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Abstract 

Background The proximal femur is a common site of bone metastasis. The Mirels’ score is a frequently utilized system 
to identify patients at risk for pathologic fracture and while it has consistently demonstrated strong sensitivity, speci-
ficity has been relatively poor. Our group previously developed a Modified Mirels’ scoring system which demonstrated 
improved ability to predict cases at risk of fracture in this patient population through modification of the Mirels’ loca-
tion score. The purpose of the present study is to internally validate this newly developed scoring system on an inde-
pendent patient series.

Methods Retrospective review was performed to identify patients who were evaluated for proximal femoral bone 
lesions. Patients were stratified into one of two groups: 1) those who went on to fracture within 4 months after ini-
tial evaluation (Fracture Group) and 2) those who did not fracture within 4 months of initial evaluation (No Fracture 
Group). Retrospective chart review was performed to assign an Original Mirels’ (OM) Score and Modified Mirels’ (MM) 
score to each patient at the time of initial evaluation. Descriptive statistics, logistic regression, receiver operating 
curve, and net benefit analyses were performed to determine the predictability of fractures when utilizing both scor-
ing systems.

Results The use of the MM scoring improved fracture prediction over OM scoring for patients observed 
over a 4 month follow up based on logistic regression. Decision curve analysis showed that there was a net ben-
efit using the MM score over the OM scoring for a full range of fracture threshold probabilities. Fracture prevalence 
was similar for current internal validation dataset when compared to the dataset of our index study with a compara-
ble reduction in misclassification of fracture prediction when utilizing the modified scoring system versus the original.

Conclusions Use of MM scoring was found to improve fracture prediction over OM scoring when tested on an inter-
nal validation set of patients with disseminated metastatic lesions to the proximal femur. The improvement in fracture 
prediction demonstrated in the present study mirrored the results of our index study during which the MM system 
was developed.
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Introduction
The proximal femur is a common site of bone metas-
tasis, and identifying patients at risk for impending 
pathological fracture remains a clinical challenge. 
Mirels’ score classification [18] is a frequently utilized 
system to identify patients at risk for pathologic frac-
ture. The appeal of Mirels’ scoring is that it relies on 
simple scoring of four components (pain level, lesion 
type, size, and location). The Mirels’ score is easily 
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calculated and does not require any advanced com-
putational tools to estimate fracture risk. While the 
sensitivity of the scoring system is strong (71–100%), 
the specificity is poor (13–50%) [5]. Strict application 
of Mirels’ scoring for presumed impending pathologi-
cal fracture can capture the vast majority of cases that 
would fracture without prophylactic stabilization, but 
may also subject patients without true impending frac-
tures (false positives) to unnecessary surgery.

Numerous efforts have been made to improve on the 
accuracy of fracture prediction [2, 9, 14, 15, 22, 24, 26] 
including modification to the Original Mirels’ (OM) 
scoring system [3, 13, 21, 25]. The OM scoring sys-
tem assigned higher Mirels’ location scores to lesions 
located in the intertrochanteric and neck regions of 
the femur compared to those in the subtrochanteric 
and diaphyseal regions. However, Mirels anatomic 
location scoring does not individually predicted frac-
ture risk or improves the accuracy when included 
in the total Mirels score. Biomechanical studies have 
shown higher strains in the subtrochanteric and dia-
physeal regions of the femur during activities of daily 
living [16, 23], suggesting that lesions located in those 
regions might be at higher risk of fracture. Detailed 
finite element analyses of simulated lytic lesions at 32 
unique locations of ten different proximal femurs sub-
jected to gait and stair climbing loading also found that 
lesions located in the subtrochanteric and diaphyseal 
regions resulted in a greater risk of fracture [1]. Based 
on these findings, our group previously developed 
a Modified Mirels’ (MM) scoring system [1] which 
assigned higher location scores to subtrochanteric and 
diaphyseal lesion locations compared to those in the 
neck and intertrochanteric regions. A set of patients 
with disseminated tumors to the femur from an exist-
ing Musculoskeletal Tumor Society (MSTS) study [12] 
was used to test the accuracy of the MM scoring when 
compared to OM scoring. Application of MM scoring 
with a score ≥ 9 (indicating an impending pathologic 
fracture) resulted in a 20% improvement in specificity 
with no reduction is sensitivity. However, to date, no 
validation study has been performed.

The purpose of the present study was to internally 
validate this newly developed scoring system on a 
separate patient population with disseminated tumors 
to the femur using planar radiographic imaging. We 
asked three research questions: (1) Does MM scor-
ing improve fracture prediction over OM scoring for 
patients observed over a 4 month follow up? (2) What 
is the net benefit of using MM scoring over OM scor-
ing? (3) Are the findings from this validation study 
consistent with the results of the original MM study?

Methods
Study subjects
This study was approved by the Institutional Review 
Board (IRB) for the protection of human subjects 
from SUNY Upstate Medical University, Syracuse, NY 
(1787322–1) informed consent has been waived by the 
IRB. Also, the methods were in accordance with the 1964 
Helsinki declaration and later amendments or compa-
rable standards. Using the appropriate International 
Classification of Diseases Codes (ICD), patients who 
were clinically evaluated for metastatic disease to bone, 
multiple myeloma, or lymphoma between 1/1/2018 and 
12/31/2021, as well as those who underwent treatment 
for pathologic fracture were identified within an insti-
tutional database (Fig.  1). Additionally, use of Current 
Procedural Terminology (CPT) codes denoting radio-
logic examination of the femur within the same time 
frame were also included in the initial search. The ini-
tial database search yielded 756 unique patients which 
was reviewed manually to identify 269 patients who 
were evaluated for proximal femoral bone lesions. Initial 
evaluation and follow-up were performed by the senior 
author (T.A.D.) for all patients.

Following removal of duplicate entries, chart review 
was performed to manually identify eligible patients and 
stratify them into one of two groups: 1) those who went 
on to fracture within 4  months after initial evaluation 
(Fracture group) and 2) those who did not fracture within 
4  months after initial evaluation (No Fracture group). 
Patients were excluded if they had < 4 months of clinical 
follow-up from the time of initial evaluation, presented 
to our institution with a pathologic fracture, underwent 
prophylactic fixation, had a distal femur lesion (defined 
as being distal to the diaphyseal-metaphyseal junction), 
or insufficient clinical and radiographic data available to 
determine an accurate Original Mirels’ (OM) & Modi-
fied Mirels’ (MM) score. Eligible patients treated prior to 
January 1, 2018 were also excluded as they had been pro-
spectively enrolled in our index MSTS study [1] used to 
evaluate the performance of MM scoring and thus ineli-
gible for inclusion in a validation study. Forty patients 
ultimately met the criteria for inclusion in our study. 
Twenty-six patients had unilateral femoral lesions, while 
14 had bilateral lesions. Of the 54 femurs that were ini-
tially evaluated for potential impending fracture, 7 went 
on to fracture and 47 did not during the 4 months obser-
vation period.

The 4-month follow-up window was chosen to rep-
licate that used in the index study. This time period 
was initially chosen because fractures that might have 
occurred later (~ 1  year) would likely have progression 
of extent of metastatic lesions, but this would not have 
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been represented in the initial imaging for the patient. 
Patients that presented with pathologic fractures were 
excluded because, 1) this population was not included in 
the index study, 2) there were uncertainties in assigning 
OM & MM scores to a patient after a fracture had already 
occurred, and 3) there is a lack of utility and rationale for 
scoring post-fracture patients for risk of fracture, when 
they had already fractured. Because the purpose of devel-
oping fracture risk prediction only applies to those who 
present clinically without a fracture, inclusion of patients 
who have already incurred a fracture would potentially 
introduce factors unique to that group that would not 
necessarily apply to those who have not yet fractured. 
They were therefore excluded to isolate a more clinically 
relevant, homogenous group. Exclusion of patients that 
underwent prophylactic stabilization could add bias to 

the study because it would not be possible to determine if 
these cases would have fractured if not treated.

The original independent evaluation dataset (referred 
to here as MSTS test dataset) was derived from patients 
at our institution previously enrolled in a Musculoskel-
etal Tumor Society Study (MSTS) study [1]. Briefly, eli-
gibility criteria for the MSTS study included patients 
evaluated for disseminated metastatic carcinoma to 
the femur and were included regardless of prognosis or 
treatment. CT scans with hydroxyapatite (HA) phantom 
were obtained at the start of enrollment. Patients were 
followed for 4 months resulting in 8 fracture and 40 no 
fracture cases. The performance of the Mirels’ scoring 
systems (OM and MM) in the current validation study 
were compared to performance in the original MSTS 
dataset.

Fig. 1 STROBE diagram. Legend: STROBE diagram to identify patients with impending pathological fracture and four-month follow-up
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Mirels’ scoring
Electronic medical records were reviewed to obtain 
patient data and imaging to ascertain a Mirels’ score at 
the time of initial evaluation. In most cases, the OM score 
had been calculated and directly notated in the patient’s 
record at the time of initial evaluation by the attend-
ing physician (senior author). Utilizing patient records 
and plain radiographs, a MM score was then calculated 
for all patients retrospectively, but only modifying the 
location component of the four component OM score. 
Whereas the OM location score component assigns 1 
for upper extremity, 2 for lower extremity, and 3 for peri-
trochanteric lesions, the MM score assigned scores of 1 
for the femoral neck region, 2 for the intertrochanteric 
region, and 3 for the subtrochanteric and diaphyseal 
regions (Fig. 2). The femoral neck was defined as the por-
tion of the bone that connects the head with the shaft. 
The intertrochanteric region was defined as the por-
tion of the femur between the base of the femoral neck 
and inferior aspect of the lesser trochanter. The subtro-
chanteric region was defined as within 5 cm of the infe-
rior aspect of the lesser trochanter. The computational 
modeling approach used in the development of the MM 
location score is included in the Discussion. Remaining 
components of the scoring system include pain, lesional 
characteristics, and lesion size were identical between 

the two scoring systems. Patients with multifocal lesions 
were assigned a location score consistent with the high-
est scoring individual lesion. Example cases are shown in 
Figs. 3 and 4.

Demographics
Patient baseline demographic data was similar for the no 
fracture and fracture groups (Table 1). The demographics 
of the original MSTS test dataset also matched the vali-
dation dataset. The most notable difference between the 
original MSTS test dataset and the current validation set 
was the higher (8.2%) original Mirels’ score, although this 
difference was not statistically significant (p = 0.25).

The most common diseases within the study popula-
tion were metastatic breast cancer, multiple myeloma, 
and metastatic lung cancer (Table  2). The intertrochan-
teric region was the most common lesion location for 
femurs that did not fracture (Table  3). The subtrochan-
teric region was the most common lesion location for 
femurs that fractured, although sample size in these 
groups/regions was very small. Detailed information for 
the seven fracture patients is included in Table 4.

Statistical analysis
Descriptive statistics was used to characterize the 
patient demographics stratified by fracture outcome. 

Fig. 2 Project workflow. Legend: Workflow for the internal validation of Modified Mirels’ scoring.Figure illustrates patient data collection 
and approach to assign Original Mirels (OM) and Modified Mirels (MM) scoring. Logistic regression and decision curve analysis were then used 
to test the quantify the improvement in fracture prediction (Q1 and Q2). Results from validation dataset were then compared to the index MSTS 
dataset (Q3)
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While not strictly independent for cases with bilateral 
femoral lesions, each femur was considered to be inde-
pendent for statistical analysis.

To determine if MM scoring improved fracture pre-
diction over OM scoring for the validation dataset 
(Research Question 1), logistic regression was used 
with fracture status as the dependent variable and 
Mirels’ scoring scheme as the independent variable. 
The probability of fracture was then determined as 
a function of Mirels’ score. Receiver operator char-
acteristic (ROC) curves were generated to evaluate 
the interaction between sensitivity and specificity for 
OM and MM scoring. The area under the ROC curve 
(AUC) was calculated as an overall measure of fracture 
prediction performance. JMP Pro 17 (SAS, Cary, NC) 
was used for all statistical analyses.

Decision Curve Analysis (DCA)
To determine if there was a net benefit of using MM 
scoring over OM scoring, decision curve analysis 
(DCA) was used (Research Question 2). DCA is an 
approach to assess the clinical value of a diagnostic test 
in the context of acceptable levels of true positives (TP, 
correctly identifying femurs that will fracture) and false 
positive (FP, incorrectly predicting pathologic fracture) 
predictions [27, 29]. A simple type of decision curve 
calculates the net benefit (NB) of a particular scoring 
system by weighing the benefits (TP) and harms (FP):

where pt is threshold probability of fracture for the num-
ber of subjects (femurs) in the study (N).

The threshold probability of fracture is a variable 
from 0 to 100% and is used to weight the importance of 
TP and FP on the same scale. For example, a threshold 
probability of 0.1 (10%) would weigh the benefit of find-
ing one true positive the same as the cost of treating 
nine false positives (NB = TP – 1

9
 FP). A pt of 50% would 

represent a situation where finding a true positive was 
of the same importance as allowing a false positive. For 
this study, OM and MM scoring were plotted on the 
same net benefit graph as a function of threshold prob-
ability. This allowed for a head-to-head comparison 
of the effectiveness of the two scoring systems over a 
range of relevant threshold probabilities. The reduction 
in false positives for MM scoring relative to OM scor-
ing can also be calculated using:

(1)NB =

TP

N
−

FP

N

pt

1− pt

Fig. 3 Patient example with fracture. Legend: A female patient 
presented with metastatic breast cancer involving bilateral proximal 
femurs as well as lesions in the left femoral diaphysis. Mirels score 
for the left femoral lesions was rated as 3 for pain, 2 for size, 1 
for lesional characteristics. The femur had lesions in the diaphysis 
and intertrochanteric region resulting in a location score of 3 
for Original Mirels and Modified Mirels scoring (A). Overall Original 
and Modified Mirels score of 9 was calculated. The patient had stable 
pain levels and was not interested in surgery; the decision was made 
to observe her. The patient then had a ground level fall 2 months 
later and sustained a pathologic fracture through the diaphyseal 
lesion requiring cephalomedullary fixation (B)

Fig. 4 Patient Example without Fracture. Legend: A male patient 
with known disseminated multiple myeloma presented with a lytic 
lesion in the intertrochanteric region of the left proximal femur. The 
original Mirels score at the time of presentation was 9 (1 for pain, 
2 for size, 3 for lesional characteristics, and 3 for location). Utilizing 
the Modified Mirels scoring system with a 2 score for location, 
the patient would be assigned a score of 8. Due to limited symptoms, 
he did not undergo prophylactic fixation. The patient remained free 
of fracture at latest available follow-up which, in this case, exceeded 
2 years
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This equation was used to document to relative net 
benefit of using MM over OM scoring as a function of 
acceptable threshold probability of fracture.

Comparison with index evaluation of OM and MM scoring
The improvement in the ability to correctly identify 
femurs at risk of fracture using MM scoring for the cur-
rent dataset was compared to results reported [1] from 
the original assessment of the MM scoring system using 

(2)FPReduction =

NB(pt)MM − NB(pt)OM
(pt/(1− pt))

x100forpt > 0

ROC and AUC measures. Finally, a standard application 
of Mirels’ scoring (using a Mirels’ score of 9 or greater as 
an indicator of impending pathologic fracture) was used 
to demonstrate the accuracy of the OM and MM scoring 
predictions was evaluated for the index and validation 
study (Research Question 3).

Results
Research question #1: does MM scoring improve fracture 
prediction over OM scoring?
The use of the Modified Mirels’ (MM) scoring improved 
fracture prediction over Original Mirels’ (OM) scoring 
for patients observed over a 4  month follow up based 

Table 1 Patient demographics

Legend: Patient demographics for validation and MSTS test dataset. For the validation dataset, 26 patients had unilateral femoral lesions, while 14 had bilateral lesions. 
Original Mirels’ (OM) score for the Validation and MSTS datasets is also shown. Mean and (standard deviation) values shown. Two-sample t-test p-values are reported in 
[brackets]
a Femurs with No Fracture” indicates cases that did not fracture during 4 month follow-up
b Femurs with Fracture” represents cases that had a fracture during 4 month follow-up

Validation dataset Original MSTS Test Dataset

Femurs with no Fxa Femurs with Fxa

Patients Femurs with 
No Fracturea 
(Count or 
Mean (SD))

Femurs with 
Fractureb 
(Count or 
Mean (SD))

Fracture vs 
No Fracture 
Groups [t-test]

Count or Mean 
(SD)

% Difference 
from 
validation 
dataset
[t-test]

Count or Mean 
(SD)

% Difference 
from validation 
dataset [t-test]

Number 
of Patients/
Femurs

40 47 7 40 8

Sex (F | M) 20 | 20 24 | 23 4 | 3 26 | 14 7 | 1

Age (yrs) 62.1 (12.4) 60.9 (12.7) 64.7 (11.0) [0.43] 62. 1 (14.0) 1.9% [0.69] 63.7 (14.9) 1.5% [0.89]

Height (m) 1.67 (0.11) 1.67 (0.11) 1.68 (0.13) [0.78] 1.64 (0.12) 2.4% [0.29] 1.64 (0.13) 2.4% [0.57]

Weight (kg) 79.8 (22.1) 79.5 (22.8) 88.1 (25.8) [0.43 77.6 (21.8) 2.3% [0.70] 83.0 (31.9) 5.6% [0.74]

BMI (kg/m^2) 28.2 (6.5) 28.2
(6.4)

31.1
(9.1)

[0.44] 28.8 (7.7) 2.1% [0.68] 30.0 (8.5) 3.5% [0.81]

OM score 8.6
(1.2)

9.7
(1.2)

[0.042] 8.5 (1.04) 1.1% [0.70] 10.5 (1.4) 8.2% [0.25]

Table 2 Lesion etiology

Legend: Patient and femur case distribution based on lesion etiology. Number 
and percentile (%) of cases

Lesion etiology Patient count
N (%)

Femur count 
No fracture
N (%)

Femur 
count 
fractured
N (%)

Metastatic breast 10 (25.0) 12 (25.5) 2 (28.6)

Multiple myeloma 12 (30.0) 15 (31.9) 3 (42.9)

Metastatic prostate 5 (12.5) 7 (14.9) 0

Metastatic lung 4 (10.0) 3(6.4) 1 (14.3)

Metastatic renal 3 (7.5) 3 (6.4) 1 (14.3)

Lymphoma 3 (7.5) 4 (8.5) 0

Other (Bladder, SCC 
Anus, thyroid, uterine)

3 (7.5) 3 (6.4) 0

Table 3 Lesion location

Legend: Femur case distribution based on lesion location. For instances where 
there were multiple lesions in a femur, the more distal lesion is listed here. 
Number and percentile (%) of cases

Lesion location Femur count – no 
fracture
N (%)

Femur 
count—
fractured
N (%)

Head/neck 8 (17.0) 0 (0)

Intertrochanteric 22 (46.8) 2 (28.6)

Subtrochanteric 3 (6.3) 3 (42.9)

Diaphyseal 12 (25.3) 2 (28.6)

Diffuse 2 (4.2) 0 (0)
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on logistic regression. The probability of fracture for a 
Mirels’ score of 9 or less was similar for the two scoring 
methods, but for higher Mirels’ scores (> 9) the probabil-
ity of fracture was greater for the MM scoring (Fig. 5A). 
For a patient with a Mirels’ score of 11, the probability 
of fracture was predicted as 36% using OM scoring, but 
increases to 52% for MM scoring, thus increasing con-
fidence that a fracture would occur. The corresponding 
Receiver Operator Characteristic (ROC) curves plotting 
sensitivity and specificity shows that the MM scoring 
area under the curve (AUC) (0.878) was greater than that 
of the OM scoring (0.754) (Fig. 5B).

Research question #2: what is the net benefit of using MM 
scoring over OM scoring?
Decision curve analysis (DCA) showed that there was 
a net benefit (NB) using the MM score over the OM 
scoring for a full range of fracture threshold prob-
abilities (Fig.  6A). Note that a threshold probability of 
0 represents a theoretical scenario where no fractures 
would be allowed, and in this case, all patients would 
be prophylactically stabilized. The ‘treat all’ line repre-
sents this theoretical scenario, and at a threshold prob-
ability of zero, represents the prevalence of fractures 

(7 fractures in 54 femurs, NB = 13%) in the validation 
dataset.

For fracture threshold probabilities greater than ~ 3%, 
there was a NB using MM scoring over ‘treat all’. For 
OM scoring, there was a NB over ‘treat all’ when thresh-
old probability was greater than ~ 6%. Note that the 6% 
probability of fracture corresponds to an OM score of 8 
as shown in Fig. 6A; an OM score of 8 is considered to 
be a borderline score for impending fracture [18]. For 
the current study population, this shows that OM scor-
ing has utility in estimating fracture risk above ‘treat all’ 
for OM scores greater than 8, but is inferior to the MM 
scoring over a full range of fracture probabilities.

The reduction of false positives using MM scoring 
over OM scoring (Fig. 6B) was calculated as a function 
of fracture threshold probability using Eq. 2. The graph 
can be clinically interpreted as follows: If a surgeon 
were willing to prophylactically stabilize 10 patients in 
order to prevent one fracture, use of the MM scoring 
in place of an OM scoring would reduce the number of 
false positives fracture predictions by about 25%. It is 
important to note that the reduction in false positives 
occurs without a loss of sensitivity (detection of true 
positives).

Table 4 Detailed demographics of the 7 fracture cases

Primary cancer Age (yrs) Sex Lesion location Original 
Mirels score

Modified 
Mirels score

Time to 
fracture
(months)

Notes

Multiple myeloma 60–69 M Subtrochanteric 10 10 4 “Sneeze” and fall

Renal cell 80–89 M Diaphyseal 10 11 1 Fx due to fall before surgery could be done

Lung 50–59 F Subtrochanteric 9 10 1 Fall

Multiple myeloma 50–59 M Subtrochanteric 11 11 1.5 Climbing into vehicle

Breast 50–59 F Subtrochanteric 11 10 0.5 Fx standing from a seated position before 
surgery could be done

Multiple myeloma 60–69 F Diaphyseal 8 9 1 Fall

Breast 70–79 F Diaphyseal 9 10 2 Fall

Fig. 5 Logistic regression results. Legend: Probability of fracture from logistic regression (A) and Receiver Operator Characteristic Curves (ROC) (B) 
for Original Mirels’ (OM) and Modified Mirels’ (MM) scores in patients with potential impending pathologic fractures
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Research question #3: are validation study results 
consistent with original MM study?
Fracture prevalence was similar for current internal 
validation dataset when compared to the MSTS dataset 
(Table 5). The AUC was greater for the MM scoring when 
compared to OM scoring in both validation and MSTS 
datasets. Using a Mirels’ score of 9 and above (9 +) as a 
cut-off threshold to describe impending pathological 
fracture, a reduction in false positive rate for MM score 
was found for the validation and MSTS datasets. Overall, 
misclassification of fracture prediction was substantially 
reduced for MM scoring for the internal validation and 
original MSTS datasets. The reduction in false positives 
reached a greater magnitude (Table  5) for the valida-
tion dataset when compared to the original MSTS data-
set. This is likely due to difference in ROC curve AUC 
for MM scoring versus OM scoring (∆ AUC = 0.878 – 
0.754 = 0.124) in the validation dataset when compared 

to differences in AUC for the original MSTS dataset (∆ 
AUC = 0.941 – 0.853 = 0.088).

Discussion
Overall findings
Use of Modified Mirels’ (MM) scoring was found to 
improve fracture prediction over Original Mirels’ (OM) 
scoring when tested on an internal validation set of 
patients with disseminated metastatic lesions to the 
proximal femur. There was greater ROC area under the 
curve (AUC) for MM scoring and there was a net ben-
efit to using MM over OM scoring over the full range of 
threshold probabilities of fracture. The superiority of MM 
over OM found with the validation dataset was consist-
ent with the results found using the MSTS test dataset. 
In practice, using a MM score of 9 or higher to indicate 
an impending pathological fracture showed a substantial 
reduction in the false positive rate, with little change in 

Fig. 6 Decision curve analysis. Legend: Decision curve analysis showed net benefit of both the Original and Modified Mirels’ Scores over a range 
of threshold probabilities (A). The reduction in false positives (B) for the current validation dataset and the original MSTS dataset are shown

Table 5 Classification characteristics

Legend: Classification characteristics of impending pathological fracture using Mirels’ score of 9 or greater (9 +) as the cut-off threshold for current internal validation 
dataset and initial MSTS study test dataset. Results are shown for Original Mirels’ (OM) scoring and Modified Mirels’ (MM) scoring. Mean and (95% Confidence Interval) 
values are shown for each parameter

Internal validation dataset Original MSTS dataset

Patient image source Radiograph CT Scan

Number of cases 7 Fracture | 47 No Fracture 8 Fracture | 40 No Fracture

Fracture prevalence (%) 12.9 16.7

OM Scoring MM Scoring OM Scoring MM Scoring

ROC AUC 0.754 (0.639, 0.869) 0.878 (0.791, 0.965) 0.853 (0.777, 0.929) 0.941 (0.891, 0.991)

True positive rate (%) 85.7 (48.7,97.4) 100 (64.5, 100) 100 (67.5, 100) 87.5 (67.6, 100)

False positive rate (%) 55.4 (41.3, 68.6) 29.8 (18.7, 44.0) 55.0 (39.1, 69.3) 37.5 (22.2, 50.5)

PPV (%) 18.7 (8.9, 35.3) 33.3 (17.2, 54.6) 26.7 (14.2, 44.4) 34.7 (19.7, 57.0)

NPV (%) 95.4 (78.2, 99.2) 100 (89.5, 100) 100 (82.4, 100) 100 (87.1, 100)

Misclassification (%) 50.0 25.9 45.8 31.2
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the true positive rate, and a nearly 50% reduction in the 
misclassification of fracture prediction when compared 
to OM scoring.

What is an appropriate cutoff to identify patients at risk 
of pathologic fracture?
Based on Mirels [18] historic development of the scor-
ing system of impending pathological fractures, Mirels 
concluded that lesions with a score of 7 or lower would 
not need prophylactic stabilization, while lesions with a 
score of 8 or higher would require stabilization to pre-
vent an impending pathologic fracture. Comparing the 
Mirels 1989 dataset with the current combined test and 
internal validation set (Table  6), we see a large discrep-
ancy between the fracture probabilities predicted from 
Mirels 1989 dataset and current combined dataset. An 
OM score of 8 for the Mirels 1989 dataset resulted in 
a calculated 15% probability of fracture using logistic 
regression. If an OM score of 8 was used in the current 
study as the cutoff, the fracture probability would be only 
4%, and more importantly, the number of false positives 
would grow substantially using this cutoff. Recalibrating 
the OM score of 8 from Mirels 1989 (15% fracture prob-
ability) would correspond roughly to an OM 9 score (11% 
fracture probability) and MM 9 score (12.7% fracture 
probability) for the current study.

It should be noted that the Mirels 1989 and current 
datasets are different in terms of fracture prevalence and 

lesion locations, with the current study restricted to the 
proximal femur (Table  6). The majority of the lesions 
were from patients with breast cancer in the Mirels 1989 
dataset, while this etiology accounted for only 25% of the 
patients in the current study. A substantial fraction (35%) 
of fractures occurred in non-weight-bearing regions in the 
Mirels 1989 dataset and would have a location score of 1, 
which would lower the OM score when compared to the 
current study. It is also likely that cancer treatment modal-
ities have changed substantially over the 25-year period 
between these two studies. All of these factors could con-
tribute to the differences found in the calculated fracture 
probabilities for the Mirels 1989 and current dataset.

The results from the current COMBINED Test & 
Internal Validation Dataset support using a MM score 
of 9 as a cutoff for classifying a patient at risk of patho-
logic fracture. Based upon our findings, a change in the 
definition of impending pathologic fracture to a MM 
score of 10 or higher was considered, as it would reduce 
the false positive rate even further, from 33% at a MM 
threshold score of 9 to just 10.4% for a MM score of 10. 
However, doing so would also negatively impact sensi-
tivity, reducing the 100% sensitivity with MM score of 
9 as threshold to 73% for MM score of 10. Hence, the 
authors recommend continued use of a score of 9 in the 
MM as the definition of an impending pathologic frac-
ture. Expanding this current dataset with external vali-
dation is needed to fully endorse a specific cutoff.

Table 6 Historic Mirels 1989 study

Legend: Comparing the patient characteristics and fracture probabilities for the historic Mirels 1989 study and current study with COMBINED test and internal 
validation datasets

Dataset Mirels 1989 Current COMBINED Test & Internal Validation 
Dataset

Number of patients 38 80

Fracture prevalence 35% 14.8%

Follow-up period 6-month w/radiation therapy 4-month

Cancer etiology Breast 64%, Myeloma 14%, Prostate 7.6%, Lung 
6.4%

Breast 25%, Myeloma 30%, Prostate 12.5%, Lung 10%

Lesion locations Peritrochanteric 58%, Upper extremity 22%, lower 
extremity 20%

Proximal Femur 100%

Probability of Fracture (p)
Mirels’ score OM OM MM

4 0 0 0

5 0 0 0

6 0 0 0

7 0.04 0.015 0.01

8 0.15 0.042 0.037

9 0.33 0.11 0.127

10 0.72 0.264 0.36

11 0.96 0.51 0.78

12 1.0 0.75 0.89
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Study limitations
A limitation of this internal validation study was the 
limited number of fracture cases (n = 7) relative to the 
number of no fracture cases (n = 47). Ideally from an 
experimental perspective, the number of fracture cases 
that occurred after the initial evaluation would be larger, 
but these were uncommon occurrences in practice. This 
is likely due to the fact that most patients assigned a high 
Mirels’ score for metastatic lesions in the proximal femur 
would have been prophylactically stabilized. Of course, 
in those cases, it could not be determined whether frac-
ture would occur because of interference with the natural 
history. If the validation dataset were combined with the 
original MSTS dataset (15 fractures / 87 no fracture), we 
found that the MM AUC (0.913) was significantly greater 
than the OM AUC (0.807) (p = 0.027, MedCalc Software 
Ltd, Ostend, Belgium). This further supports the con-
clusion that the MM scoring system is more accurate in 
assessing fracture risk for patients with metastatic lesions 
in the proximal femur.

A second limitation of the study was that the location 
score assignment was based on assumptions made in a 
previous computational study [1] to calculate the loss of 
femoral strength for normal femurs with idealized lytic 
lesions (example of lesion locations shown in Fig. 2). The 
lesions were simulated through removal of bone in an ide-
alized spherical shape at specific locations. The effect of 
lesion location (axial position) on loss of femur strength 
was then determined. A Modified Mirels’ location score 
was assigned a 1 (> 75% normal femur strength), 2 (50–
75% normal femur strength), or 3 (< 50% normal femur 
strength). The shape of the lesion and variable lesion prop-
erties (lytic, mixed, blastic) were not considered in the 
modeling. Further, the modeling was not patient-specific. 
Finite element modeling [7–9, 12, 17, 22, 24, 26] or struc-
tural rigidity analysis [4, 6, 19, 20] based directly on patient 
CT scans would likely produce more accurate assessments 
of loss of femur strength due to the metastatic lesions. 
Access to these advanced analysis tools remain limited to 
specialized centers, but if available, could serve as another 
independent tool to estimate fracture risk.

A third limitation was that the imaging approaches for 
the MSTS dataset (density calibrated CT scans) and vali-
dation dataset (planar radiographs) were different. While 
both datasets produced similar conclusions regarding 
validity of MM scoring, it is not known if the less gran-
ular nature of planar imaging (when compared to 3D 
CT imaging) alters the assignment of location and size 
scores. One benefit of using radiographic based imaging 
is that it is more commonly used as a first screening tool 
and thus there would likely be the potential for collection 
of a greater number of clinical cases when compared to 
CT imaging.

Limitations of Mirels scoring
The motivation behind the Modified Mirels scoring pro-
ject was to investigate whether a simple change is the 
scoring of the location component (informed by compu-
tational modeling studies) would improve fracture pre-
diction. All other aspects of Mirels scoring remained the 
same and the approach of summing the scoring compo-
nents was preserved. A limitation of this summed-scor-
ing approach is that all parameters are weighted equally 
(eg a large lesion (3 score) has the same weight as func-
tional pain (3 score)). In addition, there is no accounting 
for interactions or correlations between components (eg 
a very small lesion (1) in the diaphysis (3) has the same 
sub-score (4) as a very large lesion (3) in the femoral 
neck (1)). Post-hoc multivariate analysis of correlations 
between the four Mirels scoring components (Table  7) 
shows that there was negligible correlation between most 
scoring pairs, except there was a weak positive correla-
tion between MM location score and type (p = 0.0074).

Scoring of pain may be more subjective compared to 
the other three radiographic-based measures. Other 
patient factors such as rate of tumor progression, risk 
of falling for the patient, and confounding risk of osteo-
porotic fracture of the femur are not included. Improved 
prediction of fracture risk which included these lesion 
characteristics and patient factors could be achieved using 
machine learning (AI) approaches as has been performed 
recently for longevity prediction for patients with meta-
static lesions (PathFx) [11]. Machine learning approaches 
would have the potential to find high-risk combinations of 
patient factors that are not revealed using a simple, sin-
gle-numbered scoring approach. But this would require a 
large training and validation datasets in order to develop a 
robust and accurate fracture prediction tool.

Decision curves analysis and net benefit
Logistic regression (with generation of a receiver oper-
ator curve (ROC)) is a common statistical approach 
to assess a binary classifier (fracture or no fracture) or 
prediction tool. Here, we showed that both OM and 
MM scoring have utility with AUC values of between 

Table 7 Pairwise correlations between the four Mirels scoring 
parameters

Variable By variable Correlation P-value

Size Pain -0.035 0.799

Type Pain -0.254 0.063

Type Size -0.036 0.795

MM location Pain -0.138 0.321

MM location Size 0.135 0.329

MM location Type 0.361 0.0074
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0.75 and 0.94, which is much greater than a random 
prediction (AUC = 0.5). An AUC of 1.0 would indi-
cate correct prediction for all fracture and no fracture 
cases. However, the AUC does not describe the shape 
of the ROC curve, and two prediction tools could have 
the same AUC, but different utility in practice. This 
is because the AUC measure does not describe the 
combinations of true and false positives as a function 
of clinically relevant fracture threshold probabilities. 
Decision curve analysis (DCA) was developed [10, 27, 
28] to graphically present this information and to allow 
comparison between different scoring tools.

The net benefit calculation weighs the benefit of iden-
tifying true positives (femurs that would fracture) and 
costs of false positive (femurs incorrectly predicted 
to fracture) with threshold probability as the weight-
ing factor. MM scoring has a higher net benefit for all 
threshold probabilities > 0.03 (3%). Thus, MM scor-
ing should be used (over OM) irrespective of what 
one would consider to be an appropriate threshold 
probability of fracture (Fig.  6A). Plotting the reduc-
tion in false positives with use of MM when compared 
to OM scoring allows for easier clinical interpretation 
(Fig. 6B). For example, if a surgeon were willing to treat 
20 femurs to prevent one fracture (0.05 threshold prob-
ability) then MM has much greater utility over OM 
scoring with a ~ 30% reduction in false positives. This 
occurs without any loss of identifying true positives.

Conclusion
In summary, this study validates MM scoring as an 
improvement over OM scoring for patients with proxi-
mal femoral MBD. The improvement in fracture pre-
diction demonstrated in the present study mirrored 
the results of our index study during which the Modi-
fied Mirels’ system was developed. Our index study 
showed that through simple modification of the loca-
tion component of Mirels’ scoring system, there was a 
net benefit to using a Modified Mirels’ scoring and that 
implementation could reduce the number of false posi-
tives (patients predicted to fracture, but did not). Both 
our index study and the current study correlate with 
previously reported biomechanical data demonstrating 
higher strain patterns across the diaphyseal and subtro-
chanteric regions of the femur compared to intertro-
chanteric and neck [16, 23].

Although use of the MM is supported by this study, 
further external validation is encouraged before wide-
spread acceptance. The relevance of a purely x-ray based 
prediction system such as the MM can be questioned in 
the context of development of more sophisticated tech-
niques such as CTRA (CT-based Rigidity Analysis) and 

FEA (Finite Element Analysis). However, those analysis 
techniques remain inaccessible to the vast majority of 
orthopedic surgeons and almost universally require time 
delays that are not practical to clinical decision-making. 
Use of CT without those tools may be favored by some, 
but without objective verification of it’s use, CT inter-
pretation in this context remains subjective. Hence, any 
improvement in the original scoring system such as the 
MM should be considered an advance in the “front-line” 
care of these patients on a day-to-day basis.
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