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Abstract: The conventional approach to creating 3D surfaces from 2D medical images is the marching cube algorithm,
but it often results in rough surfaces. On the other hand, B-spline curves and nonuniform rational B-splines (NURBSs)
offer a smoother alternative for 3D surface reconstruction. However, NURBSs use control points (CTPs) to define the
object shape and corners play an important role in defining the boundary shape as well. Thus, in order to fill the
research gap in applying corner detection (CD) methods to generate the most favorable CTPs, in this paper corner
points are identified to predict organ shape. However, CTPs must be in ordered coordinate pairs. This ordering problem
is resolved using curve reconstruction (CR) or chain code (CC) algorithms. Existing CR methods lead to issues like holes,
while some chain codes have junction-induced errors that need preprocessing. To address the above issues, a new graph
neural network (GNN)-based approach named curvature and chain code-based corner detection (CCCD) is introduced
that not only orders the CTPs but also removes junction errors. The goal is to improve accuracy and reliability in
generating smooth surfaces. The paper fuses well-known CD methods with a curve generation technique and compares
these alternative fused methods with CCCD. CCCD is also compared against other curve reconstruction techniques
to establish its superiority. For validation, CCCD’s accuracy in predicting boundaries is compared with deep learning
models like Polar U-Net, KiU-Net 3D, and HdenseUnet, achieving an impressive Dice score of 98.49%, even with only
39.13% boundary points.
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1. Introduction

Three-dimensional (3D) reconstruction of human organs is done using multiple volumetric medical images
obtained with methods such as computed tomography (CT) or magnetic resonance imaging (MRI). These
images are read by the marching cube (MC) algorithm [1] as three-dimensional data, after which a 3D mesh is
generated. Generally, the 3D data are point clouds stored as multidimensional arrays; however, efficient space
partitioning based on a kd-tree is also possible [2]. Other point cloud processing algorithms include the ball
pivoting algorithm [3], alpha shape reconstruction [4], and Poisson surface reconstruction [5]. However, these
algorithms additionally require face normal and vertex normal direction, due to which the MC algorithm is
preferred.

The limitation associated with the MC algorithm is that, in order to generate a surface, it requires a
detailed segmentation of the region of interest (ROI). It also uses a large number of images, typically a few
∗Correspondence: neelimaarambam@yahoo.co.in
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hundred. The dimension of a single image used determines the size of the entire volume. Typically, a volume
of 100 gray-scale images of dimensions of 256 × 256 requires 64 MB. In the LiTS dataset, the average size of
one image is nearly 35 KB. The higher the accuracy demanded in reconstruction, the higher the size of the
image volume, which leads to memory utilization in the order of hundreds of MB. Not only memory but also
3D mesh generation from such image data becomes difficult on a low-end computing platform [6]. Moreover,
once the 3D mesh is rendered, the outcome of the MC algorithm is still a rough textured mesh. To remove that
roughness, external smoothing algorithms such as BiNF [7], AGConv [8], and DNF-Net [9] are required, thereby
also increasing the overall computation time. In [10], the authors proposed the generation of a fine wireframe
from a point cloud, which reduces the redundant edges and noise. However, the generated wireframe possesses
intersections that are not feasible for spline-based reconstructions.

The proposed method in this paper serves two purposes. First, it will use fewer corner points instead
of an entire volume of images to render a 3D surface. For an image of dimensions of 512 × 512, a single
corner point can be accessed by [i] [j] indices. Thus, each corner is represented as a two-dimensional index
that would require at most 64 bits (32 bits each to represent i,j index as integers). Then, for 100 corner points
within an image, the memory required is 0.8 KB, and for a volume of 200 such images the maximum memory
consumption is 160 KB or 0.15625 MB, which is significantly less compared to the whole image volume as used
in the MC algorithm and state-of-the-art segmentation methods such as Polar U-Net [11], KiU-Net 3D [12],
and HdenseUnet-liver [13]. Second, the applied methodology is such that no external smoothing algorithm is
required.

Previous approaches that were used to generate curves from points include Crust [14], Connect-2d [15],
Crawl, Peel, Gathan, nn-Crust [16], and SIGDT [17]. These are known as curve reconstruction (CR) methods.
However, these methods are efficient only for dense and uniform point distributions and they generate holes
and disjoint segments if random image corners are used.

Alternately, instead of using these CR methods, a twofold approach is applied. First, the corner points
(CPs) are detected using common techniques such as Harris [18], Shi–Tomasi [19], SUSAN [20], and FAST [21].
Second, using a B-spline [22], these points are connected. An advantage of using B-splines over CR methods is
that they are independent of the distribution of points and work well for both densely and sparsely distributed
points.

However, a limitation of B-splines is that they can only be generated from an ordered set of points. While
there are infinite ways to order CPs, there are only a few ways in which properly connected CPs can reasonably
determine the object boundary.

The objective of this study is to use a graph neural network (GNN) [23] to align the detected CPs.
Thereafter, B-splines are used to generate a boundary curve where the CPs are treated as control points
(CTPs). Finally, using non-uniform rational B-splines (NURBSs), a 3D mesh is generated.

This paper is structured into 9 further sections, namely a literature review (Section 2), background study
(Section 3), materials and methods (Section 4), the proposed algorithm (Section 5), results and discussion
(Section 6), a summary (Section 7), limitations (Section 8), and conclusions (Section 9).

The contributions of this paper are to propose a novel curvature and chain code-based corner detection
(CCCD) algorithm that does the following:

(a) Identification of a new problem in chain code junctions called isolated corners.
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(b) Proposing the use of a supervised GNN to eliminate isolated corners from boundary curves and produce
correct chain codes.

(c) Identification of CPs from corrected chain codes using local curvature.

(d) The use of B-splines and CPs to approximate the target boundary in 2D.

(e) Stacking of 2D B-splines using NURBSs for 3D surface reconstruction.

2. Literature review

Curve-based reconstructions are called spline curvature reconstruction or spline-based segmentation [24–29].
Splines are broadly categorized as Bezier curves [22], B-splines [22], and T-splines [30] and are created using
a set of CTPs and a knot vector. The knot vector determines the impact of CTPs on a curve span. Basic
Bezier curves lack the ability of local refinement by adding or removing CTPs. In contrast, B-splines allow for
local refinement by allowing adjustments to the control points in specific regions. Thus, Bezier curves are not
preferred for spline-based reconstructions. However, T-splines offer an improvement over B-splines by allowing
the existence of T-junctions in the splines. Even though T-spline surfaces can reduce the model complexity, it
is assumed that a 3D mesh is already formed and constructed with polygons. As the objective in this paper
is to reconstruct an unknown 3D mesh from 2D medical images, T-splines are not suitable for this particular
scenario. Jover et al. [31] proposed B-spline reconstruction from sparse and noisy points. They assumed that
CTPs are ordered, but the order of boundary points is not guaranteed unless the segmentation itself is based
on the predefined spline. Zhang et al. [25] proposed a spline-based segmentation by defining the CTPs for their
segmentation problem manually. Gagan et al. [26] initialized two concentric circle templates for optical disc
segmentation. Their method is specific to optic disk segmentation and is not generalizable. On the other hand,
a proposed T-spline surface fitting algorithm [32] performs segmentation over a region, but the method is suited
to 3D meshes only. Rahali et al. [29] implemented Chan–Vese [33] contour modeling using B-spline level-set
representation. Their method is based on an elliptical shape seed and a given target boundary. A common trend
in spline-based segmentation is the use of a shape prior. These shape priors are made from existing knowledge
of the segmentation region.

In the existing literature, corner detection (CD)-based spline reconstruction stands out as an underex-
plored area. Although several CD methods such as Harris, SUSAN, Shi–Tomasi, and features from the acceler-
ated segmented test (FAST) were compared in a previous study [34], their application to B-spline surfaces was
not addressed in any recent work.

Existing CR algorithms such as Crust [14], Connect-2d [15], Crawl, Peel, Gathan, nn-Crust [16], and
SIGDT [17] do not perform well on sparse data. These methods are based on proximity and continuity measures.
A common technique for fitting a curve to a random point is the moving least squares (MLS) algorithm. Another
technique followed in CR methods is using a ball of α radius and a predetermined sample size within the ball
to determine connectivity with previous landmarked points. Another paradigm to generate ordered curves
involves the use of directional chain codes (CCs) [28]. CCs are also used for CD. Some such CD methods
from CCs are the Medioni–Yasumoto [35], Beus–Tiu [36], weighted-K-curvature [28], Rosenfeld–Johnson [37],
and Cheng–Hsu [38] corner detectors. One limitation associated with CCs is that sparsely distributed and far-
away points produce errors. It is observed that during the conversion of CCs to B-splines, some points remain
outliers, particularly at junctions, resulting in disjoint curves and isolated corners. Hence, CCs require some
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preprocessing. If such isolated corners are eliminated, then CCs have the potential to be highly beneficial in
spline surface reconstruction from corners.

SimKGC [39] applies text-based graph-linking to improve its performance as compared to embedding-
based graph-linking. By introducing negative learning, text-based graph learning is improved over embedding-
based learning. Relphormer [40] represents every node in a network using the graph topology (t) and textual
descriptions (d) uniquely identified by a (t,d) pair. This method performs well in question-and-answer (QA)
tests. In [41], graph structure features were used as heuristics and the heuristic was a target structure. A
GNN was trained to learn the heuristics. In [42], individual node features were learned from sequence and
structure data, and then, using a graph convolution network (GCN) and pretrained features, new features were
synthesized. The process reduced the overall training time of existing methods. GNN-based medical image
segmentation was also implemented for retinal vessel segmentation [43] using a full-scale UNet.

For liver segmentation on the LiTS17 dataset, the state-of-the-art (SOTA) approach is UNet 3+ [44],
which has a DSC of 0.9675, where the authors implemented deep supervision on different scales. Some other
SOTA methods in liver segmentation are Polar-UNet [11], KiU-Net 3D [12], and H-DenseUNet [13], with DSCs
of 0.9302, 0.9423, and 0.9650, respectively. For whole brain segmentation on the Brats2020 dataset, the SOTA
is nnunet [45], which achieved a DSC of 0.8895. Similarly, for lung segmentation, Gite et al. [46] achieved a
DSC for 0.9630 and a mean IOU of 0.95.

3. Background study

Definition 1 (Chain code) A chain code (CC) is a manner of lossless compression and a representation of
image contours.

Figure 1. A basic 3× 3 neighborhood of an 8-directional chain code.

Figure 1 shows how pixels are numbered from 0 to 7 using 8-directional CCs [28]. The CCs not only identify
boundary points but also determine the order of the pixels, thereby generating a chain of points connecting the
next pixel to a current point. Defining an order for points is an important task for any B-spline-based curve
generation. An example of a chain-coded liver boundary is shown in Figure 2.

Definition 2 (Graph neural network) A graph neural network (GNN) is a neural network architecture that
represents nodes as vertices and synapses as edges. Directly connected nodes are called adjacent nodes. All
adjacent nodes are neighbors of the activation node.

GNNs [23] closely resemble Markov chain processes and recurrent neural networks. Most GNN tasks are
categorized as graph-level tasks or node-level tasks and operate directly on graph-like data. Neural networks
working on images apply either convolution or dense fully connected perceptron-like operations over an n × n

kernel whereas GNNs perform aggregation and convolution only for the neighboring nodes as desired. Figure
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Figure 2. Sample chain-coded liver boundary.

3 shows 25 nodes and 72 links for an image of size 5 × 5 . This architecture can be extended to represent any
n× n image.

Let x, o, l, lN be the tensor describing the states, outputs, labels, and target labels of individual nodes.
The GNN can then be written as in Eq. (1), where Fw and Gw are respectively the global transition function
and global output function:

x = Fw (x(t), l)
o = Gw (x, lN )

(1)

In [23], Scarselli et al. defined an iterative scheme for updating the states and output, as shown in Eq. (2):

x(t+ 1) = Fw (x, l)
o(t+ 1) = Gw (x(t), lN )

(2)

Learning in a GNN is measured according to the loss function ς shown in Eq. (3) [23], where Gi denotes a
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Figure 3. Sample 5 × 5 grid of nodes and synaptic links in a GNN. Every node is linked to its neighbor only. Thus,
neural activation and operations such as convolution happen between these neighbors only.

subgraph of G . Ni and Ei denote a set of nodes and edges. i, j denotes grid position, and ti,j denotes the
target label at node i, j . Pixels that are to be included in the CC are labeled ‘+1’ and otherwise ‘–1’. Similarly,
the nodes have binary input features +1 or −1 . p is the number of nodes lengthwise and qi is the number of
neighbors of node i .

ς = {(Gi, ni,j , ti,j) |, Gi = (Ni, Ei) ∈ G;ni,j ∈ Ni; ti,j ∈ ℜm, 1 ≤ i ≤ p, 1 ≤ j ≤ qi} (3)

Definition 3 (Corner point from curvature) A corner point (CP) is either a maximum or minimum
curvature point within a window of k neighboring pixels. In order to evaluate a corner, the contour must
have CCs and there should be no gaps.

Based on [37], a CP is identified by performing smoothing on the chain across a window of width k as in Eq.
(4):

aik = (xi − xi+k, yi − yi+k)
bik = (xi − xi−k, yi − yi−k)

(4)

The k cosine vector is then computed as in Eq. (5). The best value for k is determined from ci1, ci2, · · · , cim
when cim < cim−1 · · · < cik ≮ cik−1 , i.e., when the values tend to decrease the value of k is found. Point i is a
corner when cik is a local maximum or minimum such that |i− j| ≤ k/2 .

cik =
aik · bik
|aik| |bik|

(5)

Definition 4 (B-spline curves and surfaces) A B-spline is a curve with segments, fitted to a set of CTPs
such that a change in the position of any point has a local effect on a selected set of segments only.

P (t) =

n+1∑
i=1

Ni,k (t)Pi , tmin ≤ t ≤ tmax (6)
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Ni,1 (t) =

{
1, ti ≤ ti+1

0, otherwise
(7)

Ni,k (t) =
t− ti

ti+k−1 − ti
Ni,k−1 (t) +

ti+k − t

ti+k − ti+1
Ni+1,k−1 (t) (8)

B-spline curves are defined with a basis function as shown in Eq. (6) [54] for n+1 CTPs, P1, P2, · · · , Pn+1 ,
where ti ≤ ti+1 . The basis function definition is Ni,k . t is the knot vector and k is the degree of the curve.
Uniform B-spline basis functions are as shown in Eq. (9):

Ni,k(t) =
1
6 (2 + t)

3 −2 < t ≤ −1

Ni,k(t) =
1
6

(
4− 6t2 − 3t3

)
−1 < t ≤ 0

Ni,k(t) =
1
6

(
4− 6t2 + 3t3

)
0 < t ≤ 1

Ni,k(t) =
1
6 (2− t)

3
1 < t < 2

Ni,k(t) = 0 otherwise

(9)

B-spline surfaces are extended B-splines in three-dimensional space. The inner summation of Eq. (10) describes
a curve using points in a horizontal plane. The outer summation is applicable after stacking multiple splines
on top of one another and describing a set of CTPs such that some vertical curves can be approximated along
the z-axis.

P (s, t) =

m+1∑
i=1

n+1∑
j=1

Pi,jNi,k (s)Nj,l (t) , smin ≤ s ≤ smax, tmin ≤ t ≤ tmax (10)

4. Materials and methods

4.1. Isolated corners

 

Figure 4. Sample 3× 3 neighborhood generating isolated corners. From current state ‘a’ there are two paths showing
two possible directions of traversal through boundary pixels.

An isolated corner is a point in a curve that cannot be linked to a new successor. Figure 4 explains the
steps through which isolated corners are created. The visualization includes different colored pixels to represent
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specific states: red for current pixels, black for neighborhood pixels, green for previously visited pixels, and
yellow for next or successor pixels. In stage a, there are two possible paths, x and y, to choose a successor.
Suppose path y is chosen. Then, at stage b2, the (yellow) pixel is the successor and the current pixel is marked
as visited (green). At stage c2, the new successor becomes the current pixel (red). The current (red) pixel can
only see the adjacent neighbor (black) within the neighborhood as the previous (green) pixels remain hidden
to avoid recursion. Thus, the only option from hereon is to choose the black pixel as the next successor. Once
selected, the successor is shown in stage d2 (yellow) and the current pixel becomes hidden (green). At stage e2,
the current (red) pixel is seen to be isolated without any adjacent pixel causing the CC allocation to generate
errors. Thus, in path y, both adjacent points are already visited (stages b2 and d2). On the other hand, by
choosing path x, no isolated point errors are generated. However, backtracking on the occurrence of isolated
corners incurs additional cost and hence a more reliable method is sought through the use of a GNN.

4.2. Removing isolated corners

 

Figure 5. Proposed GNN-based model to autocorrect chain codes.

Figure 5 demonstrates the application of GNN convolution to aggregate the neighboring synapses as
shown in Eq. (11) [53] where BN is batch normalization, W is the weight matrix, b is bias, Dropout = 0.5 ,
Act is an activation function such as ReLU, and Agg is an aggregate function. The problem is to identify
correct links (at most two adjacent neighbors) and remove unwanted links (more than two neighbors). Thus,
the feature vector contains a binary link label (+1 for true links and –1 otherwise). Hence, the problem is
treated as a link prediction problem.

x
′

i = Agg ({Act (Dropout (BN (xjW + b))) , j ∈ N (i)}) (11)
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4.3. Dataset and platform description

Three datasets are used, namely LiTS17 [47], RIDER Lung PET-CT [48], and UPENN-GBM [49] (Figure 6).
As the human brain has complex curvatures compared to some other larger organs, the UPENN-GBM dataset
is used to validate the reconstruction ability of the proposed model. From each dataset, one CT volume is
extracted, and 198 brain CT scans are used from the UPENN dataset. The data preparation step starts with
CT image dilation [50] with an XOR operation on a 5 × 5 kernel. Thereafter, the dilated image is Gaussian-
blurred and, using an edge detection method [51], the original boundary is identified.

 

                     (a)                                      (b)                                     (c)

19.2 KB 20.4 KB 89 KB

Figure 6. Raw images from the used datasets.

   
       Corners                            GNN training data(input)                GNN target data

                        (a)                                             (b)                                              (c)

0.63 KB

Figure 7. Examples of used training datasets.

The proposed model uses corners only (Figure 7a), while to train the GNN, random corner edges are
generated for training (Figure 7b). In total, 290 graphs are trained, comprising different liver contours, out of
which 200 are used for training, 40 (5%) for validation, and 50 for testing. The dataset [52] provides training
and original data. A total of 1917 different corner points are identified and an adjacency matrix of 1917× 1917

is registered for every graph. The total primary memory occupied by 209 training and target adjacency matrices
is 6.4 GB.

To implement the GNN, the Spektral 1.0 package is used on a Tesla T4 GPU with 16 GB memory and
1.59 GHz clock rate. For other computational tasks, the Python programming language is used. Python opencv
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version 4.7.0 is installed. The curve reconstruction methods are implemented on the Ubuntu 20 operating
system using publicly available source codes from the respective authors.

4.4. Evaluation metrics

True positive (TP) is the number of foreground pixels shared by the ground truth and predicted segmentation.
True negative (TN) is the number of background pixels shared by the ground truth and predicted segmentation.
False positive (FP) is the number of incorrect pixels predicted as foreground by the predicted segmentation.
False negative (FN) is the number of incorrect pixels predicted as background by the predicted segmentation.
The evaluation metrics used in this paper are TP rate (Eq. (12)), FP rate (Eq. (13)), TN rate (Eq. (14)), FN
rate (Eq. (15)), accuracy (Eq. (16)), misclassification (Eq. (17)), precision (Eq. (18)), specificity (Eq. (19)),
Dice score (Eq. (20)), and Jaccard index (Eq. (21)).

TPrate =
TP

TP + FP + TN + FN
(12)

FPrate =
FP

TP + FP + TN + FN
(13)

TNrate =
TN

TP + FP + TN + FN
(14)

FNrate =
FN

TP + FP + TN + FN
(15)

Accuracy =
TP + TN

TP + FP + TN + FN
(16)

Misclassification =
FP + FN

TP + FP + TN + FN
(17)

Precision =
TP

TP + FN
(18)

Specificity =
TN

TN + FP
(19)

Dice =
2× TP

2× TP + FP + FN
(20)

Jaccard =
TP

TP + FP + FN
(21)

5. Proposed algorithm

A step-by-step visualization of the proposed model is shown as a block diagram in Figure 8. The description
is given in Algorithm 1. The process starts with a raw CT volume as input, preferably converted to gray
scale. For any image of dimensions n × n , the first task is performing Gaussian blur (O

(
n2

)
) and dilatation

(O (n)) operations (see Section 4.3). After that, the CC (O (m)) is generated from m boundary points (see
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Algorithm 1: Proposed CCCD algorithm to generate 3D surfaces from 2D CT images.
1 i← OriginalCT image[N ] ;
2 j ← None ;
3 CC ← None ;
4 corner ← None ;
5 spline[]← None ;
6 surface← None ;
7 for i do
8 if inot preprocessed then
9 i ← Dilation(GaussianBlur(i)) ;

10 j ← Boundary(i) ;
11 else
12 if ChainCode(j)← Null then
13 CC ← ChainCode(j) ;
14 if CCcontains(isolatedCorners(CC)) then
15 CC ← GNNbasedF ilter(CC) ;
16 corner ← identifyCorners(CC) ;
17 spline[i] ← createSpline(corner) ;
18 end
19 end
20 end
21 end
22 surface ← createSurface(spline) ;

Definition 1) and examined for the presence of junctions (see Section 4.1). If junctions are present, the GNN-
based module (O

(
m2

)
) is initiated and the CC is reevaluated for the newly predicted boundary such that

all the junctions are removed (see Section 4.2). Once done, the CC curvature-based corner method (O
(
m2

)
)

is invoked and respective corners are calculated (see Definition 3). Using this ordered set of corner points, a
B-spline is generated (see Definition 4) (O

(
m2

)
). All images are then stacked on top of one another to evaluate

a new B-spline in the z-axis. Thus, at the end of the algorithm, a 3D surface is produced. The complete time
complexity for the proposed algorithm is (O

(
n2

)
+ O

(
m2

)
), where n × n represents the image dimensions,

m is the number of corners, and O is worst-case time complexity.

6. Results and discussion

This section is divided into several subsections. Section 6.1 analyzes alternative FUSE models, Section 6.2
compares the proposed model with these alternative FUSE methods, Section 6.2.1 analyzes the effects of
parameters on the proposed model, Section 6.3 compares segmentation methods with the predicted boundary
from the proposed model, Section 6.4 analyzes existing algorithms that use B-splines to generate boundaries
from corners, and Section 6.5 compares the existing methods in curve reconstruction using medical images. One
of the important implications from the results in Section 6.1 is that common CD methods detect false corners.
For this reason, true boundary points are insufficient in enclosing the organ boundary (Figure 9).
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Figure 8. Block diagram of proposed model.

For comparative analysis, three CD methods, namely Harris, Shi–Tomasi, and FAST, are used. These
CD methods are inherently not capable of generating a curve. Hence, they are combined with B-splines to
create three fused methods, namely FUSE1 (Harris corner detection + B-spline), FUSE2 (Shi–Tomasi corner
detection + B-spline), and FUSE3 (FAST corner detection + B-spline). These methods can be thought of as
alternative approaches.

6.1. Result of FUSE1, FUSE2, and FUSE3

The Harris corner method exhibits false positives (red dots) close to the ground truth (blue dots) (Figure 9a),
and 101 CPs are detected on the boundary, with the corresponding generated B-spline shown as a black curve.
Thus, the FUSE1 Dice score is 87.54%. Moreover, unwanted self-intersections are also prominently seen (Figure
9a). Similarly, in Figure 9b, it is seen that the Shi–Tomasi corner method also detects false positives (red dots)
in close proximity to the ground truth (blue dots). The actual number of CPs on the boundary is 11; thus, the
FUSE2 Dice score achieved is 79.75%. Finally, Figure 9c shows the performance of the FAST algorithm, where
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the number of CPs detected is comparatively higher than the previous two alternatives. For the test image
used, 212 CPs are detected on the boundary. Thus, FUSE3 achieved a Dice score of 93.15%.

Comparing false positive rates shows that the Shi–Tomasi method has the highest percentage of false
positives in detecting corners. From the original 53 corners, only 11 lie on the actual boundary (Table 1), which
in turn reduces the overall Dice score.

 
 

 

(a) (b) (c) 

Figure 9. Opencv-based performance of (a) FUSE1: block size = 3, Sobel aperture = 7, free parameter k = 0. 04;
(b) FUSE2: maximum control points set to 400, quality = 0.05, minimum distance set to 1; (c) FUSE3: blue dots are
original boundary, red dots are corners, black curve is predicted boundary.

Table 1. Percentage drop from identified corner points to actual corner points on liver boundary.

Algorithm No. of original points No. of points on boundary % false corners
Harris 716 232 67.5%
Shi-Tomasi 53 11 79.24%
Fast 212 212 0%

The Python opencv module with a predefined Harris corner detection function is used. The function
accepts three parameters, namely block size, aperture, and free parameter k. To reduce the false positives,
several combinations of these parameters are tried. As the CP count decreases, the CPs are spaced far apart
and the spline self-intersects. Finding the right choice of parameter is a manual task and tedious. For the
Shi–Tomasi corner method, the opencv goodFeaturesToTrack module is called and the three parameters given
are maximum number of points, quality, and minimum distance.

6.2. Results of the proposed model (CCCD) compared to FUSE1, FUSE2, and FUSE3

As the proposed model initializes parameter k to detect corners, the optimum value differs for different images.
Considering the liver boundary, four different k values are used (see Definition 3). For k = 5 where 121 CPs
are generated (Figure 10a), where the predicted corners are red dots, the actual boundary is blue dots, and the
generated boundary curve is in black, the Dice score is 95.83%. Figure 10b shows the result of the CCCD with
k = 20, where 67 CPs are generated and the Dice score is 88.75%. In another case, Figure 10c shows the result
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(a)                                                                 (b)                                                          (c)                                                          (d) 

CP: 121 CP: 67 CP: 102 CP: 156 

Figure 10. Performance of proposed CCCD: (a) reconstructed B-splines from 105 corner points; (b) reconstructed
B-splines from 67 corner points; (c) reconstructed B-splines from 102 corner points; (d) reconstructed B-splines from 156
corner points. Blue dots are original boundaries, red dots are corners, black curves are predicted boundaries.

of the proposed CCCD with k = 7, where 102 CPs are generated and the Dice score is 96.00%. Finally, with k
= 3 where 156 CPs are generated (Figure 10d), the Dice score is 98.49%.

Table 2. Comparison of proposed CCCD model versus FUSE1, FUSE2, and FUSE3.

Algorithm Parameters DSC CP
FUSE1 (Figure 9a) block size = 2, Sobel aperture = 3, k = 0.04 95.4% 232
FUSE2 (Figure 9b) max. CTP = 400, quality = 0.1, min. dis. = 5 73% 11
FUSE3 (Figure 9c) - 88.4% 212
Proposed CCCD (Figure 10c) k = 7 96.00% 102
Proposed CCCD (Figure 10d) k = 3 98.49% 156

A comparative analysis is presented in Table 2 showing the percentage Dice scores and the numbers of
boundary CPs used. The proposed model achieved a Dice score of 98.49%. Comparing the proposed model
with the FUSE methods shows that a higher Dice score was achieved even with fewer CPs (Table 2).

Comparing the CCCD with the FUSE methods over various metrics shows that the CCCD has the highest
TP rate and lowest MC score (Figures 11a–11d). Among four different k values, the CCCD (k = 3) (Figure
11a) has the highest Dice score of 98.49%, and its respective FP and FN rates of 0.0029 and 0.00348 are lowest
compared to FUSE1, FUSE2, and FUSE3. Subsequent k values are represented in Figure 11b (k = 5), Figure
11c (k = 7), and Figure 11d (k = 20). When k = 20 , the FP rate of the CCCD increases, resulting in a low
Dice score. The choice of parameter k is not predetermined, but any value below 20 gives the best results.

6.2.1. Performance of CCCD with varying parameter k

Figure 12 shows that for the same k applied on two different datasets, different results are produced. Figure 12a
is a brain boundary that obtained a Dice score of 98.27%, whereas for the same k , the predicted liver boundary
(Figure 12b) achieved a Dice score of 87.29%. Hence, the change in k affects the final outcome, as well.
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Figure 11. Performance comparison of FUSE1 (Harris + B-spline), FUSE2 (Shi–Tomasi + B-spline), and FUSE3 (FAST
+ B-spline) with the proposed CCCD (k ∈ {3, 5, 7, 20}). The comparison metrics are true positive (TP), false positive
(FP), true negative (TN), false negative (FN), accuracy (ACC), misclassification (MC), precision (PRE), specificity
(SPEC), Dice score (DSC), and Jaccard index (JI).

Figure 13 compares the differences in various metrics for the LiTS17 and UPENN-GBM datasets when
parameter k is changed. These comparison metrics are accuracy (ACC) (Figure 13a), Dice score (DSC) (Figure
13b), and Jaccard index (JI) (Figure 13c), respectively. In these figures, it is observed that as the value of k

increases, ACC, DSC, and JI decrease. For the LiTS data, there is a sudden drop in the accuracy rate as k

approaches 20, and this can be attributed to the choice of the minimum local curvature as the criterion for
identifying corners. Figure 13d shows that the sudden changes in ACC rate, Dice score, and Jaccard index are
corrected by applying the local maximum as a criterion for identifying corners. When k = 3 , the Dice score is
0.9849 on the LiTS and 0.9842 on the UPENN-GBM dataset.
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(a)                                                                                                                            (b) 

Figure 12. Performance of CCCD on two different datasets for parameter k = 20 .

(a) (b)

(c) (d)

Figure 13. Performance comparison of CCCD with itself at different values of k when tested on LiTS17 and UPENN-
GBM data using minimum local curvature for (a) accuracy (ACC), (b) Dice score (DSC), and (c) Jaccard index (JI);
(d) DSC, JI, and ACC rate using maximum curvature on LiTS data.
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              (a)                                                               (b)                                                                   (c)                                                             (d)

Figure 14. Performance in segmentation task of (a) proposed CCCD (k=3), (b) proposed CCCD (k=7), (c) proposed
CCCD (k=12), and (d) HdenseUnet-Liver [11]. Blue dots are original boundaries, red dots are corners, black curves are
predicted boundaries.

Table 3. Comparison of SOTA with CCCD using maximum curvature. Bold font shows the best performance.

Number of boundary
pixels consumed

k Model Year %Dice Memory con-
sumed by a
single image

483 - Polar U-Net [11] 2021 93.02 19.2 KB
483 - KiU-Net 3D [12] 2020 94.23 19.2 KB
483 (Figure 14d) - HdenseUnet-liver [13] 2017 96.5 19.2 KB
133 (Figure 14c) 12 Proposed (CCCD) - 96.37 1.03 KB
217 (Figure 14b) 7 Proposed (CCCD) - 96.00 1.69 KB
189 (Figure 14a) 3 Proposed (CCCD) - 98.49 1.47 KB

6.3. Performance comparison of liver segmentation with state-of-the-art (SOTA) methods

From Table 3, it can be seen that the proposed model is comparable to the SOTA deep learning methods in the
segmentation task. The proposed CCCD with k = 3 achieved an impressive 98.49% Dice score. A significant
reduction in memory is also seen when using the CCCD as it requires only corner information instead of the
entire segmented image. Three cases are taken as examples. Figure 14a shows the predicted boundary by CCCD
when k = 3 , Figure 14b shows the predicted boundary by CCCD when k = 7 , Figure 14c shows the predicted
boundary by CCCD when k = 12 , and Figure 14d shows the boundary predicted by H-DenseUNet. Thus,
the number of boundary pixels consumed by Polar U-Net [11], KiU-Net 3D [12], and H-DenseUNet-liver [13] is
483, which is significantly higher compared to the proposed CCCD method. The proposed model successfully
achieves 96.37% DSC from 133 boundary points only, reducing the meta data content by 72.46%. The initial
image of 19.2 KB contains redundant information; however, the CCCD can efficiently perform well with 1.03
KB of input data.

6.4. Performance of SOTA methods in curve prediction from corner points

Figure 15 shows the predicted boundary as described by Marsousi et al. [55] using a seed spline and some corner
points. The algorithm has no knowledge of the actual boundary. Here, the CPs used are from the Shi–Tomasi
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(a)                                            (b)                                                                    (c)                                                    (d)                                                      (e) 

Figure 15. Wrapping of segmented boundaries (blue dots) by an initial seed B-spline (green). The initial seed includes
the boundary corners (red dots) from the Shi–Tomasi corner detection method. The final B-spline boundary curve is
shown in black. a, b, c, d, and e were produced using the work of Marsousi et al. [55]. × in magenta color represents
predicted spline control points.

CD method, which are set as target CTPs to guide the seed towards the CPs. It is observed that the position
and radius of the seed are crucial for the correct identification of the boundary. Thus, with changes in the
dimensions and location of the radius, the predicted boundary is affected. As shown in Figures 15a and 15b,
two different seed radii are used for the liver boundary, and the predicted boundary (black) is not improved with
a decrease in seed radius. However, in Figures 15c and 15d, a slight improvement in the predicted boundary
(black) is observed with a decrease in seed radius, but the DSC achieved is 79.78%. Figure 15e shows the
predicted lung boundary, where a major section of the lungs is still not enclosed.

6.5. Performance comparison of curve reconstruction with SOTA methods

 
(a)                                                (b)                                                 (c)                                                     (d)                                                              (e) 

Figure 16. Performance of existing 2D curve reconstruction methods for given Harris corner points: (a) ground truth,
(b) Connect2d, (c) Crawl, (d) nn-Crust, (e) proposed CCCD construction.

In this section three existing CR algorithms, namely Connect2d, Crawl, and nn-Crust, are applied to
reconstruct a curve using the Harris CP approach. The boundaries produced by these CR methods are compared
with the proposed CCCD. The compared methods produce disjointed segments that do not match the ground
truth (Figures 16b–16d). Figure 16a portrays the ground truth. Figure 16b is the output of Connect2d, where
multiple segments are seen that deviate from the original boundary. Figure 16c is the output from the Crawl
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algorithm, where some sections still show disjoints that are absent in the ground truth. Finally, Figure 16d
shows the result of the nn-Crust algorithm, which also produces unwanted disjoints and holes. The proposed
model outperforms the existing methods without producing any disjointed segments (Figure 16e).

Table 4. Comparison of different curve reconstruction methods in connecting corner points.

Model No. of connected segments No. of disconnected segments
Ground truth 1 0
Connect2d 2 2
Crawl 4 4
nn-Crust 12 12
Proposed CCCD 1 0

Table 5. Time comparison in generating a curve from corner points.

Algorithm Corner detection time (s) Curve reconstruction time (s)
Harris 1.885 -
Shi–Tomasi 1.304 -
FAST 0.93 -
Connect2d - 3.44
Crawl - 6.87
nn-Crust - 5.34
Proposed CCCD 2.889 0.395

Table 4 provides a comparative study of the number of connected and disconnected segments in the
ground truth and boundaries generated by the existing CR methods. Connect2d predicts a boundary bearing
two holes, Crawl predicts four holes in the boundary, and nn-Crust predicts 12 holes in the boundary, whereas
the ground truth has zero holes. The CCCD generates a single connected segment without any disjoints, thereby
connecting all boundary points successfully as compared to the other methods.

B-spline generation from corner points is a two-phase task where first the corners are detected and
then they are connected as a boundary. Table 5 compares running times for converting corners into a fully
closed boundary curve. The proposed CCCD method not only excels in corner detection but also demonstrates
comparable running time. Even though FAST detects corners in 0.93 s, the CCCD detects corners in 2.889 s
and also generates an enclosing boundary in an additional 0.395 s. Thus, the entire process is completed in
3.284 s. This feature is a benefit of the CCCD compared to other methods.

6.6. 3D surface reconstruction

The ultimate goal is to transform the ordered CPs into a 3D surface. Figure 17 shows a 3D liver surface
generated by stacking the ordered points from multiple boundaries using the proposed method. This is done
using the Python Visualization Toolkit (VTK). The time required for reconstruction is 4.287 s. Figure 17a is
the surface reconstruction using the marching cube algorithm, where the roughness of the surface is visible in
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Figure 17. Reconstructed 3D surface of a human liver from the LiTS dataset.

the form of a grid-like structure. Figure 17b is the surface generated by the CCCD, where grid-like structures
are not present. The 3D surface is depicted in dark green while the control points and grid form the light green
curves that enclose it (Figure 17c).

7. Summary

As segmentation is an important preprocessing task in 3D reconstruction from medical images, SOTA segmen-
tation methods use high-resolution images where each image is 19.2 KB. The proposed CCCD model has shown
considerable improvement in DSC over the SOTA medical image segmentation methods even when the input
data are reduced below 2 KB, containing only corner points. It has also been seen that training the GNN with
minimum image information in the form of corner points reduces the cost of memory by 92.34%.

8. Limitations

Some of the limitations of the proposed model are as follows:

(a) As the optimum number of corner points depends on the organ’s shape and size, the choice of the number
of corner points is not automated.

(b) As the choice of optimum corner points is not automated, manual intervention is needed.

(c) As the model employs deep neural networks such as the GNN, the performance of the proposed model is
based on the quality of the training samples used.
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(d) The primary memory required for storing the adjacency matrix for 209 graphs exceeds 6 GB. For large
graphs and better performance, higher system requirements are needed.

9. Conclusion

The paper has explored a method to significantly decrease the amount of information in medical images by
focusing on the corners of a specific organ. It has evaluated three corner detection techniques, namely Harris,
Shi–Tomasi, and FAST, and revealed that these methods generate false positive corners. The proposed model,
however, achieves higher accuracy in identifying true positive corners along the image boundary. Despite using
fewer ground truth boundary pixels, the model attains a better Dice score. This implies that the proposed
technique could potentially reduce the necessary CT volume information when using corner points as metadata.

The method makes use of CC advantages in identifying curves and arranging curve points. Additionally,
it employs a GNN model to identify CC errors and aid in the conversion of pixels to splines. This approach ef-
fectively reconstructs a 3D mesh from image boundaries and outperforms existing curve reconstruction methods
such as Connect2d, Crawl, and nn-Crust, as these methods tend to create gaps with sparse point distributions.

In the future, the optimal number of corner points required for a 3D mesh can be automated irrespective
of the image dataset. Intersecting B-splines can also be studied to replicate tissues and organs of complex 3D
shapes such as the characters ‘A,’ ‘H,’ or ‘X.’
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