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Abstract

Background PATHFx is a clinical decision-support tool
based on machine learning capable of estimating the likeli-
hood of survival after surgery for patients with skeletal
metastases. The applicability of any machine-learning tool
depends not only on successful external validation in unique
patient populations but also on remaining relevant as more
effective systemic treatments are introduced. With
advancements in the treatment of metastatic disease, it is our
responsibility to patients to ensure clinical support tools
remain contemporary and accurate.

Question/purposes Therefore, we sought to (1) generate
updated PATHFx models using recent data from patients
treated at one large, urban tertiary referral center and (2)
externally validate the models using two contemporary pa-
tient populations treated either surgically or nonsurgically
with external-beam radiotherapy alone for symptomatic
skeletal metastases for symptomatic lesions.

Methods After obtaining institutional review board ap-
proval, we collected data on 208 patients undergoing sur-
gical treatment for pathologic fractures at Memorial Sloan
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Kettering Cancer Center between 2015 and 2018. These data
were combined with the original PATHFX training set (n =
189) to create the final training set (n =397). We then created
six Bayesian belief networks designed to estimate the like-
lihood of 1-month, 3-month, 6-month, 12-month, 18-month,
and 24-month survival after treatment. Bayesian belief
analysis is a statistical method that allows data-driven
learning to arise from conditional probabilities by exploring
relationships between variables to estimate the likelihood of
an outcome using observed data. For external validation, we
extracted the records of patients treated between 2016 and
2018 from the International Bone Metastasis Registry and
records of patients treated nonoperatively with external-
beam radiation therapy for symptomatic skeletal metastases
from 2012 to 2016 using the Military Health System Data
Repository (radiotherapy-only group). From each record,
we collected the date of treatment, laboratory values at the
time of treatment initiation, demographic data, details of
diagnosis, and the date of death. All records reported suffi-
cient follow-up to establish survival (yes/no) at 24-months
after treatment. For external validation, we applied the data
from each record to the new PATHFx models. We assessed
calibration (calibration plots), accuracy (Brier score), dis-
criminatory ability (area under the receiver operating char-
acteristic curve [AUC]).

Results The updated PATHFx version 3.0 models suc-
cessfully classified survival at each time interval in both
external validation sets and demonstrated appropriate dis-
criminatory ability and model calibration. The Bayesian
models were reasonably calibrated to the Memorial Sloan
Kettering Cancer Center training set. External validation
with 197 records from the International Bone Metastasis
Registry and 192 records from the Military Health System
Data Repository for analysis found Brier scores that were all
less than 0.20, with upper bounds of the 95% confidence
intervals all less than 0.25, both for the radiotherapy-only and
International Bone Metastasis Registry groups. Additionally,
AUC estimates were all greater than 0.70, with lower bounds
of the 95% CI all greater than 0.68, except for the 1-month
radiotherapy-only group. To complete external validation,
decision curve analysis demonstrated clinical utility. This
means it was better to use the PATHFx models when com-
pared to the default assumption that all or no patients would
survive at all time periods except for the 1-month models. We
believe the favorable Brier scores (< 0.20) as well as DCA
indicate these models are suitable for clinical use.
Conclusions We successfully updated PATHFx using
contemporary data from patients undergoing either surgical
or nonsurgical treatment for symptomatic skeletal metasta-
ses. These models have been incorporated for clinical use on
PATHFx version 3.0 (https://www.pathfx.org). Clinically,
external validation suggests it is better to use PATHFx
version 3.0 for all time periods except when deciding
whether to give radiotherapy to patients with the life

expectancy of less than 1 month. This is partly because most
patients survived 1-month after treatment. With the ad-
vancement of medical technology in treatment and diagnosis
for patients with metastatic bone disease, part of our fidu-
ciary responsibility is to the main current clinical support
tools.

Level of Evidence Level 11, therapeutic study.

Introduction

Accurate predictions of life expectancy in patients with
skeletal metastases are important to help guide appropriate
treatment selection. We previously introduced PATHFx, a
clinical decision-making support tool for physicians treat-
ing patients with metastatic disease [3]. We then externally
validated it in Scandinavian [3] and Italian patients [12].
The models were expanded to include 1-month and 6-
month survival estimates [6] and were externally validated
in Japanese patients [11]. Finally, 18-month and 24-month
models were added to provide a more complete survival
trajectory on which to base treatment decisions, which
were externally validated in Australian patients [9].

The applicability of any machine-learning tool depends
not only on successful external validation in unique patient
populations but also on remaining relevant as more effective
systemic treatments are introduced. Importantly, the original
PATHFx models were created before targeted therapies,
such as checkpoint inhibition and adoptive immunotherapy
[10], became widely used in patients with metastatic bone
disease. Over time, estimates derived by PATHFx may
underestimate survival, particularly for those with non-small
cell lung cancer [8] and other diagnoses responding to tar-
geted therapies. To date, validation studies have only fo-
cused on patients who have undergone surgical fixation to
treat impending or actual pathologic fractures. However, it
remains unclear whether PATHFx may be useful in patients
undergoing palliative therapy such as external-beam radio-
therapy for symptomatic lesions.

Therefore, we sought to (1) generate updated PATHFx
models using recent data from patients treated at one large,
urban tertiary referral center and (2) externally validate the
models using two contemporary patient populations treated
either surgically or nonsurgically with external-beam ra-
diotherapy alone for symptomatic skeletal metastases for
symptomatic lesions.

Patients and Methods

After obtaining institutional review board approval, we
collected demographic, disease-related, and outcome in-
formation from 208 patients undergoing surgical treatment
for pathologic fractures at Memorial Sloan Kettering Cancer
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Center between 2015 and 2018. These data were combined
with the original PATHFX training set (n = 189) [3] to create
the final training set (n = 397) used for this study. We created
six Bayesian belief networks designed to estimate the like-
lihood of 1-month, 3-month, 6-month, 12-month, 18-month,
and 24-month survival after treatment using the bnlearn
package in RO Version 3.5.1 (R Foundation for Statistical
Computing, Vienna, Austria).

We extracted the records of patients treated between
2016 and 2018 from the International Bone Metastasis
Registry. Launched in 2016, the International Bone
Metastasis Registry was designed to store data from patients
treated for pathologic fractures internationally. In addition,
we extracted the records of patients treated nonoperatively
with external-beam radiation therapy for symptomatic
skeletal metastases from 2012 to 2016, using the Military
Health System Data Repository (MDR), a database con-
taining patient-level details on all healthcare encounters for
military beneficiaries. From each record, we collected the
date of treatment, laboratory values at the time of treatment
initiation, demographic data, and details of diagnosis and the
date of death. All records reported sufficient follow-up to
establish survival (yes/no) at 24-months after treatment.

The International Bone Metastasis Registry contained 197
complete records. In the MDR, we identified 315 records of
patients undergoing radiotherapy for symptomatic skeletal
metastasis during the time period chosen for this study;
however, 123 lacked follow-up information to determine
survival at 24-months or were missing more than four
PATHFx variables and were therefore excluded. This left
192 radiotherapy (RT)-only records for analysis. For each
group, follow-up was sufficient to establish survival at
1 month, 3 months, 6 months, 12 months, 18 months, and
24 months after surgery or radiotherapy, as appropriate.
Other recorded variables included age at the time of surgery,
race, sex, primary oncologic diagnosis, whether the patho-
logic fracture was impending or complete, number of bone
metastases (solitary or multiple), presence or absence of
visceral (organ) metastases, presence or absence of lymph
node metastases, preradiation hemoglobin level (g/dL), pre-
radiation absolute lymphocyte count (K/mL), and radiation
oncologist-documented Eastern Cooperative Oncology
Group Performance Status. We then generated calibration
curves that plotted the predicted risk against the actual risk to
determine the accuracy of each model.

We evaluated differences between continuous variables
using the Bayes factor t-test and Welch’s t-test to compare
means using the Bayes factor library in in RO Version 3.5.1
(R Foundation for Statistical Computing, Vienna, Austria).
Differences between categorical variables were assessed
using a Bayes factor contingency table comparison (contin-
gency TableBF in R©). Similar to any other clinical decision
support tool, the development of PATHFx involves internal
validation [3] and multiple external validation sets [5, 6, 9,
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11, 12]. These previous studies provide evidence of how and
in what way the distributions vary, which can then be used to
determine whether there are meaningful statistical differ-
ences in the distributions contained in the two validation sets
used for this study. When comparing variables in the training
and validations sets, we also included the Welch’s t-test, chi-
square, and Fisher’s exact test as comparisons to Bayesian
testing, given their familiarity to most readers. Bayes factor
analysis of the of model variables demonstrated the de-
mographic and clinical features of patients in the validation
sets differed from those of patients in the training set. The
Bayes factor is not a probability but a ratio of the probability
of the alternative hypothesis (meaningful differences) to the
null hypothesis (no meaningful differences). We observed
the impact of Bayes factors on various prior probabilities to
understand what is strong versus weak evidence for the
clinical question or hypothesis.

As the size of the Bayes factor increases, so does the
strength of the evidence, supporting our belief that there are
meaningful differences between the distributions of features
between the training set (Memorial Sloan Kettering Cancer
Center) and the International Bone Metastasis Registry
(Table 1) as well as the RT-only group (Table 2). The features
with larger Bayes factors represent notable differences be-
tween the training set and the International Bone Metastasis
Registry validation set, and they included the presence of
visceral metastases, number of bone metastases, and survival
longer than 3-months, 6-months, 12-months, and 18 months.
On the other hand, differences in the RT-only validation set
included sex (more male patients), presence of lymph node
metastases, presence of visceral metastases, and number of
bone metastases. In the International Bone Metastasis
Registry validation sets, the variables with greater evidence
against the null hypothesis, as indicated by larger Bayes
factors, also had relatively low p values in corresponding
Welch’s t-test, chi-square, and/or Fisher’s exact test (Table 1).
This was also done in the RT-only validation sect (Table 2).

Some features in the validation sets had a degree of
missing data due to originating from large database sour-
ces. Notable features included lymph node metastases
(missing in 100% of the International Bone Metastasis
Registry validation set) and the surgeon’s estimate of sur-
vival (missing in 100% of the RT-only validation set), all of
which are important first-degree or second-degree pre-
dictors of survival in the PATHFx tool.

To perform external validation, we applied the data
from each record, as is, to the new PATHFx models. We
generated models containing the outcomes of 1-month, 3-
month, 6-month, 12-month, 18-month, and 24-month
survival (yes or no) and generated calibration curves that
plotted the predicted risk against the actual risk to assess the
accuracy of model predictions.

We determined the discriminatory ability of each model
in estimating the likelihood of survival at each time interval
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Table 2. Categorical variables in the training and validation sets

Pearson’s chi-squared

Fisher's test

Training set Validation set Bayes factor test (p value) (p value)
MSKCC (2003, 2018) IBMR RT
(n =397) (n=197) (n=192)
% % % IBMR vs RT vs IBMR vs RT vs
Feature Number % missing Number % missing Number % missing IBMR vs train RT vs train train train train  train
Sex
Male 170 43 0 91 46 0 123 64 0 0.26 24235.27 0.49 < 0.00 048 < 0.00
Female 227 57 106 54 69 36
Diagnosis group
1 108 27 2 72 37 0 38 20 1 1.23 0.40 0.04 0.11 0.03 0.10
2 72 18 40 20 43 22
3 211 53 85 43 110 57
Visceral metastases
Yes 247 62 <1 61 31 3 111 58 4 11141562136.00 0.22 < 0.00 0.62 <0.00 0.59
No 148 37 131 67 74 39
Lymph node
metastases
Yes 152 38 0 0 0 100 111 58 16 340223034.00 <0.00 <0.00
No 245 62 0 0 51 27
Number of bone
metastases
Solitary 112 28 0 42 21 8 26 14 0 0.39 581.04 0.23 < 0.00 022 <0.00
Multiple 285 72 140 71 166 87
ECOG performance
status
0,1,0r2 222 56 3 112 57 0 117 61 0 0.20 0.26 0.95 0.49 0.93 0.47
3or4d 164 41 85 45 75 39
Survival > 1 month
Yes 379 926 0 180 91 0 186 97 0 0.63 0.10 0.07 0.57 0.06 0.50
No 18 5 17 7 6 3
Survival > 3 months
Yes 309 78 0 126 64 0 157 82 0 93.56 0.28 < 0.00 0.32 <0.00 0.28
No 88 22 71 36 35 18
Survival > 6 months
Yes 248 63 0 95 48 0 127 66 0 43.69 0.27 0.00 0.44 0.00 0.41
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Table 2. continued

Pearson’s chi-squared Fisher’s test
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Training set Validation set Bayes factor test (p value) (p value)
MSKCC (2003, 2018) IBMR RT
(n=397) (n=197) (n=192)
% % % IBMR vs RTvs IBMRvs RTvs
Feature Number % missing Number % missing Number % missing IBMR vs train RT vs train train train train  train
No 149 38 102 52 65 34
Survival > 12 months
Yes 189 48 0 68 35 0 87 45 0 19.33 0.22 0.00 0.66 0.00 0.66
No 208 52 129 66 105 55
Survival > 18 months
Yes 134 34 0 46 23 0 63 33 0 536 0.19 0.01 0.89 0.01 0.85
No 263 66 151 77 129 67
Survival > 24 months
Yes 105 26 0 37 19 0 55 29 0 1.39 0.20 0.05 0.64 0.04 0.62
No 292 74 160 81 137 71

MSKCC = Memorial Sloan Kettering Cancer Center; IBMR = International Bone Metastases Registry; RT = radiotherapy-only group; Train = training set; Diagnosis Group 1 = Lung,
Hepatocellular, Gastric Carcinoma, and Melanoma; Diagnosis Group 2 = Sarcoma and Other Carcinoma not in Groups 1 or 3; Diagnosis Group 3 = Breast, Prostate, Thyroid, Renal
Cell Carcinoma, Myeloma, and Lymphoma
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Fig. 1 A-F The calibration curves of validation set data show the agreement between observed outcomes and those predicted by
the (A) 1-month, (B) 3-month, (C) 6-month, (D) 12-month, (E) 18-month, and (F) 24-month PATHFx models. The shaded region
depicts the 95% Cl of the predictions. Perfect calibration to the training data overlies the 45° dotted line. Each model is reasonably
well calibrated to the Memorial Sloan Kettering Cancer Center training data.

(Table 3). The decision curve analysis indicated that
models possessed clinical utility in patients undergoing
surgery and those not undergoing surgery for the
International Bone Metastasis Registry group (Fig. 2A-F)
and the RT-only group.

In this study, the models could be used rather than
assume all or none of the patients with skeletal metastatic
disease treated with surgical fixation will survive greater
than 3-months, 6-months, 12-months, 18 months, and 24-
months (Fig. 2A-F). However, for the RT-only group, the
models could be used when making decisions about
patients who survive longer than 12-months, 18 months,
or 24-months (Fig. 3A-F). Not only are decision curves
helpful in telling us when to use a model, but also they can
tell physicians when support tools such as PATHFx
should not be used. For example, for patients treated with
RT alone, a clinician may achieve better outcomes by
assuming all patients will survive longer than 1-month, 3-
months, or 6-months unless their threshold for treatment
exceeds 95%. This is the most evident for the 1-month

{J:J?@Wolters Kluwer

model when prescribing RT alone (Fig. 3A-F). This is
also seen in the surgically treated patients (Fig. 2A-F). We
found it is better to assume patients will survive 1-month
than to rely solely on the PATHFx model, partly because
more than 90% of patients in all of the sets tested in this
study (Memorial Sloan Kettering Cancer Center,
International Bone Metastasis Registry, and RT-only)
survived for longer than 1-month.

Discussion

With advancement in medical and surgical therapies, it is
necessary to risk stratify patients with metastatic bone
disease. Accurate estimates of patient survival are impor-
tant because they help determine treatment choices. Poor
decision-making impacts patient quality of life and re-
source utilization. PATHFx is a freely available clinical
support tool (https://www.pathfx.org) that provides
objective survival estimations for patients who undergo

Copyright © 2019 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.
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Fig. 2 A-F The decision curve analysis (dashed line) of the predictive models based on International Bone Metastasis Registry data
at (A) 1-month, (B) 3-months, (C) 6-months, (D) 12-months, (E) 18 months, and (F) 24 months indicates that all the models should be
used rather than assuming all patients (continuous line) or none of the patients (thick continuous line) will survive longer than the

period of each predictive model.

surgical fixation for skeletal metastases [4]. It helps guide
surgical decision-making and avoids undertreatment or
overtreatment of the disease [5]. Once a PATHFx model is
developed, it undergoes rigorous evaluation for statistical
accuracy and clinical utility. The introduction of a clinical
support tool is only the beginning of the model lifecycle.
For a tool to remain clinically relevant, it requires regular
updating. To establish appropriate model lifecycle man-
agement, we successfully linked PATHFx to a large in-
ternational registry, the International Bone Metastasis
Registry. This linkage will allow for regular model
improvements as new data become available. Finally, we
successfully applied PATHFx to patients undergoing pal-
liative radiotherapy for symptomatic metastatic bone
disease.

When evaluating the results of this study, its limitations
must be considered. Given the data used in this study, it is
possible that other statistical techniques could be used to
develop similar or superior prognostic models. Exploring
other machine-learning techniques such as gradient

boosting algorithms and decision-tree and random forest
models are slated for future projects. This may be indicated
in future studies, given that the models appeared to be
miscalibrated, slightly underestimating actual short-term
survival over the lower range of probability estimates and
overestimating long-term survival over the higher ranges.
However, we have extensive experience using Bayesian
inference for model development and application.
Opverfitting can occur with Bayesian belief networks, which
would cause the results of the decision curve analysis to be
overly optimistic. We sought to mitigate overfitting by
including a larger training set than has been previously
used for this application, in addition to two unique external
validation sets. The techniques used to establish discrimi-
natory ability and net benefit based on external validation
have been used multiple times by our study group in the
validation and external validation of PATHFx [3] and
multiple external validation sets [5, 6, 11, 12]. However,
these techniques are the minimum statistical requirements
for a clinical decision-making support tool. Meares et al.
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Table 3. Summary of the accuracy (AUC) and discriminatory ability (Brier Score) of the predictive model at each time period
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[9] compared PATHFx with six other published means of
estimating survival in patients with skeletal metastases and
found PATHFx to be most accurate for estimating 3-month
and 6-month survival in patients with femoral metastatic
bone disease. The same group found PATHFx to be the
most consistent tool, providing accurate estimates of sur-
vival at all study time periods [9].

Another limitation is that the data in the training set were
derived from a large tertiary referral center, which could
limit universal application to community centers. To miti-
gate this and ensure the models remain applicable to the
broadest international and community patient populations,
we retained the original Memorial Sloan Kettering Cancer
Center training data collected before the widespread use of
immunotherapy and targeted therapy. The diverse nature of
the training data may help explain the appearance of the
calibration curves. Future models may need to acknowledge
treatment details such as the use of immunotherapy or tar-
geted therapy, including tyrosine kinase inhibitors, and
whether the disease responds to initial treatment. Moreover,
the International Bone Metastasis Registry is an in-
ternational registry that was established in 2016. The vali-
dation and linkage of PATHFx to the International Bone
Metastasis Registry may address the question of universal
utility over time as the registry continues to grow. The RT-
only group is from a highly selective, military tertiary center
and may not represent other populations, specifically civil-
ian populations. Further external validation studies in addi-
tional RT-only patient populations (such as those in the
International Bone Metastasis Registry) is necessary before
the PATHFx models may be used in additional settings.
Both validation sets had model features with varying
degrees of missing data. However, the models retained
discriminatory ability with AUCs above the priori cutoff of
0.70 despite missing data. Previous validation sets [5, 6, 11,
12] all had missing input data. This current validation in the
presence of missing data once again highlights an advantage
of Bayesian belief networks as a machine learning method.
This form of modeling uniquely performs well in the pres-
ence of missing data.

Additionally, Bayesian hypothesis testing allows inves-
tigators to incorporate prior knowledge when comparing
groups of variables obtained from experimental observa-
tions. We chose to apply a Bayes factor analysis because
conventional parametric and nonparametric tests tend to
overstate the evidence against the null hypothesis by ig-
noring prior evidence and assuming that the null hypothesis
is true. In contrast, the Bayes factor demonstrates whether
and how beliefs derived from prior knowledge of this ex-
tensively studied patient population are altered by new data
obtained in this study [7]. New information from validation
sets allows for a better understanding of the distributions of
variables, enabling one to extend the lifecycle of PATHFx
through continued model improvement [7]. Similar to any
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Fig. 3 A-F The decision curve analysis (dashed line) of the predictive models based on RT data at (A) 1 month, (B) 3 months, (C) 6
months, (D) 12 months, (E) 18 months, and (F) 24 months indicates that all the models should be used rather than assuming all
patients (continuous line) or none of the patients (thick continuous line) will survive longer than the period of each predictive
model, except for the 1-month model where it is better to assume all survive than use the model; RT = radiotherapy-only group.

other clinical decision support tool, the development of
PATHFx involves internal validation [3] and multiple ex-
ternal validation sets [5, 6, 11, 12]. However, the differences
between each external validation set and the Memorial Sloan
Kettering Cancer Center training set indicate that PATHFx
continues to have room for improvement as a clinical sup-
port tool. As machine-learning methods continue to ad-
vance, the objective is to identify a modeling method that
can be applied to diverse patient populations such as those
chosen for this study.

On external validation, the discriminatory ability of the
PATHFx models for the International Bone Metastasis
Registry dataset and the RT-only dataset was similar those of
previous operative populations studied [3, 5, 6, 12]. Low
Brier scores and favorable decision curve analysis results
indicate that all models could be used for patients undergoing
radiotherapy; however, the 1-month model should be used
with caution and interpreted within the context of the other
five models. For the RT-only population, with the decision
curve analysis, we can derive clinical relevance and provide
evidence that when deciding to treat a patient with radio-
therapy, it is better to assume a patient will live 1-month than

Copyright © 2019 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.

to use PATHFx. With improved survival in patients with
skeletal metastases and a heightened awareness of skeleton-
related events guiding referrals, this study poses the question
as to whether a 1-month model could be defined by other
machine-learning methods or whether a 1-month model is
clinically necessary. Nevertheless, the probability estimates
for the 1-month PATHFx models are displayed in conjunc-
tion with the other timepoints, which allows the user to in-
terpret them in the context of each patient’s survival
trajectory. Despite this, we successfully showed the ability of
the PATHFx Bayesian models to function in patients treated
with radiotherapy for skeletal metastatic disease.

In summary, we found the data support upgrading the
PATHFx web site, www.pathfx.org, with version 3.0 of the
PATHFx models, to improve the lives of patients with
metastatic bone disease. The study highlights our
commitment to improving PATHFx over time as new
therapies continue to extend the lives of patients with
metastatic bone disease. Clinicians might use PATHFx
version 3.0 to provide survival estimates for patients
receiving palliative external-beam radiotherapy alone and
those receiving surgical treatment for symptomatic
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metastatic bone disease, except for 1-month survival in the
radiotherapy-only group. Although PATHFx version 3.
0 groups oncologic diagnoses together, new models are be-
ing developed to allow for patient-centered and disease-
specific (for example, breast, lung, and prostate cancer)
decision-making. Further studies continue to explore the
application of the models to other patient populations and
patients undergoing nonoperative or other palliative treat-
ments, such as cryotherapy or radiofrequency ablation of
metastatic lesions. With continued advancements in meta-
static disease care, it is our fiduciary duty to maintain up-to-
date clinical support tools to help patients and other providers
navigate these complex treatment algorithms. As machine-
learning methods advance, the objective is to identify a
modeling method that can be applied to diverse patient
populations such as those chosen for this study.
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