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ABSTRACT

Background: Clinical practice guidelines recommend the use of bone-targeting agents for preventing
skeletal-related events (SREs) among patients with bone metastases from solid tumors. The anti-
RANKL monoclonal antibody denosumab is approved for the prevention of SREs in patients with bone
metastases from solid tumors. However, real-world data are lacking on the impact of individual risk fac-
tors for SREs, specifically in the context of denosumab discontinuation.

Purpose: We aim to identify risk factors associated with SRE incidence following denosumab discontin-
uation using a machine learning approach to help profile patients at a higher risk of developing SREs fol-
lowing discontinuation of denosumab treatment.

Methods: Using the Optum PanTher Electronic Health Record repository, patients diagnosed with inci-
dent bone metastases from primary solid tumors between January 1, 2007, and September 1, 2019, were
evaluated for inclusion in the study. Eligible patients received > 2 consecutive 120 mg denosumab doses
on a 4-week (+ 14 days) schedule with a minimum follow-up of > 1 year after the last denosumab dose,
or an SRE occurring between days 84 and 365 after denosumab discontinuation. Extreme gradient boost-
ing was used to develop an SRE risk prediction model evaluated on a test dataset. Multiple variables asso-
ciated with patient demographics, comorbidities, laboratory values, treatments, and denosumab
exposures were examined as potential factors for SRE risk using Shapley Additive Explanations (SHAP).
Univariate analyses on risk factors with the highest importance from pooled and tumor-specific models
were also conducted.

Results: A total of 1,414 adult cancer patients (breast: 40%, prostate: 30%, lung: 13%, other: 17%) were eli-
gible, of whom 1,133 (80%) were assigned to model training and 281 (20%) to model evaluation. The med-
ian age at inclusion was 67 (range, 19-89) years with a median duration of denosumab treatment of 253
(range, 88-2,726) days; 490 (35%) patients experienced > 1 SRE 83 days after denosumab discontinua-
tion. Meaningful model performance was evaluated by an area under the receiver operating curve score
of 77% and an F1 score of 62%; model precision was 60%, with 63% sensitivity and 78% specificity. SHAP
identified several significant factors for the tumor-agnostic and tumor-specific models that predicted an
increased SRE risk following denosumab discontinuation, including prior SREs, shorter denosumab treat-
ment duration, > 4 clinic visits per month with at least one hospitalization (all-cause) event from the
baseline period up to discontinuation of denosumab, younger age at bone metastasis, shorter time to
denosumab initiation from bone metastasis, and prostate cancer.

Abbreviations: AUC, area under the curve; AUROC, area under the receiver operating curve; BTA, bone-targeting agent; CPT, Current Procedural Terminology; ECOG,
Eastern Cooperative Oncology Group; EHR, electronic health record; ESMO, European Society for Medical Oncology; HCPCS, Healthcare Common Procedure Coding System;
ICD, International Classification of Diseases; ON], osteonecrosis of the jaw; PHI, protected health information; Q4W, every four weeks; RANKL, receptor activator of nuclear
factor kB ligand; ROC, receiver operating characteristic; SHAP, Shapley Additive Explanations; SRE, skeletal-related event; XGB, Extreme Gradient Boost.

* Corresponding author at: Amgen Inc., 1 Amgen Center Drive, Thousand Oaks, CA 91320, USA.

E-mail address: hsaadO1@amgen.com (H. Saad).

! Dionna Jacobson and Benoit Cadieux contributed equally to this manuscript.

https://doi.org/10.1016/j.jb0.2022.100423

2212-1374/© 2022 The Authors. Published by Elsevier GmbH.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbo.2022.100423&domain=pdf
https://doi.org/10.1016/j.jbo.2022.100423
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hsaad01@amgen.com
https://doi.org/10.1016/j.jbo.2022.100423
http://www.sciencedirect.com/science/journal/22121374
http://www.elsevier.com/locate/jbo

D. Jacobson, B. Cadieux, C.S. Higano et al.

Journal of Bone Oncology 34 (2022) 100423

Conclusion: This analysis showed a higher cumulative number of SREs, prior SREs relative to denosumab
initiation, a higher number of hospital visits, and a shorter denosumab treatment duration as significant
factors that are associated with an increased SRE risk after discontinuation of denosumab, in both the
tumor-agnostic and tumor-specific models. Our machine learning approach to SRE risk factor identifica-
tion reinforces treatment guidance on the persistent use of denosumab and has the potential to help clin-
icians better assess a patient’s need to continue denosumab treatment and improve patient outcomes.

© 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bone metastases are common among patients with solid tumors
and indicate poor prognosis. Disease progression is often associ-
ated with skeletal-related events (SREs), defined as pathologic frac-
tures, spinal cord compression, bone radiation therapy, and bone
surgery [1-3]. Majority of bone metastases across all solid tumors
are associated with breast, lung, and prostate, with an estimated
10-year US incidence varying by tumor type, and with prostate
cancer patients at highest risk followed by breast and lung cancer
patients [1,2,4,5]. Additionally, inpatient costs for solid tumor
patients with bone metastases and SREs were significantly higher
than those without SREs and increased further with multiple
events [6-8].

The pathophysiology of bone complications is characterized by
deranged osteoblast and osteoclast activity at the site of the bone
metastasis, potentially creating an environment that supports
tumor growth and bone destruction [2]. Though rarely curable,
the spread of bone metastasis may be slowed by treatment with
bone-targeting agents (BTAs). International treatment guidelines
recommend the use of a BTA for SRE prevention among patients
with bone metastases from solid tumors for a > 2-year period
[3,9,10]. The European Society for Medical Oncology (ESMO)
recently issued updated treatment recommendations with an
emphasis on treatment duration. In their statement, the ESMO sug-
gested assessing the dosage and treatment schedule for individual
patients based on the risk for an SRE and the overall status of
tumor control before initiating BTA therapy, which should gener-
ally continue indefinitely, including into the hospice setting [3,7].

Previous retrospective studies have identified individual clinical
and/or biologic factors, including race, sex, Eastern Cooperative
Oncology Group (ECOG) performance status, human epidermal
growth factor receptor-2 positivity, number of bone metastases,
and elevated serum alkaline phosphatase, as factors contributing
to individual patient’s risk of first SRE, both in the presence and
absence of BTAs [11-17]. Denosumab (XGEVA®) is a human mon-
oclonal antibody with neutralizing activity against receptor activa-
tor of nuclear factor xf ligand (RANKL). It is approved for the
prevention of SREs in patients with multiple myeloma and with
bone metastases from solid tumors when administered at a dose
of 120 mg subcutaneously (SC) every 4 weeks (Q4W) [18-22].
Real-world treatment patterns in the US suggest that the duration
of denosumab treatment is often < 1 year, indicating potential
underutilization of denosumab [23,24]. To the best of our knowl-
edge, there are no comprehensive studies examining the impact
of individual risk factors relative to real-world treatment patterns
of denosumab, specifically in the context of denosumab
discontinuation.

An aggregate analysis of multiple SREs over a long follow-up
period across various patients and time points requires consider-
able effort and expertise, while demanding the development of
more automated approaches for handling the variety and volume
of data. A machine learning approach enables inference of key con-
nections between complex data in a comprehensive manner with

greater accuracy than conventional methods [25]. Additionally,
prediction of impending SREs, particularly pathologic fractures,
could considerably improve the management of metastatic bone
disease [26]. To date, no study has made use of a machine learning
approach to examine clinical SRE risk factors in the context of early
BTA treatment discontinuation. Here, we aim to identify risk fac-
tors associated with SRE incidence following denosumab discon-
tinuation using a machine learning approach to help inform
optimal clinical SRE-prevention strategies consistent with current
treatment guidelines.

2. Patients and methods
2.1. Study design

This was a retrospective observational analysis coupled with an
estimation study using a classification model approach based on
information collected from patients with incident bone metastases
from solid tumors, treated with denosumab (Fig. 1). Patient data
from the Optum PanTher Electronic Health Record (EHR) reposi-
tory were collected from January 1, 2007, to September 1, 2019.
Since this study used deidentified data containing no protected
health information (PHI), informed consent of participants was
not obtained.

2.2. Eligibility

Adult patients (age > 18 years) with a solid tumor (breast, pros-
tate, lung, colorectal, liver, pancreatic, other gastrointestinal, head
and neck, bone and connective tissue, endocrine, malignant mela-
noma, gynecologic, genitourinary, renal, brain and nervous system,
or other solid tumors) diagnosed on or after January 1, 2007, and
initial bone metastasis diagnosis on or after the primary solid
tumor diagnosis were eligible to be included in the study. Eligible
patients received > 2 doses of denosumab on a Q4W (once every
28 + 14 days for this study) dosing schedule, and had experi-
enced > 1 SRE during follow-up or had a minimum follow-up per-
iod of 84 days up to 365 days from the last denosumab dose
(regardless of SRE status at follow-up). Patients administered
denosumab after November 1, 2010 (US approval date) and on or
after the initial bone metastasis diagnosis date, those given the
drug before the baseline period (180 days prior to initial bone
metastasis diagnosis), and those who received other classes of
BTAs prior to both bone metastasis and/or denosumab initiation
were eligible. Patients who received denosumab at a dosing sched-
ule other than Q4W (28 * 14 days) or concomitant BTAs during the
initial denosumab treatment and/or washout period were
excluded from the study.

2.3. Outcomes

The primary objective for this study was to identify risk factors
associated with SREs within 84 to 365 days following the last
denosumab dose of the first round of continuous Q4W dosing in
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Time periods in denosumab patient journey

Baseline

180 days

T0 Tl

Denosumab washout

Primary solid Initial bone First
tumor diagnosis metastasis denosumab
diagnosis dose
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]
Last End of
denosumab patient
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Fig. 1. Study design. Baseline, 6 months prior to initial bone metastasis diagnosis; TO, time period from initial solid tumor diagnosis to initial bone metastasis diagnosis; T1,
time period from initial bone metastasis diagnosis to denosumab initiation; T2, time period on denosumab treatment (Q4W dosing schedule [28 + 14 days]). Follow-up, time
period within which initial occurrence of SREs following denosumab discontinuation is extracted (84-365 days from the last denosumab dose). *End of patient observation
will be defined as one of five events following denosumab washout: (i) 365 days after final denosumab claim, (ii) patient death, (iii) patient’s final visit, drug or medical event
(up to the end of the study observation period, September 1, 2019), (iv) denosumab restart, (v) switch to another BTA. Patients with end of patient observation occurring
before SRE in follow up are excluded from this analysis. BTA, bone-targeting agent; Q4W, every 4 weeks; SRE, skeletal-related event.

patients with bone metastases from solid tumors through evalua-
tion of classification model risk predictions. The exploratory objec-
tive was identification of risk factors associated with SREs
following denosumab discontinuation in individual tumor types
(with sufficient sample size). As described earlier by Aly et al.
[27], SREs were identified in the EHR data using claims that indi-
cated spinal cord compression, pathologic fracture, bone palliative
radiotherapy, or bone surgery. Individual SREs from each event
type were identified from a unique set of International Classifica-
tion of Diseases (ICD)-9, ICD-10, Healthcare Common Procedure
Coding System (HCPCS), or Current Procedural Terminology (CPT)
codes. Spinal cord compression events were identified using codes
indicating “unspecified disease of spinal cord” only. Pathologic
fractures were determined using codes indicating “pathologic frac-
tures” or  “other fractures,” excluding codes that
occurred < 2 weeks after “trauma” codes. Bone palliative radio-
therapy events were defined using codes indicating receipt of
external beam radiation therapy or radioisotopes. Bone surgery
was identified using codes indicating any bone surgical procedure
(list of codes used is available in Supplementary File 1).

2.4. Model development

A classification model was generated to predict the risk of first
symptomatic SRE during 84-365 days from the last denosumab
dose. To develop the model, each patient was classified as either
an SRE patient (positive class) or a non-SRE patient (negative class)
based on the presence or absence of a qualifying SRE in the follow-
up period. Subsequently, the model was trained to learn patterns
that were indicative of SREs following the last denosumab dose
from the 64 patient exposure variables (Supplementary Table 1
in Supplementary File 2) included in this analysis. Extreme gradi-
ent boosting (XGB) was leveraged as the model architecture [28].
Model hyperparameters were selected using Bayesian optimiza-
tion with five-fold cross-validation repeated ten times. If the num-
ber of patients without an SRE outweighed the number of patients
with an SRE, we checked the model for bias toward the majority
class using undersampling, oversampling, and penalization of
minority class errors in the loss function. Sequential-based vari-
ables were evaluated separately and combined with cross-
sectional variables to predict SRE risk.

2.5. Model evaluation
The patient cohort was split into training and testing datasets in

a 4:1 ratio using stratified random sampling to ensure equal repre-
sentation of the target variable, age, sex, denosumab treatment

duration, and tumor type across subgroups. The model was trained
on the training set and evaluated on the testing set using area
under the receiver operating curve (AUROC), F1 score (weighted
average of precision and recall), sensitivity, specificity, and
precision.

2.6. Risk factor analysis

The best performing model, selected according to the highest
AUROC cross-validation score, was used to extract global risk fac-
tors from the full set of 64 variables including demographics, prior
SREs, denosumab exposure, other medications, comorbidities, dis-
ease progression, and hospital/clinic visits (Supplementary Table 1
in Supplementary File 2). Shapley Additive Explanations (SHAP)
was used to quantify the importance of a variable in predicting
SRE risk following denosumab discontinuation by calculating the
magnitude and direction that a particular risk factor caused
patients’ predicted risk to deviate from the average predicted risk,
thereby quantifying how important that factor was in elevating or
reducing the risk. Risk factor SHAP values with greater absolute
magnitudes were considered to be more important in risk calcula-
tions. Therefore, of the 64 exposure variables included in this anal-
ysis, those that had sufficiently large SHAP values were extracted
as primary risk factors from the model. The threshold of sufficiency
was determined using a forward variable selection approach in the
order of SHAP variable rankings.

2.7. Analyses

Models were evaluated using AUROC, F1 metrics, sensitivity,
specificity, and precision on the testing dataset. Once validated,
this model was leveraged to identify primary SRE risk factors
through SHAP analysis in models developed on both tumor-
agnostic and tumor-specific cohorts. Shapley values quantified
the magnitude and direction that particular risk factors impacted
the predicted SRE risk scores. Univariate analyses on risk factors
with the highest importance from pooled and tumor-specific mod-
els were also conducted.

3. Results

Of the 104 million patients comprising the full cohort in Optum
PanTher EHR, approximately 9,000 patients with bone metastasis
having started denosumab treatment after November 1, 2010,
were evaluated based on the eligibility criteria (Supplementary
Fig. 1 in Supplementary File 2); 7,586 patients without any SRE
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event between 84 and 365 days and having follow-up of < 365 days
from the last denosumab dose were excluded from the study.
Overall, 1,414 patients were included in the study, of whom
1,133 (80%) patients were assigned to model training for hyperpa-
rameter tuning with K-fold cross-validation and 281 (20%) were
assigned to the testing set for model evaluation (Supplementary
Fig. 2 in Supplementary File 2). Testing set evaluation was compa-
rable to cross-validation scoring and determined how well the
model performed on the data it was not trained on.

Overall, 40% of patients had breast cancer, 30% had prostate
cancer, 13% had lung cancer, and 17% had other cancers (Table 1).
The median age at inclusion was 67 (range, 19-89) years and the
median duration of denosumab treatment was 253 days; 490
(35%) patients experienced > 1 SRE following denosumab
discontinuation.

3.1. Risk factors for SREs identified from the tumor-agnostic model

The tumor-agnostic model was meaningful, as evidenced by an
AUROC score of 77% and an F1 score of 62%; model precision was
60% with 63% sensitivity and 78% specificity (Table 2). SHAP iden-
tified several significant factors that predicted an increased SRE
risk following denosumab discontinuation, including the cumula-
tive number of SREs before initiation and during denosumab treat-
ment, shorter denosumab treatment duration (< 10 months
vs > 20 months), > 4 clinic visits per month with at least one hos-
pitalization (all-cause) event from the baseline period up to dis-
continuation of denosumab, younger age at bone metastasis (<
65 years vs > 65 years), and shorter time to denosumab initiation
from bone metastasis (< 3 months vs > 10 months) (Fig. 2). The risk
of SREs was also higher among patients with prostate cancer (34%)
vs those with breast cancer (29%).

Measured from a period of 6 months prior to initial bone metas-
tasis diagnosis up to denosumab therapy discontinuation, the
cumulative incidence of SREs showed a positive correlation with
SRE risk. The number of SREs was directly proportional to an ele-
vated risk of SREs following denosumab discontinuation until a
saturation point of four SREs was reached. Consistent with prior
SREs associating with an increased SRE risk, the absence of any
SRE represented the lowest risk group (Fig. 3). Of patients with O
(569 [40.2%]), 1 (272 [19.2%]), 2 or 3 (194 [13.7%]), and > 4 (98
[6.9%]) prior SREs from the training set, 19%, 36%, 58%, and 73%,
respectively, developed SREs 3 to 12 months after denosumab
treatment discontinuation.

The timing of an SRE relative to denosumab initiation also
impacted risk, with the presence of > 1 SRE after denosumab initi-
ation having a higher impact on SRE risk following denosumab dis-
continuation than the presence of > 1 SRE before denosumab
initiation (Fig. 3). Longer denosumab treatment duration was asso-
ciated with a lower SRE risk 3 to 12 months following discontinu-
ation. Overall, 38% of patients with < 10 months of denosumab
treatment (655 [46.3%]), 32% of patients with 11-20 months of
denosumab treatment (280 [19.8%]), and 26% of patients
with > 20 months of denosumab treatment (198 [14.0%]) devel-
oped SREs 3 to 12 months following discontinuation of denosumab
treatment (Fig. 3). The risk of SRE reached a low plateau point after
20 months up to the longest duration point of 66 months, indicat-
ing that denosumab treatment durations beyond 20 months did
not affect SRE risk. However, there were limited data after
33 months.

3.2. Risk factors for SREs identified from the tumor-specific model
Results from tumor-specific model analyses showed similar risk

trends for patients with breast cancer, prostate cancer, and lung
and other solid tumors as that seen for the tumor-agnostic model

Journal of Bone Oncology 34 (2022) 100423

Table 1
Demographic and clinical characteristics of eligible patients at baseline.
Characteristic N = 1,414
Sex, n (%)
Male 663 (47)
Female 751 (53)
Age, years, median (range) 67 (19-89)
Solid tumor type, n (%)
Breast 563 (40)
Prostate 421 (30)
Lung 180 (13)
Other” 250 (17)
Time since initial bone metastasis diagnosis, 45 (0-2,620)
days, median (range)
SRE prior to denosumab initiation, n (%)
Yes 378 (27)
No 1,036 (73)

Denosumab treatment duration at Q4W dosing,
days, median (range)
SRE on denosumab, n (%)

253 (88-2,726)

Yes 459 (32)

No 955 (68)
SRE following discontinuation, n (%)

Yes 490 (35)

No 924 (65)

Q4W, every 4 weeks; SRE, skeletal-related event.

" Other solid tumor was defined as one of the following: colorectal cancer, liver
cancer, pancreatic cancer, head and neck cancer, bone and connective tissue cancer,
endocrine cancer, malignant melanoma, gynecologic cancer, genitourinary cancer,
renal cancer, other gastrointestinal cancer, brain and nervous system cancer.

analyses, with cumulative number of SREs and denosumab dura-
tion ranked as common top risk factors in the tumor-agnostic
model and all three tumor-specific models (Fig. 4).

The breast cancer prediction model resulted in an AUROC score
of 73% (Table 2). SHAP identified several top-ranked factors that
predicted an increased SRE risk following denosumab discontinua-
tion in breast cancer patients (Supplementary Fig. 3 in Supple-
mentary File 2), including denosumab duration of < 8 months,
time to denosumab initiation from bone metastasis < 2 months,
prior SREs, and > 2 clinic visits per month (with at least one hos-
pitalization [all-cause] event and/or at least one emergency room
visit from the baseline period up to discontinuation of
denosumab).

The prostate cancer model (AUROC of 82% [Table 2]) revealed
the top three SRE risk factors that increased SRE risk 3-12 months
after denosumab discontinuation (Supplementary Fig. 4 in Sup-
plementary File 2), denosumab duration < 10 months, > 1 cumu-
lative number of SREs, and > 5 unique anticancer drugs prescribed
to a patient since initial solid tumor diagnosis.

Duration of denosumab treatment (< 10 months
or > 10 months) was the top-ranked risk factor for the “other solid
tumors” model including lung cancer (AUROC of 67% [Table 2]).
Risk of SRE 3-12 months after denosumab discontinuation
remained high till < 10 months of denosumab treatment (Supple-
mentary Fig. 5 in Supplementary File 2).

4. Discussion

This is the first study identifying key risk factors for SREs after
denosumab treatment discontinuation using a machine learning
model. Our tumor-agnostic classification model predicted that a
higher cumulative number of SREs, timing of SRE relative to deno-
sumab initiation, a higher number of hospital visits, and a shorter
denosumab treatment duration were significant factors that are
associated with an increased SRE risk after discontinuation of
denosumab. Patients with > 1 SRE before and/or during deno-
sumab treatment were found to be at a higher risk of SRE occur-
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Table 2

Model performance metrics for best performing model - tumor-agnostic and tumor-specific models.
Patient cohort used for modeling Performance metrics of model on test dataset

AUROC F1 score Precision Sensitivity Specificity

All tumor types 0.774 0.617 0.602 0.633 0.776
Breast 0.726 0.522 0.514 0.530 0.767
Prostate 0.815 0.667 0.621 0.719 0.750
Other solid tumors 0.668 0.567 0.542 0.594 0.704

AUROC, area under the receiver operating curve; F1 score, weighted average of precision and recall.
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and less important variables are towards the bottom. Color represents variable value. Red indicates the variable value is higher (e.g., higher number of SREs), while blue
indicates the variable value is lower (e.g., lower number of SREs). The first row, cumulative number of SREs, can be interpreted as a higher number of cumulative SREs (red) is
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PROSTATE CANCER
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Fig. 4. Common and unique risk factors for breast cancer, prostate cancer, and lung
cancer and other solid tumors. *Variable also a top predictor in tumor-agnostic
model. SRE, skeletal-related event.

rence after denosumab discontinuation compared with patients
with no SREs.

The receiver operating characteristic (ROC) curve shows the
sensitivity of the classifier by plotting the rate of true positives
to the rate of false positives. The ROC curve provides nuanced
details about the behavior of the model, but it is difficult to com-
pare many ROC curves to each other. For ease of analysis, the area
under the curve (AUC) summarizes the ROC curve into a single
number. The perfect model would have a true positive rate of
100% corresponding to an AUROC of 1.0. The performance metrics
for our model depicted a high AUROC score (0.774) for the tumor-
agnostic model, while prostate cancer had the highest AUROC
(0.815) among the tumor-specific models. These scores were com-
parable to those in other classification model studies for disease
prediction or quantitative traits [29-31].

In our study, 36% of patients in the training set across all tumor
types who had > 1 SRE before denosumab initiation (168 [27%]) vs
69% of patients who had > 1 SRE during denosumab treatment
(183 [32%]) developed subsequent SRE after denosumab discontin-
uation. Moreover, of the patients who experienced SREs during
denosumab treatment, those with an SRE within the last 6 months
of therapy (given a treatment duration > 6 months) were at an even
greater risk than those with an SRE during the early phases of ther-
apy. Previous studies have also shown that the time to first SRE and
SRE frequency, along with the presence of extraskeletal metastases
posed significant risk for the development of SREs [11,14,15,32]. A
long-term, retrospective study showed that patients with bone-
metastatic breast cancer with a history of palliative radiation ther-
apy and elevated serum calcium levels at the time of BTA initiation
were at a high risk of developing SREs [32].

The presence of < 2 previous SREs was also a major predictor of
SREs 3 to 12 months following denosumab discontinuation for the
tumor-specific models of breast cancer, prostate cancer, and com-
bined lung cancer and other solid tumors. The timing of SREs was a
top predictor for patients with all tumor-specific models except
prostate cancer. Patients with breast cancer who had SREs during
denosumab treatment were more susceptible to developing an
SRE after denosumab discontinuation. Patients with other solid
tumors became susceptible to developing SREs after denosumab
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discontinuation if they experienced SREs either before and/or dur-
ing denosumab treatment, although SREs before denosumab initi-
ation held more weight than those during treatment for this
patient group. This suggests that if patients developed SREs during
denosumab treatment, it was preferable to continue treatment
since, alternately, the patient was at a higher risk of developing
additional SREs upon discontinuation of denosumab. This principle
is in contrary to cancer therapeutics where treatment failure typi-
cally suggests a change of therapy.

Our models predicted that a shorter duration of denosumab
treatment was associated with a higher risk of SRE occurrence after
denosumab discontinuation across all tumor types compared with
longer treatment durations. Of the patients in this analysis, those
undergoing denosumab treatment for a period of < 10 months
(655 [46.3%]) were at an elevated risk of SRE. Incidentally, 29% of
patients in the 1-10 months group, 34% of patients in the 11-
20 months group, and 40% of patients in the > 20 months group
experienced SREs during denosumab treatment. The impact of
denosumab duration on risk decreased incrementally with each
additional month beyond 10 months until ~ 20 months of therapy.
Notably, among the patients experiencing SREs during denosumab
treatment, 67% in the 1-10 months group, 53% in the 11-20 months
group, and 41% in the > 20 months group had SREs after deno-
sumab discontinuation, indicating that extended treatment with
denosumab reduced risk of SRE incidence even in patients experi-
encing SREs during denosumab treatment. SREs in the longer deno-
sumab treatment groups were more likely to be refractory disease
in the bone. Studies assessing other BTAs have also demonstrated
that patients receiving prolonged (> 2 years) BTA treatment were
less susceptible to developing SREs [33-35]. The protective effect
of prolonged denosumab treatment duration on SRE risk after
denosumab discontinuation was not shared by patients with lung
cancer nor by patients under the age of 65 (data not shown). Fur-
ther research is needed to determine how denosumab treatment
duration affects the risk of SRE in these subpopulations.

Denosumab treatment duration across all three tumor types
was inversely proportional to SRE risk after denosumab discontin-
uation. Similar effects were shown previously, with longer deno-
sumab treatment durations found to be superior to zoledronic
acid in reducing the risk of SREs after discontinuation of treatment
[22,24,36,37]. While prostate cancer patients showed only a mild
reduction in risk at treatment durations of > 10 months, other solid
tumor patients showed a substantial decrease in SRE risk after
10 months of treatment. However, it was difficult to determine
how long-term denosumab treatment duration affected SRE risk
in patients with other solid tumors as the median denosumab
duration in this cohort was 211 days (range, 88-2,276), with < 5%
of the patients being treated with denosumab for > 2 years.

Our model predictions showed that longer time to denosumab
initiation was associated with lower SRE risk following denosumab
discontinuation. The overall negative association appears counter-
intuitive because early treatment with a BTA should reduce SRE
risk. However, potential prior BTA use and physician bias in treat-
ment initiation patterns might confound the benefit of early deno-
sumab initiation. Patients treated with other classes of BTAs, such
as zoledronic acid before denosumab initiation, had a low inci-
dence of SREs following denosumab discontinuation. Previous
studies have shown that physicians have a propensity to adopt a
BTA among patients with more aggressive disease (e.g., several
sites of bone metastases) and presence of clinical symptoms (e.g.,
pain) compared with little or no BTA adoption among patients with
metastatic disease or other “low-risk” features in the real world
[38].

Our models predicted a higher risk of SREs with a greater num-
ber of clinic visits including > 1 inpatient hospital visit. This pre-
diction is supported by previous reports on the risk of developing
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SREs in relation to inpatient hospitalizations associated with meta-
static bone disease [39-41]. We found a frequency of 4-6+ visits
per month, regardless of visit type from 6 months before diagnosis
of bone metastasis up to denosumab discontinuation, were associ-
ated with an increased SRE risk 3-12 months following discontin-
uation. In 569 (40.2%) patients from the training set with no prior
SRE, 16% of patients with 0-3 average visits per month, 20% with
4-6 visits per month, and 41% with 7+ visits per month had SRE
after denosumab discontinuation. In 564 (39.9%) patients with
prior SREs, 42% of patients with 0-3 average visits per month,
47% with 4-6 visits per month, and 59% with 7+ visits per month
had SRE after denosumab discontinuation. Therefore, while there
appeared to be a correlation between the presence of an SRE and
the number of visits prior to denosumab discontinuation, the trend
of increasing SRE risk after discontinuation with an increased num-
ber of visits persisted even in patients not experiencing any SRE
before denosumab discontinuation.

Age was identified as a top-ranked risk factor in both the
tumor-agnostic model and other solid tumor model, with younger
age (< 56 years) being associated with an increased SRE risk after
denosumab discontinuation in both models. It is difficult to deter-
mine if this effect was truly caused by rapid progression of disease
in younger patients or by censoring bias, as older individuals who
died or restarted therapy prior to experiencing an SRE in the
follow-up period could be excluded from the study, giving more
weight to the younger high-risk patients who survived. Conversely,
the underlying disease may be more aggressive at younger ages vs
older ages, for example, patients with breast cancer tended to be
younger and had lytic metastases [42]. With cancer type, patients
with prostate cancer were possibly at higher risk than those with
breast cancer since prostate cancer is more aggressive than breast
cancer [43], and also because patients with breast cancer were
more likely to die in the follow-up period before an SRE than
patients with prostate cancer giving more weight to prostate can-
cer. Whereas some studies report a higher incidence of SREs in
patients with lung or breast cancer than in those with prostate can-
cer [44,45], individual SREs such as pathological fractures [45] and
spinal cord compression [44]| occurred at a higher incidence in
prostate cancer than in breast cancer. This could be due to the
osteoblastic bone metastasis observed in patients with prostate
cancer characterized by both bone and tumor proliferation. The
metastatic tumor also heightened osteoclastic activity [46,47]. Fur-
ther, the bone tissue formed during prostate cancer metastasis is
spongy and weak due to the poor alignment of osteoblast cells
[47]. Together, a weak bone structure and activation of osteoclasts
could increase the risk for SREs in patients with prostate cancer.

Among the specific tumor types analyzed, a higher number of
different anticancer drugs was an important risk factor in both
prostate cancer and other solid tumor groups, but not in patients
with breast cancer. Patients with prostate cancer who
received < 4 unique anticancer drugs had fewer SREs after deno-
sumab discontinuation than those who received > 5 anticancer
drugs. This could be due to a higher disease burden or more aggres-
sive disease that was progressing through multiple antitumor reg-
imens. In the other solid tumors model, patients receiving > 2
unique anticancer drugs had an elevated risk of SRE after deno-
sumab discontinuation. Efficacious treatment for other solid
tumors, specifically lung, is more limited than for prostate cancer
possibly because prostate is primarily an osteoblastic bone metas-
tasis and may need more progression before an SRE occurs com-
pared with osteolytic and mixed lesions that are generally at a
higher risk for SREs [1,48]. This might explain why a lower number
of anticancer drugs in other solid tumors was sufficient to increase
SRE risk after denosumab discontinuation compared with an
increased number of drugs required in the prostate cancer model
[48]. Importantly, the number of anticancer drugs given at any
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one time or polypharmacy should not be confused with the treat-
ment regimen each of these drugs is used in. While part of this
analysis assessed the number of drugs given at any one time in
diverse types of cancer, further investigations are required into
how drugs given at particular lines or sequences of therapy may
impact the risk of SRE after denosumab discontinuation.

Results from our classification model thus address the signifi-
cant need to generate data that will help provide evidence for
the consequences of denosumab discontinuation and support a
narrative towards appropriate and optimal treatment duration
with denosumab and how it may unduly expose patients to under-
lying SRE risk. By extension, this work may also help augment
understanding of the appropriate use of denosumab with persis-
tence of indefinite duration as an optimal SRE prevention strategy.

5. Limitations

A limitation of the model design was a possible overestimation
or underestimation of SRE risk for some patient types due to exclu-
sion of patients who died or restarted denosumab before experi-
encing an SRE within 365 days of follow-up (right censoring).
Certain variables identified to be significant SRE risk factors in pre-
vious studies (e.g., number of bone metastases, pain progression,
bone turnover markers, markers for primary disease progression)
could not be captured from this dataset. We were also unable to
determine the reasons for denosumab discontinuation such as
hypercalcemia, perceived risk of serious adverse events like
osteonecrosis of the jaw (ON]) with prolonged exposure, physician
perception that therapy is not working, insurance coverage/drug
affordability, or remission of the initial tumor. We could not access
all this information from the claims data, specifically when the rea-
son was not clinical in nature and was based on physician’s percep-
tion of risk or effectiveness. Mostly, patients with ONJ were taken
off therapy based on a general clinical perception of risk; however,
likely no ON]J event ever occurred, resulting in the absence of any
ON] claim. Since we did not have access to patient dental records
in this dataset, which might have had more detailed information
on patient dental history and examinations prior to and during
denosumab treatment, it was hard to know retrospectively which
patients were at high risk for ONJ. Finally, due to the observational
design of the study, these results should not necessarily be inter-
preted as causal. Further work is needed to determine the causal
mechanisms behind the correlations.

6. Conclusion

In conclusion, our classification model identified risk factors
that played a crucial role in predicting the incidence of SREs after
denosumab treatment discontinuation. Since the increased fre-
quency of SREs results in higher healthcare and hospitalization
costs, often affecting treatment efficacy, SRE risk should be consid-
ered to optimize patient outcomes when making denosumab treat-
ment decisions. Our machine learning approach to SRE risk factor
identification has the potential to help clinicians better assess a
patient’s need for denosumab treatment persistence and improve
patient outcomes.
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