisotropy metric (a) reflects the preferential alignment

of the ICC network processes in the longitudinal or circular

directions of the organ. This metric is dimensionless and ranges

from 21 to 1, with a positive value indicating preferential

alignment in the longitudinal direction, and a negative value

indicating preferential alignment in the circular direction. The

magnitude of the metric reflects the strength of the preferential

alignment. Several steps were involved in computing this metric:

(1) The power spectral density (P) of the image was calculated.

P ¼ jFj2; ð2:10Þ

where F is the two-dimensional Fourier transform of the net-

work image.

(2) The normalized covariance matrix (�C) of P was calculated.

�C ¼ 1

�m00

�m20 �m11

�m11 �m02

� �
ð2:11Þ
�m pq; the normalized central moments were defined as

�m pq ¼
Xw

i¼1

Xh

j¼1

ði��iÞpð j��jÞq

ðði��iÞ2 þ ð j��jÞ2Þð pþqÞ=2
Pði; jÞ

for p; q= 0,1,2 . . . ;

ð2:12Þ

where h and w are the dimensions (height and width) of

the image in pixels, �i and �j are the x- and y-coordinates of

the centroid position of the image, respectively, and P(i, j)
is the power spectral density value at position (i, j). The

only difference between equation (2.12) and the central

moment definition is the division of the normalization term

ðði��iÞ2 þ ð j��jÞ2Þð pþqÞ=2. When summing over the individual

(i, j) positions, the standard central moment scales the further

away positions by a larger amount. However, in P, these

further away positions correspond to higher spatial frequen-

cies which may in fact be noise. Therefore, all positions were

normalized to have equal influence on the final summed

value, and only the orientations of the positions were

retained.

(3) The alignment strengths in the longitudinal (lL) and circular

(lC) directions were calculated.

li ¼ j�C�Vij for i ¼ L or C, ð2:13Þ

where �VL and �VC are the normalized vectors in the longitudi-

nal and circular directions, respectively. These unit vectors

were projected onto the mapping matrix �C, and the magni-

tudes of the resultant vectors reflect the strengths of

alignment in the respective directions (figure 1g).

(4) The anisotropy metric (a) was calculated.

a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� lC

lL

r
if lL � lC;

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� lL

lC

r
if lL , lC:

8>>><
>>>:

ð2:14Þ

2.2. Interstitial cell of Cajal network imaging data
2.2.1. Imaging datasets
The developed metrics were applied in demonstration studies to

analyse jejunal ICC network confocal images. The two principal

ICC layers in the murine small intestine are in the MP (ICC-MP)

and the deep muscular plexus (ICC-DMP) between the inner thin

and outer thick sublayers of the circular muscle [24]. However, as

ICC-MP have been identified as the primary pacemakers of slow

waves in the small intestine [4], only the network structure of

these cells were analysed.

Two-dimensional bitmap images of the Kit-positive ICC structu-

res were obtained as previously described [19,25]. Briefly, intestinal

sections were dissected quickly, then flushed with ice-cold calcium-

free Hanks balanced salt-solution (Invitrogen, Carlsbad, CA), and

immediately pinned onto sylgard lined Petri dishes to mitigate

against tissue deformation. All specimens were handled and pre-

pared in exactly the same manner. Confocal image slices were

sequentially taken throughout the transmural depth of the muscu-

laris propria in fine steps of 0.2–0.3 mm and were volume-rendered

in three dimensions. Bitmaps of the positively labelled structures

were then obtained using the Analyze software (AnalyzeDirect,

Overland Park, KS) as previously described [26]. Unbiased thresh-

olding algorithms were used to segment the images and determine

the volume of the Kit-positive structures, thereby minimizing any

human influence in the process. The ICC-MP network was relatively

thin in the transmural direction (�10 mm) and the majority of the net-

work laid in-plane. Therefore, the image segments of the ICC-MP

were depth-averaged into two-dimensional images representing

the entire ICC-MP network structures.
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Imaging data taken from the 5-HT2B receptor and Ano1
murine datasets were analysed, and the details are as follows:

(1) 5-HT2B receptor dataset. This dataset contained 23 wild-type

(WT) and 23 5-HT2B serotonin receptor KO jejunal ICC net-

work images from 4-week-old mice (figure 2a,b). ICC

express 5-HT2B receptors, and stimulation with 5-HT (seroto-

nin) increases ICC proliferation and numbers [27]. It has

also been demonstrated that a lack of 5-HT2B receptors

decrease ICC proliferation, numbers and network volume

[19]. These images were 512 � 512 pixels, and represented

physical dimensions ranging from 0.225 � 0.225 mm to

0.318 � 0.318 mm.

(2) Ano1 dataset. This dataset consisted of 16 WT and 16 Ano1
KO jejunal ICC network images from 3-day-old mice

(figure 2c,d). Ano1 is a Ca2þ-activated Cl– channel expressed

by ICC [28], and ICC lacking Ano1 channels have been

shown to have fewer proliferating ICC [29] but normal num-

bers of adult ICC. These images were 512 � 512 pixels, and

represented physical dimensions of 0.212 � 0.212 mm.

These imaging data are available in the Physiome Model

Repository via http://models.physiomeproject.org/w/jerry.

gao/Gao_et_al_2013. It can be seen from the individual images

that the standard biological variability of ICC networks is

large, and hence numerous network structures were included

in each group of the imaging datasets (n ¼ 23 or 16).
2.2.2. Orientation of imaging data
The computation of the anisotropy metric (see §2.1.6) required

knowledge on the orientation of the ICC network imaging data

relative to the longitudinal and circular directions. However,

this orientation information was not directly available from the

images, so an alternative strategy to determine the imaging

data orientation was developed. ICC-DMP processes are aligned

in the circumferential direction [24], and hence the imaging data

of these cells can be used as a reference to determine the relative

orientation of the ICC-MP.

Two-dimensional bitmap images of the ICC-DMP network

were obtained in the same way as the ICC-MP networks (see

§2.2.1). These imaging data are also available in the Physiome

Model Repository via http://models.physiomeproject.org/w/

jerry.gao/Gao_et_al_2013. The process of extracting the orien-

tation information from the ICC-DMP imaging data proceeded

as follows:

(1) The normalized covariance matrix (�C) (see equation (2.11)) of

the ICC-DMP image was computed.

(2) Principal component analysis (PCA) [30] was applied on �C to

find the orthogonal eigenvectors and the corresponding

eigenvalues of the matrix.

In two dimensions, generally an eigenvector pair with two

corresponding eigenvalues exists. The projection in the circular

direction is expected to be the strongest due to the dominant

alignment of the ICC-DMP processes, and since the orientations

of features in the frequency domain are orthogonal to the original

orientations in the spatial domain [22], the eigenvector with

larger (i.e. maximum) eigenvalue points in a direction at right

angles to the circular direction. Assuming the longitudinal and

circular directions are orthogonal, the eigenvector with larger

eigenvalue points in the longitudinal direction, while the other

eigenvector points in the circular direction (figure 1h).
2.2.3. Pre-processing of imaging data
Before computing the metric values of the ICC-MP networks,

pre-processing of the images was conducted.
(1) Joining of small gaps. Gaps with less than 1 pixel radius were

morphologically closed by performing an image dilation

followed by erosion using a circular structuring template

with radius of 1 pixel. This step avoided islands of ICC

being separated by small gaps which may be imaging arte-

facts, and although the joining of these gaps did not

change the networks much visually, the metric values may

be significantly affected.

(2) Removal of small islands. Islands with less than 4 pixels were

removed. These islands had area less than 2 � 2 pixels, and

hence were considered unlikely to be a genuine or significant

ICC structure in terms of the network geometry as a whole.

Again, the removal of these islands did not introduce

obvious visual differences, but the metric values may be

considerably influenced.

3. Results
3.1. Quantification of network structural differences
3.1.1. 5-HT2B receptor knockout
The metric values of the WT and KO networks from the

5-HT2B receptor dataset are plotted in figure 3. These data

showed that the KO networks had on average a 24 per cent

lower density ( p , 0.01), 34 per cent lower thickness

( p , 0.01), 63 per cent higher contact ratio ( p , 0.01) and

96 per cent lower connectivity ( p , 0.01) than that of the

WT networks. The KO networks also had on average a

higher anisotropy metric value compared with the WT net-

works (KO mean: 0.44, WT mean: 0.01; p , 0.01), indicating

an increased preferential alignment of the ICC network pro-

cesses in the longitudinal direction in the ICC-depleted

dataset. There was no difference between the hole size of

the WT and KO networks ( p ¼ 0.15).
3.1.2. Ano1 knockout
The metric values of the WT and KO networks from the Ano1
dataset are plotted in figure 4. There were no differences

between the metric values of the WT and KO networks (den-

sity: p ¼ 0.31; thickness: p ¼ 0.27; hole size: p ¼ 0.59; contact

ratio: p ¼ 0.81; connectivity: p ¼ 0.14 and anisotropy: p ¼ 0.65).
3.1.3. Network maturation
The metric values of the WT networks from the Ano1 and

5-HT2B receptor datasets were compared to examine ICC

network structural changes potentially occurring during

post-natal maturation (3-day- and 4-week-old, respectively),

and the results are plotted in figure 5. These results demon-

strated that the 4-week networks had on average a 38 per

cent higher thickness ( p , 0.01), 45 per cent higher hole

size ( p , 0.01), 37 per cent lower contact ratio ( p , 0.01)

and 3 times higher connectivity ( p ¼ 0.02) as compared

with the 3-day networks. There was no difference in the den-

sity ( p ¼ 0.12) or anisotropy ( p ¼ 0.88) between the 3-day

and 4-week networks.
3.2. Metric relationships
A strong nonlinear relationship between the thickness and

contact ratio metrics was observed (figure 6). In general, the

thinner the network processes the higher the contact ratio.

No other obvious metric relationships were identified.

http://models.physiomeproject.org/w/jerry.gao/Gao_et_al_2013
http://models.physiomeproject.org/w/jerry.gao/Gao_et_al_2013
http://models.physiomeproject.org/w/jerry.gao/Gao_et_al_2013
http://models.physiomeproject.org/w/jerry.gao/Gao_et_al_2013
http://models.physiomeproject.org/w/jerry.gao/Gao_et_al_2013
http://models.physiomeproject.org/w/jerry.gao/Gao_et_al_2013
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4. Discussion
The current quantitative measures of cell counts and volume

computations for ICC networks from full-thickness tissue

biopsies have identified several clinical conditions involving

significant ICC depletion, including gastroparesis [11,12]

and diabetes [31]. However, at the same time, there are also

patients with significant symptoms but apparently normal

ICC numbers [11,12]. This may not only reflect primary

pathological involvement of other cell types including macro-

phages and neurons, but also may reflect changes to ICC

networks that affect function not captured by the relatively

simplistic measures currently used. This study has presented

six metrics for defining the structural properties of ICC

networks in confocal images. These metrics enable detailed

quantifications of the density, thickness, spacing, contact,

connectivity and alignment of ICC populations. To show

their validity and utility, the metrics were applied in demon-

stration studies to reveal novel insights into structural

changes occurring during ICC depletion and maturation.

Each of the developed ICC structural metrics was formu-

lated for potential physiological relevance. As this study

examined ICC-MP network structures, potential physiologi-

cal relevance was considered in the context of the

pacemaker activity generated by ICC-MP (table 1). The

definitive functional effects of these structural metrics can
be better clarified once further structure–function studies

using these developed metrics are conducted.

In the demonstration studies, ICC networks were found to

be depleted and structurally altered in 5-HT2B KO mice but

not in Ano1 KO mice. These data support and extend the pre-

vious analyses on these models using cell counts and volume

computations [19,29], with more detailed structural and stat-

istical evidence. Although Ano1 regulates ICC proliferation

[29], alternative mechanisms of proliferation such as Kit [35]

and serotonin [19,27] may compensate in the Ano1 KO

model, resulting in structurally normal ICC networks.

During ICC depletion in the 5-HT2B receptor KO mouse

model, the network density decreased, the ICC processes

thinned and the network became less connected. However,

the increased contact ratio in the KO networks may be due

to the decreased thickness in contrast to a structural adap-

tation. The data also revealed, for the first time, that a

potential remodelling phenomenon may occur in ICC-

depleted networks. Despite the fact that the ICC processes

thinned, the hole size metric value of the KO networks did

not increase, suggesting a spatial rearrangement of ICC to

maintain a consistent spread over adjacent SMC. Spatial

remodelling in response to the SMC distribution is feasible,

because SMC are primarily responsible for the production

of stem cell factor, which is the most important promoter of

ICC regeneration and survival [36]. Such a rearrangement
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could also serve a functional purpose, to optimize the distri-

bution of electrical activity generated by the remaining ICC.

If this remodelling did not occur, an increase in the spacing

between ICC processes may lead to insufficient or patchy

delivery of current to activate neighbouring SMC regions.

Another interesting and novel result from the analysis of

the 5-HT2B ICC-depleted networks was the preferential align-

ment of ICC processes in the longitudinal direction. The

mechanisms for this anisotropic remodelling are uncertain,

however, it is possible that it could also convey functional

benefits for the ICC-depleted tissue, by retaining the propa-

gation of slow waves down the organ as opposed to

around it. If longitudinal coupling of slow waves is disrupted

such that the activity is not entrained down the tract, then

ICC control over intestinal slow wave frequency plateaus

may be impaired or lost [37]. Therefore, during ICC

depletion, the ICC network would need to be more intact

longitudinally than circularly to deliver consistent entrained

activity. Our results of remodelling during ICC depletion

await confirmation in other animal models and in disease

states before the broader significance of these findings and

their meaning can be understood.

The results of comparing the 3-day versus 4-week WT

ICC networks give rise to an additional ‘pruning’ hypothesis

that may occur during ICC network maturation. Although

the immature networks had the same density as the mature
ones, the processes were thinner and more closely spaced.

This suggested that the immature networks had a larger

number of processes. The lower connectivity of the immature

networks may be because of the presence of partially pru-

ned processes, and the increased contact ratio may be due

to the thinner processes. A detailed study on the post-natal

developments of ICC in the murine small intestine was con-

ducted by Mei et al. [38]. Although the quantitative analysis

was primarily limited to ICC counts, a thickening of ICC

processes during post-natal maturation was also visually

observed [38]. An analogous mechanism of synaptic pruning

exists in neuroscience, where an initial synaptic overgrowth is

followed by judicial pruning during development [39]. This

process is thought to serve physiological purposes of repara-

tion and development, and ultimately to maintain efficient

brain function [40]. Similarly, the abundance of processes in

the immature ICC networks may not all be necessary or effi-

cient, and throughout maturation the redundant or less

effective ones would be discarded. As ICC networks only

acquire adult morphology in the suckling period [41], prun-

ing may optimize network performance to accommodate

for the increasing work load due to organ growth [38] and

maturing dietary influences.

The animal models used in this paper do not show any

physical changes to the organ size, and hence the changes

in network properties identified reflect the structural changes
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specifically occurring within the ICC networks, rather than

being an epiphenomenon. However, in studies where the

organ is likely to exhibit physical changes, such as tissue dis-

tension in pseudo-obstruction and similar animal models,

additional measures should be taken into account for changes

in organ size when applying these metrics on the imaging

data. One such strategy, as employed previously [11], is to

stain for another unaffected cell type, for example, smooth

muscle nuclei as well as for ICC, and then the nuclei counts

can be used as a normalizing factor to ensure standardized struc-

tural comparison between different tissue samples. On the other

hand, stretch induced by tissue handling in the experimental

procedure may still be present, and hence may have influenced

some of the numerical metric values. It is difficult to differentiate

between this stretch effect and natural variation in the ICC

network structure, both of which may have contributed to the

large variance in the reported results. Although measures for

minimizing errors due to stretch have and should be taken (i.e.

meticulous care in tissue handling, multiple samples), methods

for further addressing this issue need to be investigated.

A limitation of the thickness and hole size metrics is the

lack of sensitivity to tapering effects. That is, the thickness

metric does not significantly respond to the rate of decrease

of thickness along a cell body or process, and the hole size

metric does not effectively reflect the rate of decrease of

radius within a non-ICC region. In the computation of these
metrics, only the regional maxima of the distance transforms

were taken into account. This efficiently captures the general

structures of interest, but may ignore the finer details of the

tapering regions. However, even if quantified, tapering effects

are not expected to have a large influence on the metric values.

Also, as demonstrated in figure 1f, ICC islands may be ident-

ified falsely under a limited field of view, which influences



Table 1. Potential physiological relevance of the ICC structural metrics in the context of the pacemaker activity generated by ICC-MP.

metric potential physiological relevance

density measures the ICC network volume, reflecting the amount of bioelectrical current generated

thickness measures the width of cellular structures within the ICC network, which may impact electrical activity propagation through the network

hole size reflects the distribution of ICC throughout the tissue (i.e. the ‘tightness’ of the network), and may relate to the uniformity of

SMC activation

contact ratio indicates the availability of conduction pathways from ICC to non-ICC regions within the MP, which may (through field coupling

conduction mechanism [32]) relate to the efficiency of pacemaker activity conduction into SMC

connectivity reflects the structural integrity of the ICC network, indicating the cohesion of entrainment pathways [33]

anisotropy indicates the degree of preferential alignment of ICC structures, and may reflect the dominant slow wave propagation direction,

potentially affecting predilection and resilience to dysrhythmia [34]
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the connectivity metric value. That is, a single ICC island may

be identified as multiple islands as the ICC pathways connect-

ing them is outside the current field of view. To mitigate this

potential error, a larger field of view should be used where

possible. This would potentially capture the necessary ICC

pathways, and even if not, the larger tissue area would lessen

the magnitude of the introduced error. In calculating the aniso-

tropy metric, the longitudinal and circular directions of the

organ were assumed to be orthogonal. This assumption is

expected to be reasonably accurate, but at the same time it

is unlikely these directions are exactly perpendicular, and

hence minor errors would be introduced into this metric value.

In this study, we have applied only the structural metrics

on ICC-MP networks, but in fact the metrics can be applied

on any two-dimensional imaging data, including biological

network structures from different organs, regions or popu-

lations. However, it should be borne in mind that the

interpretation of the metric results should always be inferred

back to the structures being analyzed. Also, the definitions

of the numerical metrics presented are for two-dimensional

analysis, but the concepts are readily extendable to three

dimensions. This extension is mandatory in order to apply

the metrics to human imaging data, as the ICC reside in

much thicker tissue volumes [12] with processes extending

in the transmural direction as well [42], and hence two-

dimensional representations of the network structures become

inadequate. The current implementation of the numerical

metrics was relatively computationally inexpensive for small
ICC networks. However, as large-scale imaging data become

available [43] or as the metrics are extended to three dimen-

sions, the computational costs incurred will increase, and

hence the implementation may be revised to improve efficiency.

The functional significance of the potential remodelling

and pruning phenomena discussed here could be investi-

gated using mathematical simulation techniques, whereby

the network structures are coupled to an electrical activity

modelling framework and embedded biophysically based

cell models, as previously demonstrated in GI tissue-specific

modelling studies [20,25]. The simulated slow wave propa-

gation across ICC networks could then be correlated to the

structural changes observed in the confocal images.

In summary, this paper presented a set of novel numerical

metrics for assessing the structural properties of confocal

ICC networks. These metrics allowed for the first detailed

automated analyses and unbiased quantitative comparisons

of ICC network structures, and their demonstration studies

revealed novel network remodelling and pruning phenom-

ena that may be important for ICC function.
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