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ABSTRACT

Objectives

To assess if there was a difference in attenuation measurements (in Hounsfield units – HU) 

and geometric distribution of HU between femora with metastatic lesions that fracture, 

and metastatic lesions that did not fracture nor underwent prophylactic fixation.

Design

Retrospective case-control imaging study.

Setting

Two tertiary care referral centers for orthopaedic oncology.

Participants

Nine patients who had a CT scan of a bone metastatic lesion in the femur between June 

1999 and July 2013 and developed a pathological fracture within the subsequent year 

were matched to 27 controls who had femoral metastasis that did not fracture and did not 

undergo prophylactic fixation.

Outcome Measures

All femora were delineated in axial CT slices using a region of interest (ROI) tool; the HU 

within these ROIs were used to calculate: (1) the cumulative HU of the affected over the 

nonaffected side per slice and presented as a percentage, and (2) the cumulative HU 

accounting for geometric distribution (polar moment of HU). We repeated the analyses 

including cortical bone only (HU of 600 and above).

Results

CT-based calculations did not differ between patients with a lesion that fractured and 

those that did not fracture nor underwent prophylactic fixation when analyzing all tissue. 

However, when including cortical bone only, the pathological fracture group had a lower 

cumulative HU value compared to the no fracture and no fixation group for the weakest 

cross-sectional CT image (pathological fracture group, mean: 71, SD: 23 and no fracture 

and no prophylactic fixation group, mean: 85, SD: 18, p = 0.042) and the complete lesion 

analysis (pathological fracture group, mean: 78, SD: 21 and no fracture and no prophylac-

tic fixation group, mean: 92, SD: 15, p = 0.032).

Conclusions

The demonstrated CT-based algorithms can be useful for predicting pathological fractures 

in metastatic lesions.
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INTRODUCTION

Osseous metastatic disease can weaken the bone which may lead to a pathological frac-

ture. Historically, the fracture risk is estimated based on radiographic measurements (e.g. 

defect size > 30mm, more than 50% circumferential cortical destruction, lesion type) and 

symptoms (e.g. pain), or a combination (e.g. Mirels’ classification); however, the specificity 

of these measures in predicting fracture occurrence is low.1-3 For example, the specificity 

of the Mirels classification (using a Mirels score of 9 and above) is 33%; suggesting that 

two-thirds of patients will undergo unnecessary prophylactic surgical stabilization using 

this classification.1,3 New techniques such as finite element analysis and CT-based rigidity 

analysis have been developed to better predict fracture risk.4 Finite element analysis is a 

technique that uses mathematical models to simulate mechanical behavior of bone under 

loading.4-6 Snyder et al.7 developed CT-based rigidity analysis using quantitative CT scans 

(QCT) including a hydroxyapatite bone phantom to calculate bone mineral density (BMD) 

from attenuation coefficients (Hounsfield units - HU), using empirically derived formulas to 

approximate the rigidity of the affected bone.7-10 Both methods are superior to radiographic 

measurements in predicting the development of fractures.4 However, these methods 

are labor intensive or require inclusion of a calibration phantom during the CT scan and 

subsequent conversion of HU into bone mineral density to approximate bone rigidity and 

compare the affected to the contralateral unaffected side. Several studies suggest a posi-

tive correlation between HU with BMD and the mechanical strength of bone.11,12 Based on 

this knowledge, and the methods described by Snyder et al.7, we developed an algorithm 

that is based on the HU in clinically obtained CT scans without inclusion of a calibration 

phantom. Such an algorithm would be easier to apply and more widely available.

Our study aim was to describe our technique and test if this algorithm could be useful for 

predicting the development of a pathological fracture in patients with metastatic femoral 

lesions. Specifically, we assessed whether there was a difference in cumulative HU and 

polar moment of HU (i.e. accounting for geometric distribution of bone) between femora 

with metastatic lesions that fracture, and metastatic lesions that did not fracture nor un-

derwent prophylactic fixation. In addition, we compared these measures between femora 

with metastatic lesions that fracture and metastatic lesions of femora that underwent 

prophylactic fixation to better understand the indication for prophylactic fixation in these 

patients. We also compared these measures between metastatic lesions that fracture and 

femora with no metastases to better understand possible variation in HU measurements 

among healthy individuals.
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METHODS

Study Design

Our institutional review board approved this retrospective case-control imaging study. We 

identified 9 patients who had a CT scan of a bone metastatic lesion in the femur at one 

of two tertiary care referral centers for orthopaedic oncology between June 1999 and 

July 2013 and developed a pathological fracture (International Classification of Diseases, 

Ninth Revision, Clinical Modification [ICD-9-CM] codes: 733.14 or 733.15) within the 

subsequent year. Presence of a pathological fracture was confirmed based on clinical 

symptoms, imaging, and intraoperatively. We included patients with lytic lesions from bone 

metastasis, myeloma, and lymphoma. Exclusion criteria were: (1) sclerotic bone metastatic 

lesions (predominantly prostate cancer), (2) no lesion-free CT slices above and below the 

lesion, (3) no inclusion of the contralateral femur on the CT scan, and (4) abnormalities of 

the contralateral bone hindering comparison (e.g. bilateral lesions, implants).

These 9 cases who developed a fracture within one year after their CT were matched 

–on a 1:3:3:3 basis– to controls who had: (control group 1) femoral metastasis that did 

not fracture and did not undergo prophylactic fixation and had at least the same fol-

lowup duration as the matched case, (control group 2) femoral metastasis that underwent 

prophylactic fixation, and (control group 3) no femoral metastasis (Figure 1A). Our primary 

outcome was the comparison of patients who developed a fracture through a metastatic 

lesion (cases) to patients with femoral metastasis that did not fracture and did not un-

dergo prophylactic fixation (control group 1). We compared the patients who developed 

a fracture through a metastatic lesion (cases) to patients who underwent prophylactic 

fixation (control group 2) and patients with no femoral metastasis (control group 3) to 

understand indications for prophylactic fixation and how HU measurements varies within 

healthy individuals. Controls were matched for sex, age (range: 10 years), and location 

of the lesion. No formal guidelines for prophylactic fixation exist at our clinic; In general, 

patients underwent prophylactic fixation of their femur when the surgeon deemed the 

lesion at considerable risk of fracture based on the amount of bone destruction and/or 

pain on load bearing in patients who were expected to live longer than 30 days.

Outcome Measures

CT scans were obtained for clinical purposes using different scanners (24 different scan-

ning stations from 3 manufacturers). We retrieved the Digital Imaging and Communications 

in Medicine files of all CT scans through the Picture Archiving Communications System 

database. All CT scans were imported into OsiriX medical image viewer application (Free 

32-bit open-source version 6.5.2, Bernex, Switzerland). The built-in region of interest (ROI) 

tool was used to delineate the femur per axial CT slice that includes the lesion (Figure 1B, 

red line) with a 2 cm lesion free margin proximally and distally. Subsequently, the contra-
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lateral side including the same region was delineated (Figure 1B, red line). We corrected 

for unequal level between the left and right femur using the femoral head or condyles 

as reference; However, we were only able to correct for this within the limits of the slice 

thickness (range: 2 to 7.5 millimeters) and were only able to correct for height and not for 

rotation or angulation. Square ROIs were then drawn including the delineated affected and 

Figure 1A: 65 year old female with renal cell carcinoma 
and multiple osseous metastases. The anteroposterior 
radiograph demonstrates a subtrochanteric lytic lesion of 
the right femur.

Figure 1B: Axial CT scan of the right femur including the metastatic lesion (left image) and the un-
affected left femur (right image) were delineated using a region of interest (ROI) tool (red line). The 
pixels including their Hounsfield units within these ROIs were retained. Subsequently, square ROIs 
(green line) were drawn including the delineated affected and unaffected femora; all pixels within these 
square ROIs were exported per axial slice.
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unaffected femoral region per axial slice (Figure 1B, green line). The HU of each pixel within 

the two delineated femoral ROIs were exported per slice and side into .xml (Extensible 

Markup Language) files. We only included pixels with positive (≥0 [= water]) Hounsfield 

units (i.e. excluding fat).

Analysis was performed using Stata® 14.0 (StataCorp LP, College Station, TX, USA) 

and data were transformed to allow comparison of HU and their geometric distribution 

between both femora per axial slice (Figure 2). We calculated a central axis of both femora 

per slice based on the pixels’ HU and their geometric distribution (Figure 2).7,9,10 Subse-

quently, we calculated the following values: (1) The cumulative HU of the affected over the 

nonaffected side per slice and presented this as a percentage, and (2) The polar moment 

of HU; which is the cumulative HU accounted for geometric distribution by taking the sum 

of the product of the HU relative to its central axis of the affected over the nonaffected side 

per slice and again presented as a percentage (Figure 3). Based on these values we gener-

ated the response variables: (1) the weakest cross sectional slice based on the cumulative 

HU; (2) the weakest cross sectional slice based on the polar moment of HU; (3) the aver-

age cumulative HU of the complete lesion (i.e. including all axial slices demonstrating the 

lesion); and (4) the average polar moment of HU of the complete lesion (i.e. including all 

axial slices demonstrating the lesion). We repeated these four analyses including cortical 

bone only; all pixels with HU of 600 and above were retained, while those below this 

Figure 2: The delineated femora presented in Figure 1B are demonstrated using heatmaps with the 

Hounsfield units (HU) set to a color scale placed in the middle. The central axis per side per axial slice 

was calculated: x̄ = ∑
n
i = 1 xi HUi

∑n
i = 1 HUi

, y¯ = ∑
n
i = 1 yi HUi

∑n
i = 1 HUi

. The percentage cumulative HU of the affected (right) 

over the unaffected (left) side per slice: Percentage =  ∑
n
i = 1 HUi right

∑n
i = 1 HUi left

 * 100. The polar moment of HU (per-

centage cumulative HU accounted for their geometric distribution) of the affected over the unaffected 

side per slice: Percentage = ∑
n
i = 1 HUi right ((xi − x̄)2 + (yi − ȳ)2)
∑n

i = 1 HUi left ((xi − x̄)2 + (yi − ȳ)2)
 * 100.
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threshold –trabecular bone and tumor tissue– were excluded.13,14 We accounted for slice 

thickness in the complete lesion calculations; the median slice thickness was 5 millimeter 

and ranged from 2 to 7.5 millimeters. Settings of CT scans differed: the median tube volt-

age was 120kV (range: 100 to 140kV), the median exposure time was 500msec (range: 

500 to 1401msec), and the median tube current was 229mA (range: 20 to 648mA).

We also assessed conventional risk factors (i.e. risk factors based on clinical or radio-

logical findings) that are currently most commonly used to assess fracture risk: the Mirels’ 

classification,1,3,15 the degree of circumferential cortical destruction (greater or less than 

50%),16-20 the length of cortical destruction,16,20,21 and presence of pain on load bearing.1,21 

We used axial, coronal, and sagittal CT slices as radiographs were not always available. 

The Mirels’ classification is based on 4 aspects of the bone lesion (site of the lesion, pain, 

lesion type, and lesion size).1,3,15 The score varies from 4 to 12, 4 being at low risk of 

fracture and 12 being at high risk of fracture. According to Mirels, a score of 9 and above 

is most accurate for determining an impending fracture.1 Description of pain level in the 

medical record was used to assess if the pain was mild (including “no pain”, “mild pain”, 

or a pain score below 4 [numeric pain rating scale: 0-10]), moderate (including “moderate 

pain” or a pain score between 4 and 8), or functional (including “severe pain”, “significant 

Figure 3: The percentage cumulative HU of the affected over the unaffected side (blue line) and ac-
counted for its geometric distribution (red line) per slice. The weakest cross-section is slice 7 accord-
ing to the four calculations; this axial slice is demonstrated in Figure 1B and Figure 2.
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pain”, a pain score of 8 and higher, or any pain that increased with loading) at time of the 

CT scan. Fifty percent circumferential destruction was estimated based on the axial CT.16-20 

The cortical length of the lesion was defined as the longest destruction of the cortical bone 

on the coronal or sagittal CT images in millimeters.16,20,21 Presence of functional pain was 

defined in accordance with the Mirels’ classification.1,21

The following explanatory variables –at time of the CT scan– were derived from medical 

records: age, sex, lesion location, primary tumor, Eastern Cooperative Oncology Group 

(ECOG) performance status (describing a patients level of functioning in terms of fully 

active (0) to completely disabled (4)), and previous radiation therapy.

Tumor type, ECOG performance status, radiation therapy, functional pain, the Mirels’ 

classification, circumferential destruction, and cortical length of the lesion were only re-

ported for the patients with osseous metastasis as these did not apply for the controls 

with no metastatic lesions.

Statistical Analysis

Categorical variables were described as frequencies with percentages. Continuous vari-

ables were described as mean with standard deviation (SD) as histograms suggested no 

substantial skew or outliers.

We compared the 9 cases that develop a pathological fracture with each matched 

control group –no fracture and no fixation group, prophylactic fixation group, and no lesion 

group– in baseline using the Fisher exact test for categorical variables, and the Student 

T-test test for continuous variables.

We used mixed-effects linear regression with random effects for the case-control 

matched groups and fixed effects for the group assignment to assess if there was a differ-

ence in the continuous response variables between the cases and the controls.

We used mixed-effects logistic regression with random effects for the case-control 

matched groups and fixed effects for the group assignment to assess if there was a differ-

ence in the dichotomous response variables between the cases and the controls.

Area under the curve (AUC) from receiver operator characteristic (ROC) curve analysis 

was used to compare performance of the CT-based calculations and conventional risk 

factors (Appendix 1). In addition, ROC analysis was used to determine an optimal cutoff 

value of the CT-based calculations for predicting development of a pathological fracture 

(Appendix 2). The AUC analysis was only performed for those CT-based calculations that 

differed between the patients with a metastatic lesion that fractured and those that did not 

fracture nor underwent prophylactic fixation and conventional risk factors.

All statistical analyses were performed using Stata® 14.0 (StataCorp LP, College Sta-

tion, TX, USA). A two-tailed p value less than 0.05 was considered statistically significant. 

ECOG performance status was missing for 4 patients; these were not included in the 

baseline analyses.
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RESULTS

Baseline Characteristics

The overall mean age was 63 years (SD 12), and 44% (40/90) of the patients were male. 

Lung and Breast carcinoma were the most common primary tumors and accounted for 

Table 1: Baseline characteristics

Pathological 
fracture 

group (n = 9)

No fracture and no 
fixation group

(n = 27)

Prophylactic 
fixation group

(n = 27)

No lesion group
(n = 27)

Mean (SD) Mean (SD) p value* Mean (SD) p value* Mean (SD) p value*

Age in years 65 (±13) 65 (±12) 0.875 61 (±12) 0.367 62 (±11) 0.405

Sex n (%) n (%) n (%) n (%)

Men 4 (44) 12 (44)
0.999

12 (44)
0.999

12 (44)
0.999

Women 5 (56) 15 (56) 15 (56) 15 (56)

Lesion location

Trochanteric area 4 (44) 12 (44)

0.999

12 (44)

0.999

12 (44)

0.999Subtrochanteric area 2 (22) 6 (22) 6 (22) 6 (22)

Femoral shaft 3 (33) 9 (33) 9 (33) 9 (33)

Primary tumor type

Breast 0 (0) 6 (22)

0.264

7 (26)

0.293 N/A N/A

Lung 4 (44) 6 (22) 8 (30)

Melanoma 2 (22) 5 (19) 1 (3.7)

Renal cell carcinoma 0 (0) 2 (7.4) 2 (7.4)

Multiple Myeloma 1 (11) 0 (0) 3 (11)

Other 2 (22) 8 (30) 6 (22)

Eastern Cooperative Oncology Group†

0 2 (22) 8 (31)

0.938

1 (4)

0.423 N/A N/A

1 5 (56) 11 (42) 15 (63)

2 1 (11) 4 (15) 5 (21)

3 1 (11) 3 (12) 3 (13)

4 0 (0) 0 (0) 0 (0)

Previous radiation therapy

Yes 1 (11) 1 (4)
0.443

4 (15)
0.999 N/A N/A

No 8 (89) 26 (96) 23 (86)

N/A = not applicable. SD = Standard Deviation.
* p values compare the control groups (no fracture and no fixation, prophylactic fixation, and no lesion 
groups) with the pathological fracture group. bold font indicates a significant difference (two-tailed p value 
below 0.05). 
† ECOG status was available for 9 patients with a pathological fracture, 26 with a lytic lesion, and 24 with 
an impending fracture.
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49% of the lesions in our cohort. The mean time between the CT scan of the bone me-

tastasis and the pathological fracture for the 9 cases was 63 days (range: 1 to 154 days). 

We found no difference in baseline characteristics between the pathological fracture cases 

and any of the control groups (Table 1).

Structural CT Analysis

The CT-based calculations did not differ between the patients with a metastatic lesion that 

fractured (pathological fracture group) and those that did not fracture nor underwent pro-

phylactic fixation (no fracture and no fixation group) when analyzing all pixels –i.e. including 

trabecular bone, cortical bone, and tumor tissue– (Table 2, comparing first and second 

column). However, when including cortical bone only (retaining pixels with ≥600 HU), we 

found that the pathological fracture group had a lower cumulative HU value as compared 

to the no fracture and no fixation group for both the weakest cross-sectional axial CT slice 

(pathological fracture group, mean: 71, SD: 23 and no fracture and no fixation group, 

mean: 85, SD:18, p = 0.042) and the complete lesion analysis (pathological fracture group, 

mean: 78, SD: 21 and no fracture and no fixation group, mean: 92, SD: 15, p = 0.032).

In addition, we found no difference between the metastatic lesion group that fractured 

(pathological fracture group) and those that underwent prophylactic fixation (prophylactic 

fixation group) for any of the CT-based calculations (Table 2, comparing first and third 

column). However, –as expected– we did find a difference for all CT-based calculations 

when comparing the pathological fracture group to the healthy controls with no meta-

static femoral lesions (Table 2, comparing first and last column). Standard deviations of 

the structural CT scan analyses in the pathological fracture, no fracture and no fixation, 

and prophylactic fixation groups were high indicating substantial variation in the amount 

of bone destruction between patients (Table 2, first three columns). The variation was 

relatively low in the healthy controls without metastatic lesions (standard deviations were 

less than 9 for the weakest cross sectional slice) indicating that measurements are reason-

ably reliable as one would expect only limited variation between healthy femora within an 

individual (Table 2, last column).

Conventional Risk Factors

There was no difference in length of cortical destruction (p = 0.086), 50% circumferential 

destruction (p = 0.086), and rate of functional pain (p = 0.236) when comparing the pa-

tients who develop a pathological fracture and those that do not (Table 2, comparing first 

and second column). We did find a higher proportion of patients with a Mirels’ score of 9 

or above in the pathological fracture group as compared to the no fracture and no fixation 

group (p = 0.046).

In addition, there was no difference in the conventional risk factors (length of cortical 

destruction, 50% circumferential destruction, Mirels’ score, and functional pain) between 
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Table 2: Structural analysis of CT scans and conventional risk factors

Structural analysis of CT 
scans, all pixels

Pathological 
fracture 

group (n = 9)

No fracture and no 
fixation group (n 

= 27)

Prophylactic 
fixation group

(n = 27)

No lesion group
(n = 27)

Percentage (affected over nonaffected side):

Weakest cross-sectional slice: Mean (SD) Mean (SD) p value* Mean (SD) p value* Mean (SD) p value*

Cumulative Hounsfield units 85 (±14) 90 (±14) 0.301 87 (±15) 0.708 101 (±5.3) <0.001

Polar moment of Hounsfield 
units

85 (±12) 90 (±13) 0.255 83 (±13) 0.760 102 (±7.3) <0.001

Complete lesion:

Cumulative Hounsfield units 91 (±13) 95 (±12) 0.331 94 (±15) 0.563 101 (±6.2) 0.001

Polar moment of Hounsfield 
units

91 (±11) 96 (±13) 0.299 91 (±11) 0.914 101 (±8.2) 0.006

Structural analysis of CT scans, cortical bone only†

Percentage (affected over nonaffected side):

Weakest cross-sectional slice: Mean (SD) Mean (SD) p value* Mean (SD) p value* Mean (SD) p value*

Cumulative Hounsfield units 71 (±23) 85 (±18) 0.042 75 (±21) 0.642 101 (±8.1) <0.001

Polar moment of Hounsfield 
units

73 (±25) 86 (±17) 0.055 72 (±20) 0.979 103 (±8.9) <0.001

Complete lesion:

Cumulative Hounsfield units 78 (±21) 92 (±15) 0.032 87 (±21) 0.294 102 (±11) <0.001

Polar moment of Hounsfield 
units

81 (±21) 94 (±17) 0.050 84 (±17) 0.619 101 (±10) <0.001

Conventional risk factors: Mean (SD) Mean (SD) p value* Mean (SD) p value* Mean (SD) p value*

Cortical length destruction 
(in mm)

35 (±20) 25 (±18) 0.086 38 (±20) 0.706 N/A N/A

n (%) n (%) n (%) n (%)

More than 50% circumferential 
destruction

4 (44) 5 (19) 0.086 10 (37) 0.694 N/A N/A

Mirels score of 9 and above‡ 7 (78) 10 (37) 0.046 26 (96) 0.122 N/A N/A

Functional pain 3 (33) 4 (15) 0.236 18 (67) 0.090 N/A N/A

N/A = not applicable. SD = Standard Deviation. CT = Computed Tomography
* p values compare the control groups (no fracture and no fixation, prophylactic fixation, and no lesion 
groups) with the pathological fracture group. bold font indicates a significant difference (two-tailed p value 
below 0.05). 
† Only including pixels with Hounsfield units ≥ 600
‡ The mean Mirels score was 9.3 (±1.2) in the pathological fracture group, 8.5 (±1.1) in the no fracture and 
no fixation group, and 10 (±1.0) in the prophylactic fixation group.



Chapter 5

96

the pathological fracture group and the prophylactic fixation group (Table 2, comparing 

first and third column).

Performance Of Predictors

The AUC for differentiating metastatic lesions that fractured (pathological fracture group) 

from those that did not fracture nor underwent prophylactic fixation (no fracture and no 

fixation group) was 0.69 (95% CI: 0.51 – 0.88) for the weakest cross-sectional axial CT 

slice analysis (cortical bone only) and 0.69 (95% CI: 0.50 – 0.87) for the complete lesion 

analysis (cortical bone only), and 0.72 (95% CI: 0.54 – 0.90) for the Mirels score; however, 

the performance (AUC) of the CT based calculations and conventional risk factors did not 

differ as demonstrated by substantial overlap of 95% confidence intervals (Table 3).

When looking for an optimal cut-off (Appendix 2), we found that a threshold of ≤87% for 

the weakest cross-sectional CT slice translates into a sensitivity of 89% and a specificity 

of 48%; meaning that when applying this threshold to our cohort we would have missed 

one pathological fracture (1 out of 9), but “overtreated” fourteen metastatic lesions (14 out 

of 27). A threshold of ≤90% for the complete lesion analysis translates into a sensitivity of 

89% (i.e. missed 1 out of 9) and a specificity of 52% (i.e. overtreated 13 out of 27). The 

predefined threshold of ≥9 for the Mirels score translates into a sensitivity of 78% (i.e. 

missed 2 out of 9) and a specificity of 63% (i.e. overtreated 10 out of 27).

Table 3: Area under the curve for the structural analysis of CT scans and conventional risk factors

Structural analysis of CT scans, cortical bone only†
Area under the curve

(95% CI)
p value

Weakest cross-sectional slice, Cumulative Hounsfield units (in %) 0.69 (0.51 - 0.88)

0.0844

Complete lesion, Cumulative Hounsfield units (in %) 0.69 (0.50 - 0.87)

Conventional risk factors:

Cortical length destruction (in mm) 0.68 (0.49 - 0.86)

More than 50% circumferential destruction 0.63 (0.44 - 0.82)

Mirels score (continuous) 0.72 (0.54 - 0.90)

Functional pain 0.59 (0.42 - 0.77)

95% CI = 95% Confidence interval
† Only including pixels with Hounsfield units ≥ 600

DISCUSSION

Radiographic measures and clinical symptoms lack accuracy for predicting development 

of pathological fractures.1-3 New techniques, such as finite element analysis and QCT scan 

based rigidity analysis have been developed to better predict fracture risk, but are labor 

intensive or require inclusion of a calibration phantom during the CT scan and subsequent 
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conversion of HU into bone mineral density to approximate bone rigidity. We developed 

and tested an algorithm that is based on the HU using clinically obtained CT scans without 

inclusion of a phantom. We found that our CT-based calculations did not differ between 

metastatic lesions that fractured and lesions that did not fracture (nor underwent prophy-

lactic fixation) when analyzing all tissue; however, we did find a difference between these 

groups when including cortical bone only.

Our study has limitations. First, the nine patients in our cohort that developed a patho-

logical fracture were only a small subset of patients that might have developed a fracture if 

they would not have undergone prophylactic fixation; many patients undergo prophylactic 

fixation if a fracture seems to be impending. This selection bias is an important limitation 

of our study and we therefore explored the differences between the pathological fracture 

group and a matched group that underwent prophylactic fixation because of anticipated 

pathological fracture. These analyses demonstrate that baseline characteristics, our CT-

based structural analysis, and the conventional risk factors did not differ between the 

pathological fracture and prophylactic fixation group; except for functional pain, which 

was more common (although not significant with current numbers) in the group that 

underwent prophylactic fixation (67%) as compared to the pathological fracture group 

(33%) (p = 0.090). This suggests that the patients who underwent prophylactic fixation 

are quite comparable to the pathological fracture group. Hence, in retrospect and based 

on the findings of our current study, prophylactic fixation seems to be justified based 

on the high risk of developing a pathological fracture in this group. Second, we did not 

perform an ante-hoc sample size calculation as we aimed to include as many cases as 

possible and match cases to controls on a 1:3 basis to maximize statistical power. Third, 

we were not able to account for other factors that might have contributed to the fracture 

risk, such as: a patient’s level of activity, the rate of tumor growth, and the overall health 

status of the patient. We see this as an important limitation, as these factors might play a 

role in the development of a pathological fracture or in the decision to prophylactically fix 

an impending fracture. However, baseline characteristics did not differ between groups. 

Future studies might look at metabolic activity as a surrogate for tumor activity/growth 

measured by FDG-PET scans and its influence on fracture risk. Fourth, different CT scan-

ners with different settings were used. We were not able to stratify or account for this in our 

analyses; however, the impact of these differences on our outcomes are (partially) offset 

by using the contralateral “healthy” femur as a control. Fifth, our study is uncontrolled due 

to its retrospective nature; we believe that a more controlled environment with standard-

ized CT scan protocols will reduce measurement error and improve the accuracy of our 

algorithm. Sixth, our current methodology is limited to unilateral lesions with no implants 

or contralateral bone abnormalities hindering comparison. We are working on a technique 

that aims to estimate native bone geometry and density at the location of a metastatic 

lesion in terms of Hounsfield units based on other relatively unaffected bone regions in the 
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same femur (above and below the lesion); this could overcome the need for a contralateral 

unaffected femur. In addition, we did not include sclerotic lesions. However, lytic lesions 

are at higher risk of pathological fracture and are more common than sclerotic lesions 

(sclerotic lesions are predominantly caused by prostate cancer).16,22,23 These limitations 

did not compromise our current analyses, but restrict the generalizability of our current 

algorithms similar to the QCT based algorithms.7 Seventh, clinical information, such as 

pain,16 was not included in our algorithm as it was not possible to establish its added value 

in a small patient sample.

Our algorithms are based on those developed by Snyder et al.7 Their ex vivo experiments 

demonstrated that QCT scans can be used to predict failure load of bone with simulated 

lesions.10,24 Hounsfield units in axial slices of CT scans are converted into equivalent 

bone densities using a phantom with hydroxyapatite cores included in the CT scan. The 

modulus of elasticity and shear modulus for each pixel in the axial slices was derived from 

these apparent bone densities using previously empirically derived formulas. Structural 

bone rigidity was estimated based on the cross-sectional geometric distribution of the 

pixels and their calculated material modulus. The weakest cross-sectional structural rigid-

ity demonstrated a strong correlation with the mechanically tested load bearing capacity 

of the bone.

Snyder et al.7 subsequently applied this technique in vivo in children with benign le-

sions of the appendicular skeleton and compared it to radiographic measurements. The 

structural rigidity was expressed as a ratio of the affected bone relative to the intact bone. 

They found that the QCT derived parameters differed between the fracture group and 

the no fracture group, while the radiographic measurements did not. The combination 

of the structural rigidity measurements on CT scans was 97% accurate for predicting 

pathological fractures. A subsequent prospective study by the same group included 41 

children with a benign bone lesion and used the structural rigidity of the affected relative to 

the unaffected bone to assess fracture risk.9 They confirmed that the QCT rigidity analysis 

is superior in terms of specificity (97%) as compared to radiographic measurements (12%) 

for predicting the development of a pathological fracture.9

A large multi-institutional prospective study enrolled 124 patients with 149 appendicular 

skeleton metastasis and assessed if the CT-based structural rigidity analysis influenced 

decision making of physicians and the accuracy as compared to the Mirels’ classification.8 

The technique was 100% sensitive and 90% specific in predicting 7 pathological fractures 

out of 65 metastatic lesions that had nonoperative management, while the Mirels’ clas-

sification was only 71% sensitive and 50% specific. CT-based structural rigidity analysis 

therefore seems to be a promising technique.

We used comparable algorithms, but HU as unit of measurement instead of bone den-

sity. Several previous papers describe the positive correlation of HU with bone mineral 

density and we therefore felt that this was a reasonable surrogate.11,12 We demonstrated 
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a difference in CT-based calculations between patients with metastatic lesions that devel-

oped a pathological fracture and those that did not when focusing on cortical bone only. 

However, this difference did not exist when including all pixels –trabecular bone, cortical 

bone, and tumor tissue–. We feel that cortical bone contributes more to the load bearing 

capacity than trabecular bone and this might explain why inclusion of trabecular bone and 

tumor tissue in the CT-based calculations compromises the analysis.25 We demonstrated 

that a threshold of 87% for the weakest cross sectional slice of the affected femur over the 

unaffected femur (i.e. a 13% decrease in cumulative HU of the affected bone compared 

to the unaffected bone), including cortical bone only, results in a 89% sensitivity and 48% 

specificity. The performance of the CT-based structural rigidity analysis by Snyder’s group 

demonstrates higher accuracy with a sensitivity of 100% and specificity of 90%.7,26,27 

The relatively poor performance of our method is a direct result of overlap in cumulative 

Hounsfield units between lesions that fractured and those that did not. Performance of 

our method could be improved by standardizing CT scan protocols including: CT scan 

settings, symmetric orientation of the patient (to optimize comparability of the femora), and 

using thin CT slices (to correct for inadvertent unequal level of the femora). Our analysis of 

patients with no femoral metastases demonstrates some residual variation which might be 

reduced by standardizing CT scans. In addition, a prospective study design that includes 

a more homogenous patient sample followed over time might prove our method to be 

more accurate than presented in the current study. It would be interesting to compare 

our method to the CT-based structural rigidity analysis by Snyder’s group by including 

a hydroxyapatite phantom to establish the added value of using bone mineral density 

compared to using Hounsfield units. Although the accuracy (i.e. AUC) of our CT-based 

algorithm was comparable to the Mirels classification, the most important measure of per-

formance –in this case sensitivity– was better for the CT-based algorithm. In addition, the 

Mirels classification is subject to interobserver variation, while the CT-based method is not.

In conclusion, the presented clinical CT-based algorithms could be useful for predict-

ing the development of pathological fractures in patients with metastatic femoral lesions. 

However, our results should be interpreted with care due to the biases inherent to the 

retrospective study design. We feel that the described technique merits additional investi-

gation in a prospective cohort of patients.
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Appendix 1A: Receiver operator characteristic curve of a threshold cumulative Hounsfield units (cor-
tical bone only) of the weakest cross-sectional CT slice for estimating risk of pathological fracture. The 
area under the curve is 0.69 (95% confidence interval: 0.51–0.88).

Appendix 1B: Receiver operator characteristic curve of a threshold cumulative Hounsfield units (cor-
tical bone only) of the complete lesion for estimating risk of pathological fracture. The area under the 
curve is 0.69 (95% confidence interval: 0.50–0.87).
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Appendix 1C: Receiver operator characteristic curve of a threshold cortical length destruction for 
estimating risk of pathological fracture. The area under the curve is 0.68 (95% confidence interval: 
0.49–0.86).

Appendix 1D: Receiver operator characteristic curve for 50% circumferential destruction in a cross-
sectional CT slice for estimating risk of pathological fracture. The area under the curve is 0.63 (95% 
confidence interval: 0.44–0.82).
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Appendix 1E: Receiver operator characteristic curve of a threshold Mirels score (continuous) for 
estimating risk of pathological fracture. The area under the curve is 0.72 (95% confidence interval: 
0.54–0.90).

Appendix 1F: Receiver operator characteristic curve for functional pain for estimating risk of patho-
logical fracture. The area under the curve is 0.59 (95% confidence interval: 0.42–0.77).
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Appendix 2: Receiver operator characteristic (ROC) curve analysis for establishing a cut-off in CT-
based calculations*

Threshold

Structural CT analysis, cortical bone only:

Weakest cross-sectional slice: Complete lesion:

Sensitivity (%) Specificity (%) Sensitivity (%) Specificity (%)

<10 0 100 0 100

<20 0 100 0 100

<30 11 96 11 100

<40 11 93 11 100

<50 11 93 11 96

<60 22 89 22 96

<70 33 85 22 89

<80 67 56 33 78

<85 78 52 56 59

<90 89 41 89 52

<95 100 26 100 44

<100 100 22 100 33

* The ROC curve analysis was only performed for those CT based calculations that differed between the 
patients with a metastatic lesion that fractured (pathological fracture group) and those that did not fracture 
nor underwent prophylactic fixation (no fracture and no fixation group) (Table 2).




