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ABSTRACT

Background: Three-dimensional (3D) modeling has been used in the management of bony head and neck tumors, but not in soft
tissue tumors. Currently, histopathological findings of oral squamous cell carcinomas (OSCC) are presented as two-dimensional
images. Previously, we developed a 3D image fusion method that presents tumor histopathology and MRI in 3D form. In this
study, we sought to test our method in a series of OSCCs.

Methods: A 3D table scanner, 3D Slicer software, and 3D modeling software were used to produce 3D image fusions of nine
OSCCs.

Results: Nine OSCCs are presented as digital, 3D image fusions, showing the resected specimen and the tumor within based on
histopathology and MRI.

Conclusions: The fused 3D model allows for a better visual understanding of tumor orientation within the resected specimen,
provides a tool to compare tumor volume and dimensions between MRI images and histopathology slides, and facilitates multi-
disciplinary discussion.

1 | Introduction For example, virtual 3D models and cutting guides are commonly
used to assist with mandibular tumor resections and free flap re-
Three-dimensional (3D) modeling is a valuable tool in the evalu- construction [1]. However, 3D modeling of soft tissue specimens

ation and management of bony tumors in head and neck surgery. has not been explored to the same degree. After resection, the

Abbreviations: 3D, three-dimensional; ADC, apparent diffusion coefficient; AI, artificial intelligence; OSCC, oral squamous cell carcinoma.
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orientation of the tumor and location of tumor histopathological
margins are difficult to visualize due to deformation of the soft tis-
sue. In current practice, only 2D images and histological slides of
specimens are available postoperatively to represent the tumor's
original orientation and topography. This makes it challenging to
identify the exact location of tumor histopathological margins in
the resected specimen, which in turn makes it difficult to precisely
pinpoint areas of interest when considering additional surgery
or radiation therapy. Furthermore, comparing histopathological
findings to MRI is difficult because imaging slices are from a dif-
ferent plane and of different width than histopathological slices.

Previous research has demonstrated successful soft tissue 3D mod-
eling using a printed mold, plate, or guide from a preoperative MRI
[2-5]. These studies have mainly focused on prostate specimens
and have solely used CT or MRI to create the 3D model, without
any histopathological component. Histopathological 3D models
have also been constructed from histopathology images slice by
slice and compared to preoperative MRI scans in prostate and
breast cancer [6, 7]. Because these methods are robust and time-
consuming, as well as not directly applicable to other tissue types,
such as head and neck tumor specimens, further development is
needed. Furthermore, they do not allow the pathologist to freely
determine dissection directions (i.e., the pathologist's planned
cuts) of tumor specimens because they require the specimen to be
sliced from end to end, whereas typically the pathologist prepares
slides only from spots of interest.

As a proposed solution, 3D optical scanning is an emerging
method of depicting resected tumor specimens. This approach
has been used in constructing a 3D model of OSCC histopathol-
ogy [8] and head and neck surgical specimen mapping [9, 10].
In addition, our previous work successfully developed a method
using optical 3D scanning and 3D computer-aided (CAD) mod-
eling for presenting tongue tumor histopathology and MRI in a
fused 3D model [11]. The purpose of this study was to examine
the replicability of our method in a series of resected OSCC spec-
imens (n=9; Table 1). To the best of our knowledge, this type of
“fused” 3D model has not been previously presented by other
groups.

2 | Materials and Methods
2.1 | Sample Selection

Patients were recruited to the study prior to surgery if they were
diagnosed with OSCC of the tongue with a tumor diameter mea-
suring >2cm. All included patients underwent a preoperative
MRI, which was performed according to the routine imaging
protocol at our institution, with adequate visualization of the
anatomic borders of the tumor and no significant artifacts. The
study cohort consisted of nine patients whose data are presented
in Table 1. Of note, one previous case was used to develop and
demonstrate the method as described in Koivuholma et al. [11].
Of the nine patients included, five were male and four were
female, with a mean age of 58years (range, 44-71). Three pa-
tients had total glossectomies (Cases 1, 3, 4), and six had par-
tial glossectomies (Cases 2, 5-9). One patient had a recurrent
tumor, as a T1 tongue carcinoma had been surgically managed
2.5years earlier (Case 1). One patient had a residual tumor

after chemoradiotherapy (Case 4). One patient had a history of
chemoradiated T3 supraglottic carcinoma (Case 5). Another pa-
tient had survived a T2 hypopharynx carcinoma 12 years earlier
(Case 9). Suitable anatomic landmarks were selected individu-
ally for each case, which were later used to help orient and su-
perimpose the radiologic and histopathological models to create
a fused 3D model. The selected landmarks included the tongue
midline in five cases (1, 2, 3, 4, and 6), sublingual gland in two
(2 and 7), palatal arch in one (5), and palatine tonsil in two cases
38,9).

2.2 | Creating 3D Models of Tumor

Eight patients were imaged with 1.5 T Siemens Avanto dot
(Siemens Healthcare, Erlangen, Germany) and one patient
with 1.5 T Siemens MAGNETOM Sola (Siemens Healthcare,
Erlangen, Germany). The diffusion images were obtained in
an axial plane with a slice thickness of 4mm using a readout-
segmented echo-planar imaging sequence (RESOLVE). The
RESOLVE technique segments the k-space trajectory along the
readout direction, enhancing susceptibility sensitivity, reducing
image distortion, and improving image quality for better lesion
detection and delineation. Diffusion weighting was applied
in three orthogonal directions, using b-values of 50, 400, and
1000s/mm?, 50, 500, and 1000s/mm?, or 50 and 1000s/mm?,
depending on the MRI system. The apparent diffusion coeffi-
cient (ADC) map was calculated using all b-values. A single-
shot echo-planar imaging technique with a slice thickness of
5mm was used to acquire the diffusion imaging stack of the
lower neck.

In addition to the diffusion images, the imaging protocol in-
cluded axial T2-weighted imaging (T2WT), axial fat-saturated
T2WI, axial T1-weighted imaging (T1IWI), axial fat-saturated
contrast-enhanced T1WI, coronal T2WI, and coronal fat-
saturated contrast-enhanced TIWI. Apart from diffusion im-
ages, the upper stack (including tumor area and upper neck
axial images) was obtained with a slice thickness of 3mm, and
the lower stack with a slice thickness of 4mm. The 3D tumor
MRI models were created by segmenting the MRI stack using
3D Slicer. Tumor segmentation means that the radiologist de-
termines tumor edges image by image for the creation of the 3D
MRI tumor model. Tumor segmentation was performed man-
ually by an experienced ENT radiologist (H.J.S.) in ADC maps
including only the areas that indicated restricted diffusion, i.e.,
areas that were bright in diffusion trace images (b-value 1000s/
mm?) and dark in ADC. We selected the diffusion imaging ADC
map for tumor segmentation because it most accurately distin-
guishes malignant tissue from surrounding reactive changes,
preventing overestimation of tumor size [12]. The fat-saturated
contrast-enhanced TIWI and fat-saturated T2WI aided in dis-
tinguishing tumor extent. Segmentation was done retrospec-
tively; the 3D MRI model was not available preoperatively.

2.3 | Creating 3D Models of Resection Specimen
and Tumor Histopathology

The 3D tumor histopathological models were developed using
our previously reported method [8]. The approach requires
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a table scanner (Einscan SP, Shining 3D), digital microscopy
slides (Zen 3.0 Carl Zeiss Microscopy GmbH, Oberkochen,
Baden-Wurttemberg, Germany) and 3D modeling software
(Fusion, v2021-2023, Autodesk Inc. Mill valley, CA, USA). In
this method, the specimen is scanned by a 3D table scanner
immediately after resection. The specimen is placed on a net
suspended from a simple rack to ensure that the surface ge-
ometry is captured from all angles. By suspending the net, a
hammock-like surface is created for the resection specimen to
limit deformation. Given our sample included tumor specimens
of different sizes, the rack was able to be adjusted to facilitate
larger specimens.

After modeling, the specimen is then handled according to the
normal protocol by the pathologist (J.H.) and histopathological
slides are prepared. The number of slides varied case by case
and was determined by the examining pathologist (J.H.) ac-
cording to normal protocol. The microscopy slides were digi-
talized, and tumor outlines were drawn onto the digital slides
by the pathologist (J.H.). The 3D tumor within the specimen was
modeled using the tumor outlines and the scanned specimen
in 3D modeling software (Fusion) by a member of the research
team (A.K.). The histopathological 3D model is derived from the
tumor outlines drawn by the pathologist. The pathologist gave
final tumor margins based on histopathological H&E staining
and microscopy. Frozen section analysis was done in cases 4, 5,
6, 7, and 8, and they were negative.

2.4 | Creating the Image Fusions

Suitable anatomical landmarks (described above) were marked
on the specimen using pins in the operating room by the

operating surgeon. The radiologist made corresponding mark-
ings on the 3D MRI model in 3D Slicer. The 3D MRI tumor
models along with their coordinates and anatomical landmarks
were exported from 3D Slicer in .stl form into Fusion. Respective
anatomical landmarks were used to superimpose the 3D MRI
and 3D histopathology tumor models as accurately as possible
in Fusion. We created this method of presenting a 3D image
fusion of tumor histopathology and MRI in our previous work
[11]. The workflow is presented in Figure 1. Tumor dimensions
in the anterior-posterior (A/P), cranial-caudal (C/C), and left-
right (L/R) direction were measured using the histopathological
as well as the radiological 3D models for each case.

3 | Results

As a result, all cases are presented as digital, 3D image fusions,
showing the resected specimen and the tumor within. The
tumor is presented as two bodies, one defined by the histopa-
thology and the other by MRI. Case 6 demonstrates our method
in detail and is presented in Figure 2, as well as in video format
(Video S1, duration 1.5min). All patients are demonstrated in
video format (Video S2, duration 4 min).

Some of the cases had special characteristics that needed to be
addressed in MRI segmentation. Tonsillar tissue and salivary
glands typically have restricted diffusion that is very similar to
malignant tumors. In three patients, palatine or lingual tonsil or
sublingual salivary gland abutted the tumor and was somewhat
difficult to differentiate from it (Cases 2, 7, 9). In these cases,
other sequences were used to aid in segmentation. In case 4, the
tumor was ulcerated, and the ulcerated pit was excluded from
the MRI segmentation as it did not contain tissue. In case 5, the

."poste.rior“

anterior

Case 6 after surgical resection. Resection specimen is scanned using

Einscan 3D.

Resection specimen is marked with tissue colors, microscopy slides are
made and digitized and tumor outline drawn.

3D segmentation of preoperative MRI.

Image fusion created in Fusion 360. E nterior
pink = MRI tumor, brown = histopathological tumor,
transparent = resection specimen

FIGURE1 | Workflow of creating a 3D image fusion of resection specimen, MRI, and histopathology tumors. [Color figure can be viewed at wi-

leyonlinelibrary.com]
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FIGURE 2 | Demonstration of case 6 resection specimen, histopathological and MRI tumor. [Color figure can be viewed at wileyonlinelibrary.

com]

tumor was small and superficial at the posterior aspect of the
tongue, which made segmentation more difficult.

Comparisons between histopathological and radiological
model measurements in A/P, C/C, and L/R directions and 3D
model volumes are presented in Table 2. The histopathological
measurements were based on formalin-fixed resection speci-
mens. The estimated tumor volume was greater in the MRI
model than the histopathological model in seven cases (Cases
1-5, 7, and 9), smaller in one case (Case 6) and equal in one
case (Case 8). The MRI model yielded a higher A/P measure-
ment in five cases (Cases 1, 2, 4, 6, and 7), lower in three cases
(Cases 3, 8, and 9), and equal in one case (Case 5). The MRI
model yielded higher C/C and L/R measurements in seven
cases (Cases 2-7 and 9) and lower measurements in two cases
(Cases 1 and 8). The largest tumor dimension in the MRI mod-
els was measured as the greatest distance between two points
on the tumor surface. This measurement was a combination of
different directions (A/P, C/C, and L/R). Because of this, the
largest tumor dimension was greater than the other measure-
ments in cases 2, 3,4, 5, 7, and 8.

4 | Discussion

In this study, we applied our previously reported method [11]
to produce a 3D fused model of tumor conformation based
on histopathological analysis and preoperative MRI for nine
tongue OSCC specimens. We found that our method is, at least
moderately, applicable to partial and total glossectomy resec-
tion specimens. The method allows the pathologist to choose
free grossing directions as in the standard protocol. Additional
equipment required includes only a table scanner and 3D mod-
eling software. Comparing tumor MRI to 2D histopathology

is difficult because the microscopic tissue slices and MRI are
not from corresponding planes. Our method may offer a more
understandable method to present where exactly the tumor is
situated in the tissue block and identify close margins in re-
lation to the patient's anatomy and adjacent structures. This
could be helpful when planning adjuvant therapies and the
need for additional surgery, especially in cases where MRI
findings are inconclusive. Image fusions including MRI and
CT have been shown to improve interdisciplinary discussion
[13-15]. Additionally, previous research has demonstrated
that 3D scanning can be used intraoperatively to improve fro-
zen section analysis and communication between the operat-
ing head and neck surgeon and pathologist [16-18]. The next
step would be to incorporate the 3D image fusion results into
the multidisciplinary tumor board meeting and investigate its
usefulness further.

Our series demonstrates that the 3D MRI model typically yielded
greater tumor volume and dimensional measurements (A/P,
C/C, and L/R) compared with the 3D histopathological model.
This is consistent with existing research. For instance, Lam et al.
[19] have shown that when comparing oral SCC tumor dimen-
sions between MRI and histopathology, MRI produces slightly
larger dimensions. Similar findings have also been reported by
other groups [20, 21].

One potential cause of this discrepancy is the accuracy of MRI
segmentation, which may be affected by imaging artifacts,
physiologic or post-therapy changes like inflammation, or
simply by human interpretation error [22]. This subsequently
leads to a greater estimation of 3D tumor volume. To address
this challenge, we segmented the tumors on the ADC map,
which allows for more reliable differentiation of the tumor
from surrounding inflammation and edema. In our series,
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TABLE 2 | Measurement details per case.

Patient MRI model (cm) Histopathological model (cm) Difference (cm) Percentual change (%)*

Tumor anterior/posterior dimensions

1 3.7 1.9 1.8 49.6
2 2.1 2.6 -0.5 —24.1
3 4.0 4.2 -0.2 -42
4 3.9 0.7 3.2 82.1
5 2.0 2.0 0.0 0.0
6 2.8 2.7 0.1 3.2
7 3.2 2.7 0.5 14.5
8 3.1 3.2 -0.1 -29
9 2.8 35 -0.7 -26.0

Tumor cranial/caudal dimensions

1 3.0 3.3 -0.3 -9.0
2 2.0 1.6 0.4 19.4
3 4.3 2.2 2.1 48.4
4 5.8 3.4 2.4 41.1
5 1.6 1.4 0.2 14.8
6 2.5 2.4 0.1 4.1
7 2.1 1.9 0.3 12.2
8 2.7 2.9 -0.2 -7.9
9 2.9 2.6 0.2 8.4

Tumor left/right dimensions

1 3.4 3.7 -0.4 —-11.2
2 0.9 0.7 0.2 24.2
3 2.2 3.9 -1.7 —76.6
4 2.8 2.1 0.7 25.0
5 0.4 0.3 0.1 13.9
6 1.3 1.3 0.0 0.8
7 1.6 1.1 0.6 34.0
8 2.0 1.5 0.6 27.4
9 1.8 1.6 0.2 13.1
Largest dimension Largest dimension on Percentual
Patient on MRI (cm) microscopy slide (cm) Difference (cm) difference (%)

Largest tumor dimensions

1 3.7 3.7 0.0 0.3

2 2.7 1.6 1.1 41.9

3 4.4 2.8 1.6 35.5

4 6.3 2.6 3.7 58.8

5 2.7 2.0 0.8 28.3
(Continues)
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TABLE 2 | (Continued)

Largest dimension

Largest dimension on

Percentual

Patient on MRI (cm) microscopy slide (cm) Difference (cm) difference (%)
6 2.8 2.7 0.1 3.6
7 3.4 2.8 0.6 17.9
8 3.2 3.3 -0.1 -3.4
9 2.9 3.3 -0.5 -16.4

aCalculated by subtracting the histopathological measurement from the respective MRI measurement and dividing the result by the MRI measurement.

one patient (Case 4) demonstrated a large difference between
histopathological and MRI tumor measurements. In this case,
the investigating pathologist (J.H.) reported abundant inflam-
mation present on microscopy slides despite a much smaller
tumor size. Further, this patient had undergone chemoradi-
ation 3 months prior to resection, and the residual tumor was
ulcerated. While there are no previous studies comparing the
volumes of 3D models created based on diffusion images and
histopathology, diffusion-weighted imaging has been demon-
strated to effectively differentiate residual tumor from benign
post-radiotherapy changes in the head and neck [23-26]. In
other anatomic locations, however, some types of dense fibro-
sis and inflammation due to radiation may result in restricted
diffusion and therefore obscure true tumor extent [27]. MRI
in case 4 showed prominent ulceration that was bordered by
a zone of restricted diffusion, which was more expansile at
the deepest part of the ulceration. ADC was uniformly low,
0.9-1.0x103mm?/s, indicative of residual tumor, and the
area was segmented in whole. In the same spot, a low T2
signal suggested post-radiotherapy fibrosis, while abnormal
enhancement across most of the tongue was consistent with
inflammation. In retrospect, only the expansile part might
have represented the residual tumor, with the other area rep-
resenting post-treatment changes. This case illustrates how
MRI segmentation following radiotherapy can overestimate
tumor volume, highlighting its reduced reliability in such sce-
narios. The effect of inflammation and fibrosis may be better
demonstrated in a fused model using MRI and histopathology
sectioning compared to preoperative imaging or a pathology
report in isolation. In addition, human error may be mitigated
by limiting MRI interpretation to one radiologist with exper-
tise in head and neck anatomy. In this study, one experienced
ENT radiologist (H.J.S.) performed all tumor segmentations.
Multiple radiologists determining tumor extent may introduce
variability based on their level of expertise and familiarity
with relevant anatomy [28-30].

Another possible contributor to the discrepancy in tumor di-
mensions between the two models is tissue shrinkage and de-
formation during postoperative handling [21, 22, 28, 29, 31, 32].
Although the tumor specimen is fixed in formalin prior to slicing
and histological analysis, which should theoretically preserve
protein architecture prior to manipulation by the pathologist, it
is possible that the handling of the tissue alters the gross shape
or size of the tumor. Additionally, it has been shown that forma-
lin fixation may result in 4%-6% of tissue shrinkage [33]. These
factors may alter the 3D histopathological measurements and
lead to decreased estimated dimensions. We used a simple rack
to limit the tissue deformation during scanning. This rack was

able to accommodate both total and partial glossectomy spec-
imens. Still, the specimen is not in the same position during
scanning as it is in the human body. Further work is needed to
tackle this problem. One solution could be to use point cloud
registration and digital twins to estimate tissue deformation and
adjust the scanned 3D body accordingly. This is a new, emerging
artificial intelligence (AI) -based method that can help measure
tissue deformation presented by Monji-Azad et al. [34]. In future
studies, the accuracy of MRI segmentation could be enhanced
by selecting patients without prior radiotherapy, and by improv-
ing image resolution through increased slice thickness or the
use of 3D sequences.

The construction method of the 3D histopathological model
may also affect the tumor volume. The 3D model is based on
tumor outlines of adjacent microscopy slides. The tumor vol-
ume is interpolated from these outlines; thus, the 3D histo-
pathological tumor model is an approximation of the tumor
volume.

In the future, AI could be used to automate our proposed
method. For instance, AI may be able to construct the histo-
pathological model from digitalized microscopy slides as well
as segment MRI. This minimizes the need for human inter-
pretation, thereby reducing human error, improving accuracy,
and expediting processing. Deep learning has been successfully
used in the segmentation of nasopharyngeal carcinoma [35].
This technology could potentially be applied to create 3D models
based on preoperative imaging and postoperative histopathol-
ogy slides of various tumors.

5 | Conclusions

We used nine tongue OSCC resection specimens to evaluate
the replicability of developing fused 3D tumor models based on
preoperative imaging and histopathological analysis. We suc-
cessfully created 3D image fusions to show that our method is
suitable for partial and total glossectomy resection specimens.
This fused model may yield improved visualization of tumor
location and orientation within the resected specimen, provide
a tool to compare tumor size and topography between MRI im-
ages and histopathology slides, and facilitate multidisciplinary
postoperative discussion regarding adjuvant therapies and ad-
ditional surgery. Further research should focus on the applica-
tion of AI to help standardize and expedite the development of
3D soft tissue tumor models, not limited only to head and neck
tumors.
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