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Simple Summary: Histological subtype and grading are essential for the planning of soft tissue
sarcoma. Pretherapeutic grading based on core needle biopsies is frequently not reliable due to
intratumoral heterogeneity. This pilot study assessed the ability of functional radiological imaging
to improve histopathological grading. Multiple biopsies were taken from the sarcoma specimens
during tumor resection and radiopaque markers were placed. Subsequently, fusion of preoperative
magnetic resonance imaging and postoperative computed tomography of the specimen allowed for
comparison of histopathological grading and diffusion-weighted imaging. The apparent diffusion
coefficient appears to correlate with FNCLCC criteria and may supplement pretreatment assessment

and multimodal treatment allocation in soft tissue sarcoma.

Abstract: Histological subtype and grading are cornerstones of treatment decisions in soft tissue
sarcoma (STS). Due to intratumoral heterogeneity, pretreatment grading assessment is frequently
unreliable and may be improved through functional imaging. In this pilot study, 12 patients with
histologically confirmed STS were included. Preoperative functional magnetic resonance imaging was
fused with a computed tomography scan of the resected specimen after collecting core needle biopsies
and placing radiopaque markers at distinct tumor sites. The Fédération Nationale des Centres de
Lutte Contre le Cancer (FNCLCC) grading criteria of the biopsies and apparent diffusion coefficients
(ADCs) of the biopsy sites were correlated. Concordance in grading between the specimen and at
least one biopsy was achieved in 9 of 11 cases (81.8%). In 7 of 12 cases, fusion imaging was feasible
without relevant contour deviation. Functional analysis revealed a tendency for high-grade regions
(Grade 2/3 (G2/G3)) (median (range) £ standard deviation: 1.13 (0.78-1.70) £ 0.23 x 1073 mm?2/s)
to have lower ADC values than low-grade regions (G1; 1.43 (0.64-2.03) £ 0.46 x 10~3 mm?/s). In
addition, FNCLCC scoring of multiple tumor biopsies proved intratumoral heterogeneity as expected.
The ADC appears to correlate with the FNCLCC grading criteria. Further studies are needed to
determine whether functional imaging may supplement histopathological grading.
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1. Introduction

Treating of soft tissue sarcoma (STS) is a complex interdisciplinary task, as STS com-
prises more than 80 different subtypes and can occur at various sites in the entire body [1].
Treatment of low-grade sarcoma in localized stages is based on surgical resection, whereas
neoadjuvant therapy concepts, such as chemotherapy, radiation, or both, must be consid-
ered for locally advanced high-grade tumors [2,3]. Therefore, the pretherapeutic assessment
of tumor size, grade, and histological subtype is crucial for shared decision making and
treatment allocation in STS [4].

The Fédération Nationale des Centres de Lutte Contre le Cancer (FNCLCC) established
the most commonly used histopathological grading system based on three criteria: tumor
differentiation, tumor necrosis, and mitotic count [5]. However, determining the FNCLCC
score from pretreatment biopsies is not always reliable. Cohort studies demonstrate a
concordance in grading of only 32% and 92.5% between pretreatment biopsies and resected
specimens [6,7]. The significant differences in the accuracy of biopsies may be explained by
the retrospective nature of the reports, missing standardization of tissue retrieval, choice of
core needle size, and differences in biopsy guidance (none vs. ultrasound vs. computed
tomography (CT)). Furthermore, tumor heterogeneity and failure to identify the most
representative tumor site may also account for low accuracy [8]. The histopathological
analysis from biopsies is based on a small tissue sample [6,9], although STS exhibits a
distinct inter- and intratumoral heterogeneity and the mean tumor size ranges between 8
and 9.9 cm [10,11].

Some authors have suggested including functional imaging such as diffusion-weighted
magnetic resonance imaging (DWI) to establish a radiological grading [12]. The apparent
diffusion coefficient (ADC) assessment in DWI is based on Brownian molecular motion.
Higher cellularity and restriction of molecular motion result in ADC decreases. Retrospec-
tive cohort studies have implied that differentiating malignant and benign soft tissue tumors
may be feasible based on of the ADC [13]. Likewise, the correct differentiation into three
stages of grading based on functional ADC imaging has previously been attempted [14].
Nevertheless, these and other cohort studies of functional imaging have not yet led to a
reliable radiological grading system.

This pilot study aimed to learn more about the relation of radiological and histopatho-
logical grading by correlating functional imaging features with characteristics of histopatho-
logical assessment of distinct tumor sites. We used preoperative functional magnetic res-
onance imaging (MRI), intraoperative tumor biopsy and placement of radiopaque tissue
markers, postoperative specimen CT, and fusion imaging to correlate ADC and FNCLCC
criteria for distinct tumor sites.

2. Materials and Methods
2.1. Patient Population

The University Medical Center Goettingen ethics committee approved this prospective,
open-label, single-center pilot study (application number: 2/9/19). All patients were
treated at the Sarcoma Center Goettingen and selected based on the following inclusion
criteria: age > 18 years, histologically confirmed STS, and scheduled tumor resection. All
patients signed their informed consent.

2.2. Magnetic Resonance Imaging

Preoperative MRI was performed using 1.5 T and 3 T systems (MAGNETOM Sym-
phony, MAGNETOM Vida, MAGNETOM Skyra) from Siemens Healthcare GmbH, Er-
langen, Germany. The following sequences were included in the MRI protocol: axial
T1-weighted sequence prior to contrast media application without fat suppression, sagittal
T2-weighted half-Fourier acquisition single-shot turbo spin-echo imaging (HASTE) se-
quence with fat suppression, axial T2-weighted BLADE sequence with fat suppression,
and axial and sagittal T1-weighted sequence with fat suppression after contrast media
application. In addition, DWI, including the ADC sequence, was performed by an axial
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echo-planar imaging sequence with the b values 0, 50, and 800 s/ mm?. Section thickness
was set at 5 mm.

2.3. Intraoperative Core Needle Biopsies

Immediately after wide tumor resection, we collected core needle biopsies (CNBs)
using the coaxial technique from two to four distinct non-necrotic tumor regions. Tumor
areas with low ADC values were identified by an expert radiologist (A.S.) to identify
suitable regions for intraoperative biopsies. These regions of interest (ROls) served as target
areas for intraoperative CNBs performed by the sarcoma surgeon (J.J.) (Figure 1). The CNBs
were performed with a 12- to 14-gauge needle. Directly after the biopsy, a radiopaque
marker was placed through the coaxial needle at each site. The samples were fixed in
4% formaldehyde. For all resected tumors in total and each CNB, grading according to
FNCLCC criteria (tumor differentiation, tumor necrosis, and mitotic count) was determined
by an expert pathologist (P.S.).

Standard of care preoperative assessment
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Figure 1. Study workflow. CT: computed tomography; ADC: apparent diffusion coefficient; FNCLCC:
Fédération Nationale des Centres de Lutte Contre Le Cancer.

2.4. Computed Tomography Imaging

A native 128-slice fine-slice spiral CT (SOMATOM Definition Flash and SOMATOM
Force from Siemens Healthcare GmbH, Erlangen, Germany) with multiplanar reconstruc-
tion was performed to visualize the biopsy markers from all resected specimens, each with
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iopsy localization

T e

a soft tissue and bone algorithm in the axial and sagittal layering (Figure 1). The section
thickness ranged from 1 to 3 mm.

2.5. Fusion Imaging

Fusion imaging using the preoperative in situ MRI and postoperative CT of the
specimens were performed with Eclipse software (v. 15.5 from Varian Medical Systems,
Palo Alto, CA, USA). First, both the MRI and CT data sets were transferred into the software.
The introduced biopsy markers were identified and color-coded in the CT of the specimens.
An undirected fusion of the data sets was created automatically by the software. The
orientation and localization of the CT image within the in situ MRI were visually adjusted
and complemented by the software-assisted matching. The result is presented in Figure 2
and in Video S1 (in the Supplementary Material).

Biopsyileealization

-

Figure 2. Fusion imaging of a leiomyosarcoma of the vena cava. (a) Postoperative CT of the specimen.
One inserted biopsy marker is highlighted in pink (arrow). (b) Fusion sequence of postoperative
CT and ADC sequence of the preoperative magnetic resonance imaging (MRI). (c) Complete fusion
imaging with high tumor contour accuracy between CT and MRI. The biopsy marker visualizes the
precise biopsy location within the preoperative in situ MRI. Please also consider the dynamic fusion
in Video S1 in the Supplementary Material.

2.6. Image Analysis

The Centricity Universal Viewer (v. 6.0, GE Healthcare, Chicago, IL, USA) was used
for the image analysis and calculation of the ADC values. In the in situ MRI, the ADCpean,
ADCpin, and ADCpax of the whole tumor were determined using an ellipsoidal measuring
tool placed to capture as much of the tumor as possible. Fusion imaging allowed us to
acquire the coordinates of all inserted biopsy markers on the in situ MRI scan. Consequently,
we also determined the ADC values for all biopsy sites. For the measurement, a circular area
with a diameter of 2 cm was defined around the coordinate point. This area corresponds to
the approximate size of the biopsy punch radius during biopsy collection.

2.7. Statistical Analysis

Data are presented descriptively and the categories, proportions, median, and range
were given. In addition, box plots were displayed if appropriate. The analyses were
performed using IBM SPSS Statistics (v.28. IBM Corp., Armonk, NY, USA) and Microsoft
Excel (v.16.53. Microsoft Corp., Redmond, WA, USA).

3. Results
3.1. Patient and Tumor Characteristics

Fourteen patients were prospectively included between January 2020 and March 2021.
Of these, 12 patients were considered for the study evaluation. One case with a previous
biopsy pointing toward sarcoma was excluded due to a benign histopathological diagnosis,
and one case was excluded due to an inadequate MRI scan. Table 1 provides an overview
of the patient and tumor characteristics.
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Table 1. Patient and tumor characteristics.

Variable n or Median (Range)
Patient Number of patients 12
characteristics Age (years) 72 (45-79)
Sex: Female/Male 5/7
Ethnicity: Caucasian/Other 12/0
Primary tumor 10
Tumor characteristics Recurrent tumor 2
Tumor size (cm) 11.25 (6.2-22)
Well-differentiated liposarcoma 1
Dedifferentiated liposarcoma 2
Leiomyosarcoma 1
Synovial sarcoma 1
Histologic subtype Myofibroblastic sarcoma 2
MPNST 1
Myxofibrosarcoma 1
Solitary fibrous tumor 1
Undifferentiated Sarcoma, NOS 2
Upper extremity 3
L Lower extremity 5
Tumor localization Intraabdominal >
Retroperitoneum 2
Grading total tumor Grade 1 (G1) 4
(FNCLCCQ) Grade 2 (G2) 6
Grade 3 (G3) 1
Grade x (Gx) 1

MPNST: Malignant peripheral nerve sheath tumor; NOS: not otherwise specified.

The included well-differentiated liposarcoma was located deep in the fascia, measured
20 x 14 x 10 cm, originated in the adductor muscles, and grew into the ischiocrural
muscles. In addition to these clinical criteria, imaging and histopathological analysis
revealed necrotic areas within the tumor. Postoperatively, the resection with sparing of
the sciatic nerve (R1) and a radiation therapy were performed. The solitary fibrous tumor
(SFT) was also located deep to the fascia, had a size of 6.2 cm and originated in the fossa
popliteal. It was classified to have a low risk of recurrence.

3.2. FNCLCC Score and Grading

The histopathological analysis of the entire specimens identified four Grade 1 (G1),
six Grade 2 (G2), and one Grade 3 (G3) tumors (Table 2). Due to extensive regressive
transformation after neoadjuvant treatment, in one case no grading could be determined
(Gx). We used the determined FNCLCC score for each biopsy to derive the corresponding
biopsy grade, as initially intended by the FNCLCC grading system for whole sarcoma
specimens. Again, in one case, grading of the collected biopsies was not possible because
of the extensive regressive transformation after neoadjuvant treatment of the entire tumor.
For the cases with successful grading, there was a concordance in grading between the
entire specimen and at least one biopsy (“best biopsy”) in 9 of 11 cases (81.8%). In the other
2 of 11 cases (18.2%), an “undergrading” (G1 instead of G2) occurred because the mitotic
count in both cases and the tumor necrosis in one case could not be adequately determined
based on the biopsies. Both cases were myofibroblastic sarcoma.
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Table 2. Histological subtype and grading according to FNCLCC criteria of all total tumors and

biopsies. The biopsies graded in concordance with the total tumor are highlighted in bold.

Histologic .
Subtype Total Tumor Biopsies
TD TN MC ENCLCC Grading TD TN MC ENCLCC Grading
Score Score
Bl:x  Bl:100% B1: x B1: x B1: x
Dedifferentiated B2: 1 B2: 0 B2: 0 B2: 2 B2: G1
liposarcoma 1 0 <10 2 Gl B3: 1 B3: 0 B3: 0 Bx2  B3:Gl
B4:x  B4:100% B4: x B4: x B4: x
5 - B1: 2 BL: 0 BL: 0 Bl: 3 B1: G1
ynovia 2 0 <10 3 G1 B2: 2 B2: 0 B2: 0 B2: 3 B2: G1
sarcoma B3: 2 B3: 0 B3: 0 B3: 3 B3: G1
Dedifferentiated B1: 3 B1: 0 B1: 0 Bl: 4 B1: G2
liposarcoma 3 0 <10 4 G2 B2x  B2:100%  B2:x B2: x B2: x
Well- Bl:x  B1:100% Bl: x B1: x Bl: x
differentiated 1 <50% <10 3 G1 B2: 1 B2: 0 B2: 0 B2: 2 B2: G1
liposarcoma B3: 1 B3: 0 B3: 0 B3: 2 B3: G1
, , Bl: 2 B1: 0 B1: 0 B1: 3 B1: G1
Myofibroblastic 0, 9 4 @2 B2: 2 B2: 0 B2: 0 B2: 3 B2: G1
sarcoma B3: 2 B3: 0 B3: 0 B3: 3 B3: G1
Bl: 2 B1: 0 B1:10 Bl: 4 B1: G2
Leiomyosarcoma 2 <50% 4 4 G2 B2: 2 B2: 0 B2: 2 B2: 3 B2: G1
B3: 2 B3: 0 B3: 7 B3: 3 B3: G1
. B1: x Bl1: x Bl: x Bl: x B1: Gx
Myxofibrosarcoma  x X X X Gx B2: x B2: x B2: x B2: x B2: Gx
, , B1: 3 B1: 0 B1: 0 Bl: 4 B1: G2
Undifferentiated 5 1 5 a2 B2: 3 B2: 0 B2: 0 B2: 4 B2: G2
Sarcoma, NOS B3:
B3: 3 | B3: 0 B3: 5 B3: G2
<50%
Bl:x  Bl:100% Bl: x Bl: x B1: x
MPNST 2 <50% 0 4 G2 B2: x B2: 100% B2: x B2: x B2: x
B3:
B3: 2 50% B3: 0 B3: 4 B3: G2
. . B1: 3 B1: 0 B1:16 BL: 5 Bl: G2
Undifferentiated 5 <50% 20 7 G3 B2: 3 B2: 0 B2: 6 B2: 4 B2: G2
Sarcoma, NOS B3:
B3: 3 : B3:15 B3: 6 B3: G3
<50%
] ) Bl: 2 B1: 0 Bl: 1 B1: 3 B1: G1
Myofibroblastic 0 12 4 @2 B2: 2 B2: 0 B2: 0 B2: 3 B2: G1
sarcoma B3: 2 B3: 0 B3: 2 B3: 3 B3: G1
i i Bl: 1 B1: Bl:1 B1: 2 B1: G1
Solitary fibrous 1 0 2 By Gl : : 0 : : G
Tumor B2: 1 B2: 0 B2: 1 B2: 2 B2: G1

TD: tumor differentiation; TN: tumor necrosis, MC: mitotic count; B: biopsy; x: score cannot be assessed due to
extensive necrosis or regressive transformation of the tumor.

3.3. Fusion Imaging

In 7 of 12 cases (58.3%), fusion imaging was feasible without relevant contour devia-

tion (Figure 2 and Video S1 in the Supplementary Material), which allowed us to identify
the precise position of the postoperatively placed markers in the preoperative MRI. For this
purpose, the coordinates were recorded in the fusion software and later transferred to the
MRI image for further analysis. In the other 5 of 12 (41.7%) cases, postoperative deforma-
tion prevented image fusion of sufficient quality. This difficulty occurred particularly in
specimens with soft tumor consistency (4 of 5). Relevant contour deviations were observed
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in two cases of liposarcoma; one case of a myofibroblastic sarcoma; and one case of an
undifferentiated sarcoma, not otherwise specified (NOS). In another case of a multifocal
interjoint tumor (1 of 5), resection was performed through transfemoral amputation. The
deviated position of the knee joint on postoperative specimen CT compared with the in
situ MRI complicated a reliable fusion imaging.

3.4. Correlation of the ADC and FNCLCC Score

A total of 23 pairs of ADC and FNCLCC scores at distinct tumor sites were available
after fusion imaging. Figure 3 presents the correlation of ADCpean With the corresponding
grading. The mean ADC values (mean (range) + standard deviation [ x 1073 mm?/s]) were
1.43 (0.64-2.03) + 0.46 for G1 and 1.13 (0.78-1.70) £ 0.23 for G2/G3. In addition, FNCLCC
scoring of multiple tumor biopsies proved intratumoral heterogeneity as expected. Further,
ADC appears to correlate with FNCLCC grading criteria. Due to the small study population,
no significance analysis was performed. However, Figure 3 demonstrates the tendency
of high-grade sarcoma regions (G2/G3) to have lower ADC values than low-grade (G1)
sarcoma regions. Figure 2 and Video S1 (in the Supplementary Material) present the fusion
imaging of a retroperitoneal leiomyosarcoma. In addition, Figure 4 displays the direct
correlation of ADCpean values and FNCLCC grading of the different biopsies from the
tumor. This example demonstrates the complexity of the histopathological detection of the
mitotic count based on CNBs and illustrates the potential benefit of functional imaging in
this context.

2.100

1.600

1.100

ADC [x103mm?/s ]

.600
0 Low grade High grade

(G1) (G2 + G3)
Grading [FNCLCC]

Figure 3. Boxplot showing the correlation between ADC and grading (low grade (Grade (G) 1) vs.
high grade (G2 and G3)).
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Figure 4. Distribution of the ADC of the entire tumor and the three collected biopsies. The arrows
mark the distribution of ADC from the entire tumor and the biopsies. The ADC of biopsy III and
the entire tumor are very close to each other. However, the grading reveals a discrepancy: total
tumor: grade (G) 2, biopsy III: G1, because this is the lower mitotic count of biopsy III determined
by histopathological examination. Histopathological assessment of the whole tumor revealed an
FNCLCC grade of 2. The ADCpean of the entire tumor was 1.26 4 0.28 x 10~3 mm? /s, which was
low and indicated a high grade. Biopsy I also revealed an FNCLCC score corresponding to G2 and
low ADC values. Biopsy II revealed an FNCLCC score corresponding to G1 and high ADC values.
At both intratumoral sites, the correlation of the ADC and FNCLCC score was consistent (high
grade—low ADC; low grade—high ADC). The difference in grade and ADC reflected intratumoral
heterogeneity. A discrepancy occurred between the histopathological and radiological findings at the
third biopsy site. The ADC of Biopsy ITT was 1.32 + 0.21 x 103 mm? /s, which is low and indicates a
high grade. The FNCLCC score revealed a grade of 1. Comparing the single criteria of the FNCLCC
score of each biopsy, all three biopsies were identical in terms of histological subtype and tumor
necrosis but different in the number of mitoses, which was decisive for the grading determination.
Thus, the critical difference was the mitotic count, which was 2 (G1-ADC high), 7 (G1-ADC low),
and 10 (G2-ADC low; see Figure 3).

4. Discussion

Grading is one of the most important criteria for treatment allocation in patients with
sarcoma. However, grading is a rather unreliable parameter in the pretreatment assessment
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of STS. We conducted this pilot study to learn more about the correlation between functional
imaging and histopathological features of distinct tumor sites to improve the pretreatment
assessment of STS.

The FNCLCC scoring system is currently the most used method for assessing the
histopathological grading of STS. To calculate the FNCLCC score, tumor necrosis, tumor
differentiation, and mitotic rate are determined. The method itself was developed and
validated in the 1980s to 1990s based on cohort studies in France [15]. In these studies,
pathologists carefully examined entire specimens of unpretreated sarcomas to develop
a reliable and robust grading system to estimate the prognosis of STS. Today, however,
pretreatment grading is usually determined based on biopsies rather than specimens, and
perioperative treatment algorithms have become more sophisticated, e.g., grading is one of
the most important triggers of neoadjuvant chemotherapy. This situation leads to two major
clinical difficulties: First, the application of preoperative therapies may significantly alter
FNCLCC parameters, such as tumor necrosis and mitotic count. Thus, postoperative re-
evaluation and definitive determination of grading are frequently not possible at all. Second,
grading based on biopsy material is consistently unreliable. Cohort studies comparing
the grading of biopsies and specimens exhibit a variable overall concordance of 30% to
90% [6,7,9]. Some authors have argued that the unreliability of biopsies depends on the
biopsy technique, favoring incisional biopsies over CNBs. Nevertheless, such an advantage
of incisional biopsies has never been proven in head-to-head trials, and numerous tumors
(e.g., retroperitoneal sarcoma) are unsuitable for incisional biopsies [16]. Intratumoral
heterogeneity is the most crucial reason for the disappointing accuracy of pretreatment
interventional biopsies [6,9].

In this study, we deliberately biopsied vital tumor sites at different sites but did
not correctly estimate the grading in more roughly 10% of the cases. To our knowledge,
better results were achieved only in a single study in which tumor biopsies were taken
immediately during MRI [17]. With this method, Noebauer et al. achieved a reliable
grading in 90.5% of cases. In clinical practice, however, this procedure is neither common
nor practicable.

As cross-sectional imaging is an essential staging feature, assessing tumor characteris-
tics using radiological methods is a logical approach to improving pretreatment grading. In
particular, functional imaging may be suitable to describe tumor aggressiveness by estimat-
ing surrogate metabolism markers, blood flow, and tumor cellularity. Cohort studies have
described MRI, CT, and positron emission tomography (PET)-CT as applicable modalities
for this purpose [18-20].

The results of several cohort studies evaluating DWI suggest that ADC, as a parameter
of cellularity, has the potential to characterize dignity and grading in STS [13,21,22]. Tumor
necrosis as a surrogate marker of fast and ineffective tumor growth may be estimated using
CT [18]. Mcaddy et al. applied the grading system according to FNCLCC but replacing
histopathologic diagnosis of tumor necrosis with the CT imaging results. This method
improved the sensitivity of necrosis detection, and subsequently, the reliability of grad-
ing. Metabolic activity measured using '8F-fluorodeoxyglucose (FDG)-positron emission
tomography (PET)/CT also seems to be a potential functional parameter differentiating
between high- and low-grade sarcomas. Several studies have recently demonstrated sig-
nificant results for grading differentiation based on the standardized uptake value (SUV).
Additionally, a correlation between the mitotic count or tumor necrosis and the SUV could
be demonstrated here [20,23,24].

In the present work, DWI was chosen as a functional parameter for radiological tumor
characterization. In addition, DWI may be suitable for estimating the dignity of unclassified
soft tissue lesions and the grading of malignant STS. Chhabra et al. and Razek et al.
correlated grading and ADC in retrospective cohort studies and found significantly lower
ADC values for high-grade tumors than for low-grade tumors [14,25]. Similar results have
also been demonstrated for other tumor entities, such as breast cancer [26]. Moreover,
the DWI method provides advantages regarding clinical feasibility. It does not require
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additional radiation exposure, unlike CT or FDG-PET. Regarding cost-effectiveness, DWI
is a convenient approach because MRI imaging is part of the standard diagnostics in STS
and DWI is already established as a standard procedure in diagnosing for other indications
such as ischemic stroke [27]. Therefore, its comprehensive feasibility should be ensured.

This pilot study has limitations. The chosen method of fusion imaging, intraoperative
biopsy, and specific correlation of histology and functional imaging is complex and was
realized only in a few patients. The results regarding the assumed correlation of grading
and ADC must be validated in larger cohorts. In these large-scale validation studies, the
appropriate consideration of the already-existing, subtype-specific scoring systems for risk
assessment, such as the SARCULATOR or SFT prognosis tool, in addition to the general
FNCLCC grading system, will be a specific challenge [28,29].

Furthermore, the technique of fusion imaging itself was limited by tumor deformation
in this pilot study. Surgical manipulation leads to tumor deformation. This deformation
must be compensated for with the appropriate software during image fusion [30]. We
have chosen a commercially available software that was initially developed for image
fusion of different imaging modalities to facilitate necessary calculations for radiotherapy.
Due to the nature of the pilot study, in-house development of an appropriate program or
adaptation of software approaches using machine learning or artificial intelligence was
not reasonably possible. This development would have required a significantly higher
number of patients to form training and test cohorts. For example, Breininger et al. used
over 60 data sets to develop image fusion methods in the context of endovascular aortic
prosthesis implantation [31]. Sarcomas are rare, vary in localization, and are sometimes
mobile concerning neighboring structures. For more common cancers, which are frequently
fixed and almost always occur at the same site, fusion imaging has already been developed
for clinical practice, e.g., for MRI and ultrasound in the case of prostate cancer [32]. For
sarcoma, such an approach is probably much more challenging.

As described, other authors have also pursued functional imaging approaches to im-
prove the preoperative grading of sarcomas. Crombé et al. proposed a radiological grading
system based on three independent radiological MRI criteria: peritumoral enhancement,
heterogeneous signal intensity of 50% at T2-weighted imaging, and presence of necrotic
tumor areas were associated with high-grade STS [12]. Peeken et al. and Navarro et al.
also developed complex MRI-based artificial intelligence methods to differentiate low-
and high-grade sarcomas [33,34]. However, none of these approaches achieved a more
consistent quality than the current assessment of histological grading. The accuracy results
in predicting high-grade tumors were 70.2%, 64.0%, 78.0%, and 83.0% [12,33,34]. Retro-
spective trials correlating radiographic and histological tumor features with oncological
outcome are limited by patient selection, missing methodological standardization, and
missing site-specific correlation of histology and imaging features. A large proportion of
patients are referred to sarcoma centers with MRI of good quality but without functional
imaging. These patients would not be eligible for further analyses since their imaging is
usually sufficient for routine treatment planning. In the remaining cases, interventional
biopsies are usually taken in a fan-shaped manner, and the exact site of the single biopsy is
not documented. Other authors and guidelines recommend taking tumor heterogeneity
into account and choosing the tumor area with the highest grade for biopsy [2,3,17,35].
Yet, no validation study ever demonstrated a reliable correlation of radiographic and
histopathological tumor features. The rationale of this feasibility study was to establish
a method of fusion imaging and the correlation of radiographic and histopathological
parameters to prepare a prospective, large-scale validation study.

We considered two other methodological options for this prospective trial to enable a
site-specific correlation of radiological and pathological features. The first option was to
place a radiopaque marker at the biopsy site in situ, analogous to those used in biopsies
of breast cancer [36]. However, these markers are currently not licensed for soft tissue
lesions in Germany. Furthermore, additional postinterventional imaging for image fusion
would also have been required. The second option was to perform CT-guided biopsies in
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all patients. Subsequently, the biopsy tracts (or the position of the coaxial needle) could
have been correlated with preexisting functional imaging. Both alternatives require the
conduction of feasibility studies to calculate the size of the study population, the setting
of the trial, the number of study centers, etc., for a large-scale trial. Furthermore, for both
alternatives, the development of a fusion imaging method would have been necessary
to correlate biopsy sites and functional imaging. In addition, radiation exposure would
have been increased—at least in comparison to our own routine approach—in which
ultrasound-guided biopsies are preferred.

We believe that the most reasonable approach for a future grading system is a com-
bination of histopathological and radiological assessment. In some tumors, such as an-
giosarcoma, the histological subtype in itself determines the biological aggressiveness and
grading is not performed [1]. In the remaining cases, imaging can highly likely describe the
tumor necrosis parameter better than a single biopsy from the tumor. As another parameter
of the scoring system, the mitotic rate is a surrogate of tumor proliferation, which may be
described by hypervascularization or cellularity, which are parameters of functional imag-
ing (see Figure 4). Thus, the goal must be to develop a new scoring system incorporating a
histological and molecular biological examination of the biopsy and functional imaging
parameters (Figure 5).

Suspected STS

F}mctif)nal Low ADC OR
imaging
Aggressive subtype
Tumor without FNCLCC grading J
. (e.g. angiosarcoma) >
biopsy OR L
FNCLCC grade 3

Low grade STS

Figure 5. Suggestion of a combined grading system for soft tissue sarcoma (STS).

5. Conclusions

In conclusion, we demonstrated the feasibility of fusion imaging of preoperative in
situ MRI and postoperative CT of the specimen. Considering that the pretherapeutic
grading is fundamental for treatment planning of STS, we demonstrated in selected cases
that functional MRI could be a valuable complement to histopathological grading. In the
future, a combined grading system of histopathological and radiological features could be
developed to improve the reliability of pretherapeutic grading.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ cancers14174331/s1, Video S1: Dynamic fusion imaging of a
leiomyosarcoma of the vena cava.

Author Contributions: Conceptualization, J.J., ] K., A.S.AH. and L.-C.C.; methodology, J.J., ] K.,
AS.AH., L-CC. and M.H.; software, M.G. (Manuel Guhlich) and A.S.A.H.; validation, M.H., J.J.,
A.S.A.H. and PS,; formal analysis, M.H., ].]. and M.G. (Manuel Guhlich); investigation, M.H., ] K.,
A.S.A.H.,, M.G. (Manuel Guhlich), B.P. J.E., L.-C.C., P.S., M.G. (Michael Ghadimi) and ].J.; resources,
JJ.,J.E, L-C.C, B.P, AS.AH. and PS; data curation, M.H. and A.S.A H.; writing—original draft
preparation, M.H. and ] .J.; writing—review and editing, M.H., ].J., P.S. and L.-C.C.; visualization,
M.H. and ].].; supervision, ].]., P.S. and M.G. (Michael Ghadimi); project administration, J.J. and M.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.


https://www.mdpi.com/article/10.3390/cancers14174331/s1
https://www.mdpi.com/article/10.3390/cancers14174331/s1

Cancers 2022, 14, 4331 12 of 13

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Ethics Committee of University medical center Goettingen,
Goettingen, Germany (2/9/19; 18 September 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding author. The data are not publicly available due to ethical restrictions and
data protection regulations.

Acknowledgments: The authors thank Anne Wohnl (University Medical Center Gottingen), Anne-
Marie Weber (University Medical Center Goéttingen) and Gabriele Pospiech (University Medical
Center Mannheim) for administrative support. The authors thank Christian Dullin (University
Medical Center Gottingen) for his advice regarding the technical possibilities of fusion imaging. Part
of the data were previously presented at the German Sarcoma Conference 2021 and will be displayed
as a poster at the German Cancer Congress 2022.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  WHO Classification of Tumours Editorial Board. Soft Tissue and Bone Tumors, 5th ed.; International Agency for Research on Cancer:
Lyon, France, 2020; Volume 3, pp. 2-12.

2. Casali, PG.; Abecassis, N.; Aro, H.T,; Bauer, S.; Biagini, R.; Bielack, S.; Bonvalot, S.; Boukovinas, I.; Bovee, ].; Brodowicz, T.; et al.
Soft tissue and visceral sarcomas: ESMO-EURACAN Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann.
Oncol. 2018, 29, iv51-iv67. [CrossRef] [PubMed]

3. von Mehren, M.; Randall, R.L.; Benjamin, R.S.; Boles, S.; Bui, M.M.; Ganjoo, K.N.; George, S.; Gonzalez, R.J.; Heslin, M.].; Kane,
J.M.; et al. Soft Tissue Sarcoma, Version 2.2018, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw. 2018,
16, 536-563. [CrossRef] [PubMed]

4. Coindre, J.-M. Grading of Soft Tissue Sarcomas: Review and Update. Arch. Pathol. Lab. Med. 2006, 130, 1448-1453.
[CrossRef] [PubMed]

5. Golouh, R.; Bracko, M. What is the current practice in soft tissue sarcoma grading? Radiol. Oncol. 2001, 35, 47-52.

6.  Schneider, N.; Strauss, D.C.; Smith, M.].; Miah, A.B.; Zaidi, S.; Benson, C.; van Houdt, W.J.; Jones, R.L.; Hayes, A.].; Fisher, C.; et al.
The Adequacy of Core Biopsy in the Assessment of Smooth Muscle Neoplasms of Soft Tissues: Implications for Treatment and
Prognosis. Am. J. Surg. Pathol. 2017, 41, 923-931. [CrossRef]

7. Weigl, H.; Hohenberger, P.; Marx, A.; Vassos, N.; Jakob, J.; Galata, C. Accuracy and Safety of Ultrasound-Guided Core Needle
Biopsy of Soft Tissue Tumors in an Outpatient Setting: A Sarcoma Center Analysis of 392 Consecutive Patients. Cancers (Basel)
2021, 13, 5659. [CrossRef]

8. Ray-Coquard, I.; Montesco, M.C.; Coindre, ].M.; Dei Tos, A.P,; Lurkin, A.; Ranchere-Vince, D.; Vecchiato, A.; Decouvelaere, A.V,;
Mathoulin-Pelissier, S.; Albert, S.; et al. Sarcoma: Concordance between initial diagnosis and centralized expert review in a
population-based study within three European regions. Ann. Oncol. 2012, 23, 2442-2449. [CrossRef]

9.  Strauss, D.C.; Qureshi, Y.A.; Hayes, A.].; Thway, K.; Fisher, C.; Thomas, ].M. The role of core needle biopsy in the diagnosis of
suspected soft tissue tumours. J. Surg. Oncol. 2010, 102, 523-529. [CrossRef]

10. Gustafson, P. Soft tissue sarcoma: Epidemiology and prognosis in 508 patients. Acta Orthop. Scand. Suppl. 1994, 259, 2-31.

11.  Nandra, R.; Forsberg, J.; Grimer, R. If your lump is bigger than a golf ball and growing, think Sarcoma. Eur. |. Surg. Oncol. 2015,
41, 1400-1405. [CrossRef]

12.  Crombe, A.; Marcellin, PJ.; Buy, X,; Stoeckle, E.; Brouste, V.; Italiano, A.; Le Loarer, F; Kind, M. Soft-Tissue Sarcomas: Assessment
of MRI Features Correlating with Histologic Grade and Patient Outcome. Radiology 2019, 291, 710-721. [CrossRef] [PubMed]

13.  Gondim Teixeira, P.A.; Gay, F.; Chen, B.; Zins, M,; Sirveaux, F; Felblinger, J.; Blum, A. Diffusion-weighted magnetic resonance
imaging for the initial characterization of non-fatty soft tissue tumors: Correlation between T2 signal intensity and ADC values.
Skelet. Radiol. 2016, 45, 263-271. [CrossRef] [PubMed]

14. Chhabra, A.; Ashikyan, O.; Slepicka, C.; Dettori, N.; Hwang, H.; Callan, A.; Sharma, R.R.; Xi, Y. Conventional MR and diffusion-
weighted imaging of musculoskeletal soft tissue malignancy: Correlation with histologic grading. Eur. Radiol. 2019, 29, 4485-4494.
[CrossRef] [PubMed]

15. Trojani, M.; Contesso, G.; Coindre, ].M.; Rouesse, J.; Bui, N.B.; de Mascarel, A.; Goussot, J.F.; David, M.; Bonichon, E; Lagarde, C.
Soft-tissue sarcomas of adults; study of pathological prognostic variables and definition of a histopathological grading system.
Int. J. Cancer 1984, 33, 37—42. [CrossRef]

16. Birgin, E.; Yang, C.; Hetjens, S.; Reissfelder, C.; Hohenberger, P.; Rahbari, N.N. Core needle biopsy versus incisional biopsy for
differentiation of soft-tissue sarcomas: A systematic review and meta-analysis. Cancer 2020, 126, 1917-1928. [CrossRef]

17.  Noebauer-Huhmann, ILM.; Amann, G.; Krssak, M.; Panotopoulos, J.; Szomolanyi, P.; Weber, M.; Czerny, C.; Breitenseher, M.;

Grabner, G.; Bogner, W.; et al. Use of diagnostic dynamic contrast-enhanced (DCE)-MRI for targeting of soft tissue tumour
biopsies at 3T: Preliminary results. Eur. Radiol. 2015, 25, 2041-2048. [CrossRef]


http://doi.org/10.1093/annonc/mdy096
http://www.ncbi.nlm.nih.gov/pubmed/29846498
http://doi.org/10.6004/jnccn.2018.0025
http://www.ncbi.nlm.nih.gov/pubmed/29752328
http://doi.org/10.5858/2006-130-1448-GOSTSR
http://www.ncbi.nlm.nih.gov/pubmed/17090186
http://doi.org/10.1097/PAS.0000000000000867
http://doi.org/10.3390/cancers13225659
http://doi.org/10.1093/annonc/mdr610
http://doi.org/10.1002/jso.21600
http://doi.org/10.1016/j.ejso.2015.05.017
http://doi.org/10.1148/radiol.2019181659
http://www.ncbi.nlm.nih.gov/pubmed/30964422
http://doi.org/10.1007/s00256-015-2302-6
http://www.ncbi.nlm.nih.gov/pubmed/26619837
http://doi.org/10.1007/s00330-018-5845-9
http://www.ncbi.nlm.nih.gov/pubmed/30511176
http://doi.org/10.1002/ijc.2910330108
http://doi.org/10.1002/cncr.32735
http://doi.org/10.1007/s00330-014-3576-0

Cancers 2022, 14, 4331 13 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Mcaddy, N.C.; Hallin, M.; Strauss, D.; Smith, M.; Hayes, A.; Yusuf, S.; Moskovic, E.; Fotiadis, N.; van Houdt, W.; Jones, R.L.; et al.
CT imaging improves histopathological grading of retroperitoneal leiomyosarcomas. Eur. ]. Surg. Oncol. 2020, 46,
288-292. [CrossRef]

Gondim Teixeira, P.A.; Renaud, A.; Aubert, S.; Ben Haj Amor, M.; Robin, Y.M.; Cotten, A.; Ceugnart, L. Perfusion MR imaging
at 3-Tesla: Can it predict tumor grade and histologic necrosis rate of musculoskeletal sarcoma? Diagn. Interv. Imaging 2018, 99,
473-481. [CrossRef]

Reyes Marles, R.H.; Navarro Fernandez, ].L.; Puertas Garcia-Sandoval, ].P.; Santonja Medina, F.; Mohamed Salem, L.; Frutos
Esteban, L.; Contreras Gutierrez, ].F.; Castellon Sanchez, M.I.; Ruiz Merino, G.; Claver Valderas, M.A. Clinical value of baseline
(18)F-FDG PET/CT in soft tissue sarcomas. Eur. J. Hybrid Imaging 2021, 5, 16. [CrossRef]

Hong, ].H.; Jee, WH.; Jung, C.K.; Jung, ].Y.; Shin, S.H.; Chung, Y.G. Soft tissue sarcoma: Adding diffusion-weighted imaging
improves MR imaging evaluation of tumor margin infiltration. Eur. Radiol. 2019, 29, 2589-2597. [CrossRef]

Pekcevik, Y.; Kahya, M.O.; Kaya, A. Characterization of Soft Tissue Tumors by Diffusion-Weighted Imaging. Iran. ]. Radiol. 2015,
12, €15478. [CrossRef]

Rakheja, R.; Makis, W.; Skamene, S.; Nahal, A.; Brimo, E; Azoulay, L.; Assayag, ].; Turcotte, R.; Hickeson, M. Correlating metabolic
activity on 18F-FDG PET/CT with histopathologic characteristics of osseous and soft-tissue sarcomas: A retrospective review of
136 patients. AJR Am. |. Roentgenol. 2012, 198, 1409-1416. [CrossRef]

Macpherson, R.E.; Pratap, S.; Tyrrell, H.; Khonsari, M.; Wilson, S.; Gibbons, M.; Whitwell, D.; Giele, H.; Critchley, P;
Cogswell, L.; et al. Retrospective audit of 957 consecutive (18)F-FDG PET-CT scans compared to CT and MRI in 493 patients with
different histological subtypes of bone and soft tissue sarcoma. Clin. Sarcoma Res. 2018, 8, 9. [CrossRef] [PubMed]

Razek, A.; Nada, N.; Ghaniem, M.; Elkhamary, S. Assessment of soft tissue tumours of the extremities with diffusion echoplanar
MR imaging. Radiol. Med. 2012, 117, 96-101. [CrossRef]

Kim, K.W,; Kuzmiak, C.M.; Kim, Y.J.; Seo, J.Y.; Jung, HK.; Lee, M.S. Diagnostic Usefulness of Combination of Diffusion-weighted
Imaging and T2WI, Including Apparent Diffusion Coefficient in Breast Lesions: Assessment of Histologic Grade. Acad. Radiol.
2018, 25, 643-652. [CrossRef] [PubMed]

Thomalla, G.; Cheng, B.; Ebinger, M.; Hao, Q.; Tourdias, T.; Wu, O.; Kim, ].S.; Breuer, L.; Singer, O.C.; Warach, S.; et al. DWI-FLAIR
mismatch for the identification of patients with acute ischaemic stroke within 4.5 h of symptom onset (PRE-FLAIR): A multicentre
observational study. Lancet Neurol. 2011, 10, 978-986. [CrossRef]

Callegaro, D.; Miceli, R.; Bonvalot, S.; Ferguson, P.C.; Strauss, D.C.; van Praag, V.V.M.; Levy, A.; Griffin, AM.; Hayes, A];
Stacchiotti, S.; et al. Development and external validation of a dynamic prognostic nomogram for primary extremity soft tissue
sarcoma survivors. EClinicalMedicine 2019, 17, 100215. [CrossRef]

Georgiesh, T.; Aggerholm-Pedersen, N.; Schoffski, P.; Zhang, Y.; Napolitano, A.; Bovee, J.; Hjelle, A.; Tang, G.; Spalek, M.;
Nannini, M.; et al. Validation of a novel risk score to predict early and late recurrence in solitary fibrous tumour. Br. J. Cancer
2022, 1-6. [CrossRef]

Weigl, H.; Janssen, S.; Vassos, N.; Hohenberger, P.; Simeonova-Chergou, A.; Wenz, E; Haubenreisser, H.; Jakob, J. Fusion imaging
to evaluate the radiographic anatomical relationship between primary tumors and local recurrences in retroperitoneal soft tissue
sarcoma. Surg. Oncol. 2020, 34, 109-112. [CrossRef]

Breininger, K.; Albarqouni, S.; Kurzendorfer, T.; Pfister, M.; Kowarschik, M.; Maier, A. Intraoperative stent segmentation in X-ray
fluoroscopy for endovascular aortic repair. Int. . Comput. Assist. Radiol. Surg. 2018, 13, 1221-1231. [CrossRef]

Ahdoot, M.; Wilbur, A.R.; Reese, S.E.; Lebastchi, A.H.; Mehralivand, S.; Gomella, P.T.; Bloom, J.; Gurram, S.; Siddiqui, M.;
Pinsky, P; et al. MRI-Targeted, Systematic, and Combined Biopsy for Prostate Cancer Diagnosis. N. Engl. ]. Med. 2020, 382,
917-928. [CrossRef]

Peeken, ].C.; Spraker, M.B.; Knebel, C.; Dapper, H.; Pfeiffer, D.; Devecka, M.; Thamer, A.; Shouman, M.A.; Ott, A.; von
Eisenhart-Rothe, R.; et al. Tumor grading of soft tissue sarcomas using MRI-based radiomics. EBioMedicine 2019, 48, 332-340.
[CrossRef] [PubMed]

Navarro, F; Dapper, H.; Asadpour, R.; Knebel, C.; Spraker, M.B.; Schwarze, V.; Schaub, S.K.; Mayr, N.A.; Specht, K,;
Woodruff, H.C.; et al. Development and External Validation of Deep-Learning-Based Tumor Grading Models in Soft-Tissue
Sarcoma Patients Using MR Imaging. Cancers (Basel) 2021, 13, 2866. [CrossRef] [PubMed]

Young, R.; Snow, H.; Hendry, S.; Mitchell, C.; Slavin, J.; Schlicht, S.; Na, L.; Hofman, M.S.; Gyorki, D.E. Correlation between
percutaneous biopsy and final histopathology for retroperitoneal sarcoma: A single-centre study. ANZ J. Surg. 2020, 90, 497-502.
[CrossRef] [PubMed]

Schulz-Wendtland, R.; Dankerl, P.; Bani, M.R.; Fasching, P.A.; Heusinger, K.; Lux, M.P,; Jud, S.M.; Rauh, C.; Bayer, C.M,;
Schrauder, M.G.; et al. Evaluation of a Marker Clip System in Sonographically Guided Core Needle Biopsy for Breast Cancer
Localization Before and After Neoadjuvant Chemotherapy. Geburtshilfe Frauenheilkd 2017, 77, 169-175. [CrossRef]


http://doi.org/10.1016/j.ejso.2019.10.007
http://doi.org/10.1016/j.diii.2018.02.005
http://doi.org/10.1186/s41824-021-00110-5
http://doi.org/10.1007/s00330-018-5817-0
http://doi.org/10.5812/iranjradiol.15478v2
http://doi.org/10.2214/AJR.11.7560
http://doi.org/10.1186/s13569-018-0095-9
http://www.ncbi.nlm.nih.gov/pubmed/30116519
http://doi.org/10.1007/s11547-011-0709-2
http://doi.org/10.1016/j.acra.2017.11.011
http://www.ncbi.nlm.nih.gov/pubmed/29339079
http://doi.org/10.1016/S1474-4422(11)70192-2
http://doi.org/10.1016/j.eclinm.2019.11.008
http://doi.org/10.1038/s41416-022-01959-4
http://doi.org/10.1016/j.suronc.2020.04.001
http://doi.org/10.1007/s11548-018-1779-6
http://doi.org/10.1056/NEJMoa1910038
http://doi.org/10.1016/j.ebiom.2019.08.059
http://www.ncbi.nlm.nih.gov/pubmed/31522983
http://doi.org/10.3390/cancers13122866
http://www.ncbi.nlm.nih.gov/pubmed/34201251
http://doi.org/10.1111/ans.15723
http://www.ncbi.nlm.nih.gov/pubmed/32064728
http://doi.org/10.1055/s-0042-124191

	Introduction 
	Materials and Methods 
	Patient Population 
	Magnetic Resonance Imaging 
	Intraoperative Core Needle Biopsies 
	Computed Tomography Imaging 
	Fusion Imaging 
	Image Analysis 
	Statistical Analysis 

	Results 
	Patient and Tumor Characteristics 
	FNCLCC Score and Grading 
	Fusion Imaging 
	Correlation of the ADC and FNCLCC Score 

	Discussion 
	Conclusions 
	References

