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Widespread adoption of electronic health records (EHR) and objectives for meaningful use have increased opportunities for
data-driven predictive applications in healthcare. These decision support applications are often fueled by large-scale,
heterogeneous, and multilevel (i.e., defined at hierarchical levels of specificity) patient data that challenge the development of
predictive models. Our objective is to develop and evaluate an approach for optimally specifying multilevel patient data for
prediction problems. We present a general evolutionary computational framework to optimally specify multilevel data to predict
individual patient outcomes. We evaluate this method for both flattening (single level) and retaining the hierarchical predictor
structure (multiple levels) using data collected to predict critical outcomes for emergency department patients across five
populations. We find that the performance of both the flattened and hierarchical predictor structures in predicting critical
outcomes for emergency department patients improve upon the baseline models for which only a single level of
predictor—either more general or more specific—is used (p < 0 001). Our framework for optimizing the specificity of multilevel
data improves upon more traditional single-level predictor structures and can readily be adapted to similar problems in
healthcare and other domains.

1. Introduction

Rapid accumulation of electronic health record (EHR) data
and emphasis on meaningful use of health information
technology (HIT) [1] has given rise to many modeling
applications that attempt to predict individual patient out-
comes. The majority of these prognostic models target
clinical outcomes (e.g., mortality, acute myocardial infarc-
tion, and septic shock); however, others aim at predicting
service-oriented outcomes that span operations (e.g., wait
times and length of stay), cost, quality, and patient satis-
faction [2–10]. Regardless of outcome, these models aim
at improving healthcare delivery by supporting provider
and organizational decision-making.

EHRs are a valuable source of input data commonly
leveraged for these predictive applications. However, the
heterogeneity, large-scale nature, and variability in data entry
create challenges with respect to how to optimally specify
these data for predictive models. Multilevel data describing
patients’ clinical conditions and medical interventions are
commonly hypothesized predictors available in EHRs, but
present unique challenges for model specification.

Multilevel data describes individual patient charac-
teristics at multiple levels of specificity (see Table 1). For
example, the International Classification of Diseases (e.g.,
9th Revision, Clinical Modification or ICD-9-CM) contains
more than 14,000 diagnosis codes and 3900 procedure codes
used to classify the conditions of patients and the services
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they receive [11]. Diagnoses and procedure codes have
inherent hierarchical structure represented by digits and
decimals. For example, ICD-9-CM code 038.12 may be
deconstructed from the lowest-to-highest level of specificity
in the following manner:

(i) Level 1: 001–139 infectious and parasitic diseases

(ii) Level 2: 030–041 other bacterial diseases

(iii) Level 3: 038 septicemia

(iv) Level 4: 038.1 staphylococcal septicemia

(v) Level 5: 038.12 methicillin-resistant Staphylococcus
aureus septicemia

Tools such as the U.S. Agency for Healthcare Research
and Quality’s Clinical Classifications Software (CCS) may
similarly introduce their own conceptual structure [12].
Documentation of medical history and chronic conditions
is also defined by a multilevel structure (see Table 1), for
example, “diabetes” (low specificity) or type I, type II, or
gestational diabetes (high specificity). Medications provide
additional examples, for which definitions can be more
general classes (e.g., antibiotics), more specific subclasses
(e.g., penicillin), or somewhere in between (e.g., broad
versus narrow spectrum).

Hypotheses may be generated about the level of specific-
ity needed to best differentiate patients with respect to the
outcome predicted. However, often, it is unclear which level
will be most effective. Further, the optimal level of specificity
may change for different outcomes or even the same outcome
in different populations. For example, there is a substantial
body of work involving the prediction of readmission for
patients who undergo coronary artery bypass graft (CABG)
surgery [13–16]. In much of this work, there are risk factors
for comorbidities, medications, and complications that could
be defined more generally or more specifically, and minimal
rationale was provided about how these modeling decisions
affected model performance. In addition, the optimal levels
of specification for these risk factors for predicting readmis-
sion rates for CABG patients may not translate to predicting
a different outcome such as mortality.

In many cases, the specification of multilevel data is
hypothesis driven, in that an initial judgment on the appro-
priate level of specificity is made and that specification is
retained throughout the modeling process. We propose a
framework for learning the appropriate level(s) of specificity
from data, and we evaluate the trade-offs of flattening or
retaining the hierarchical structure of these multilevel predic-
tor data. In the first case (i.e., flattening), general and specific
categories are collapsed into a single mutually exclusive level.
Patients are initially placed in their most general category,
and then patients with indications for more specific catego-
ries are extracted from their general categories. In this case,
there is a fundamental change in the structure of the multi-
level data, as patients with the same general category are
now distinct from one another (i.e., some patients in the
general category will retain that category, while others will
convert to a more specific category). This redefinition
differentiates this problem from a simple feature selection
problem, whereby categories that contribute to the predictive
performance (with respect to the desired outcome) are
retained and others are excluded. In the case for which the
hierarchical structure is retained, patients with indications
for more specific categories will also retain indications for
their general category.

There has been previous research focused on modeling
with multilevel data structures, particularly in the areas of
political science, psychology, sociology, public health, and
education [17–23]. In this work, the notion of multilevel data
relates to predictors that are collected at multiple hierarchical
levels, for example, at individual and group levels (e.g., class,
school, department, organization, and district). For example,
Burstein [22] proposes a structure in which background,
educational process, and outcome variables are measured at
the individual (i.e., student) and group (e.g., community,
school, and district) levels. Similar types of research exists
in the healthcare space, with much of it falling within the
health service research subfield [24–28]. For example, Sjetne
et al. [28] developed a model to explain the variation in
patient satisfaction (measured as percentage ratings across
10 categories) as a function of both individual patient (e.g.,
age, gender, education level, and length of stay) and hospital
(size and teaching status) characteristics. The bulk of the

Table 1: Common multilevel predictor data available in electronic health records.

Multilevel predictors Description Examples

Reasons for visit
Descriptors of the reason for the healthcare system

encounter
Ambulatory care chief complaints; inpatient admission

diagnoses

Diagnoses
Descriptors of patients’ differential or final diagnosis

departing the healthcare system
International classification of disease codes (e.g., ICD-10);

read codes

Medical history
Descriptors of previous medical history and chronic

conditions
EHR problem lists (e.g., diabetes, previous coronary

artery bypass graft (CABG), hypertension)

Diagnostic and
therapeutic procedures

Descriptors of diagnostic and therapeutic courses of
action taken

Procedure coding system (ICD-10-PCS), surgical
procedures, rehabilitation

Diagnostic exams Descriptors of medical tests conducted Laboratory exams, imaging exams, physical exams

Medication Descriptors of medications administered
US Food and Drug Administration Drug Class

(e.g., opioids and hydrocodone)

Administrative Descriptor of the administrative status of patients Inpatient, outpatient, observation
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existing research on multilevel data follows this approach
and is inherently different from the problem that we present.
In our approach, we focus only on data specified at the
individual (patient) level, albeit at varying levels of specificity.

In the computer science field, there have been some
recent works that are more closely related [29, 30]. Schulam
and Saria [29] developed a learning framework to predict
clinical trajectories using information measured at multiple
levels of specificity (i.e., population, subpopulation, and
individual). This general approach is similar to the aforemen-
tioned research, but the key difference is that their proposed
method learns the relative importance of each level of the
hierarchical structure, based on its ability to predict the
desired outcome. In Choi et al. [30], the authors develop a
graph-based attention model (GRAM) that leverages an
existing hierarchical system (such as ICD or CCS) to predict
diagnosis and heart failure outcomes. The attention mecha-
nism primarily balanced the need for specificity of informa-
tion with the observed sample size of that predictor in the
training data. This approach was designed to address a
specific limitation of deep learning models (in healthcare)
that typically lack the requisite sample size for accurate
training. Overall, our objective is similar in that we develop
a learning framework for adapting hierarchical data struc-
tures for individual patient predictions, and this previous
work underscores the need to develop such methods. How-
ever, we believe that our approach is more easily applied
and more flexible and preserves the hierarchical predictors
for interpretation by practitioners.

In the next section of this article, we define the general
evolutionary computation (EC) framework. Then, we dem-
onstrate the performance of this approach in predicting
critical outcomes for emergency patients across five patient
populations. After that, we discuss the implications of this
approach and how it can be applied more broadly. Lastly,
we conclude with some final thoughts and some proposals
for future development.

2. Methods

We present a general EC framework for optimizing mul-
tilevel data for predictive modeling. This framework is
suitable for both classification and regression problems.
First, we introduce the reader to a case study of predicting
critical outcomes for emergency department patients, which
provides a specific context for which to present the frame-
work. Then, we describe the framework itself, which can be
readily adapted to other applications within healthcare and
other domains.

2.1. Case Study: Predicting Critical Outcomes for Emergency
Department Patients. Emergency Departments (EDs) have
experienced a surge of patient volume to over 136 million
visits annually in the United States (US) [31]. This has
exacerbated the ED crowding crisis and places patients at
undue risk of adverse events associated with delays in care
[32, 33]. EDs are required to see all comers, thus patients
must be quickly evaluated at presentation to determine the
urgency of care needs. This process is called triage and has

standards in place that require the provider to record the
patient’s demographics (age, gender), elicit a chief complaint
(i.e., reason for visit), and measure vital signs (heart rate,
respiratory rate, temperature, blood pressure, and oxygen
saturation). Triage standards in the US require clinicians to
apply the Emergency Severity Index (ESI), an algorithm used
to assign patients to a 5-level scale from 1 (high severity;
need for immediate treatment) to 5 (low severity; nonur-
gent) [34]. ESI relies heavily on provider judgment, is subject
to high variation [35], and poorly differentiates a large
majority group (ESI level 3), counter to the true objective
of the triage [36, 37].

Thus, an alternative, outcome-based approach for
conducting triage has been developed and is being used in
several EDs in the US [37, 38]. A key component of this
data-driven approach involves predicting critical care events
for ED patients based on the information collected at presen-
tation. Here, we define a critical care event as a composite
and binary outcome that includes in-hospital mortality,
direct admission to a hospital intensive care unit, or emer-
gent surgery or catheterization for the same patient stay.
These outcomes are analogous to the types of outcomes that
would require immediate action on the part of care providers
when the patient arrives in the ED and correspond to the
most urgent ESI levels (i.e., one and two). This critical care
event is the outcome that we aim to predict with our model.

In this study, we apply our EC framework to optimize
multilevel predictors—specifically chief complaints—for
predicting critical care events for ED patients. This predic-
tion model utilizes the same information that is collected
for the traditional triage process and includes the age, gender,
and arrival mode of the patient, along with the aforemen-
tioned vital signs and the chief complaints that will be
optimized using our EC framework. The vital signs were
(nonuniformly) discretized into clinically meaningful catego-
ries, including a dedicated category for missing information
[37, 38]. We summarize the categorical predictor variables
in Table 2.

We apply our method across five patient populations,
including a large, urban academic medical center (ACAD),
a medium-sized community hospital (COMM), interna-
tional hospitals in Brazil (BRAZIL) and the United Arab
Emirates (UAE), and the nationally representative National
Hospital Ambulatory Medical Care Survey (NAT). We pro-
vide summary characteristics of these five patient popula-
tions in Table 3.

2.2. General Evolutionary Computation Framework. Evolu-
tionary computation is a class of metaheuristic algorithms
that mimic biological processes to solve difficult optimization
problems [39]. Relative to exact algorithms, evolutionary
algorithms are stochastic and are not guaranteed to find
global optima; however, they work well in practice and can
provide good solutions within manageable computation
times. In addition, evolutionary algorithms provide a flexible
framework that can be readily adapted to different types of
problems or variations of similar problems.

Specifically, we utilize a genetic algorithm (GA) to search
for the optimal combination of complaints and complaint
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categories, for which the complaints represent more spe-
cific information on each patient’s reason for visit and
the complaint categories combine specific complaints into
clinically meaningful groups. GAs imitate the process of
natural selection, whereby stronger candidate solutions sur-
vive and weaker candidate solutions are eliminated [40].
We implemented our GA using the distributed evolutionary
algorithms in Python package [41].

For this application of a GA, candidate solutions in the
population are represented by binary bit strings of length
n—where n represents the number of specific complaints—
for which each bit bi represents whether a specific complaint
is excluded (0) or selected (1) as a predictor in the classifica-
tion model for the critical care outcome in ED patients. We
include all aforementioned age, gender, arrival mode, and
complaint categories in the prediction model and therefore
do not need to include them in the search process. The
population contains N candidate solutions, each of which is
initialized with randomly generated 0 and 1 values (i.e., a
random selection of specific complaints). For each genera-
tion, a subset of the population is selected via a tournament
selection scheme for crossover operations. Uniform cross-
over is ideal for this application (as opposed to other com-
mon crossover operations such as single- or multipoint
crossover) because there is minimal advantage in preserving
contiguous blocks of chromosomes (i.e., each selected com-
plaint is essentially independent from the others). Once
crossover is completed, a subset of candidate solutions in
the new generation is selected for mutation. We utilize a sim-
ple bit flip operation for mutation, which inverts a subset of
complaint bits within each candidate solution. For example,
complaints selected for mutation that are currently excluded
become selected, and complaints selected for mutation that
are currently selected become excluded. We summarize the
representation of candidate solutions and the crossover and
mutation operations in Figure 1. Control parameters for the

GA (summarized in Table 4) were selected via experimenta-
tion to maintain the diversity of the population and prevent
premature convergence toward a suboptimal solution. In
general, there is evidence that a broad range of control
parameters leads to good performance [42]; therefore, it
was determined that comprehensive experimentation with
these parameters would add little value and be computa-
tionally prohibitive for this application.

We model the fitness of each candidate solution using
5-fold cross-validated area under the receiver operating
characteristics curve (AUC, also commonly referred to as
the C statistic), which is a standard measure of predictive
performance for classification models [43]. We use logistic
regression for the classification estimator for two reasons.

Table 3: Patient population summary.

ACAD COMM BRAZIL UAE NAT

Sample size 104.5 K 144.9 K 94.8 K 103.5 K 74.6 K

Unique complaints 686 616 358 288 649

Critical outcome prevalence 3.45% 3.48% 3.00% 1.68% 3.05%

Table 2: Summary of categorical predictor variables (abnormal ranges indicated in bold).

Predictor Categories Ranges/categories

Age 8 18–29, 30–39, 40–49, 50–59, 60–69, 70–79, 80–89, >90
Gender 2 Male, female

Arrival mode 2 Via ambulance, walk in

Temperature (°F)∗ 6 <94.8, 94.8–96.1, 96.1–99.2, 99.2–100.4, >100.4
Pulse (bpm)∗ 8 <49, 49–59, 59–105, 105–109, 109–119, 119–129, >129
Respiratory rate (bpm)∗ 6 <13, 13-14, 14–19, 19–23, >23
Blood pressure (mmHG)∗ 6 <99, 99–106, 106–176, 176–199, >199
Oxygen saturation (%)∗ 4 <93, 93-94, >94
∗Each vital sign also includes an additional category for missing data.

1 0 1 1 0 1 0 1 0 0 1 0 0 1 … 1 0 0 1 0 0 1 0 1 0 1 0

1 0 1 1 0 1 0 1 0 0 1 0 0 1 … 1 0 0 1 0 0 1 0 1 0 1 0

Abdominal pain

Abdominal mass
Wound check

Candidate solution representation

Uniform crossover

Bit flip mutation

0 1 1 0 1 0 1 0 1 0 1 1 1 0 … 0 1 0 1 1 0 1 1 0 0 0 1

1 0 1 1 0 1 0 1 0 0 1 0 0 1 … 1 0 0 1 0 0 1 0 1 0 1 0

1 0 0 1 0 1 0 1 0 1 1 0 0 1 … 1 0 0 1 1 0 1 0 1 0 1 0

Figure 1: Genetic algorithm representation and recombination
operators.
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First, logistic regression is a deterministic algorithm and
therefore does not confound the performance of the GA
as would a stochastic ensemble approach such as a ran-
dom forest or boosting algorithm. Second, logistic regres-
sion is computationally efficient and therefore allows the
GA to explore more generations of candidate solutions
for a fixed computation budget.

The specific calculation of fitness depends on the model-
ing approach for the multilevel data. For the flattening
approach, patients only have a positive indication for either
a selected complaint or a selected complaint category.
Patients with a selected complaint are removed from their
corresponding complaint category before the classification
model is trained. For example, suppose a complaint for
abdominal cramping is selected, which belongs to the more
general abdominal pain category. Therefore, patients with
the specific abdominal cramping complaint will be removed
from the more general abdominal pain category. Patients
with complaints that are not selected (e.g., abdominal mass
in Figure 1) retain positive indications for the corresponding
complaint category (i.e., abdominal pain for this example).
This structure maintains a single, mutually exclusive, level
for the chief complaint predictor. By contrast, the hierarchi-
cal approach retains positive indications for the correspond-
ing complaint category regardless of whether a specific
complaint is selected or not. For example, patients with
abdominal cramping will have positive indications for both
the specific complaint and the corresponding complaint
category (abdominal pain). Once the chief complaint spec-
ification has been updated for each candidate solution
(based on the selected complaints), we calculate the 5-fold
cross-validated AUC for the critical care outcome using
logistic regression as the classification algorithm and the
age, gender, arrival mode, complaint categories, and selected
complaints as predictors. The top N candidate solutions with
respect to fitness are retained for the next generation, and the
process terminates when it reaches the prespecified number
of generations.

2.3. Model Evaluation. We run our GA using the flattened
and hierarchical fitness functions for each of the five
patient populations and compare the performance of the
best-found solutions with two baseline models. The first

baseline model only includes the specific complaints for
the classification model, whereas the second baseline model
only uses complaint categories. We utilize DeLong’s method
to evaluate the statistical differences in fitness function values
between our EC approach and the baseline models [44]. In
addition, we evaluate the performance of each model for
specific subgroups of patients using a bullseye analogy, in
order to characterize any performance differences across
relevant subsets of the population.We define the inner region
as patients who are directly affected because their specific
complaint is selected by the GA. The middle region contains
patients who are indirectly affected by a change in their
complaint category. Although their specific complaint is
not selected, the composition of their complaint category is
altered because some patients within the complaint category
are treated differently. Finally, the outer region contains
patients with no direct connection to patients with selected
complaints and is only affected by the overall classification
model. We also compare differences in the predicted proba-
bilities for each subgroup between the GA and the baseline
models.

In addition to overall model performance, we explore the
selected and excluded complaints themselves, which can pro-
vide valuable insight as to which complaints are meaningful
in this specific context. An advantage of an EC approach is
that each candidate solution—and particularly the strongest
candidate solutions—provides feedback about the impor-
tance of specific complaints. We compare the selected com-
plaints between the flattened and hierarchical approaches
for a given population, and we also attempt to draw compar-
isons across the five populations.

3. Results

We first present detailed results for the academic hospital
and then summarize the results for the other ED populations.
In Figures 2 and 3, we summarize the bullseye performance
for the flattened and hierarchical approaches, respectively,
relative to the two baseline models. We note here that
separate figures are required for the comparison due to
the distinct selection of complaints by each approach
and therefore distinct specifications of the inner, middle,
and outer subpopulations.

Overall, both GA approaches demonstrate a statistically
significant improvement in the overall 5-fold cross-
validated AUC relative to the baseline models (p < 0 001 for
the both cases), so there is a benefit to including both specific
and categorized complaint information for this application.
In addition, statistically significant improvements were
observed for all subgroups relative to the baseline model with
complaints only and for the inner and middle subgroups rel-
ative to the baseline model with categorized complaints only.
These results suggest that the GAs achieved improvements
for multiple subgroups in the population without sacrific-
ing the model’s performance on other subgroups.

In Figure 4, we summarize the differences in predicted
probabilities for the hierarchical approach relative to the
baseline models. The results for the flattened approach are
very similar (not shown). One notable difference is that the

Table 4: Summary table of genetic algorithm control parameters
and operators.

Parameter Setting

Population size (N) 40

Number of generations 100

Selection Tournament (k = 3)

Crossover operation Uniform

Crossover rate 0.6

Mixing ratio 0.2

Mutation operation Bit flip

Mutation rate 0.2

Bit flip rate 0.05
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predicted probabilities for patients in the inner subgroup are
frequently adjusted relative to the baseline model with cate-
gorized complaints only. These adjustments are the direct
effect of including more specific information (i.e., com-
plaints) in addition to the categorized complaints. Therefore,
some patients are shifted toward being a higher risk of a
critical care outcome, and others are shifted toward a lower
risk, depending on their specific (rather than categorized)
complaint. The other notable difference is the significant
frequency of adjustments to predicted probabilities for the
middle subgroup of patients relative to the baseline model
with specific complaint information. The predicted probabil-
ities for these patients are adjusted by augmenting specific
complaint information with categorized complaints. Mini-
mal changes are made to the predicted probabilities for the
outer subgroups that are not directly affected by the selection
of specific complaints.

The performances of the flattened and hierarchical
approaches on the four other patient populations were quite
similar to their performances on the academic hospital
patient population. Specifically, both approaches achieved
a statistically significant improvement in overall 5-fold
cross-validated AUC relative to the baseline models. In
addition, both approaches consistently achieved statistically
significant improvements relative to the baseline model
with categorized complaints only for the inner bullseye
subgroup and relative to the baseline model with com-
plaints only for the middle bullseye subgroups (i.e., the
subgroups most directly affected by the EC approach).
Statistically significant improvements were observed for
other bullseye subgroups, but these improvements were
not consistent across all populations. Finally, there were
more adjustments for predicted probabilities relative to
the baseline model with categorized complaints only than

Baseline
complaints only

0.8395⁎⁎⁎

0.7089⁎⁎

0.8768⁎⁎⁎

0.8468⁎

(a)

Baseline
categorized complaints only

0.8330⁎⁎⁎

0.7150⁎⁎⁎

0.8803⁎

0.8328⁎⁎⁎

(b)

Flattened
genetic algorithm

0.8433

0.7184

0.8836

0.8478

(c)

Figure 2: Bullseye performance for baseline models (with specific complaints only and complaint categories only, resp.) and flattened genetic
algorithm for the academic hospital. Overall performance is indicated outside of the bullseye. Statistical significance for the difference in
5-fold cross-validated AUC (using DeLong’s method) between the flattened genetic algorithm approach and the corresponding baseline
models is indicated by ∗∗∗ for p < 0 001, ∗∗ for p < 0 01, and ∗ for p < 0 05.

Baseline
complaints only

0.8395⁎⁎⁎

0.7293⁎⁎

0.8266⁎⁎

0.8747⁎

(a)

Baseline
categorized complaints only

0.8330⁎⁎⁎

0.7339⁎⁎⁎

0.8308⁎

0.8587⁎⁎⁎

(b)

Hierarchical
genetic algorithm

0.8433

0.7358

0.8327

0.8758

(c)

Figure 3: Bullseye performance for baseline models (with specific complaints only and complaint categories only, resp.) and hierarchical
genetic algorithm for the academic hospital. Overall performance is indicated outside of the bullseye. Statistical significance for the
difference in 5-fold cross-validated AUC (using DeLong’s method) between the flattened genetic algorithm approach and the
corresponding baseline models is indicated by ∗∗∗ for p < 0 001, ∗∗ for p < 0 01, and ∗ for p < 0 05.
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the baseline model with complaints only, particularly for
the inner bullseye subgroup.

Overall, there is minimal difference between the per-
formance of the flattened and hierarchical approaches,
and there is no significant difference across any of the five
populations (see Table 5). In addition, there are similar
effects on predicted probabilities (as in Figure 4), in that
the most substantial effects are differences for the inner
subgroup relative to the baseline model with categorized
complaints only and for the middle subgroup relative to
the baseline model with complaints only.

Despite the similarities in performance, there are some
key differences between the two approaches. Training
times are much faster for the hierarchical approach (see
Table 5), as there is no restructuring of the multilevel data
as for the flattened approach. On the other hand, the
flattened approach has the advantage of reducing the
dimensionality of the data into a single level, which could
improve run times once the multilevel structure has been
reduced into a flattened format. We note, however, that
prediction times using either trained model would be very
fast. Finally, there is significant disagreement among the

selected complaints for a given population (see Table 5).
In general, the two approaches only agree on approxi-
mately 55–60% of the complaints to either exclude or
select in the predictive model for critical outcomes for ED
patients. The remaining complaints were uniquely selected
by only one approach.

4. Discussion

This EC approach demonstrates a statistically significant
improvement over single-levelmodels that use only complaint
or categorized complaint information. These improvements
are significant not only for the overall population, but for
directly affected subgroups within the population without
sacrificing performance on others. It is important to note
that these improvements, although seemingly small in
magnitude, would have a significant impact over the large
volume of patients who visit the ED. Similar (in magnitude)
improvements were observed in previous work relative to
their selected baseline models [29, 30], although their
performance was only evaluated at the overall (not the
subgroup) level.
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In addition to the performance improvements, this
approach reduces the dimensionality of multilevel features.
For the flattened approach, multilevel data is collapsed into
a single mutually exclusive level. This is advantageous when
population size may limit the number of predictor variables
that can be meaningfully included. For the hierarchical
approach, excluded complaints are pruned from the multi-
level data structure. Once enforced, these reductions in
dimensionality can facilitate faster development of prediction
models, including algorithm selection, parameter tuning,
cross-validation, testing, and prediction. The output from
these feature selection approaches also provides practitioners
with important feedback about the relevance of specific
information in the context of a particular outcome. We
believe that feature selection—as opposed to using an atten-
tion mechanism—has advantages in interpretation over
previous approaches.

It is unclear whether the uniquely selected complaints are
meaningful in the context of a specific complaint structure
(i.e., flattened or hierarchical), or if they are simply insignifi-
cant artifacts of the stochastic GA. However, jointly selected
complaints have strong support that they are meaningful
for a particular outcome, and jointly unselected complaints
have strong support that they are not meaningful. Potential
improvements to this approach may involve a hybrid solu-
tion that leverages output from both approaches. For exam-
ple, select complaints for the prediction model only if they
are jointly selected by both approaches. Or alternatively,
select complaints for the prediction model only if they are
selected by at least one approach and they meet some mini-
mum sample size requirement.

The stochastic nature of the evolutionary approach
may raise questions about its reliability. However, the top
candidate solutions for a given run consistently select the
same complaints to exclude or include in the prediction
model. Very few complaints (<10% for each population)
are inconsistently excluded or selected in the prediction
model, and for many of these cases, the complaints lean
strongly toward being excluded or included (e.g., bladder
pain was included in 19 of 20 of the top candidate solutions
for the academic hospital).

5. Conclusion

In this study, we propose an EC framework for the speci-
fication of multilevel data for predictive models. This
framework is easy to implement, leverages readily available
open-source software, and can be adapted to optimize speci-
fication of multilevel data for many predictive applications.
This includes the flexibility to accommodate other evolution-
ary algorithms (e.g., random mutation hill climbing and
simulated annealing). The representation of candidate solu-
tions (i.e., binary bit strings) would most likely be similar,
and selection, crossover, and mutation operations (and
associated control parameters) can be adjusted according to
performance. Further, alternative fitness functions may be
applied in place of the 5-fold cross-validated AUC. For
example, a different cross-validation scheme (e.g., train-
test split and stratified cross validation), estimator (e.g.,
classification tree and regression estimator), or performance
measure (e.g., classification accuracy, R2) could readily be
substituted into the framework. In addition, alternate types

Table 5: Comparison of results generated from flattened and hierarchical approaches across five patient populations.

(a)

Flattened
ACAD COMM BRAZIL UAE NHAMCS

Overall AUC 0.8431 0.8361 0.8261 0.8820 0.8429

Training time (hr) 42.47 78.67 19.89 15.00 29.06

Selected complaints (%) 48.3 52.8 53.4 59.0 49.9

(b)

Hierarchical
ACAD COMM BRAZIL UAE NHAMCS

Overall AUC 0.8433 0.8364 0.8260 0.8819 0.8436

Training time (hr) 4.93 8.91 3.46 3.27 3.09

Selected complaints (%) 49.3 64.6 55.6 55.6 46.4

(c)

Comparison

Difference in overall AUC (p value) 0.6144 0.2210 0.7022 0.3622 0.2579

Jointly selected complaints (%) 28.1 33.1 32.4 37.5 27.5

Jointly excluded complaints (%) 30.6 27.6 23.5 22.9 31.2
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of preprocessing—similar to the dynamic restructuring of
multilevel data for the flattening approach—can be inserted
prior to the computation of the fitness function, which is a
noted advantage over other feature selection approaches.

We focus here on the specific application of specifying
complaint information for predicting critical outcomes for
ED patients; however, this approach is generalizable to many
types of multilevel data within healthcare. For example, the
other key component of the electronic triage algorithm
requires prediction of admission outcomes for ED patients.
We have applied this framework to this prediction problem
as well, and the results are quite similar to those reported here
for the critical care outcome.

Disclosure

This work was presented at the INFORMS International
Conference in 2016 [45]. It was an oral presentation.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this article.

Acknowledgments

The authors would like to acknowledge Sara de Ramirez
(Johns Hopkins University), Paulo Schmitz (Hospital
Moinhos de Vento), and Xavier Anton (Abu Dhabi Health
Services Company) for their assistance in providing access
to individual (and deidentified) patient data for this study.

References

[1] S. S. Jones, R. S. Rudin, T. Perry, and P. G. Shekelle, “Health
information technology: an updated systematic review with a
focus on meaningful use,” Annals of Internal Medicine,
vol. 160, no. 1, pp. 48–54, 2014.

[2] K. C. Johnston, A. F. Connors, D. P. Wagner et al., “A
predictive risk model for outcomes of ischemic stroke,” Stroke,
vol. 31, no. 2, pp. 448–455, 2000.

[3] A. Green and S. Davis, “Toward a predictive model of patient
satisfaction with nurse practitioner care,” Journal of the
American Academy of Nurse Practitioners, vol. 17, no. 4,
pp. 139–148, 2005.

[4] C. A. Powers, C. M. Meyer, M. C. Roebuck, and B. Vaziri,
“Predictive modeling of total healthcare costs using phar-
macy claims data: a comparison of alternative econometric
cost modeling techniques,” Medical Care, vol. 43, no. 11,
pp. 1065–1072, 2005.

[5] P. P. Tekkis, A. J. Senagore, and C. P. Delaney, “Conversion
rates in laparoscopic colorectal surgery: a predictive model
with, 1253 patients,” Surgical Endoscopy, vol. 19, no. 1,
pp. 47–54, 2005.

[6] S. Harbarth, H. Sax, I. Uckay et al., “A predictive model for
identifying surgical patients at risk of methicillin-resistant
Staphylococcus aureus carriage on admission,” Journal of
the American College of Surgeons, vol. 207, no. 5, pp. 683–
689, 2008.

[7] N. Tangri, L. A. Stevens, J. Griffith et al., “A predictive model
for progression of chronic kidney disease to kidney failure,”
JAMA, vol. 305, no. 15, pp. 1553–1559, 2011.

[8] J. Billings, I. Blunt, A. Steventon, T. Georghiou, G. Lewis,
and M. Bardsley, “Development of a predictive model to
identify inpatients at risk of re-admission within 30 days of
discharge (PARR-30),” BMJ Open, vol. 2, no. 4, article
e001667, 2012.

[9] S. Barnes, E. Hamrock, M. Toerper, S. Siddiqui, and S. Levin,
“Real-time prediction of inpatient length of stay for discharge
prioritization,” Journal of the American Medical Informatics
Association, vol. 23, no. e1, pp. e2–e10, 2016.

[10] A. L. Hill, D. I. S. Rosenbloom, E. Goldstein et al., “Real-time
predictions of reservoir size and rebound time during antire-
troviral therapy interruption trials for HIV,” PLoS Pathogens,
vol. 12, no. 4, article e1005535, 2016.

[11] World Health Organization, ICD-9-CM: International Clas-
sification of Diseases, 9th Revision: Clinical Modification,
Medicode, Salt Lake City, UT, USA, 1998.

[12] A. Elixhauser, C. Steiner, and L. Palmer, Clinical Classifications
Software (CCS), 2014, April 2016, http://www.hcup-us.ahrq
.gov/toolssoftware/ccs/ccs.jsp.

[13] M. Engoren, R. H. Habib, J. J. Dooner, and T. A. Schwann,
“Use of genetic programming, logistic regression, and artificial
neural nets to predict readmission after coronary artery bypass
surgery,” Journal of Clinical Monitoring and Computing,
vol. 27, no. 4, pp. 455–464, 2013.

[14] E. L. Hannan, Y. Zhong, S. J. Lahey et al., “30-day readmissions
after coronary artery bypass graft surgery in New York state,”
JACC: Cardiovascular Interventions, vol. 4, no. 5, pp. 569–
576, 2011.

[15] J. D. Price, J. L. Romeiser, J. M. Gnerre, A. L. W. Shroyer, and
T. K. Rosengart, “Risk analysis for readmission after coronary
artery bypass surgery: developing a strategy to reduce readmis-
sions,” Journal of the American College of Surgeons, vol. 216,
no. 3, pp. 412–419, 2013.

[16] R. D. Stewart, C. T. Campos, B. Jennings, S. S. Lollis,
S. Levitsky, and S. J. Lahey, “Predictors of 30-day hospital
readmission after coronary artery bypass,” The Annals of
Thoracic Surgery, vol. 70, no. 1, pp. 169–174, 2000.

[17] M. R. Steenbergen and B. S. Jones, “Modeling multilevel data
structures,” American Journal of Political Science, vol. 46,
no. 1, pp. 218–237, 2002.

[18] H. Goldstein and R. P. McDonald, “A general model for the
analysis of multilevel data,” Psychometrika, vol. 53, no. 4,
pp. 455–467, 1988.

[19] G. Affleck, A. Zautra, H. Tennen, and S. Armeli, “Multilevel
daily process designs for consulting and clinical psychology:
a preface for the perplexed,” Journal of Consulting and Clinical
Psychology, vol. 67, no. 5, pp. 746–754, 1999.

[20] B. Muthén, “10. Latent variable modeling of longitudinal and
multilevel data,” Sociological Methodology, vol. 27, no. 1,
pp. 453–480, 1997.

[21] A. V. Diez-Roux, “Multilevel analysis in public health
research,” Annual Review of Public Health, vol. 21, no. 1,
pp. 171–192, 2000.

[22] L. Burstein, “Chapter 4: the analysis of multilevel data in
educational research and evaluation,” Review of Research in
Education, vol. 8, no. 1, pp. 158–233, 1980.

[23] J. B. Schreiber and B. W. Griffin, “Review of multilevel model-
ing and multilevel studies in The Journal of Educational

9Journal of Healthcare Engineering

http://www.hcup-us.ahrq.gov/toolssoftware/ccs/ccs.jsp
http://www.hcup-us.ahrq.gov/toolssoftware/ccs/ccs.jsp


Research (1992-2002),” The Journal of Educational Research,
vol. 98, no. 1, pp. 24–34, 2004.

[24] N. Rice and A. Leyland, “Multilevel models: applications to
health data,” Journal of Health Services Research & Policy,
vol. 1, no. 3, pp. 154–164, 1996.

[25] A. Aiello, A. Garman, and S. B. Morris, “Patient satisfaction
with nursing care: a multilevel analysis,” Quality Management
in Health Care, vol. 12, no. 3, pp. 187–190, 2003.

[26] A. Woods, “Multilevel modelling in primary care research,”
The British Journal of General Practice, vol. 54, no. 504,
pp. 560-561, 2004.

[27] Y.-W. B. Wu and P. J. Wooldridge, “The impact of centering
first-level predictors on individual and contextual effects in
multilevel data analysis,” Nursing Research, vol. 54, no. 3,
pp. 212–216, 2005.

[28] I. S. Sjetne, M. Veenstra, and K. Stavem, “The effect of hospital
size and teaching status on patient experiences with hospital
care: a multilevel analysis,” Medical Care, vol. 45, no. 3,
pp. 252–258, 2007.

[29] P. Schulam and S. Saria, “A framework for individualizing pre-
dictions of disease trajectories by exploiting multi-resolution
structure,” in Proceedings of the 28th International Conference
on Neural Information Processing Systems, vol. 1, pp. 748–756,
MIT Press, Cambridge, MA, USA, 2015.

[30] E. Choi, M. T. Bahadori, L. Song, W. F. Stewart, and J. Sun,
“GRAM: graph-based attention model for healthcare repre-
sentation learning,” in Proceedings of the 23rd ACM SIGKDD
International Conference on Knowledge Discovery and Data
Mining, pp. 787–795, Halifax, NS, Canada, 2017.

[31] U.S. Centers for Disease Control and Prevention, National
Hospital Ambulatory Medical Care Survey: Emergency
Department Summary Tables, 2011, October 2016, http://
www.cdc.gov/nchs/data/ahcd/nhamcs_emergency/2011_ed_
web_tables.pdf.

[32] Hospital-Based Emergency Care: At the Breaking Point.
Institute of MedicineDecember 2016 http://www.national
academies.org/hmd/Reports/2006/Hospital-Based-Emergency-
Care-At-the-Breaking-Point.aspx.

[33] S. L. Bernstein, D. Aronsky, R. Duseja et al., “The effect of
emergency department crowding on clinically oriented out-
comes,” Academic Emergency Medicine, vol. 16, no. 1, pp. 1–
10, 2009.

[34] N. Gilboy, P. Tanabe, D. Travers, and A. M. Rosenau, Emer-
gency Severity Index (ESI): A Triage Tool for Emergency
Department Care, Version 4, 2012, December 2016, http://
www.ahrq.gov/sites/default/files/wysiwyg/professionals/systems/
hospital/esi/esihandbk.pdf.

[35] M. Christ, F. Grossmann, D. Winter, R. Bingisser, and E. Platz,
“Modern triage in the emergency department,” Deutsches
Ärzteblatt International, vol. 107, no. 50, pp. 892–898, 2010.

[36] R. Arya, G. Wei, J. V. McCoy, J. Crane, P. Ohman-Strickland,
and R. M. Eisenstein, “Decreasing length of stay in the emer-
gency department with a split emergency severity index 3
patient flow model,” Academic Emergency Medicine, vol. 20,
no. 11, pp. 1171–1179, 2013.

[37] A. F. Dugas, T. D. Kirsch, M. Toerper et al., “An electronic
emergency triage system to improve patient distribution by
critical outcomes,” The Journal of Emergency Medicine,
vol. 50, no. 6, pp. 910–918, 2016.

[38] S. Levin, M. Toerper, E. Hamrock et al., “Machine-learning-
based electronic triage more accurately differentiates patients

with respect to clinical outcomes compared with the emer-
gency severity index,” Annals of Emergency Medicine, 2017.

[39] A. E. Eiben and J. E. Smith, Introduction to Evolutionary Com-
puting, Springer, 2003, April 2016, http://link.springer.com/
content/pdf/10.1007/978-3-662-44874-8.pdf.

[40] D. Whitley, “A genetic algorithm tutorial,” Statistics and
Computing, vol. 4, no. 2, pp. 65–85, 1994.

[41] F.-A. Fortin, F.-M. De Rainville, M.-A. Gardner, M. Parizeau,
and C. Gagné, “DEAP: evolutionary algorithms made easy,”
Journal of Machine Learning Research, vol. 13, pp. 2171–
2175, 2012.

[42] J. Grefenstette, “Optimization of control parameters for
genetic algorithms,” IEEE Transactions on Systems, Man, and
Cybernetics, vol. 16, no. 1, pp. 122–128, 1986.

[43] T. Fawcett, “An introduction to ROC analysis,” Pattern Recog-
nition Letters, vol. 27, no. 8, pp. 861–874, 2006.

[44] E. R. DeLong, D. M. DeLong, and D. L. Clarke-Pearson,
“Comparing the areas under two or more correlated receiver
operating characteristic curves: a nonparametric approach,”
Biometrics, vol. 44, no. 3, pp. 837–845, 1988.

[45] S. Barnes, S. Saria, and S. Levin, “An evolutionary computation
framework for optimizing multi-level data for predicting indi-
vidual patient outcomes,” in Presented at the 2016 INFORMS
International Conference, Hawaii, HI, USA, 2016.

10 Journal of Healthcare Engineering

http://www.cdc.gov/nchs/data/ahcd/nhamcs_emergency/2011_ed_web_tables.pdf
http://www.cdc.gov/nchs/data/ahcd/nhamcs_emergency/2011_ed_web_tables.pdf
http://www.cdc.gov/nchs/data/ahcd/nhamcs_emergency/2011_ed_web_tables.pdf
http://www.nationalacademies.org/hmd/Reports/2006/Hospital-Based-Emergency-Care-At-the-Breaking-Point.aspx
http://www.nationalacademies.org/hmd/Reports/2006/Hospital-Based-Emergency-Care-At-the-Breaking-Point.aspx
http://www.nationalacademies.org/hmd/Reports/2006/Hospital-Based-Emergency-Care-At-the-Breaking-Point.aspx
http://www.ahrq.gov/sites/default/files/wysiwyg/professionals/systems/hospital/esi/esihandbk.pdf
http://www.ahrq.gov/sites/default/files/wysiwyg/professionals/systems/hospital/esi/esihandbk.pdf
http://www.ahrq.gov/sites/default/files/wysiwyg/professionals/systems/hospital/esi/esihandbk.pdf
http://link.springer.com/content/pdf/10.1007/978-3-662-44874-8.pdf
http://link.springer.com/content/pdf/10.1007/978-3-662-44874-8.pdf


International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com Volume 2018

Robotics
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

VLSI Design

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi
www.hindawi.com

Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Control Science
and Engineering

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Sensors
Journal of

Hindawi
www.hindawi.com Volume 2018

International Journal of

Rotating
Machinery

Hindawi
www.hindawi.com Volume 2018

Modelling &
Simulation
in Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Navigation and 
 Observation

International Journal of

Hindawi

www.hindawi.com Volume 2018

 Advances in 

Multimedia

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

