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Abstract
BACKGROUND
Fracture risk assessment in children with benign bone lesions of long bones remains poorly investigated. 

AIM
To investigate the risk factors for pathological fracture in children with benign bone lesions and to propose a modified scoring system for quantitative analysis of the pathologic fracture risk. 

METHODS
We retrospectively reviewed 96 pediatric patients with benign bone lesions. We compared radiographic and clinical features between 40 patients who had fractures through a benign bone lesion and 56 who had no fracture. Information including histological diagnosis, anatomical site, radiographic appearance, severity of pain, and lesion size was recorded for the patients. A modified scoring system was proposed to predict the risk of fracture. 

RESULTS
The univariate comparisons showed a significant difference between the fracture and non-fracture groups in terms of lesion type, pain, lesion-to-bone width, and axial cortical involvement of the patients (P < 0.05). Lesion type, pain, lesion-to-bone width, and axial cortical involvement were independently correlated with an increased risk of fracture. The mean score of the fracture group was 7.89, whereas the mean score of the non-fracture group was 6.01. The optimum cut-off value of the score to predict pathological fracture was 7. The scoring system had a sensitivity of 70% and a specificity of 80% for detecting patients with fractures. The Youden index was 0.5, which was the maximum value. The area under the receiver operator characteristic was 0.814.

CONCLUSION
Lesion type, pain, lesion-to-bone width, and axial cortical involvement are risk factors for pathological fracture. The modified scoring system can provide evidence for clinical decision-making in children with benign bone lesions. A bone lesion with a total score > 7 indicates a high risk of a pathologic fracture and is an indication for prophylactic internal fixation. 
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Core Tip: The purpose of this study was to investigate the risk factors of pathological fracture in children with benign bone lesions and to propose a modified scoring system for quantitative analysis of the pathologic fracture risks. As a fracture predictive tool, the modified scoring system can be used to evaluate before treatment and provide reference for surgical decision-making.


INTRODUCTION
Benign bone lesions refer to an inhomogeneous group of pathologic entities including benign and phymatoid lesions[1]. Most benign bone lesions occur in skeletally immature individuals and are generally located in the long bones. Benign bone lesions may be asymptomatic or incidentally discovered because of their insidious onset. After confirming that the lesion is benign, surgeons should undertake a fracture risk assessment and evaluate the treatment indications[2]. When an enlarging benign lesion occurs in the long bone of the extremities, pathologic fracture may occur frequently even with minimal trauma. Pathologic fracture will lead to fracture-related pain, deformity, and immobility[3]. Therefore, fracture prevention is a management priority[4].
Current management strategies for benign bone lesions include conservative treatment and surgical treatment. The option of treatment remains a subject of debate among surgeons. Conservative treatment involves close observations, avoiding weight-bearing, and immobilization with a brace. This is suitable for asymptomatic and small lesions[5]. Surgical treatment, including steroid injection, injection of bone graft or autologous bone marrow, open curettage, and bone grafting with or without stabilization of the lesion with internal fixation, is mainly used for moderate–large lesions[6-8]. The key critical point in clinical decision-making for the treatment of benign bone lesions hinges on whether the given lesion altering the strength of the bone will increase the risk of pathological fracture.
Previous studies have determined the risk factors of pathological fracture based on patient pain, site of lesion, lesion type, and size of lesion[9,10]. The populations of these studies were mainly adult patients with metastatic bone disease; however, rare research has investigated pediatric patients with benign bone lesions[11]. Therefore, we investigated the risk factors of pathological fracture in children with benign bone lesions. Our secondary aim was to propose a modified scoring system for quantitative analysis of the pathologic fracture risks.

MATERIALS AND METHODS
After obtaining approval from our hospital’s ethics committee (2020-IRB-052), a retrospective study was performed on all pediatric patients with long bones affected by benign bone lesions in our hospital between January 2015 and December 2018. Informed consent form was signed by all parents of patients in the study. All methods were performed in accordance with the relevant guidelines and regulations. Patients who had a malignant tumor or had a history of previous treatment before admission to our hospital were excluded from the study. All patients underwent fine-needle or open biopsy for histological diagnosis. All patients who suffered spontaneous fractures or fractures that occurred as a consequence of minimal trauma were included in this study. Patients with pathologic fractures caused by adequate trauma or multiple pathologic fractures were excluded. This group of patients was defined as the fracture group. The non-fracture group consisted of patients without fractures. We reviewed all available patient information and extracted relevant details, including patients’ age, gender, histological diagnosis, location of lesion, lesion type, severity of pain, and lesion size.

Radiographic and clinical evaluation
For both the fracture and non-fracture groups, the initial plain radiographs were reviewed to identify the location of the lesion (upper or lower limb), lesion type (osteoblastic, mixed, or osteolytic), and lesion size. The lesion size, including lesion-to-bone width and axial cortical involvement, were calculated based on anteroposterior or lateral radiographs (Figure 1). The lesion-to-bone width was calculated by the maximum ratio of lesion width to transverse width at the level of the lesion. Axial cortical involvement was measured by the largest longitudinal measurement of the entire lesion. The degree of pain was evaluated according to the Numerical Rating Scale. A score of 1-5 was defined as mild pain and 6-10 as severe pain.

Prediction of fracture risk
A modified scoring system was proposed to predict the risk of fracture, using variables including lesion-to-bone width, axial cortical involvement, lesion type, and severity of pain (Table 1). We hypothesized that these variables were the risk factors for fracture. To validate the proposed scoring system, patients were scored by two blinded reviewers.

Statistical analysis
Univariate analysis was conducted using Fisher’s exact test or chi-square test for categorical data (e.g., gender, histological diagnosis, anatomical site, etc.), or using Student’s t-test for continuous data (e.g., age) between the fracture and non-fracture groups. A P < 0.05 was considered statistically significant. Non-conditional logistic regression analysis was used to identify potential risk factors. Fracture-related variables at a P value of 0.05 or less on univariate analysis were placed in a non-conditional logistic regression equation. The interobserver reliability was determined by the interclass correlation coefficient. The diagnostic performances were detected at different cutoff values. The receiver operator characteristic (ROC) curve was drawn and applied to area calculation.

RESULTS
Ninety-six patients were included in this study. We included 55 boys and 41 girls with an average age of 8.3 years (range: 2.2-15.2 years). Twenty-five patients had a simple bone cyst, 18 aneurysmal bone cyst, 19 fibrous dysplasia, 11 non-ossifying fibroma, 15 Langerhans histiocytosis, 4 endochondroma, and 4 osteoblastoma. Thirty-three lesions were located in the upper limb and 63 in the lower limb. Univariate comparisons between the fracture and non-fracture groups showed a statistical difference in lesion type, pain, lesion-to-bone width, and axial cortical involvement (P < 0.05). No significant differences in age, sex, histological diagnosis, and lesion location were found between the two groups (Table 2). Clinical and radiographic features, including lesion type, pain, lesion-to-bone width, and axial cortical involvement, were assessed using non-conditional logistical regression analysis to determine whether any of these features were associated with fracture. Lesion type [P = 0.021, odds ratio (OR) = 3.247], pain (P = 0.007, OR = 2.847), lesion-to-bone width (P = 0.039, OR = 2.362), and axial cortical involvement (P = 0.047, OR = 1.885) were independent risk factors for pathologic fracture.
The mean and median values of different observers are shown in Table 3. No significant differences were found between the two observers. The interclass correlation coefficient was 0.984. The mean score of the fracture group was 7.89, whereas the mean score of the non-fracture group was 6.01 (Table 4). Compared with the non-fracture group, the fracture group showed a significantly higher mean score (P = 0.00).
Diagnostic indices, including sensitive, specificity, positive predictive, negative predictive, accuracy, and Youden indexes calculated across varying cutoff levels, are shown in Table 5. When the cutoff value was 7, a sensitivity of 70% and a specificity of 80% can be reached for detecting patients with fractures. The Youden index was 0.5, which was the maximum value, indicating the highest diagnostic efficiency. The curve of fracture probability illustrated that fracture risk changed with increasing score (Figure 2). As shown in Figure 3, the area under the ROC curve was 0.814, which demonstrated that the scoring method gave an acceptable level of accuracy.

DISCUSSION
Accurate assessment of pathological fracture risk for benign bone lesions is important in clinical decision making. However, studies on benign bone lesions in pediatric populations are limited because of a lack of understanding of the natural history of benign bone disorders[12]. Many surgeons treat these patients surgically in the light of personal experience, individual radiographic criteria, or some combination[3,13]. In our study, we present a modified scoring method predicting the risk of pathological fracture in pediatric patients based on four variables as scoring parameters. This predictive tool can be used to evaluate the fracture risk associated with by the lesion and provide a reference for surgical decision-making.
Kaelin and MacEwen[12] documented the natural history of simple bone cysts (SBC) in several patients. They used bone cyst index (BCI) to determine the risk of fracture. They suggested that a high risk of fracture was present when BCI in SBC was greater than 4 for the humerus and greater than 3.5 for the femur. However, Vasconcellos et al[14] demonstrated that BCI could not predict the risk of fracture accurately because of poor diagnostic performance and low reliability. Ahn and Park[15] reported that lesions with cortical involvement > 85% in children with SBC were associated with increased fracture risk. No specificity or sensitivity data were given in that study. Arata et al[16] reported transverse cortical involvement exceeded 50% and vertical length exceeded 33 mm in lower-extremity non-ossifying fibromas were predictors of pathologic fracture. Nevertheless, none of these studies could accurately predict the occurrence of pathologic fracture prospectively, and each of these approaches reported for the prediction of fracture is suitable for only a specific lesion or location.
Recently, additional studies, including computerized tomography (CT) or magnetic resonance imaging, have been applied for assessment of fracture risk[17]. Snyder et al[18] introduced CT-based structural rigidity analysis for prediction of pathological fracture in pediatric patients with benign skeletal neoplasms. Reduction equal to or greater than 33% in rigidity was at high risk for pathologic fracture. Leong et al[19] further validated this method in a prospective study. Although CT-based structural rigidity analysis was more accurate than findings obtained by plain radiography for fracture prediction, there were some limitations, including the requirement of normal contralateral bone for comparison and exposure to high doses of radiation. Pireau et al[20] reported that the cyst index calculated on T1-weighted magnetic resonance imaging was considered as the best predicting factor for fracture in SBC. However, this method does not apply to other types of benign bone lesions.
In 1989,a scoring system was proposed by Mirels, which is widely referenced in clinical practice[21]. The Mirels scoring system evaluates the fracture risk based on the location of the lesion, lesion size, radiographic appearance, and severity of pain. The score of each section ranges from 1 to 3 with a total score of 4 to12. Different management strategies are recommended according to different scoring statuses. When the Mirels score was 9 or higher, prophylactic fixation was considered as a treatment recommendation. However, this guideline is appropriately applied only to adults with metastatic bone disease. Referring to the method described by Mirels, we introduced a similar method to evaluate the risk of fracture for children with benign bone lesions. By comparing demographic features between fracture patients and non-fracture patients in our study, potentially important variables were identified and confirmed in non-conditional logistical regression analysis. Our results showed that the lesion site was not an independent risk factor of clinical fracture. Pain, lesion type, and size were identified as predictive variables. Therefore, the lesion site was not assigned to be a variable in our proposed modified scoring system. The size of the lesion was given more weight, namely, lesion-to-bone width and axial cortical involvement were endowed with an ascending score ranging from 1 to 3, respectively. Lesion type and pain were separately granted score from 0 to 2. Through retrospective analysis of 96 patients using the modified scoring system, we found a cutoff of 7 gave the optimum combination of specificity and sensitivity. The overall accuracy was 76%, and fracture probability was 30%. ROC curve analysis demonstrates that the modified scoring system had acceptable accuracy and had a similar area under the curve with the Mirels scoring system[10]. The ultimate goal of predicting pathological fractures is to inform rational treatment strategies for the prevention of pathological fractures. Therefore, we set a score of 7 as borderline. A lesion with a score > 7 is an indication for prophylactic stabilization because of high fracture risk, while a lesion with a score < 7 is evaluated as low fracture risk without the need for prophylactic stabilization.
An important advantage of our proposed scoring system is that it is a simple, rapid, and convenient method. However, this study has some limitations. First, the study was carried out at a single institution and in a retrospective fashion, so potential biases were present in case selection. Second, the number of patients in each type of bone lesion was relatively small and limited the generalizability of this scoring system. Finally, other factors that affect fracture risk should be taken into account. There is a need for a prospective, multicenter, large-scale trial to validate and expand this assessment method of fracture risk.

CONCLUSION
Increasing pain, osteolytic appearance, lesion-to-bone width (> 2/3), and axial cortical involvement (> 30 mm) are risk factors for pathological fracture. The modified scoring system is possibly a useful tool in clinical decision-making for clinicians. Lesions with a total score > 7 indicate a high risk of a pathologic fracture, when prophylactic internal fixation should be recommended. A total score < 7 is associated with a low risk of a pathologic fracture, and prophylactic internal fixation is not recommended.

ARTICLE HIGHLIGHTS
Research background
A method regarding the appropriate assessment of fracture risk in long bone lesions affected by benign tumor is lacking.

Research motivation
We performed this study to determine an appropriate approach to assess the fracture risk in children with benign bone lesions of long bones. 

Research objectives
The purpose of this study was to investigate the risk factors of pathological fracture and to propose a modified scoring system for quantitative analysis of the pathologic fracture risks. 

Research methods
We retrospectively analyzed the histological diagnosis, anatomical site, radiographic appearance, severity of pain, and lesion size of 40 patients who had fractures through a benign bone lesion and 56 who had no fracture at our institution.

Research results
Through retrospective analysis of 96 patients using our proposed scoring system, we found the cutoff was 7 in consideration of the optimum combination of specificity and sensitivity. The overall accuracy was 76% and fracture probability was 30%. The receiver operator characteristic curve analysis demonstrates that the modified scoring system is good regarding accuracy and has a similar area under the curve with the Mirels scoring system.

Research conclusions
We set score of 7 as borderline. Lesion with a score > 7 is an indication for prophylactic stabilization because of high fracture risk, while lesion with a score < 7 is evaluated as low fracture risk without concern for prophylactic stabilization.

Research perspectives
In follow-up work, a prospective, multicenter, large-scale study will be conducted to validate and improve our proposed scoring system for assessment of the fracture risk in children with benign bone lesions of long bones. 
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Figure Legends
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Figure 1 Schematic illustration of lesion measurement. The lesion-to-bone width was calculated by the maximum ratio of lesion width (a) to transverse width at the level of the lesion (b). Axial cortical involvement was measured by the largest longitudinal measurement of the entire lesion (c).
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Figure 2 Probability of fracture as related to change in score.
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Figure 3 Receiver operator characteristic curve when the cutoff is seven. The area under the curve is 0.814, which is the optimal classifier to predict impending pathological fracture. ROC: Receiver operator characteristic.

Table 1 Variables for calculation of score
	
	Score
	
	
	

	Risk factor
	0
	1
	2
	3

	Lesion-to-bone width
	None 
	1/3
	1/3-2/3
	> 2/3

	Axial cortical involvement
	None 
	< 20 mm
	20-30 mm
	> 30 mm

	Pain
	None 
	Mild 
	severe
	

	Lesion type
	Blastic 
	Mixed 
	Lytic 
	




Table 2 Comparison of demographic characteristics between the fracture and non-fracture groups
	Characteristic
	Fracture group (n = 40)
	Non-fracture group (n = 56)
	P value

	
	Mean (SD)
	Mean (SD)
	Univariate

	Age (yr)
	8.1 ± 3.6
	8.3 ± 3.5
	0.77

	Sex
	
	
	

	Females
	24
	31
	0.65

	Males
	16
	25
	

	Histological diagnosis
	
	
	0.58

	Simple bone cyst
	10
	15
	

	Aneurysmal bone cyst
	7
	11
	

	Fibrous dysplasia
	8
	11
	

	Non-ossifying fibroma
	3
	8
	

	Langerhans histiocytosis
	6
	9
	

	Endochondroma
	3
	1
	

	Osteoblastoma
	3
	1
	

	Lesion location
	
	
	0.33

	Upper limp
	16
	17
	

	Lower limp
	24
	39
	

	Lesion type
	
	
	0.021

	Osteolytic
	28
	29
	

	Mixed
	12
	19
	

	Osteoblastic
	0
	8
	

	Pain
	
	
	0.004

	Severe
	12
	4
	

	Mild
	17
	22
	

	None
	11
	30
	

	Lesion-to-bone width
	
	
	0.006

	Size > 2/3
	24
	15
	

	1/3 < Size ≤ 2/3
	14
	30
	

	Size ≤ 1/3
	2
	10
	

	Axial cortical involvement
	
	
	

	> 30 mm
	31
	24
	0.002

	30 mm ≥ Size > 20 mm
	5
	12
	

	≤ 20 mm
	4
	20
	


SD: Standard deviation.

Table 3 The mean and median values for interobserver variability of score
	Observer 
	Total population
	Fracture group
	Non- fracture group

	
	No. patient
	Mean
	Median
	No. patient
	Mean
	Median
	No. patient
	Mean
	Median

	A
	96
	6.88
	7
	40
	7.98
	8
	56
	6.01
	6

	B
	96
	6.91
	7
	40
	8.00
	8
	56
	6.12
	6




Table 4 Comparison of score between the fracture and non-fracture groups
	
	No. patient
	Score 
	Mean (SD)
	P value

	Fracture group
	40
	5-10
	7.98 (1.37)
	0.00

	Non-fracture group
	56
	3-9
	6.01 (1.55)
	


SD: Standard deviation.

Table 5 Diagnostic efficiency at different cutoff value
	Score
	Fracture
	Non-fracture
	Sensitivity
	Specificity
	Positive predictive value
	Negative predictive value
	Accuracy
	Fracture probability
	Youden index

	3
	0
	4
	100%
	7%
	43%
	100%
	46%
	0
	0.07

	4
	0
	4
	100%
	14%
	45%
	100%
	50%
	0
	0.14

	5
	3
	11
	92%
	34%
	50%
	86%
	58%
	0.08
	0.31

	6
	3
	15
	85%
	64%
	60%
	85%
	71%
	0.15
	0.41

	7
	6
	11
	70%
	80%
	72%
	79%
	76%
	0.3
	0.5

	8
	12
	8
	40%
	95%
	84%
	69%
	72%
	0.6
	0.35

	9
	12
	3
	10%
	100%
	100%
	61%
	63%
	0.9
	0.1

	10
	4
	0
	0%
	100%
	0%
	58%
	58%
	1
	0
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