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Relative volume measured with magnetic resonance imaging is an articular collapse predictor in hematological pediatric patients with femoral head osteonecrosis
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Abstract

AIM

To assess the potential value of femoral head (FH) volume measurements to predict joint collapse, as compared to articular surface involvement, in post-treatment osteonecrosis (ON) in pediatric patients affected by lymphoproliferative diseases.

METHODS

Considering 114 young patients with lymphoproliferative diseases undergone a lower-limbs magnetic resonance imaging (MRI) examination between November 2006 and August 2012 for a suspected post-treatment ON, we finally considered a total of 13 cases (7 males, mean age 15.2 ± 4.8 years), which developed a FH ON lesions (n = 23). The MRI protocol included coronal short tau inversion recovery and T1-weighted sequences, from the hips to the ankles. During the follow-up (elapsed time: 9.2 ± 2 mo), 13/23 FH articular surface (FHS) developed articular deformity. The first MRI studies with diagnosis of ON were retrospectively analyzed, measuring FH volume (FHV), FHS, ON volume (ONV) and the articular surface involved by ON (ONS). The relative involvement of FHS, in terms of volume [relative volume (RV): ONV/FHV] and articular surface [relative surface (RS): ONS/FHS], was then calculated.

RESULTS

By using receiver operating characteristic curve analysis (threshold of 23% of volume involve​ment), RV predicted articular deformity in 13/13 FHS [sensitivity 100%, specificity 90%, accuracy 95%, positive predictive value (PPV) 93%, negative predictive value (NPV) 100%]. Considering a threshold of 50% of articular involvement, RS predicted articular deformity in 10/13 femoral heads (sensitivity 77%, specificity 100%, accuracy 87%, PPV 100%, NPV 77%).

CONCLUSION

RV might be a more reliable parameter than RS in predicting FH deformity and could represent a potential complementary diagnostic tool in the follow-up of femoral heads ON lesions.
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Core tip: Osteonecrosis can affect different bone segments but the most common sites are the weight-bearing joints of the lower limbs (hips and knees), with potential evolution to disability. To date magnetic resonance imaging represents the standard imaging method in the assessment of bone necrotic lesions [osteonecrosis (ON)], replacing other techniques in diagnostic work-up of initial ON, allowing also the detection of early bone marrow changes. Our preliminary data show that the volume of the necrotic portion of the femoral head might be a parameter highly predictive of future collapse of femoral head affected by osteonecrosis also in young patients treated for haematological malignancies.

INTRODUCTION

The optimization of treatment strategies for haemato​logical pediatric malignancies has led to a significant improvement of overall survival[1]; however, therapy has also turned out to determine several complications, particularly osteonecrosis (ON)[2]. Several risk factors might play a role in the development of bone tissue necrosis, both individual and related to treatment itself (glucocorticoids, chemotherapics, total body irradiation)[3-6]. ON can affect different bone segments but the most common sites are the weight-bearing joints of the lower limbs (hips and knees), with potential evolution to disability[7]. Therapeutic solutions and clinical management of post-treatment osteonecrosis depends on the joint affected, the stage of both osteonecrosis and primary disease and on symptoms. Core decompression is the most frequently therapeutic procedure in early femoral head ON, while joint replacement is performed in cases of collapse[8]. However, even minimally invasive surgery may be life threatening and septic complications may be severe[9].

Imaging may play a crucial role for prompt diagnosis and proper staging, above all in patients with no specific symptoms[10]. Magnetic resonance imaging (MRI) is the technique that demonstrated the highest sensitivity and specificity in the early diagnosis of ON: It allows detecting initial typical signal intensity alterations of the bone marrow, when other examinations show nonspecific findings or even no alterations at all[11]. Some studies reported that MRI is accurate also for the assessment of the size of femoral head osteonecrotic lesion[12]. This parameter seems to be one of the main determinants of collapse in adults[13,14] but to our knowledge there are only a few studies in young patients.

On these bases, the purpose of our study was to evaluate if the volumetric measurement of post-treat​ment osteonecrotic lesions on MRI could be a predictor of femoral head collapse also in paediatric patients with haematological malignancies. We also compared volume with articular surfaces of affected femoral heads as an alternative parameter for prediction of collapse.

MATERIALS AND METHODS
Study population

We retrospectively evaluated as a start 114 peadiatric and young patients (64 males, 50 females, mean age 14.8 years, range 3-23 years), affected by proven lymphoproliferative diseases and treated with chemothe​rapy and steroids and/or bone marrow transplantation. All these patients underwent at least one lower limb MRI study between November 2006 and March 2012 (80/114 because of symptoms suspicious for ON, 34/114 for screening purposes), while follow-up examinations were performed in 72/114 cases.
Among these patients, we selected only those who showed at follow-up osteonecrosis of one or both femoral heads, regardless symptoms and with the following exclusion criteria: (1) patients with suspected osteonecrosis but affected by non-lymphoproliferative diseases (e.g., thrombotic thrombocytopenic purpura) or those who underwent MRI study for different purposes (lymphoproliferative disease localization, inflammatory complications such as fasciitis, osteomyelitis or soft tissues abscess); (2) patients who did not perform follow-up studies in our Institution; (3) patients with osteonecrosis of the femoral head and evidence of joint deformity or collapse at the first MRI examination.

As a result, a total of 13 patients (7 males, 6 females; mean age 15.2 years, range 9-23 years), met the above-mentioned inclusion and exclusion criteria.

MRI study protocol

The MRI studies were performed either on a 1.5 T magnet (Achieva, Philips) using a built-in body coil (Q-Body) and the stepping table technique or a 1 T scanner (Panorama, Philips), with a three-channel surface body coil (extra large body coil). The acquisition protocol included: long echo time (TE) short time inversion recovery (STIR) (TE = 80 ms; repetition time (TR)/TE = 4935/150 ms; slice thickness = 5 mm; acquisition matrix MxP = 352 × 351; acquisition voxel measurement, phase and slice encoding (MPS) = 1.51/1.51/5.00 mm; reconstruction voxel MPS = 1.04/1.04/5.00; min. slice gap = 1 mm) and T1-weighted sequences (TE = 15 ms; TR = 225 ms; acquisition matrix MxP = 400 × 259; acquisition voxel MPS = 1.33/1.33/5.00 mm; reconstruction voxel MPS = 1.04/1.04/5.00; min. slice gap = 5 mm; act. slice gap 0.5 mm). Images were acquired coronal, from the hips to the ankle, with an average acquisition time of about 15-20 min (depending on patient’s height).

Image analysis: Femoral head volume and surface

The diagnosis of osteonecrotic involvement of femoral heads was established when typical morphological alterations were present[15]: Sharply defined areas with geographical appearance affecting subchondral bone marrow, characterized by peripheral rim of low signal intensity on T1-weighted sequences and high signal intensity on STIR images.

Considering the first MRI study that showed the presence of osteonecrosis, a radiologist measured on dedicated software (Brilliance Workspace Portal, V 2.6.1.5, Philips): The volume [femoral head volume (FHV)] and the articular surface area of the affected epiphysis [femoral head surface (FHS)], the osteonecrotic lesion volume (ONV) and the articular surface area affected by osteonecrosis (ONS). As shown in Figure 1, to determine the FHV in each slide of the T1 weighted images the corresponding epiphysis was contoured along its edge, using the cartilaginous physeal line as the caudal limit of the epiphysis itself. The procedure was performed for each slice and the values obtained (expressed in square millimeter) were added up together and then multiplied by section thickness (5 mm), obtaining the corresponding epiphyseal volumes (expressed in cubic millimeter). The same steps were followed for the assessment of the ONV, by contouring on T1 images the edge of the bone involved by necrosis. STIR sequence was contextually taken into account as reference to better assess lesion’s boundaries. Similarly, to determine the FHS (Figure 1), the convex articular edge was contoured in each slice of the T1 weighted sequence, obtaining linear values (expressed in millimeter) that were added up together; the resulting number was multiplied by the slice thickness (5 mm), obtaining surface values (expressed in square millimeter). The same procedure was perfor​med for the ONS, considering only the surface of the femoral head with subchondral bone necrosis.

Assessment of relative volume and relative surface

Following these measurements, the necrotic portions of the femoral heads involved were then calculated as ratio. First of all, the involvement of the femoral heads in terms of volume was defined as relative volume (RV) and calculated with the following formula: ONV/FHV. The articular surface involvement was defined as relative surface (RS) and assessed with the following formula: ONS/FHS (Table 1).

Statistical analysis

We employed the receiver-operator characteristic (ROC) curve analysis in order to determine the best thresholds of both RV and RS to predict joint deformity. Statistical analysis was performed with MedCalc software (version 12.4.0.0).

RESULTS

Twenty-three femoral heads were affected, since 10/13 patients had bilateral involvement. In the follow-up studies (elapsed time: 9.2 ± 2 mo), 13/23 (56%) femoral heads developed articular deformity or complete collapse, within a mean time of 10.2 mo (range 2-32 mo). The average follow-up period of the femoral heads that did not collapse was 12.5 mo (range 4-32 mo). The required time for postprocessing, volumes and surfaces measurements was about 10 min per lesion.

Applying the thresholds suggested by the ROC analysis (0.23), RV predicted correctly articular deformity in 13/13 (100%) of femoral heads affected by ON and erroneously in 1/10 that did not collapse (Figure 2), with sensitivity of 100%, specificity of 90%, accuracy of 95%, positive predictive value (PPV) of 93% and negative predictive value (NPV) of 100% (Table 1).

On the other hand, using a threshold of 0.50 (Figure 2), RS correctly predicted joint collapse in 10/13 (77%) femoral heads, without false positives; however, it missed 3/13 (23%) of them that developed deformity during follow-up, with corresponding sensitivity of 77%, specificity of 100%, accuracy of 87%, PPV of 100% and NPV of 77% (Table 1). In the 3 cases in which RS did not predict joint collapse and was not in agreement with RV, there was discrepancy between the overall size of the osteonecrotic lesion and its involvement of the corresponding articular surface of the femoral head affected (Figure 3).

DISCUSSION

Therapy for hematologic malignancies is a well-recognized cause of osteonecrosis in paediatric patients[16]. Femoral heads are the most critical sites affected, because of their high rate of progression towards collapse leading to surgical intervention[17]. To determine which patients with femoral head osteonecrosis will more likely develop collapse may be important in order to guide follow-up studies and to better address treatment strategies[10].

The main purpose of our study was to evaluate if the size of both the lesion and the joint surface involved by necrosis could be useful predictors of deformity in young patients affected by post-treatment femoral head ON. To this reason, we retrospectively selected in our database patients who underwent several lower-limbs MRI studies to reveal either stability of the osteonecrotic lesions or development of joint deformity. We measured the volume of the necrotic lesion related to the volume of the proximal epiphyseal region and we also assessed the extension of the lesion itself to the joint surface in relation to the whole articular surface of the femoral head. The two parameters were called RV and RS respectively and were compared each other in terms of prediction of joint collapse. In order to obtain a more reliable quantification of the necrotic lesion, without employing complex mathematical formulas, we measured epiphyseal volume only, considering the physeal line as the caudal limit of the epiphysis itself. In all our patients the physeal line was clearly evident or at least appreciable, particularly evaluating T1 and STIR images side by side, because of incomplete consolidation of the cartilaginous growth plate. 

Several authors evaluated potential reliable parameters to predict collapse or outcome of core decompression in adult patients with femoral head osteonecrosis[18-20]. Most of these studies focused on the measurements of the necrotic portion of the femoral head or of the joint surface involved by necrosis. Morphologic evaluations were performed with radiographs in older works and more recently with MRI, employing several different techniques or formulas. Almost all the Authors reported the size of the necrotic lesion as the main predictor of progression towards deformity and collapse of the femoral head[21]. To our knowledge, only one study performed by Karimova et al[22] evaluated factors that could potentially forecast the outcome of post-treatment femoral head osteonecrosis in paediatric patients affected by haematological malignancies. Among several parameters (i.e., sex, age, stage disease), the necrotic portion of femoral head was considered. Radiological evaluation of involvement by ON was conducted with two approaches. The first one consisted of a quantitative assessment, according to the measurement technique described by Hernigou[12] and to the classification system of Steinberg et al[23] (mild: < 15% of femoral head affected; moderate: 15%-30%; severe: > 30%). The second approach relied on the method described by Sugano et al[24], where ON lesions are classified semi-quantitatively (A: Involvement of the medial 1/3 of femoral head or less; B: Medial 2/3 or less; C: More than 2/3). Similarly to the results reported for adults’ femoral head osteonecrosis, also in Karimova’s work the size of the necrotic lesion turned out to be the best predictor of future collapse. In particular, femoral heads with an involvement of more than 30% by osteonecrosis or type C lesions had higher rates of collapse. The involvement of the articular surface was also included among the potential factors for progression to deformity but it was considered only as a qualitative parameter, without measurements of the joint affected surface.

Even according to our results, RV performed better than RS, with an overall accuracy of 95% vs 87% and with a cut-off value of 23%, as reported by the cited papers also in adult patients. Particularly, RS did not properly forecast the progression to collapse in 3/13 cases, where the necrotic process had a minor involvement of the joint surface as compared to the underlying deeper portions of the epiphysis affected. Karimova’s results may seem quite similar to our in terms of cut-off value of necrotic lesion volume (30% vs 23%, respectively) but the differences between the two approaches should be take into account. We considered only the proximal femoral epiphysis involvement, while in Karimova’s study the reported percentage was related to the entire femoral head, including also the physeal and metaphyseal regions. Moreover, also measurements methods are different (semiquantitative evaluation of femoral head involvement vs quantitative assessment of proximal epiphysis). Basing on these observations, we presume that in our population collapse occurred with smaller lesions or with minor femoral head involvement than in Karimova’s patients.

The main limitations of our study were the small number of patients considered and the short non-standardized follow-up time; however it has to be con​sidered that, according to the literature, our population study was quite in line with those reported in other studies. Inter- and intra-observer agreement analysis might have strengthened the reported results but it was out of the aims of this study. Furthermore, referring to physeal line as caudal limit of femoral epiphysis might be considered a less reproducible method for volume measurements in the clinical practice. Therefore, our data and the proposed technique for volume analysis have to be confirmed and validated by a wider study population. Another remark is that the majority of our patients were still being administered corticosteroids between the different MRI studies, that were either performed during the different phases of the therapy or after treatment for a graft vs host disease. As known, therapy itself along with the size of the lesion may determine the progression towards deformity. However, the main purpose of our study was to assess the potential value of volume and surface measurements in the prediction of joint collapse, regardless patients’ symptoms and related risk factors (i.e., therapy).

In conclusion, our preliminary data show that the volume of the necrotic portion of the femoral head might be a parameter highly predictive of future collapse of femoral head affected by osteonecrosis also in young patients treated for haematological malignancies. Since the management of osteonecrosis is often challenging, the quick and reproducible measurements of this parameter could properly guide follow-up studies and, therefore, help better address diagnostic resources, avoiding unnecessary examinations in small lesions or in those less prone to collapse. However, further prospective studies with a larger population study are fundamental to confirm these results.

COMMENTS

Background

The treatment strategies for haematological pediatric malignancies has improved the overall survival, but has also determined several complications, in particular osteonecrosis (ON), related to several risk factors, individual and related to treatment (glucocorticoids, chemotherapics, total body irradiation). The most common sites involved in ON are the weight-bearing joints of the lower limbs (hips and knees), with potential evolution to disability. Imaging may play a crucial role for prompt diagnosis and proper staging, and magnetic resonance imaging (MRI) is the technique that demonstrated the highest sensitivity and specificity in the early diagnosis of ON and in an accurate assessment of the size of osteonecrotic lesion. This parameter seems to be one of the main determinants of collapse in adults, but there are only a few studies in young patients.

Research frontiers

MRI, with the advantages of no ionizing radiation, permits to safely evaluated young patients. Therefore the MRI study may be useful in the evaluation and follow-up of post-treatment femoral head osteonecrosis, in paediatric patients affected by haematological malignancies.

Innovations and breakthroughs

Almost all the authors reported the size of the necrotic lesion as the main predictor of progression towards deformity and collapse of the femoral head in adult patients. The measurement of the volume of the necrotic portion of the femoral head, with MRI, could potentially forecast the outcome of post-treatment femoral head osteonecrosis in paediatric patients affected by haematological malignancies.

Applications

The relevance of this work relies on the possibility, by measuring the volume of the necrotic portion of the femoral head, to obtain a new diagnostic parameter that might be highly predictive of future collapse of femoral head affected by osteonecrosis also in young patients treated for haematological malignancies. Furthermore the quick and reproducible measurements of this parameter could properly guide follow-up studies, improving the better address diagnostic resources and avoiding unnecessary examinations in small lesions or in those less prone to collapse.

Terminology

MRI: MRI is the technique that demonstrated the highest sensitivity and specificity in the early diagnosis of ON; ON: ON is a bone disease, that affect the joints, caused by reduced blood flow. The typical aspect is a “geographic pattern” area, surrounded by low signal intensity serpentine rim and a high signal intensity line on T2 weighted images inside the rim; FHV: Femoral head volume, calculated by contouring in each slide of the T1 weighted images the corresponding epiphysis. The values obtained (expressed in square millimeter) were added up together and then multiplied by section thickness (5 mm), obtaining the corresponding epiphyseal volumes (expressed in cubic millimeter); ONV: Osteonecrotic volume, by contouring for each slide on T1 images, the edge of the bone involved by necrosis. The values obtained (expressed in square millimeter) were added up together and then multiplied by section thickness (5 mm), obtaining the corresponding epiphyseal volumes (expressed in cubic millimeter); FHS: Femoral head surface, assessed by contouring the convex articular edge in each slice of the T1 weighted sequence, obtaining linear values (expressed in millimeter) that were added up together; the resulting number was multiplied by the slice thickness (5 mm), obtaining surface values (expressed in square millimeter); ONS: Osteonecrotic surface, measured with the same procedure of FHS, considering only the surface of the femoral head with subchondral bone necrosis; RV: Relative volume, defines the articular volume involved on ON, calculated with the following formula: ONV/FHV; RS: Relative surface, defines the articular surface involved on ON, assessed with the following formula: ONS/FHS.

Peer-review

This is a technical and interdisciplinary study conducted in the assessment of receiver-operator characteristic. This preliminary data show that the volume of the necrotic portion of the femoral head might be a parameter highly predictive of future collapse of femoral head affected by osteonecrosis also in young patients treated for haematological malignancies.
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Figure Legends
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Figure 1  Assessment of relative volume and relative surface. The measurements were performed on a dedicated workstation on the T1-weighted images, both for RV (A) and RS (B) for each slice of the series. The corresponding STIR images (C) were reviewed in order to better evaluate the extent of the necrotic process. RV: Relative volume; RS: Relative surface; STIR: Short time inversion recovery.
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Figure 2  Receiver-operator characteristic curves analysis of relative volume and relative surface. RV (A) performed best with a threshold of 0.23 (sensitivity 100%, specificity 90%), while RS (B) with a threshold of 0.50 (sensitivity 77%, specificity 90%). RV: Relative volume; RS: Relative surface.
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Figure 3  Two adjacent coronal T1-weighted images show the discrepancy between the two parameters (volume, A vs surface area, B) considered for the prediction of future joint deformity. Even if the overall necrotic lesion is rather big (A), there is only a minor involvement of the femoral head surface (B): In these cases RV performed better than RS in predicting femoral head deformity. RV: Relative volume; RS: Relative surface.
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Table 1  Results of relative volume and relative surface for prediction of femoral head collapse


�
RV (ONV/FHV)


�
RS (ONS/FHS)


�
�
Threshold


�
0.23


�
0.5


�
�
Sensitivity


�
100%


�
  77%


�
�
Specificity


�
  90%


�
100%


�
�
Accuracy


�
  95%


�
  87%


�
�
PPV


�
  93%


�
100%


�
�
NPV


�
100%


�
  77%


�
�
RV: Relative volume; RS: Relative surface; ONV: Osteonecrosis volume; FHV: Femoral head volume; ONS: Osteonecrosis surface; FHS: Femoral head surface; PPV: Positive predictive value; NPV: Negative predictive value.
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