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Abstract
Introduction: A 2½ D point cloud registration method was
developed to generate digital twins of different tissue
shapes and resection cavities by applying a machine
learning (ML) approach. This demonstrates the feasibility of
quantifying soft tissue shifts. Methods: An ML model was
trained using simulated surface scan data obtained from
tumor resections in a pig head cadaver model. It hereby uses
438 2½D scans of the tissue surface. Tissue shift was induced
by a temperature change from 7.91 ± 4.1°C to 36.37 ± 1.28°C.
Results:Digital twins were generated from various branched
and compact resection cavities (RCs) and cut tissues (CT). A
temperature increase induced a tissue shift with a significant
volume increase of 6 mL and 2 mL in branched and compact
RCs, respectively (p = 0.0443; 0.0157). The volumes of

branched and compact CT were decreased by 3 and 4 mL
(p < 0.001). In the warm state, RC and CT no longer fit to-
gether because of the significant tissue deformation. Al-
though not significant, the compact RC showed a greater
tissue deformation of 1 μL than the branched RC with 0.5 μL
induced by the temperature change (p = 0.7874). The
branched and compact CT forms responded almost equally
to changes in temperature (p = 0.1461). Conclusions: The
simulation experiment of induced soft tissue deformation
using digital twins based on 2½ D point cloud models
proved that our method helps to quantify shape-dependent
tissue shifts. © 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

Point clouds allow the acquisition and display of 2½ D
images. Point clouds are characterized by their ease of use,
strong adaptability, low computational complexity, and
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high detail reproduction ability. Point clouds are the
natural representation of surface scanning techniques,
such as laser scanning or stereo. Therefore, changes in
surface geometry can be directly captured using point
cloud registration methods. In particular, tissue surface
can be measured and represented as point clouds, and
appropriate registration approaches can be used to
measure tissue deformation [1].

Tissue deformation, also referred to as tissue shift, is a
highly relevant problem in soft-tissue surgery. This causes
landmarks to be displaced, making orientation in soft
tissues challenging. Depending on its consistency and
shape, tissue deforms after wound opening owing to loss
of tension, patient positioning, or tissue extraction. So far,
this effect has been extensively described in neurosurgical
literature [2, 3]. Tissue displacement is also a problem in
head and neck surgery, especially during tumor resection,
where many critical structures are located in close
proximity and potentially require protection.

After tumor surgery, the pathological TNM classifi-
cation determines the course of therapy and prognosis.
To determine the pathological T stage, the tumor must be
examined by a pathologist, which is a difficult task in the
presence of malformation. Different tumor formations
and tissue shifts also pose challenges for pathologists and
surgeons in the management of frozen sections.

The main goal of this study was to develop an ML-
based strategy that facilitates the quantification of dif-
ferent tumor shapes and determines their changes during
tissue shift using point cloud registration and digital
twins. To the best of our knowledge, this is the first
approach to handle shape-dependent tissue shifts.

Material and Methods

Animal Cadavers and 2½ D Scans
This experimental study was performed using 45 pig head

cadavers (Schradi Frischfleisch GmbH, Mannheim, Germany).
The study was approved by the Mannheim Veterinary Office (DE
08 222 1019 21). Thus, large amounts of data can be generated to
train AI. Real tumor material is only available to a limited extent
and cannot be reproduced. Therefore, we conducted a cadaver
study.

After sagittal dissection of the pig heads, immediate processing
was done at 7.91 ± 4.1°C or storage at −18°C. To simulate tumor
resection, surgical drapes were placed in the cheek region, and
tissue blocks in the cheek area were dissected. Identification marks
were drawn on the drapes to mark the region as “region of interest”
so that the 3D cameras can identify this area. In order to create
reproducible and measurable tissue shape variants, the following
shapes were cut out: “L,” “T,” “I,” “triangle,” “circle,” “square,” and
“rectangle” (Fig. 1). The cut shapes (CT) and their corresponding
resection cavities (RCs) were scanned using 3D cameras. Artificial

tissue deformation was induced by controlled heating of CT and
RC in a heating cabinet (Binder GmbH, FD-53) for 10–12 h from
7.91 ± 4.1°C to 36.37 ± 1.28°C. The core temperatures were
measured using a piercing probe. After warming, the scans were
performed again. All raw data scans were obtained with a head-
mounted display HoloLens 2© (Microsoft HoloLens 2©, Microsoft
Corporation, Redmond, WA, USA) and a 3D-object scanner
(Artec 3D, Luxembourg). Both have already been proven to be
sufficient for the clinical and experimental use of head and neck
surgery [4–6].

Data Generation
After the scans, images for photogrammetry were taken using

the HoloLens. Meshroom software (Version 2021.1.0, Windows
10, Python 3.7.4) was used as a GUI for the Alice Vision
Framework on a workstation with 16 cores (AMDRyzen 9 5950X),
64 GB RAM, and a single Nvidia 3080 Ti GPU. MeshLab 64 bit,
v2021.07, and Blender 2.93.4 meshes were generated in Artec
Studio 14 Professional. Individual 2D images from various angles
are taken to form a 2½ Dmesh, which is recognized and compared
by Meshroom and is thus able to determine the different camera
positions.

Postprocessing
Postprocessing is necessary to improve the quality of the 2½ D

objects using MeshLab software. For example, if there are holes on
the surface, the “Close-Holes” function is applied. The total
number of vertices for the entire mesh is set to 300,000. Me-
shResampling node is used and the “Simplification factor” is set to
1.0 because the surface of the object is not captured evenly re-
sulting in irregular distribution of the vertices on the 2½ D figures.
Artec Studio Professional 14 software was applied to develop the
2½Dmeshes from the scans with Artec Eva, which also has a hole-
closing function and a region of interest segmentation function.
The Meshroom provides 2½ D figures of the HoloLens in an OBJ
format, which does not provide metric information of length and
2½ D object volume. To obtain a calculable volume of CT and RC,
an adaption to the real size must be created. Therefore, a scaling
factor must be calculated using the metric information of Artec
meshes. The length of the cranial mark (Fig. 1) was determined as
“ltarget” in millimeters. The mesh for the HoloLens is measured in
the same way and is shown as “lsource,” which is dimensionless. The
scaling factor f is calculated using the following equation:

f � ltarget
lsource

(1)

Segmentation and Volume
Segmentation was performed using the MeshLab. The region of

interest has to be cut out from the rest of the mesh using the “Draw
Polyline” tool, leaving only the Sh and the RC for subsequent
evaluation. The volumes were measured in mm3 and calculated
using the MeshLab software.

Statistics
To compare differences in volume depending on temperature

and shape, the Wilcoxon signed-rank test was used. This study
examines whether the central tendencies of two dependent paired
samples differ. The median, standard deviation (SD), minimum,
maximum, 95% confidence interval (CI), and p value were
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b1 b2

b3 b4

Fig. 1.Head-mounted display images of RCs
and cut tissue piece. Arrows and lines point
to “cranial,” “caudal,” “rostral,” and “oc-
cipital” directions to indicate the region of
interest to the 3D cameras and photo-
grammetry. a T-shape as an example of
branched shapes. a1 cold RC. a2 warm RC.
a3 cold CT. a4 warm CT. b Rectangular
shape as an example of compact shapes.
b1 cold RC. b2 warm RC. b3 cold CT.
b4 warm CT. Heating leads to the en-
largement of RC (a2, b2), particularly vis-
ible in the circled area of the compact RCs in
b1 and b2. CT is subject to shrinkage and
flattening due to heating (a4, b4). RCs,
resection cavities; CT, cut tissue piece.
Tissue temperature: warm = 7.91 ± 4.1°C,
cold = 36.37 ± 1.28°C.
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calculated for exact correlations. Differences were considered
statistically significant at a p value of 0.05. GraphPad PRISM,
Version 9, 2020, was used for all analyses.

Results

In total, 438 scans of cold and warm tissues derived
from 90 halved pig heads were obtained. In the 38 da-
tasets, volume determination was impossible owing to
quality issues. Therefore, these data were excluded from

the present evaluation, leaving 400 datasets for analysis.
Artec Eva scans were used to evaluate the shape de-
pendence. The shapes are divided into branched and
compact configurations. For the analysis of the branched
shapes, L-shape, T-shape, and triangular shapes were
integrated. Correspondingly, circular, square, rectangu-
lar, and I-shapes were considered for the analysis of
compact shapes (Fig. 1). The shape-dependent stratifi-
cation of RC and CT in the cold and warm states with
respect to their respective volumes is shown in Figure 2.

Volume Depending on the Temperature
For branched shapes (Fig. 1a, 2a), the median and SD

of the RC volumes were 42 ± 22 mL in the cold state
(range: 24–118 mL, 95% CI: 34–53 mL). The median
volume was 48 ± 23 mL after heating (range: 22–118 mL,
95% CI: 30–54 mL). Temperature change increased the
volume of the RC by 6 mL from 42 μL to 48 μL (p =
0.0443).

For the volumes of branched CT, highly significant
changes were observed after the temperature change.
Therefore, the volume of the CT in the cold state was 42 ±
19 mL (range: 22–92 mL, 95% CI: 28–50 mL) compared
to the warm state 40 ± 18 mL (range: 20–86 mL, 95% CI:
25–44 mL), resulting in a decrease from 42 mL to 40 mL
by a total of 2.0 mL (p < 0.0001). In the warm state, the
volumes of RC (48 mL) and CT (40 mL) differed sig-
nificantly, so they no longer fit together (p = 0.001).

In the analysis of compact forms (Fig. 1b, 2b), sig-
nificant changes due to temperature alterations are
observed. The volume was 31 mL in the cold RC group
(31 ± 11 mL, range: 15–65 mL, 95% CI: 26–38 mL). These
amounts were lower than the volume of 34 mL in the
warm state (33 ± 13 mL, range: 13–62 mL, 95% CI: 27–46
mL) by 3 mL (p = 0.0157).

A comparison of the volumes of the compact CT
shows that there is a decrease in the volume after an
increase in temperature. The median volumes and SD of
cold (range: 16–49 mL, 95% CI: 25–35 mL) and warm
(range: 14–43 mL, 95% CI: 22–32 mL) measurements
were 28 ± 9mL and 24 ± 8mL. The volume was decreased
by 4 mL from 28 mL to 24 mL (p < 0.0001). In the warm
state, RC (34 mL) and CT (24 mL) were no longer ac-
curately fitted with a volume difference of 9 mL (p <
0.0001).

Volume Change ΔV as a Function of Tissue Shape
As shown in Table 1, the volume changes of the

branched and compact RC and CT were checked for
differences based on the total number of branched and
compact geometric shapes in each group. Although not

a

b

Fig. 2. Volume as a function of temperature for cold and warm
scans. a Branched tissue shapes. b Compact tissue shapes. RC,
resection cavity; CT, cut tissue shape; cold scan, 7.91 ± 4.1°C; warm
scan, 36.37 ± 1.28°C. Significance was determined with the Wil-
coxon signed-rank test: ***p ≤ 0.0001, highly significant; **p ≤
0.01, very significant; *p ≤ 0.05, significant.
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significant, the compact RC showed a greater tissue de-
formation of 1 mL than the branched RC (0.5 mL induced
by the temperature change). The branched and compact
CT forms responded almost equally to changes in tem-
perature (p = 0.1461 trend).

Discussion

Using this method, it is possible to induce and quantify
tissue deformation, also referred to as the tissue shift.
Tissue shift occurs primarily in soft tissues and represents
a problem in soft-tissue surgery. Thus far, it has not been
possible to satisfactorily register soft-tissue shifts. There
are different approaches, all of which are based on
repeated intraoperative imaging [7–9]. With this novel
ML-based point-cloud method, it is possible to register
deformations in real time via point-cloud registration.
Hence, tissue shifts can be precisely registered without
imaging (CT, MRI, or sonography). This saves time and
effort and reduces radiation exposure.

Point clouds are an elegant method to represent a 3D
object. In addition to fields such as robotics [10] and
autonomous driving [11], point clouds have become
increasingly important in medicine [12–14]. We chose
this method because it is particularly suitable for cap-
turing different 2½ D shapes [15]. We confirmed that the
digital twins generated by point clouds can be used to
register a wide variety of geometric tissue shapes. It does
not matter whether the shapes are highly branched or
compact. All shapes responded to temperature changes,
and it was possible to register this change regardless of the
shape (Table 1). Although real tumor forms are indi-
vidually misshapen, in this study, we deliberately used
geometric shapes to make the process experimentally
reproducible. The point-cloud registration technique can
be used for all tissue formations. This is important be-
cause very different tumor shapes can occur, especially
during head and neck surgery.

In all cases, a significant tissue shift was caused by a
change in temperature (Fig. 2). Tissue tension is lost and
dehydration occurs when the tissue temperature raises,
especially the compact RC gape. This process simulates
the tissue behavior during head and neck tumor resection.
Once a tumor is removed, the tension of the surrounding
tissue leads to enlargement of the defect. This effect was
most pronounced after heating compact RC and CT
(Fig. 2b). It also occurs in branched forms but is not as
distinct because of the longer resection borders (Fig. 2a).
The warm CT undergoes significant deformation such
that it no longer fits into the corresponding RC. This
phenomenon is clinically well known and highly relevant
in frozen section management. The pathologist receives a
tumor with a soft and deformed consistency. The di-
mensions of this tissue no longer corresponded to the
equivalent points in the RC. If a pathologist finds tumor
cells at the resection margins of the tumor, re-resection
must be performed. Owing to tissue deformation, it is
extremely difficult to find the right place in the RC for re-
resection. The target deviation for subsequent re-
resection can be up to 1 cm [16]. As a result, in 78%
of all re-resection samples, no residual tumor was found,
meaning that the corresponding site in the tumor bed for
the positive or close margins was incorrectly localized,
and tumor cells might remain in the patient [17]. The
point cloud registration and the creation of digital twins
could help to assign corresponding points on the re-
moved piece of tissue to the correct point in the RC
because we can use the technology to measure the tissue
shift depending on the tissue shape.

Tumor size and extent determine the classification of
tumors using the TNM system [18]. As the prognosis is
derived from this, it is of great importance to make a valid
pathological statement. In the case of misshapen and
branched tumors, it is difficult to determine their actual
size. Here, our point-cloud-based AI method can help
correctly classify the actual tumor size when determining
the volume.

Table 1. Amount of volume change ΔV induced by altering tissue temperature

Tissue type ΔV Median V SD Range 95% CI p value

RC branched 0.5 1.5 5.2 25.6 0.17–4.73
RC compact 1.0 1 5.8 25.1 0.1–7 0.7874
CT branched 2.4 3 2.5 10 2.3–5.2
CT compact 2.7 2.7 1.6 6 2.1–3.7 0.1461

All data in mL; RC, resection cavity; CT, cut tissue.
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To use point clouds and digital twins in the future in
real head and neck tumor resections with frozen sections,
further work is required to train the AI and ensure ac-
curacy. The simulation experiment of induced soft tissue
deformation using digital twins based on 2½ D point
cloud models showed that our method is effective and
correct.

Conclusions

In this study, we developed a method with which tissue
shift can be registered in a large number of different tissue
shapes. It is also possible to simulate the clinical phe-
nomenon in which tumors and RCs change during the
resection process so much that they no longer fit together.
This effect is stronger in compact tissue forms than in
branched forms, which are characterized by tissue ex-
tensions. Here, our method of AI-based point cloud
registration can help measure tissue shift, which is useful
for solving deformation problems during head and neck
surgery in the future.
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