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Abstract

Objective To assess if diffusion-weighted MRI (DWI) can
differentiate between central enchondromas and
chondrosarcomas (CS) and if DWI can distinguish low-
grade chondroid lesions from high-grade CS.

Materials and methods Fifty-two patients with central carti-
lage tumors were included. Patients underwent conventional
MRI and DWI with ADC mapping. The slice on MRI with the
most aggressive imaging feature was identified. The corre-
sponding mean and minimum ADC maps of the tumor at this
position were measured.

Results There were 24 enchondromas, five atypical cartilagi-
nous lesions, 15 grade 1, three grade 2, two grade 3, and three
dedifferentiated CS. Mean ADC values (x10~® mm?/s) for
enchondromas, atypical cartilaginous tumors, grade 1 CS,
grade 2, CS, grade 3 CS and dedifferentiated CS were 1,896,
2,048,2,152,2,170,2,076, and 1,261, respectively. Minimum
ADC values (x10"° mm?/s) for enchondromas, atypical carti-
laginous tumors, grade 1 CS, grade 2, CS, grade 3 CS and
dedifferentiated CS were 1,820, 1,752, 2,010, 1,829, 1,752,
and 767, respectively. ANOVA test demonstrated a statistical-
ly significant difference in mean and minimum ADC values in
all groups. Post hoc analysis revealed this was due to
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difference in mean and minimum ADC values in
dedifferentiated CS. The mean ADC value in low-grade
chondroid lesions was 2,001, while the ADC value for high-
grade CS were 2,132. The minimum ADC value for low-
grade chondroid lesions was 1,896, while the minimum
ADC for high-grade CS was 1,837. The difference in mini-
mum and mean ADC values was not statistically significant.
Conclusions DWI cannot differentiate between
enchondromas and CS and DWI does not aid in the distinction
of low-grade chondroid tumors from high-grade CS.

Keywords Enchondroma - Chondrosarcoma -
Diffusion-weighted MRI - MR imaging

Introduction

Central chondroid tumors are among the most common pri-
mary bone tumors [1]. The spectrum of central chondral tu-
mors ranges from a benign and indolent lesion (an
enchondroma) to the highly aggressive tumor entity, a high-
grade chondrosarcoma (CS).

Both enchondroma and CS are common primary bone
tumors. Enchondroma is the second most common chondral
tumor after osteochondroma and is observed in approxi-
mately 3 % of all routine MRI examinations of the knee
[2] and in approx. 2 % of all routine MRI studies of the
shoulder [3]. Similarly, the malignant spectrum, CS is the
second most common primary bone tumor after osteosarco-
ma [4]. Although the differentiation of an enchondroma
from a high-grade CS does not represent a diagnostic chal-
lenge, the diagnostic conundrum for both radiologist and
pathologist alike lies in the distinction of enchondromas
from low-grade CS [5].
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In recent years, there has been increased interest in func-
tional MR imaging in oncological imaging for the character-
ization of benign from malignant lesions. In particular,
diffusion-weighted imaging (DWI) has emerged as a promis-
ing tool in oncological MR imaging for the characterization of
lesions and the assessment of treatment response. DWI ex-
ploits the random, Brownian motion of water molecules in
the body. Water molecules outside the human body are in
constant, random motion. In contrast, the movement of water
molecules within the human body is impeded by intracellular
organelles, macromolecules, and cell membranes. DWI is
therefore a non-invasive imaging tool which has the potential
to assess cellularity within biologic tissues [6, 7]. The apparent
diffusion coefficient (ADC) is a quantitative measurement of
Brownian movement with highly cellular tissues demonstrat-
ing lower ADC values then less cellular tissues which return
higher ADC values [6]. Therefore, DWT has the potential to be
a non-invasive tool in the assessment of cellularity in bone
tumors. Particularly, as cellularity is one of the differentiating
histopathological features in the differentiation of
enchondromas from low-grade CS [1], we hypothesized that
DWI may potentially be able to differentiate enchondromas
from low-grade CS. However, at present, there remains a pau-
city of evidence supporting or refuting the role of DWI in the
characterization of primary bone tumors [8, 9]. In particular,
the role of DWI in the differentiation of enchondromas from
low-grade CS remains elusive [10]. The aim of this study was
therefore to evaluate the role of DWI in the distinction of
enchondromas from CS.

Materials and methods

Since October 2012, we have introduced DWI into our routine
bone tumor protocol. This is therefore a retrospective study of
all patients who underwent conventional MRI with DWI at
our institution from October 2012 to October 2013. Institu-
tional Review Board approval was obtained in the form of a
service evaluation. Informed consent was not required in view
of the retrospective nature of the study. The electronic bone
tumor database was accessed and all patients with central
chondral tumors who underwent conventional MRI with
DWI were identified.

MRI protocol

All MRI examinations were performed on a 3.0-T scanner
(Skyra; Siemens Medical Systems, Erlangen, Germany). The
conventional imaging included T1-weighted sequences in the
short and long axis of the tumor, fat-suppressed T2-weighted
sequences in the short axis, STIR sequences in the long axis of
the tumor plane, and chemical-shift imaging. Subsequently,
DWI was performed in the axial plane using a spin-echo,
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single-shot echo-planar imaging (EPI) sequence. The techni-
cal parameters for DWI are described in Table 1. The b-values
used were 50 s/mm? and 1,200 s/mm?>.

The image quality of DWT in the spine, ribs, pelvis, femora,
tibia, and the humerus was largely good with a few cases
where the image quality was deemed acceptable but still di-
agnostic. Image quality of DWI in the hands was acceptable
and remained diagnostic using the dual-source parallel radio-
frequency (RF) excitation technique on the Skyra system.
Ghosting and air-interface artefacts were occasionally ob-
served in the extremities (particularly in the hands) however
this did not impede the interpretation of the images.

Apparent diffusion coefficient maps using a mono-
exponential fitting algorithm as provided by Siemens were
automatically generated on the operating console using the
above stated b-values. Noise levels for the calculation of the
ADC maps were kept constant at 15.

Image analysis

One musculoskeletal radiologist with 4 years of experience in
bone tumor imaging (HD) retrospectively reviewed the con-
ventional MRI examinations. The MR images were analyzed
on a dedicated workstation (Leonardo Workstation, Siemens).
On the axial T1-weighted images, the slice with the most
aggressive imaging feature was selected to identify the corre-
sponding ADC map on the DWI. Aggressive features on the
conventional MR images included one of the following imag-
ing features: cortical destruction or soft tissue mass. In the
absence of these imaging findings, the slice with the most
endosteal scalloping was selected as this area was thought to
represent the most aggressive and biologically most active
part of the tumor. Subsequently, the corresponding slice on

Table 1  Technical parameters for DWI

Sequence type Spin-echo, single-shot echo-planar

imaging (EPI) with free breathing

b-values (s/mm?) 50, 1,200

TR (ms) 3,500-3,900
TE (ms) 70

Thickness (mm)/gap 4-6/0

FOV (mm) 200-380

NEX 3
Fat-suppression mode SPAIR (strong)
Resolution 140

Phase resolution 80 %

Parallel imaging Yes (GRAPPA)
Acceleration factor 2

Phase encoding direction AP

Bandwidth (Hz/px) 1190

Scan time (min) 3555
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the ADC map of the DWI was identified. First, the mean
ADC value of the lesion at this slice position was mea-
sured drawing a region of interest (ROI) of the entirety of
the chondral lesion at this slide. Then, minimum ADC
values were measured by drawing a ROI on three areas
within the tumor at the same slice position. Circular ROIs
were drawn in areas of the tumor which on the corre-
sponding anatomical imaging (T1WI) appeared most ag-
gressive. The size of each circular ROI within the same
lesion was kept constant. The ADC map was correlated
with the conventional axial TIWI sequences to avoid
drawing ROIs in areas of matrix calcification as this
would have led to falsely low results in the quantification
of ADC values because the aim of the study was to iden-
tify areas of most increased cellularity within the
chondroid tumors. The lowest ADC value of the three
ROIs was used for analysis of the minimum ADC value.

Diagnosis and grading of chondroid tumors

The electronic histopathology database was accessed, the
histopathology reports for all patients who underwent his-
topathological confirmation were retrospectively
reviewed, and the diagnosis and grading of the chondroid
tumor were documented. In patients who underwent biop-
sy only (which occurred in 14 enchondromas and five
atypical cartilaginous tumor), the histopathology report
from the biopsy was taken as the final diagnosis. All
biopsied enchondromas and atypical cartilaginous tumors
were biopsied under CT guidance by one musculoskeletal
radiologist (HD) targeting the most aggressive area on CT.
In contrast, patients who underwent biopsy and subse-
quent curettage or resection, the final histopathology re-
port, which was based on the curettage or resection spec-
imen, was taken as the final diagnosis. All patients with
biopsy-proven CS either underwent curettage or resection.

Fig. 1 A 3l-year-old female patient with an enchondroma of the right
proximal humerus. a Coronal STIR sequence demonstrates a 4.2 cm in
the maximum craniocaudal dimension measuring chondroid lesion. b
Axial TIW SE MR image shows no significant endosteal scalloping. ¢

The term “atypical cartilaginous tumor” or “CLUMP”
(cartilaginous lesion of unknown malignant potential) is
used at our institution for low-grade cartilaginous tumors
that may be modestly cellular, show myxoid change, mild
nuclear atypia, and have readily identifiable binucleate
forms but however do not demonstrate permeative growth
[11]. This term is used in a similar fashion in other insti-
tutions and has recently been included in the WHO clas-
sification of chondroid tumor highlighting the difficulty in
differentiating between enchondromas and CS [1, 12]. At
our institution, all chondroid lesions are reported by two
musculoskeletal pathologists. Furthermore, all chondroid
lesions at our institution are discussed in a multidisciplin-
ary meeting and the diagnosis of enchondroma, atypical
cartilaginous tumor and CS is made in conjunction with
clinicians, radiologists, and histopathologists. Histological
grading of enchondromas, atypical cartilaginous tumor,
grade 1, grade 2, grade 3, and dedifferentiated CS was
determined according to widely accepted definitions [1,
13]. In the absence of histological confirmation in
enchondromas, the diagnosis of an enchondroma was
based on widely accepted imaging features [14].

Statistical analysis

Data was analyzed using SPSS version 19.0 (SPSS, Chi-
cago, IL, USA). One-way analysis of variance (ANOVA
with post hoc Tukey analysis) was used to compare the
minimum and mean ADC values of enchondromas, atyp-
ical cartilaginous lesions, grade 1 CS, grade 2 CS, grade 3
CS, and dedifferentiated CS. Subsequently, independent
samples ¢ test was used to compare the minimum and
mean ADC values of low-grade chondroid lesions and
high-grade chondroid lesions. p values<0.05 were consid-
ered significant.

Mean ADC = 2405

MinADC =2184

Corresponding ADC map reveals a mean ADC value of 2,405 and a
minimum ADC value of 2,184 x10® mm?/s and a mean ADC of
2,405 x10°° mm?/s
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Results

Fifty-two patients with chondroid tumor were identified.
There were 25 male (48 %) and 27 female (52 %) patients.
The median age was 49.5 years and the mean age was
49.8 years (age range, 11-80 years). Nineteen chondral le-
sions were located within the humerus (36.5 %), 17 in the
femur (32.7 %), five in the tibia (9.6 %), five in the pelvis
(9.6 %), three in the hand (5.8 %), two in the ribs (3.8 %), and
one in the spine (1.9 %). In the CS group, the final histological
diagnosis and grading was made on curettage, resection or
amputation specimens, considering the highest grade of tumor
in the specimen as the final diagnosis. Similarly, all atypical
chondroid tumors were histologically confirmed using CT-
guided biopsy. In contrast, in the enchondroma group, 58 %
(14) of lesions were histologically confirmed based on biopsy
or curettage while 42 % (10) of all enchondromas were diag-
nosed based on typical MR-imaging findings.

Twenty-four patients (46.2 %) had an enchondroma, five
patients (9.6 %) had an atypical cartilaginous tumor, 15 pa-
tients (28.8 %) had a grade 1 CS, three patients (5.8 %) had a
grade 2 CS, two patients (3.8 %) had a grade 3 CS, and three
patients (5.8 %) had a dedifferentiated CS.

For the subsequent subgroup analysis in the differentiation
of low-grade CS from high-grade CS, dedifferentiated CS
were excluded. Enchondromas, atypical cartilaginous tumor,
and grade 1 CS were defined as low-grade CS while grade 2
and grade 3 CS were defined as high-grade CS. Thus, there
were 44 (89.8 %) low-grade CS and five (10.2 %) high-grade
CS.

The mean ADC values (x10® mm?/s) for enchondromas
was 1,896 (range, 1,281-2,370), for atypical cartilaginous tu-
mor: 2,048 (range, 1,816-2,427), for grade 1 CS: 2,152
(range, 1,804-2,951), for grade 2 CS: 2,170 (range 1,762-2,
430), for grade 3 CS: 2,076 (range, 1,774-2,378) and for
dedifferentiated CS: 1,261 (range, 1,086—1,627). ANOVA test
showed that there was a statistically significant difference in
the mean ADC values in all groups (p=0.001). Post hoc anal-
ysis, however, revealed that this difference was due to the
lower mean ADC values of dedifferentiated CS.

In contrast, the minimum ADC values (x10™® mm?*/s) for
enchondromas was 1,820 (range, 1,183-2,370) (Fig. 1), for
atypical cartilaginous tumor: 1,752 (range, 1,650—1,999), for
grade 1 CS: 2,010 (range, 1,691-2,350) (Fig. 2), for grade 2
CS: 1,829 (range, 1,543-2,171) (Fig. 3), for grade 3 CS: 1,752
(range, 1,645-1,859) (Fig. 4) and for dedifferentiated CS
group: 767 (range, 512—1,224) (Fig. 5). ANOVA test demon-
strated a statistically significant difference in the minimum
ADC values in all groups (p<0.001). Post hoc analysis, how-
ever, showed that this difference was due to the lower mini-
mum ADC values in the dedifferentiated CS group.

The mean ADC value (x10°® mm?%/s) for all low-grade
chondroid lesions was 2,001 while the mean ADC of all
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Mean ADC = 2444

Min ADC = 2403

Fig.2 A 67-year-old male patient with a grade 1 CS of the right femur. a
Coronal STIR sequence shows a 21.8 cm in the maximum craniocaudal
dimension measuring chondroid lesion. b Axial fat-suppressed T2W FSE
MR image shows more than two-thirds endosteal scalloping (arrow) and
cortical thickening. ¢ ADC map demonstrates a mean ADC value of
2,444 x10"° mm?/s and a minimum ADC value of 2,403 x10™® mm?/s

high-grade chondroid lesions was 2,132. Using Student’s # test,
this difference in mean ADC values between the two groups
was not statistically significant (p=0.37). The minimum ADC
value (x10~® mm?/s) for all low-grade chondroid lesions was
1,896, while the minimum ADC of all high-grade chondroid
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Fig.3 A 69-year-old male patient with a grade 2 CS of the right pelvis. a
Axial fat-suppressed T2W FSE MR image shows a diffusely infiltrative
lesion within the right acetabulum (arrow) which demonstrates chondroid

lesions was 1,837. Using Student’s ¢ test, this difference in
minimum ADC values was also not statistically significant
(p value=0.71).

Discussion

The differentiation of enchondromas from low-grade CS is
one of the most challenging diagnoses for the musculoskel-
etal radiologist and musculoskeletal pathologist alike [5,
15]. Therefore, the radiological and histopathological
criteria used to differentiate the two disease entities may
significantly vary from institution to institution. There is
therefore significant diagnostic uncertainty in the distinc-
tion of the two disease entities. This observation may thus
explain the differences in surgical outcome of low-grade
chondroid lesions and the different treatment approaches
for low-grade CS published in the literature. While some
centers perform intralesional curettage with or without lo-
cal adjuvants [16], other institutions treat low-grade CS
with en bloc resection and reconstruction [17]. In contrast,
asymptomatic enchondromas that are frequently depicted
incidentally on routine MRI examinations of the knee [2]
or shoulder [3] do not require surgical intervention. Al-
though symptomatic enchondromas may be treated with

Fig. 4 A 77-year-old male patient with a grade 3 CS of the left pelvis. a
Axial fat-suppressed T2W FSE MR image shows a destructive lesion of
the left ilium with a large soft tissue mass extending into the left buttock

.

i 4 & . l
Medh ADt?é 2318

Min ADC™ =2104

matrix calcification within it and surrounding soft issue edema. b
Corresponding ADC map (arrow) shows a mean ADC value of 2,318
x10~® mm?*/s and a minimum ADC value of 2,104 x 107% mm?/s

intralesional curettage, a more aggressive treatment ap-
proach for this benign disease entity is not warranted. Fur-
thermore, the diagnosis of a CS, be it low-grade or high-
grade, usually instigates a wide range of investigations
such as staging CT of the chest and skeletal scintigraphy,
which is not required in an enchondroma. Moreover, the
diagnosis of sarcoma may result in emotional distress to
patients and may negatively affect other aspects of life
such as insurance policies and mortgage applications. It
is therefore vital to derive an accurate diagnosis in the
distinction of enchondromas from low-grade CS. There
have therefore been attempts to utilize advanced non-
anatomical MR techniques such as diffusion-weighted
MRI to aid in the distinction of the two disease entities.
However, at present, there remains a paucity of evidence
supporting or refuting the role of DWI in the differentiating
of enchondromas from low-grade CS [18].

To the best of our knowledge, there has been only one
publication that evaluated the role of DWI in the distinction
of enchondromas from CS [10]. This retrospective study sug-
gested that there was a statistically significant difference in the
mean ADC values of enchondromas and CS. The authors,
however, only included 14 chondroid lesions and therefore
stated that a larger sample size was required to investigate
the role of DWI in differentiating enchondromas from low-

~ I MeanADC = 1774

4 N
INADC . =1645%
and invading the left sacral ala (arrow). ¢ Corresponding ADC map

demonstrates a mean ADC value of 1,774 x107® mm?/s and a
minimum ADC value of 1,645 x10™® mm?/s
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Fig. 5 A 70-year-old female patient with a dedifferentiated CS of the
right humeral head. a Axial fat-suppressed T2ZW FSE MR image shows a
destructive lesion of the right humeral head with a surrounding soft tissue
mass (arrow) and areas of necrosis. Corresponding DWI (b 1,200s/mm?)

grade CS [10]. In contrast, the current study included 52 pa-
tients with chondroid lesions of which 24 lesions were
enchondromas and 15 tumors were grade 1 CS.

Our study did not corroborate the previously stated find-
ings. On the contrary, the current study demonstrates no sta-
tistically significant difference in mean or minimum ADC
values between enchondromas, grade 1 CS, grade 2 CS, or
grade 3 CS. This difference in findings is therefore most likely
due to the small sample size in the previously reported study.
Although in our study, ANOVA test demonstrated a statisti-
cally significant difference in the minimum and mean ADC
values in all groups, the post hoc analysis revealed that this
difference was due to the lower minimum and mean ADC
values in the dedifferentiated CS group. This finding is how-
ever due to the dedifferentiated component within the lesions,
which usually represents a high-grade undifferentiated sarco-
ma or an osteosarcoma while the cartilaginous component of
the tumor can range from an enchondroma-like appearance to
a grade 1 or grade 2 CS [13]. This has also been observed in
our three cases of dedifferentiated CS where in two lesions the
dedifferentiated component represented a high-grade undiffer-
entiated sarcoma while in one case the dedifferentiated com-
ponent of the tumor was an osteosarcoma. In contrast, the
chondroid components of the three dedifferentiated CSs in
our study were low-grade CSs.

Furthermore, we evaluated if DWI can differentiate be-
tween low-grade chondroid lesions (enchondromas, atypical
chondroid tumor, grade 1 CS) and high-grade CS (grade 2 CS,
grade 3 CS). The rationale for this distinction between low-
grade chondroid lesions and high-grade CS is that in some
institutions, low-grade chondroid lesions are treated with
intralesional curettage while high-grade CSs are widely treat-
ed with limb-salvage surgery and endoprosthetic reconstruc-
tion or amputation [16, 19, 20]. Our study, however, demon-
strates that there is no statistically significant difference in
minimum or mean ADC values of low-grade chondroid le-
sions from high-grade CS. In contrast, it has previously been
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Mean ADC =1086

Min ADC =564

(¢) and ADC map (d) demonstrates marked restricted diffusion within
areas of the lesion with a mean ADC value of 1,086 x10"® mm?/s and a
minimum ADC value of 564 x10™® mm?/s

demonstrated that conventional MRI can reliably differentiate
low-grade CS from high-grade CS [12, 21].

The choice of b-values for quantitative evaluation of ADC
values remains uncertain. In our study, we have chosen a low
b-value of 50 s/mm?” and a high b-value of 1,200 s/mm? for
calculation of ADC values. While most radiologists would
agree with our choice of low b-value (50 s/mm?) in order to
suppress the high-signal flow from vessels, which results in
so-called “black blood images” [6], our choice of a high b-
value of 1,200 s/mm? may prove slightly more controversial,
as most publications quote a high b-value of 800-1,000 s/
mm?. The reason for this high b-value is based on two con-
siderations. Firstly, chondroid lesions demonstrate high water
content trapped within the cells. The aim was therefore to
suppress the signal derived from free water molecules within
the chondroid cells thereby allowing evaluation of cellularity
within the tumor. Secondly, evidence in the literature suggests
that the optimum b-value for bone marrow imaging is 1,400 s/
mm? [22].

There are several limitations to our study. Firstly, the retro-
spective nature of the study may have resulted in a selection
bias. Secondly, 42 % (10) of enchondromas did not undergo
histological confirmation. However, we applied stringent
criteria for designating a lesion as an enchondroma based on
widely accepted imaging features [14]. Lastly, minimum and
mean ADC values were only measured in one slice. This slice
was, however, carefully chosen to correspond with the slice on
the conventional MR imaging, which demonstrated the most
aggressive features.

In conclusion, our study demonstrates that DWI cannot
differentiate enchondromas from low-grade CS and that
DWI cannot distinguish low-grade chondroid lesions from
high-grade CS. Although DWI can aid in the distinction of
dedifferentiated CS from conventional CS, this differentia-
tion usually does not represent a diagnostic challenge based
on conventional MRI. Future research may therefore focus
on the question if other advanced MR techniques such as
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MR spectroscopy (MRS) could potentially differentiate
enchondromas from low-grade CS.

Despite the introduction of advanced MR imaging tech-
niques in musculoskeletal oncology, the distinction of
enchondromas from low-grade CS currently continues to be
based on the close collaboration between radiologists, pathol-
ogists, and orthopedic oncologists. Therefore, the multidisci-
plinary team approach cannot be overemphasized in the dis-
tinction of the two disease entities.

Conlflict of interest There is no conflict of interest to declare.
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