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Abstract: The differentiation between the atypical cartilaginous tumor (ACT) and the enchondromas
is crucial as ACTs require a curettage and clinical as well as imaging follow-ups, whereas in the
majority of cases enchondromas require neither a treatment nor follow-ups. Differentiating enchon-
dromas from ACTs radiologically remains challenging. Therefore, this study evaluated imaging
criteria in a combination of computed tomography (CT) and magnetic resonance (MR) imaging
for the differentiation between enchondromas and ACTs in long bones. A total of 82 patients who
presented consecutively at our institution with either an ACT (23, age 52.7 ±18.8 years; 14 women) or
an enchondroma (59, age 46.0 ± 11.1 years; 37 women) over a period of 10 years, who had undergone
preoperative MR and CT imaging and subsequent biopsy or/and surgical removal, were included in
this study. A histopathological diagnosis was available in all cases. Two experienced radiologists
evaluated several imaging criteria on CT and MR images. Likelihood of an ACT was significantly
increased if either edema within the bone (p = 0.049), within the adjacent soft tissue (p = 0.006) or
continuous growth pattern (p = 0.077) were present or if the fat entrapment (p = 0.027) was absent
on MR images. Analyzing imaging features on CT, the likelihood of the diagnosis of an ACT was
significantly increased if endosteal scalloping >2/3 (p < 0.001), cortical penetration (p < 0.001) and
expansion of bone (p = 0.002) were present and if matrix calcifications were observed in less than
1/3 of the tumor (p = 0.013). All other imaging criteria evaluated showed no significant influence
on likelihood of ACT or enchondroma (p > 0.05). In conclusion, both CT and MR imaging show
suggestive signs which can help to adequately differentiate enchondromas from ACTs in long bones
and therefore can improve diagnostics and consequently patient management. Nevertheless, these
features are rare and a combination of CT and MR imaging features did not improve the diagnostic
performance substantially.

Keywords: enchondroma; atypical cartilaginous tumor; computed tomography; magnetic resonance
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1. Introduction

Cartilaginous bone tumors are characterized by tumor cells that produce a chondroid
matrix. Initially described in the late 19th century, chondrosarcomas are nowadays con-
sidered to be the most common primary malignant bone tumors and are classified into
different histological grades [1,2]. Recently, chondrosarcoma grade 1 located in the ap-
pendicular skeleton was renamed into “atypical cartilaginous tumors” (ACT) according
to the World Health Organization classification system [3]. ACTs permeate and entrap
pre-existing trabecular bone, which is the main histopathological difference from enchon-
dromas [3]. While former classifications only differentiated between enchondromas and
central chondrosarcomas (including all grades), the current grading system considers ACTs
as an intermediate lesion, due to their locally aggressive behavior [4,5]. For adequate
therapeutic management, an accurate differentiation between enchondromas and ACTs in
radiological imaging would be beneficial as, in the majority of the cases, enchondromas
do not require any treatment, whereas ACTs require a curettage [6]. Currently, in benign
cartilaginous tumors, both imaging and histopathology are helpful to exclude ACTs and
increase diagnostic accuracy. Nevertheless, biopsy sample errors in heterogeneous cartilagi-
nous tumors and histological overlap between enchondromas and ACTs lead to the major
role of imaging in the diagnostic differentiation between these two subtypes of cartilaginous
tumors [7]. As there is a lack of a gold standard in diagnosing cartilaginous tumors, the
final diagnosis of the two entities is most commonly made taking the histopathological find-
ings, imaging and clinical findings into consideration and is ideally performed in centers
specialized in the treatment of musculoskeletal tumors [8]. Nevertheless, differentiating
enchondromas from ACTs radiologically remains challenging, especially when located
in the long bones [9]. Multimodal imaging including magnetic resonance (MR) imaging
and conventional radiography or computed tomography (CT) is thought to be adequate
for the assessment of cartilaginous tumors [10,11]. Yet, using radiographs only may be
challenging for the assessment of cartilaginous tumors, since certain relevant diagnostic
features may be missed, especially when differentiating between high-grade chondrosar-
coma and enchondroma/ACT [11–13]. Additionally, some previous studies propose that
nuclear medicine-based scans, e.g., scintigraphy, increase the diagnostic accuracy [14]. Yet
the pathophysiological features remain similar between enchondromas and ACT and the
resolution of the nuclear medicine-based scans remains insufficient for the visualization of
the subtle differences between the two tumor entities [15].

The different diagnostic imaging features of ACTs, which mainly occur in the long
bones more proximally (especially within the femur), and enchondromas, which most
commonly appear in the proximal humerus or more distally in the long bones, have been
discussed previously [9,16]. Murphey et al. evaluated differentiating criteria for enchondro-
mas and chondrosarcomas (including former grade 1) and showed that cortical destruction,
soft tissue mass, periosteal reaction and endosteal scalloping (>2/3 of cortical thickness)
strongly suggested the diagnosis of chondrosarcoma. Crim et al. analyzed imaging features
of cartilaginous tumors with a final histopathological diagnosis on radiographs and MR
imaging and identified certain imaging features to be significant for the differentiation
between enchondromas and ACTs, such as a size over 7.5 cm, presence of a soft tissue
mass and cortical breakthrough [17]. A more recent study, evaluating clinical and MR
imaging features for their usefulness regarding the differentiation of enchondromas and
ACTs, confirmed that aside from pain, endosteal scalloping (>2/3 of cortical thickness),
cortical destruction, bone expansion and presence of a soft tissue mass were useful features
in order to differentiate between ACTs and enchondromas [18]. Yet, in these previous
studies, there was no direct comparison between imaging features of chondroid tumors
on MR and CT images. Additionally, analysis was not performed using both MR and CT
imaging regarding the question of whether there is a higher accuracy if diagnostics are
performed using a combination of CT and MR features. A previous study was performed
in mainly appendicular bones (hand and foot), in which the analysis of MR imaging was
concluded to be superior to CT regarding the differentiation between benign and malignant
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cartilaginous tumors [19]. Yet, this previous study only included very few patients with
imaging of the long bones.

Therefore, the aim of this study was to analyze the performance and reproducibility of
several features of MR and CT images for differentiating enchondromas and ACTs located
in the long bones, using the final diagnosis as standard of reference.

2. Material and Methods
2.1. Patient Collective

Approval of the Institutional Review Board had been obtained prior to this study
(Ethikkommitee der Technischen Universität München). Written informed consent was
waived for this retrospective analysis of routinely acquired imaging and clinical data. All
analyses are in line with the Declaration of Helsinki. All patients who had undergone MR
imaging and CT between 2011 and 2020 and had a final diagnosis of either an enchondroma
or an ACT in our interdisciplinary center for bone tumors were included in this study. For all
tumors included in this analysis, histopathological diagnosis was made by one pathologist
(5 years of experience) and reviewed by a further pathologist specialized in soft tissue and
bone sarcomas (15 years of experience). The diagnosis was made based on the consensus
of the interdisciplinary tumor board consisting of specialized pathologists, radiologists
and orthopedic tumor surgeons. If patients received surgery or curettage, diagnosis was
reconfirmed through postoperative histopathology of multiple-point sampling. In total, 271
patients were identified fulfilling these criteria. After evaluating imaging available in these
patients, 167 patients were lost to incomplete imaging datasets. Moreover, 22 patients with
enchondromas or ACTs at the hand or foot were excluded from the analyses in order to
avoid a selection bias due to the different radiological and histopathologic appearance and
disproportionate amount of enchondromas in these regions. Accordingly, 82 patients with
the diagnosis of an enchondroma or an ACT with complete preoperative imaging datasets
were included in the analysis. In none of these patients was the diagnosis changed during
follow-up at our specialist center (5.8 ± 4.5 years).

2.2. Image Acquisition

MR and CT images which were acquired shortly before the biopsy were selected from
the imaging database. MR imaging was performed on either a 1.5 or a 3 Tesla MR scanner
with various protocols. All MR protocols included a T1- and a T2- weighted turbo spin echo
(TSE) sequence in at least one plane, a short tau inversion recovery (STIR; either coronal or
sagittal) sequence and an axial or coronal T1-weighted spin echo sequence (without and/or
with fat suppression) after the administration of a contrast agent. Sequence parameters
used for the acquisition are presented in the Supplementary Material.

2.3. Evaluation Criteria

Picture archiving and communication system (PACS) workstations were used for
image analyses. Independent evaluation of images was performed by two musculoskeletal
radiologists (K.W. and J.N., with 27 and 8 years of experience in musculoskeletal imaging,
respectively) using a standardized scoring sheet. Both readers were blinded regarding
clinical information including surgery and histopathological outcome parameters. Results
of the more senior reader are given. The following features were assessed: (1) The site of the
cartilaginous tumor within the skeleton (prox./dist. humerus, prox./dist. femur, others)
and (2) the location within the bone (epiphysis, metaphysis, diaphysis; central or excentric)
as well as (3) the maximum diameter (maximum diameter measured on MR images).

Features evaluated on MR images included (4) homogeneity of the T2 signal (homoge-
nous or inhomogenous; where homogenous means a uniform signal of the tissue), (5)
growth pattern (continuous or discontinuous; where continuous means one mass of tumor,
with all tumor components connected with each other, whereas discontinuous means tumor
showing two or several tumor components that are not connected with each other), (6)
pattern of contrast agent uptake (none, septonodular, diffuse; as evaluated on a T1w FS
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sequence, where septonodular means contrast uptake in circumscribed areas with septal
or nodular structure) as well as (7) presence of lobulation, (8) an extraosseous soft tissue
component and edema within the (9) bone as well as the (10) surrounding soft tissue and
fat entrapment as described by Vanel et al. (for each feature: yes or no) [20].

Features evaluated on CT images included (1) endosteal scalloping (none, <2/3 of
cortical thickness, >2/3 of cortical thickness, cortical penetration; where scalloping means
erosion of the cortical and extent refers to the relative proportion affected), (2) portion of
tumor volume showing matrix calcifications (none, <1/3 of lesion volume, 1/3–2/3 of
lesion volume, >2/3 of lesion volume), (3) presence of periosteal reaction and (4) expansion
of bone (yes or no, for both). Additionally, image quality was assessed for both CT and
MR images using a four-point scale (1 = poor, 2 = moderate, 3 = good, 4 = excellent) based
on the reader’s experience. For evaluation of the intrareader agreement, one radiologist
(J.N.) performed a second reading of all patients once again after four weeks, blinded to the
previous results. Besides individual features, combinations of all MR and CT features as
well as combinations of features with a sensitivity >0.85 and criteria with a specificity >0.85
were evaluated.

2.4. Statistical Analysis

All statistical analyses were performed by a resident supported by a senior biomed-
ical statistician using the statistical package R version 3.2.4 (R Foundation for Statistical
Computing, Vienna, Austria). All statistical tests were performed two-sided with a level
of significance (α) of p < 0.05. The frequencies of MR imaging findings and demographic
parameters were compared between groups with crosstabs and Pearson’s chi-squared test
and Fisher’s exact test, respectively, for binary parameters. Logistic regression models were
used to estimate the likelihood of the presence of certain morphological features for the
diagnosis of an ACT. Additionally, an analysis of combinations of all features showing
a sensitivity higher than 0.85 with features showing a specificity higher than 0.85 was
performed. A receiver operating characteristic (ROC) analysis was used to assess the
performance of the parameter “maximum diameter” for the differentiation between ACTs
and enchondromas. Youden’s J statistic was used to identify the optimal cut-off value.
Fleiss’ κ was used for evaluation of the intra- and inter-reader agreement of CT and MR
imaging findings. If differing, values are given for the more senior reader.

3. Results
3.1. Patient Characteristics

Of 82 cartilaginous tumors analyzed, 59 (72%) were diagnosed as enchondroma and
23 (28%) as ACT using the interdisciplinary diagnosis as standard of reference. Mean age
of all study patients was 47.88 ± 13.89 (48 median; min/max 16–76) years and there was no
significant difference in age between patients with ACTs and those with enchondromas
(p = 0.12). Moreover, there was no significant difference regarding the sex distribution
between the patient group with ACTs and the group with enchondromas (ACT, 60.9%
women; enchondroma 62.5% women; p = 0.63).

3.2. CT and MR Image Quality

Image quality was rated as excellent or good in 76.8% of the MR images and 91.5% of
the CT images. In 23.2% of the MR images and 8.5% of the CT images the image quality
was rated as moderate.

3.3. Tumor Localization and Size

The majority of tumors was located at either the proximal humerus (34, 41.5%) or the
distal femur (24, 29.3%), whereas fewer tumors were located in other regions (24, 29.3%).
Furthermore, localization of the tumor within the bone was analyzed and showed no sig-
nificant influence on probability of the final diagnosis of an ACT (Supplementary Material).
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Moreover, there was no significant difference seen regarding the side of occurrence of the
tumor (ACT, 43.5% right side; enchondroma, 49.2% right side; p = 0.82).

Additionally, the difference between centrally located and eccentrically located tumors
within the bone was assessed: 28.6% of the ACTs and 17.2% of the enchondromas were
located eccentrically within the bone, resulting in an increase of the likelihood of the
diagnosis of an ACT by the factor of 1.91 if located eccentrically within the bone (p = 0.34)
(Table 1).

Table 1. Analysis of features assessed on MR and CT images.

Variable ACT Ench. Odds Ratio (95% CI) p-Value Sensitivity Specificity PPV NPV

Location in bone excentric 6 10
1.91 (0.56–6.19) 0.343 0.286 0.828 0.375 0.762central 15 48

Diameter >Average 9 17
1.58 (0.56–4.38) 0.432 0.391 0.712 0.346 0.75<Average 14 42

Diameter (optim) >4.7 cm 15 26
2.34 (0.87–6.71) 0.139 0.652 0.559 0.366 0.805<4.7 cm 8 33

Growth pattern Continuous 15 15
6.06 <0.001 0.682 0.746 0.5 0.863Discontinuous 7 44

T2 Signal Homogenous 6 13
1.18 (0.34–3.76) 0.774 0.316 0.717 0.316 0.717Inhomogenous 13 33

Lobulation Yes 23 58
1.21 (0.05–30.66) 0.91 1 0.017 0.284 1No 0 1

Fat-entrapment Yes 12 47
0.29 (0.10–0.83) 0.027 0.522 0.203 0.203 0.522No 11 12

Matrix calcifications No 1 2
1.37 (0.04–17.71) 1 0.044 0.966 0.333 0.722Yes (any) 22 57

Matrix calcifications
<1/3 14 17

3.75 (1.38–10.77) 0.011 0.609 0.712 0.452 0.824>1/3 9 42

Matrix calcifications <2/3 20 54
0.61 (0.13–3.41) 0.68 0.870 0.085 0.27 0.625>2/3 3 5

Periosteal reaction Yes 8 2
13.87 (3.01–109.46) <0.001 0.348 0.966 0.8 0.792No 15 57

Expansion Yes 10 11
3.29 (1.13–9.73) 0.027 0.435 0.814 0.476 0.787No 13 48

Endosteal scalloping Yes (any) 22 44
6.25 (1.19–166.18) 0.0327 0.957 0.254 0.333 0.938No 1 15

Endosteal scalloping >2/3 15 6
15.48 (4.86–56.7) <0.001 0.652 0.898 0.714 0.869<2/3 8 53

Endosteal scalloping Penetration 6 1
17.68 (2.66–480.45) 0.002 0.261 0.983 0.857 0.773No

Penetration 17 58

Extraosseous soft
tissue component

Yes 3 0
20.32 (1.01–410.31) 0.0495 0.13 1 1 0.747No 20 59

Edema bone Yes 4 0
27.46 (1.41–533.26) 0.029 0.174 1 1 0.756No 19 59

Edema soft tissue Yes 6 1
17.68 (2.66–480.45) 0.002 0.261 0.983 0.857 0.773No 17 58

Odds ratio, Sensitivity, Specificity, PPV and NPV given for the identification of ACT versus enchondroma,
respectively. PPV = positive predictive value; NPV = negative predictive value; CI = confidence interval. Values
are indicated for the more senior reader.
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For the evaluation of the tumor diameter and the tumor subtype, ROC analysis was
performed, resulting in an AUC of 0.59 for differentiating between ACTs and enchondromas
using an optimal cut-off value of 4.7 cm (95% CI 0.43–0.74 cm) as shown in Figure 1
(sensitivity 0.65, specificity 0.56). Applying this cut-off value, there was no significant
influence of the tumor size on the likelihood of a tumor being an ACT (OR: 2.34, 95%
CI 0.78–6.71, p = 0.14).
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3.4. CT and MR Imaging Criteria

Besides tumor localization and diameter, several CT and MR imaging criteria and their
value for the differentiation between ACTs and enchondromas were analyzed. Exemplary
CT and MR images for an enchondroma and an ACT are shown in Figure 2.

ACTs showed a higher rate of tumors with a continuous growth pattern than enchon-
dromas (68.2% vs. 25.4%) with an increase in the likelihood of the diagnosis of an ACT
by a factor of 6.06 (95% CI 2.12–18.96, p < 0.001) when the growth pattern of the tumor
was continuous. Presence of matrix calcifications in general did not show any significant
change in odds ratio between the two groups (p = 1). Nevertheless, if matrix calcifications
were present in less than 1/3 of the tumor, the likelihood of the diagnosis of an ACT was
increased by a factor of 3.75 (95% CI 1.38–10.77, p = 0.011) with 66.7% of ACTs and 28.8%
of enchondromas showing matrix calcifications in less than 1/3 of the tumor. Choosing
a cutoff at 2/3 of tumor calcified, there was no significant difference in odds ratio ob-
served (p = 0.68). Moreover, periosteal reaction was seen in 34.8% of ACTs and 3.3% of
enchondromas, increasing the likelihood of the diagnosis of an ACT by a factor of 13.87
(95% CI 3.01–109.46, p < 0.001) if a periosteal reaction was present. Furthermore, 95.7%
of the ACTs and 74.6% of the enchondromas caused endosteal scalloping, increasing the
likelihood of the diagnosis of an ACT by the factor of 6.25 (95% CI 1.19–166.18, p = 0.0327)
if endosteal scalloping was seen. Presence of endosteal scalloping of more than 2/3 of
cortical thickness was observed in 65.2% of ACTs and 10.2% of enchondromas and therefore
increased the likelihood of an ACT by a factor of 15.48 (95% CI 4.86–56.7, p < 0.001). Cortical
penetration was present in 26.1% of the ACTs and 1.7% of the enchondromas, resulting in
an odds ratio of 17.68 (95% CI 2.66–480.45, p = 0.002) or presence of cortical penetration. Of
the ACTs, 43.5% showed expansion whereas 18.6% of the enchondromas were associated
with expansion of bone resulting in an increase of the likelihood of the diagnosis of an ACT
by a factor of 3.29 (95% CI 1.13–9.73, p = 0.027) if the tumor caused bone expansion.
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Figure 2. Exemplary computed tomography (A,C) and magnetic resonance images (short-tau inver-
sion recovery (STIR) image) (B,D) of an enchondroma in the coronal plane (A,B) showing a lobulated
tumor architecture without endosteal scalloping and an ACT in the sagittal plane showing endosteal
scalloping and edema within the bone (C,D).

The tumor tissue showed a homogenous T2 signal on MR imaging in 31.6% of the
ACTs and 28.3% of the enchondromas with no significant influence on the likelihood of an
ACT or enchondroma (OR 1.18; 95% CI 0.34–3.76, p = 0.77). Moreover, lobulation of the
tumor had no significant influence on the likelihood of being an ACT or enchondroma with
all ACTs showing a lobulated architecture and only one enchondroma without lobulation
(OR 1.21, 95% CI 0.05–30.66, p = 0.91). All lesions analyzed showed a septonodular contrast
agent uptake (p = 1.00).

Presence of an extraosseous soft tissue component increased the likelihood of an ACT
by a factor of 20.32 (95% CI 1.01–410.31, p = 0.0495) as it was observed in 13.0% of the ACTs
and in none of the enchondromas. Edema within both the bone and the adjacent soft tissue
was more common in ACTs than in enchondromas with 17.4% (bone) and 26.1% (soft tissue)
of the ACTs and 0.0% (bone) and 1.7% (soft tissue) of the enchondromas showing edema.
Therefore, the likelihood of the diagnosis of an ACT was increased by a factor of 27.46 (95%
CI 1.41–533.26, p = 0.029) if edema was detected within the adjacent bone and by a factor
of 17.68 (95% CI 2.66–480.45, p = 0.002) if there was edema within the adjacent soft tissue.
The presence of fat entrapment significantly decreased the likelihood of an ACT by a factor
of 0.29 (95% CI 0.10–0.83, p = 0.027). Exemplary images for significant features are shown
in Figure 3. The inter-observer reliability for the radiologists was substantial to almost
perfect for all individual criteria evaluated on both CT and MR images (κ = 0.75–1.00) and
the intra-observer reliability was excellent (κ = 0.85–0.96), respectively. The inter-observer
reliability of the pathologists was excellent for the final diagnosis (κ = 0.97).
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Figure 3. Exemplary computed tomography images demonstrating the features endosteal scalloping,
cortical penetration (A), periosteal reaction (B), Calcifications >2/3 (C) and Expansion of the bones
(D) as well as magnetic resonance (MR) images for discontinuous growth pattern (short-tau inversion
recovery (STIR) image) (E), edema within the bone and adjacent soft tissue (short-tau inversion
recovery (STIR) image) (F), extraosseous soft tissue component (short-tau inversion recovery (STIR)
image) (G) and fat entrapment (T1 weighted image) (H). Features are highlighted by white arrow heads.

Results of the analysis of combined MR and CT features are displayed in the Supple-
mentary Material. No substantial increase in Odds ratio was observed for combinations of
features as compared to individual criteria. In an additional analysis of combinations of all
features showing high sensitivity with features showing high specificity no combination
showing both high sensitivity and high specificity was observed. Results are displayed in
the Supplementary Material.

4. Discussion

The differentiation between ACTs and enchondromas is crucial as ACTs require a
curettage and clinical as well as imaging follow-ups, whereas in the majority of cases
enchondromas neither require a treatment, unless they are symptomatic, nor require
clinical and imaging follow-ups. Therefore, in this study, we evaluated the diagnostic value
of several criteria for differentiation between enchondromas and ACTs in long bones, on
both MR and CT images individually as well as the combination of different features of
these techniques.

Although previous studies state, that chondrosarcomas (including former grade 1)
occur more often in older patients compared to enchondromas, and we observed a similar
trend comparing ACTs and enchondromas, in this study as well as in previously published
studies, no significant difference in age between patients with ACTs and enchondromas
could be observed [21,22].

As known from previous studies, the majority of tumors is located in the proximal
humerus or the distal femur [9,11,23]. Although previous studies showed that enchon-
dromas are more frequently found in the diaphysis of long tubular bones and that the
metaphysis is more commonly involved in ACTs (including former grade 1), no significant
difference between the distribution of entities within dia-, meta- or epiphysis was found
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in this study including ACTs and enchondromas only [11,21]. Although there was no
significant difference found, the average diameter of ACTs was larger than that of enchon-
dromas, emphasizing the findings of previous studies, in which ACTs showed larger tumor
diameters compared to enchondromas [24,25].

Besides rather obvious features such as the localization and tumor size, several imag-
ing parameters have previously shown to enable the differentiation between ACTs and
enchondromas. In histopathology, ACTs are likely to show a more aggressive growth pat-
tern, which can cause typical cortical thinning on radiographs and on CT, as well as indirect
signs of rapid and aggressive growth, such as destruction, permeation and entrapment of
pre-existing lamellar bone trabeculae [3]. These changes in the more aggressive ACT can
be visualized in MR and CT imaging. Murphey et al. tried to define MR imaging criteria
for differentiation between enchondromas and ACTs based on these pathological changes,
including endosteal scalloping, interrupted cortices, periosteal reaction or presence of a soft
tissue mass [21]. Douis et al. were the last to analyze differences of ACTs and enchondromas
and showed that the presence of edema within both the bone and the adjacent soft tissue
as well as an extraosseous soft tissue component were significantly more likely to occur
in ACTs [18]. Although these criteria were rarely observed in our series, they significantly
increased the likelihood of the diagnosis of an ACT, showing the biggest increase in likeli-
hood of an ACT among all analyzed imaging criteria. Fat entrapment—another parameter
identified on MR-images—was initially described by Vanel et al. and, similar to previous
studies, we also observed that presence of fat entrapment was higher in enchondromas as
compared to ACTs and significantly decreased the likelihood of ACTs [4,18].

CT is known to even better evaluate some bony changes, such as endosteal scalloping,
periosteal reaction and matrix calcifications [26].

Endosteal scalloping, which refers to the focal resorption of the inner layer of the
cortex of the involved bone can occur in both enchondromas and ACTs. Nevertheless,
according to Douis et al., endosteal scalloping of more than 2/3 of cortical thickness is the
most sensitive imaging parameter for the diagnosis of an ACT as it is likely to be caused by
the lobular growth pattern of ACT as seen in histopathology [3,18].

Although the presence of endosteal scalloping has significantly increased the like-
lihood of an ACT in our study, especially if the tumor showed full cortical penetration,
there was also one case of cortical penetration observed in an enchondroma. The degree of
endosteal scalloping is a strong indicator of whether an ACT is present as most cases of
ACTs showed this feature. Nevertheless, there was one case of an ACT without presence of
endosteal scalloping.

Although only approximately one third of the ACTs showed periosteal reactions, this
finding is a strong indicator for the diagnosis of an ACT as a sign of its aggressive growth.
These results are in line with a study by Douis et al. who also showed a higher proportion of
periosteal reaction in ACTs compared to enchondromas using MR images for the evaluation
of a periosteal reaction [18].

Interestingly, almost all tumors of both entities showed at least some matrix calcifica-
tions. Although a study by Errani et al. demonstrated a strong tendency towards a higher
rate of calcifications in enchondromas as compared to ACTs, there was no study so far that
showed significant differences in matrix calcifications between ACTs and enchondromas [23].

In our study on the other hand, possibly due to a relatively high number of patients
and the use of CT in all cases, a significant increase of likelihood of the diagnosis of an
ACT was observed if matrix calcifications were present in less than 1/3 of the tumor tissue,
which on a histopathological level can be explained through less aggressive growth of
enchondroma with rather degenerative features such as necrosis and calcifications [3].

Of the criteria examined on MR images, especially edema within the bone and adja-
cent soft tissue, the growth pattern and the extraosseous soft tissue component are most
relevant based on the results of this study. Of the criteria evaluated on CT images, extent
of calcifications and endosteal scalloping as well as presence of bone expansion and a
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periosteal reaction showed a significant increase in likelihood for the diagnosis of an ACT
and therefore could be helpful for the differentiation between ACTs and enchondromas.

As none of the individual features showed both high sensitivity and high specificity,
additional analysis of a combination of all CT-features with all MR-features and all features
showing a high sensitivity with all features showing high specificity was performed. A
previous study in mainly appendicular bones (hand and foot) concluded MR imaging to be
superior to CT regarding the differentiation between benign and malignant cartilaginous
tumors [19]. In this analysis, including enchondromas and ACTs located in long bones,
no increase in odds ratio could be observed for combination of CT and MR images. Ad-
ditionally, none of the combinations of criteria showed both a high sensitivity and a high
specificity for the same analysis.

We showed that the presence of edema within the bone and adjacent soft tissue, an
extraosseous soft tissue component, absence of fat entrapment, endosteal scalloping of
more than 2/3 of original cortical thickness and cortical penetration, matrix calcifications in
less than 1/3 of the tumor volume, expansion of bone and a continuous growth pattern sig-
nificantly increased the likelihood of an ACT as compared to an enchondroma significantly.
Consequently, especially in larger tumors with additionally at least one of these mentioned
features the patient should be referred to a specialist for a potential biopsy and/or surgical
removal. If the tumor is smaller in size and none of these features are present, watch and
wait can be considered as an option—yet, if a change in morphology or size of the tumor
is detected the patient should be referred to a specialist for further diagnostics. Based on
those findings we implemented a flow chart for possible diagnostic procedure (Figure 4).
Biopsy in general should be taken from the region with the most malignant impression
based on imaging features and if an extraosseous soft tissue component is present one
should obtain a sample from this component if anatomically feasible.
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This study has limitations. Some of the features increasing the likelihood of an ACT
only occur rarely. Although the increase of likelihood was significant, if an extraosseous
soft tissue component or edema within the bone or adjacent soft tissue was present, results
are therefore based on small numbers of cases presenting these features. A combination of
histopathological analysis, clinical findings and radiologic image interpretation was used as
standard of reference for this study. Therefore, the standard of reference might be biased due
to inclusion of imaging criteria. Additionally, in patients diagnosed with biopsy, sampling
errors may occur, although biopsies were performed from the regions appearing most
malignant in imaging in order to avoid these sampling errors. Overall, this is a common
approach in comparable studies as there is no specific immunohistochemical analysis
available for the differentiation between ACTs and enchondromas [11,18,21]. Furthermore,
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novel CT and MR imaging analysis techniques such as texture analysis, which have been
shown to support the differentiation between several types of malignancies, were not
applied in this study [27]. This method has been shown to be able to discriminate between
ACTs and enchondromas by a variety of texture parameters [28,29], but may not yet
be available to all radiologists and physicians. Additionally, clinical parameters such
as pain and nuclear medicine techniques such as scintigraphy have been shown to be
useful for differentiation between high grade chondrosarcomas and enchondromas/ACTs.
Nevertheless, these techniques did not seem to be beneficial regarding the differentiation
of ACTs and enchondromas [14,15]. Further studies in larger cohorts using these new
techniques in order to differentiate ACTs and enchondromas will be needed in the future.
Nevertheless, the results of this study are intended to support the radiologists in daily
routine in diagnosing ACTs and enchondromas and are therefore based on common clinical
imaging techniques. Based on the fact that a combination of imaging parameters did not
substantially improve the diagnostic performance, proposition of a prediction model based
upon imaging finding does not seem feasible.

In conclusion, this study shows that both CT and MR imaging features, such as
the presence of edema within the bone and adjacent soft tissue, extraosseous soft tissue
components, endosteal scalloping, matrix calcifications in less than 1/3 of tumor tissue,
expansion of bone and a continuous growth pattern, are able to significantly help for the
differentiation between ACTs and enchondromas located in long bones. A combination of
these features did not improve the diagnostic performance substantially. Therefore, from
a clinical point of view both of these techniques can be useful in the initial diagnosis of
cartilaginous tumors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/diagnostics12092186/s1, Table S1: Magnetic resonance imaging
parameters; Table S2 Region of tumor localization; Table S3 Tumor localization within the bone;
Table S4 Analysis of combined MR and CT features; Table S5 Analysis of combinations of features
with high sensitivity and features with high specificity.
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Abbreviations

ACT Atypical cartilaginous tumor
AUC Area under the curve
CI Confidence interval
CT Computed tomography
FS Fat saturation
GD Gadolinium
IM Intermediate-weighted
MR Magnetic resonance
NPV Negative predictive value
OR Odds ratio
PACS Picture archiving and communication system
PPV Positive predictive value
ROC Receiver operating characteristic
STIR Short tau inversion recovery
TSE Turbo spin echo
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