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Recently we developed analysis for 3D visceral organ deformation by combining the shape context (SC) method with a full-field
strain (strain distribution on a whole 3D surface) analysis for calculating distension-induced rat stomach deformation.The surface
deformation detected by the SC method needs to be further verified by using a feature tracking measurement. Hence, the aim of
this study was to verify the SC method-based calculation by using digital image correlation (DIC) measurement on a rat stomach.
The rat stomach exposed to distension pressures 0.0, 0.2, 0.4, and 0.6 kPa were studied using both 3D DIC system and SC-based
image registration calculation. Three different surface sample counts between the reference and the target surfaces were used to
gauge the effect of the surface sample counts on the calculation. Each pair of the surface points between the DIC measured target
surface and the SC calculated correspondence surface was compared. Compared with DICmeasurement, the SC calculated surface
had errors from 5% to 23% at pressures from 0.2 to 0.6 kPa with different surface sample counts between the reference surface and
the target surface. This indicates good qualitative and quantitative agreement on the surfaces with small dissimilarity and small
sample count difference between the reference surface and the target surface. In conclusion, this is the first study to validate the 3D
SC-based image registration method by using unique tracking features measurement. The developed method can be used in the
future for analysing scientific and clinical data of visceral organ geometry and biomechanical properties in health and disease.

1. Introduction

Identifying corresponding points between two configurations
is a common problem in medical image processing. Point
matching-based surface registration using 3D shape context
(SC) has recently emerged as an alternative to intensity-
based nonlinear registration. The major contribution of SC
lies in the global shape characterization at a local level for
each single point. The point matching is based on 3D shape
descriptors that characterize the shape of each point based
on histograms of the distribution of points around them.
Corresponding points on similar shapes will have similar
shape contexts. In comparison to other point matching
techniques, SC do not require an equal number of points

for the shapes to be compared or segments with specific
geometrical configurations [1, 2].

Studies on lung and cortical surfaces demonstrated
that the SC matching approach-based nonlinear registration
method is a well-suited method for a variety of soft tissue
organ surfaces [1, 3–8]. Recently we developed a 3D SC-based
nonlinear image registration by combining the image regis-
tration method with a full-field strain (strain distribution on
a whole 3D surface) analysis for calculation of distension-
induced rat stomach deformation [9]. Our study showed the
dependency of the surface deformation estimation on the sur-
face matching quality. Consequently, for exploring the devel-
oped method on estimations of in vivo visceral organs sur-
face deformation, validation of the SC-based surface point
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matching is needed. Existing validation tests of 3D SC
method were limited in (1) the matching experiments that
were on synthetically transformed data (the target surface
for the registration was mathematically transformed from
a reference surface [5, 7, 8]), (2) the equal number of
surface points that was selected between the reference surface
and the target surface [7], and (3) only few surface points
were selected manually for comparisons between the target
surface and SC method calculated correspondence surface
[2].The configuration of the visceral organ changes with large
deformation due to nonlinear tissue mechanical properties.
Moreover, in vivo deformation of the visceral organ is
location andorientation dependent due to the diseases caused
tissue remodelling or heterogeneous tissue properties. Hence,
in vivo movement or deformation in the visceral organs
undergoes a complex and irregular configuration change,
and it is difficult to map the deformed surface through a
transformation from a reference surface.

From 3D surface reconstruction aspects of view, it is
difficult to maintain the equal number of surface points on
surfaces that are reconstructed from images at various geo-
metric or mechanical states. Therefore, it is necessary to
validate the 3DSCmethodby comparing if the calculated cor-
respondence surface is identical to the measured target sur-
face at each surface point. Only a feature tracking measure-
ment, for example, 3D digital image correlation (DIC) pho-
togrammetry, is able to follow each surface point between the
reference surface and the target surfaces. DIC measurement
obtains the deformation of a surface by comparison of digi-
tal images of the undeformed and deformed configuration
shapes.The assumption is that there is direct correspondence
between the motions of points in the image and motions of
points on the object. With the use of two CCD cameras, the
DIC measurement is becoming a popular and widely used
tool for 3D deformation analysis [10]. Therefore, DIC mea-
surement is an excellent tool for verifying the SC-based 3D
model registrations in vitro [11].

In this study, a rat stomach exposed to distension
pressures 0.0, 0.2, 0.4, and 0.6 kPa was investigated by the
DIC measurement for capturing the correspondence surface
points during the distensions. In the meantime, the corre-
spondence surface points between pressure 0.0 and pressures
0.2, 0.4, and 0.6 kPa were estimated by SC method, in which
the DIC measured surface at pressure 0.0 was used as a
reference surface, and surfaces at pressures 0.2, 0.4, and
0.6 kPa were used as the target surfaces. The target surfaces
were registering to the reference surface and the point-by-
point correspondence between the reference surface and the
target surface was established. The purpose of this study was
to verify the surface point matching calculated by SCmethod
from the DIC measurement on a distended rat stomach.

2. Materials and Methods

In this study, a rat stomach with marked black dots on the
outer surface was used as an example to verify the accuracy
of the 3D shape context- (SC-) based nonrigid image registra-
tion. The rat stomach was selected because, in our recent
study, the 3D SC method combined with a full-field strain
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Figure 1: A schematic plot of DIC testing setup.

analysis method was introduced, and full-field strain analysis
on a rat gastric model with distension pressures from 0.1 kPa
to 0.8 kPa was obtained. We are hereby using DIC measure-
ment to validate the 3D SCmethod described in our previous
study [9].

2.1. Stomach Sample. The stomach of a Wistar rat weighing
300 g was used in this study. The rat was anaesthetised
with Hypnorm 0.5mg and Dormicum 0.25mg per 100 g
body weight. Following laparotomy, the whole stomach with
the distal part of the oesophagus and the proximal part of
the duodenum was excised. The stomach was rinsed with
saline solution introduced into the lumen through the distal
oesophagus. The rat was killed by a CO

2
inhalation overdose

after the stomach was taken out of the abdominal cavity in
accordance with guidelines and approval from the Danish
Committee for Animal Experimentation. The experiment
was conducted at room temperature.

2.2. Experimental Setup and Procedure. The stomach surface
was gently dried and cleaned by tissue papers andwas sprayed
with white paint for making a white background. After a few
seconds, the outer surface was sprayedwith black dye tomark
the stomach surface in a random dot pattern. The stomach
was suspended (greater curvature down) in an organ bath by
fixing the oesophageal end and the duodenal end vertically
to a bar above the organ bath for avoiding rigid movement
and rotation of the stomach during the distensions. The bar
was then lowered to completely submerge the stomach into
the organ bath.The organ bath was filled with saline solution.
The duodenal end was closed after the pressure equilibration
and the oesophageal end was connected via a tube to a fluid
container containing saline solution. The container was used
for applying static gastric luminal pressures of 0.0, 0.2, 0.4,
and 0.6 kPa. Five minutes were allowed for equilibration at
each pressure level.

The stomach was photographed at each pressure level
using a 3D DIC system (ARAMIS 4M, GOM GmbH,
Germany) (Figure 1). A basic idea of this technique is to
determine 3D coordinates of the points from a pair of
pictures with two different cameras in same magnifications.
The configuration of these two cameras was obtained by a
calibration process with the aid of a calibration object. 3D
DIC system measures the complete 3D surface displacement
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fields on curved or planar specimens, with accuracy on
the order of ±0.01 pixels for the in-plane components and
𝑍/50000 in the out-of-plane component, where 𝑍 is the
distance from the object to the camera [9, 12]. In the present
study, two cameras with 50mm lenses and a resolution of
2048 × 2048 pixel2 were used to capture pairs of images
at each distension pressure. The distance from the stomach

to the camera was about 50 cm. The stomach surface with
pressure of 0.0 kPa was used as the reference configuration.
Each image was divided into many small computational
units called facets or subsets. The detected stomach surface
was reconstructed from the 3D coordinates of the centre of
each facet. The distension which caused surface outwards
displacement at each surface point was denoted as

𝐷
𝑖
= √(𝑥

𝑖 DIC − 𝑋𝑖 DIC)
2

+ (𝑦
𝑖 Dic − 𝑌𝑖−Dic)

2

+ (𝑧
𝑖 Dic − 𝑍𝑖 Dic)

2

, (1)

where𝑥,𝑦, 𝑧 and𝑋,𝑌,𝑍 are surface point coordinates in𝑥,𝑦,
and 𝑧 directions at the deformed state and the reference state,
𝑖 DIC is the surface points on the DICmeasured surface, and
𝑖 = 1, 2, 3 . . . 𝑛 is number of the surface points.

2.3. SC Method-Based Calculations. The shape context (SC)
is a shape descriptor that for a single surface captures the
distribution of points over relative positions of the global
shape points. In our recent study, we have extended the 2D
SC to 3D and have developed the 3D SC by a combination to
a 3D full-field surface strain calculation [9]. Details about SC
method are described in Appendices A and B.

Based on the DIC measured surface at pressure 0.0 kPa,
three references surfaces for SC method were reconstructed
as reference surface 1 (RS 1), the same surface as that detected
by DIC measurement; reference surface 2 (RS 2), the same
surface as reference surface 1, but resampling with 90%
surface sample counts of the RS 1 (selecting 9 surface points

in every 10 surface points); and reference surface 3 (RS 3),
the same surface as reference surface 1, but resampling with
80% surface sample counts of the RS 1 (selecting four surface
points in every five surface points). The DIC measured
surfaces at pressures 0.2, 0.4, and 0.6 kPa were used as
three target surfaces. For each reference surface, all three
target surfaces were registering to align with the reference
surface, and the point-by-point correspondence between the
reference surface and the target surface was established by
using the SC method-based nonlinear image registration
analysis.

2.4. Accuracy of the SC Method-Based Calculations. The
accuracy of the SC method was described as, with the same
reference surface, the deviation of each pair of surface point
between the DIC measurement (target surface) and the SC
calculated correspondence surface as

𝜀
𝑖
% = 100 ∗

√(𝑥
𝑖 DIC − 𝑥𝑖 SC)

2

+ (𝑦
𝑖 Dic − 𝑦𝑖 SC)

2

+ (𝑧
𝑖 Dic − 𝑧𝑖 SC)

2

𝐷
𝑖

, (2)

where 𝑥, and 𝑦, 𝑧 are surface point coordinates in 𝑥, 𝑦,
and 𝑧 directions at the deformed state; 𝑖 DIC and 𝑖 SC are
the surface points on the DIC measured surface and the SC
calculated surface; 𝐷

𝑖
is the DIC measured displacement on

the surface point as that presented in (1); 𝑖 = 1, 2, 3 . . . 𝑛 is
number of the surface points; and 𝑛 is equal to the surface
sample counts at the selected reference surface.

2.5. Statistical Analysis. Data are expressed as means ± SD.
Two-way ANOVA was used to distinguish difference in
distension pressure 0.2, 0.4, and 0.6 kPa and with three
reference surfaces. Differences were considered statistically
significant if 𝑃 < 0.05. All analyses were done by using the
software package Sigma Stat 2.0 (SPSS Inc.).

3. Results

3.1. Experimental Results. Captured images at distension
pressures of 0.0, 0.2, and 0.4 kPa are shown in Figure 2(a). As
the larger section of the sample tended to collapse beyond

the viewing field of the cameras, only the patch marked
with colour (Figures 2(b) and 2(c)) was analyzed. The colour
graphics in Figures 2(b) and 2(c) represent themeasured full-
field strain distribution fromDICmeasurement.The stomach
surface was distended with outwards displacement in ranges
0.51, 1.67 with mean value 0.95 ± 0.14, 1.12, 2.46 with mean
value 1.72 ± 0.25 and 2.17, 4.67 with mean value 3.39 ±
0.51 mm in pressures 0.2, 0.4, and 0.6 kPa. Representative
surface displacement, calculated from each correspondence
surface point pairs, at distension pressure of 0.4 kPa showed
a nonhomogeneous surface displacement on the detected
stomach surface patches.The surface at the bottom displaced
more than the rest of stomach patch (Figure 2(d)).

3.2. Accuracy of the SC Method-Based Calculations. The
colourmarked surface in Figure 2 was estimated using the SC
method by matching the surface at the reference state (refer-
ence surface) to the distended state (target surface). For RS 1,
that is, the same surface sample counts between the reference
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Figure 2: The stomach surface at distension pressure of 0.0 kPa (a), 0.2 kPa (b), 0.4 kPa (c), and the calculated 3D displacement distribution
at pressure 0.4 kpa (d). The colour areas in figures (b) and (c) are DIC measured full-field strain distributions where images were obtained
from the DIC system.The displacement distribution in (d) was calculated from (1), by using the DIC system recorded 3D coordinates of each
correspondence surface point pairs between the reference surface (pressure = 0.0 kPa) and the target surface (pressure = 0.4 kPa). Colours
from blue to red represent increasing values.

Table 1: Errors between the SD method calculation and DIC mea-
surement.

Pressure/𝜀 RS 1
(Nr = Nt)

RS 2
(Nr = 90% × Nt)

RS 3
(Nr = 80% × Nt)

0.2 kPa 5% ± 8% 7% ± 15% 7% ± 12%
0.4 kPa 7% ± 11% 11% ± 16% 14% ± 18%
0.6 kPa 8% ± 11% 22% ± 19% 23% ± 20%
Notes: data are means ± SD; RS 1, RS 2, and RS 3: the reference surfaces 1,
2, and 3; Nr: the surface sample counts on the reference surface (surface at
pressure = 0.0 kPa); andNt: the surface sampling point on the DICmeasured
target surface (surface at pressures 0.2, 0.4, or 0.6 kPa).

surface and the target surface, the SC method calculated cor-
respondence surface agreed well with the DIC measurement
at all three pressure levels (Figure 3(a), Table 1). For RSs 2 and
3, increased pressure and surface sample counts differences
resulted in bigger errors between the target surface and the
correspondence surface (for factor 1 = pressure, 𝐹 = 197.1,
𝑃 < 0.001 and for factor 2 = different surface sample counts,
𝐹 = 127.04, 𝑃 < 0.001, Figure 3(b), Table 1). However,
for pressure 0.2 kPa, the increased surface sample count
difference likely did not affect the accuracy of the calculation.

4. Discussion

To the best of our knowledge, this is the first study to
validate the 3D SC-based image registration method using

a unique tracking features measurement. The accuracy of
the SC method-based image registration was described by
comparing the calculated 3D correspondence surface to the
DICmeasurement. Compared with previous validation stud-
ies on the SCmethod, we moved a step further by comparing
the shape similarity between the target surface and corre-
spondence surface for each single surface point. Hence we
described quantitatively the accuracy of the SC calculations.

Exploration of disease-induced tissue remodelling in
visceral organs will be improved dramatically by the intro-
duction of medical imaging modalities such as Magnetic
Resonance Imaging (MRI) and ultrasonography. The use of
medical image derived, 3D-reconstructed numerical models
needs further development in the photogrammetry-based
tissue remodelling analysis. Previous studies have demon-
strated associations between morphometric and kinematical
abnormalities and diseases in visceral organs such as heart,
lungs, and stomach [6, 13–19]. Our recent study demonstrated
the feasibility to describe the kinematic activity of visceral
organs by using combined SC-based nonrigid registration
and full-field strain analysis. However, a limitation of SC
method-based point matching was, because of global and
local dissimilarity and existence of outliers, the significant
amount of point mismatching occurring between the cor-
respondence surface and the target surface. Visceral organs,
such as stomach and bladder, undergo nonlinear and large
deformation under physiological condition. For example, the
volume of the stomach can be changedmanifolds from empty
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Figure 3: A representative DIC measured target surface (empty circles) and the SC method calculated correspondence surface (crosses) at
pressure 0.4 kPawith the RS 1 (a) and RS 3 (b) for the SC calculation.The calculated corresponding surface with RS 1 showed a good agreement
with the target surface. However, there are some surface points mismatching when the RS 3 was selected. RS 1, the reference surface that was
detected by DIC measurement at pressure 0 kPa, and the RS 3, the same surface as the reference surface 1, but resampling with 80% surface
sample counts of the RS 1 (selecting four surface points in every five surface points). Target surface, the surface measured by DIC at pressure
0.4 kPa.

to full. Moreover, heterogeneous distribution of the organ
wall material will enhance deformation that caused local
shape variation. Hence, using nonlinear image registration
methods on living organs to define associations between the
kinematical properties, tissue remodelling and diseases, it is
important to determine the degree of how the method is an
accurate representation of the real world from the perspective
of the intended uses of the method [20].

Analysis in this study showed that the reference surface
and the target surface with larger shape similarity had a better
accuracy for surface point matching. Furthermore, a lower
resolution of the reference surface (i.e., the reference surface
has less surface sample count comparedwith that in the target
surface) enlarges the error for the surface matching. Hence,
matching between two large deformed surfaces should be
achieved by a number of monotonic deformation paths, that
is, by using the incremental deformation analysis. The errors
caused due to the lower resolution of the reference surface can
be improved in our near future studies by using soft assign-
ments [5] or the soft shape context method [21]. This will
allowmulti-samples in the target surface to be assigned to one
sample in the reference surface and hence will bemore robust
to distortions and the surfaces with different sample counts.

Some surface points with noncontinuous displacement
were found in the DIC measurement (Figure 2(d)). Non-
continuous displacement could occur when some markers
moved out of the gastric surface during the distension.
However, theDIC system is limited in the fixed camera setting
and thus resulting in loss of information and potentially
increasedmeasurement error on the surface pointswith those
moved markers [12]. In this study, only a part of the stomach
surface patch was captured by the DIC system. However,

the surface patch covered the stomach body including the
lesser and the great curvatures, where the major features
of the distension that caused stomach deformation were
represented [22]. Further studies with larger view scale on
3Dmeasurement are needed for testing the whole 3D surface.
Rotation invariance is not considered in this work as data sets
are already in a similar position and orientation.

In conclusion, this is the first study to validate the 3D SC-
based image registration method by using unique tracking
features measurement. The influence of the shape similarity
and the resolutions of the reference surface to the accuracy
of point-by-point correspondence between two surfaces were
investigated. Combination of the presented method and the
recently developed combined SC and full-field strain analysis
method will pave a way in the future to define the association
between tissue remodelling and disease in more detail and
will help to build a patient-based quantitative model for
accessing disease induced remodelling in vivo.

Appendices

A. Point Matching

The shape context of a point is a measure of the distribution
of relative positions with other points. The distribution is
defined as a joint histogram where each histogram axis
represents a parameter in a polar coordinate system. For a
𝑃 on the shape, the histogram of the relative coordinates of
the remaining 𝑁-1 points is defined to be the shape context
of 𝑃. In a 3D shape context, a point histogram is built based
on a 3D spherical coordinate system. For any two points (𝑃

𝑚

and 𝑞
𝑛
) in different configurations, 𝑃

𝑚
belonging to point set
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1 (reference state) and 𝑞
𝑛
belonging to point set 2 (deformed

state), a measure of similarity between these two points can
be computed as

𝐶 (𝑝
𝑚
, 𝑞
𝑛
) = 𝐶
𝑚𝑛
=
1

2

𝐿

∑
𝑙=1

(ℎ
𝑚
(𝑙) − ℎ

𝑛
(𝑙))
2

ℎ
𝑚
(𝑙) + ℎ

𝑛
(𝑙)

, (A.1)

where ℎ
𝑚
(𝑙) and ℎ

𝑛
(𝑙), 𝑙 = 1, 2, . . . 𝐿 denote the 𝐿-bin normal-

ized histogram (shape context) of𝑃
𝑚
and 𝑞
𝑛
,𝐶(𝑃
𝑚
, 𝑞
𝑛
) = 𝐶
𝑚𝑛

is the cost of matching these two points.Therefore, a low cost
value for two shape contexts means a high similarity between
the two points.

On the basis of the previous description of (A.1), a cost
matrix between all pairs of points 𝑃

𝑚
on the first shape and

𝑞
𝑛
on the second shape can be defined. Hence, the points in

the first shape that best resembles the associate set of points
in the second shape can be obtained by minimizing the total
corresponding cost as

𝐻 = min ∑
∀𝑚,𝑛

𝐶
𝑚𝑛
. (A.2)

The Hungarian method was used to minimize the cost func-
tion and enforce a one-to-one pointmatching. After complet-
ing the one-to-one matching search, the points which are set
with high similarity are chosen as final correspondences.

B. Nonrigid Registration

On the basis of the points matching procedure described
above, high similarity point pairs between the reference shape
and the deformed shapewere identified. For finding the entire
matched points in these two shapes, the identified point
pairs were used as a resource for the registration by mapping
the entire points from the first configuration to the second
configurationwith a thin-plate splinemethod (TPS) [23].The
TPS model, describing a transformed 3D point (𝑥, 𝑦, 𝑧)
independently as a function of a source point (𝑥, 𝑦, 𝑧), can
be expressed as

(𝑥

, 𝑦

, 𝑧

) = (𝑓

𝑥
(𝑥, 𝑦, 𝑧) , 𝑓

𝑦
(𝑥, 𝑦, 𝑧) , 𝑓

𝑧
(𝑥, 𝑦, 𝑧)) ,

𝑓 (𝑥, 𝑦, 𝑧) = 𝑎
1
+ 𝑎
2
𝑥 + 𝑎
3
𝑦 + 𝑎
4
𝑧

+∑𝑤
𝑖
𝑈 (
𝑃𝑖 − (𝑥, 𝑦, 𝑧)

) ,

(B.1)

where 𝑈(𝑟) = 𝑟2 log 𝑟 is the kernel function and 𝑟 is Eucli-
dean-distance between 2 points. 𝑃

𝑖
(𝑖 = 1, 2, . . . , 𝑁) are

points in the first shape; 𝑁 is the total points number in
the first shape. 𝑎 = {𝑎

1
, 𝑎
2
, 𝑎
3
, 𝑎
4
} is the global affine coef-

ficients of the transformation and 𝑤 = {𝑤
1
, . . . , 𝑤

𝑛
} is the

coefficients of the additional nonlinear deformation. The
identified corresponding points are used to compute the coef-
ficients of the TPS function byminimizing its bending energy
as

𝐸 [𝑓] =∭𝑓

𝐷
2
𝑓


2

𝑑𝑋, (B.2)

where 𝐷2𝑓 is the matrix of second-order partial derivatives
of 𝑓 and |𝐷2𝑓|2 is the sum of squares of the matrix entries.
𝑑𝑋 = 𝑑𝑥, 𝑑𝑦, 𝑑𝑧.

With the obtainedTPS function, a nonrigidwrap can thus
be applied to the entire point of the referenced shape, and the
registered deformed shape can be obtained with a smooth
deformation field. For reducing the point mismatching in
shape context analysis, the developed topological structure
correction method (TSCM) [8] was used in this study.
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