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Accurate and timely stratification of patients at an emergency department (ED) is imperative for
efficient hospital operations and improved patient care. Patient stratification at an ED typically relies on
the availability of triage information, which assesses patient acuity and is performed by clinical staff.
However, triaging takes place after patient registration at the ED, and is prone to delays and interruptions.
Delays in administering triage are associated with poor patient care and outcomes, especially for high-
acuity patients who need to be admitted from the ED to the hospital. This motivates us, in the paper, to
predict the triage category in the pre-triage phase, at the time of registration when patients arrive at the
ED. We refer to the predicted triage as TeleTriage, as it can be administered remotely. We then use
TeleTriage, along with other relevant features, to model the probability of a patient needing admission
from the ED to the hospital. Using machine learning, we focus on the estimation of this admission risk at
the time of registration, to enable early identification of patients needing admission, and the start of
downstream tasks sooner. We evaluate our modelling approach using internal and external validation
schemes across patient conditions, and we accommodate the asymmetric costs of decision-making
associated with patient admissions at the ED. We demonstrate that the proposed modelling framework
can help reduce the time taken to decide if a patient needs admission, thereby reducing the length of stay
for high-acuity patients and mitigating the impact of waiting time targets on admissions.

Key words: high-acuity; length of stay; machine learning; patient stratification.

1. Introduction

Emergency departments (EDs) have been referred to as a gateway for hospital admissions (Hogan and
Bouknight 2002). In the USA, admissions from the ED account for nearly 50% of all hospital admissions
(Pines et al. 2013) and around 10% of total annual healthcare spending (Galarraga and Pines 2016). In the
UK, EDs account for around 35% of all hospital admissions (Blunt et al. 2010) and cost £17 billion
annually (Steventon et al. 2018). In England, there was an increase of 42% in hospital admissions from
the ED, rising from 4.25 million in 2006/07 to 6.02 million in 2017/18 (Steventon et al. 2018); the
corresponding growth in the national population and attendance at EDs over the same period was only
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around 9% and 13%, respectively (ONS 2017). This staggering growth in admissions can partly be
attributed to an increase in the frailty of an ageing population and changes in access to primary care. The
growth in demand for access to emergency healthcare has tended to exceed the corresponding growth in
capacity, which has made EDs prone to poor patient flow. The resulting crowdedness poses challenges for
the effective and timely stratification of patients.

Patient stratification at an ED is based on triage, which is the first crucial step in patient assessment.
The aim of triage at the ED is to assess patient condition and prioritize patient treatment. Specifically,
triaging involves assigning a health risk status (using say a triage category, such as ‘major injury’, ‘minor
injury’ and ‘urgent care’) to the patients, and using that risk status to categorize and prioritize patients for
their treatment at the ED, so that high-acuity patients are seen before low-acuity patients. Effective and
timely stratification of patients based on their need for care is critical for improved outcomes, facilitating
optimal resource allocation, and streamlining patient flow. To ensure timely identification of high-acuity
patients, it is recommended that patients are triaged within the first 15 minutes of their arrival at the ED
(RCEM 2017). However, a survey study reported that up to 62.9% of triaging is interrupted multiple
times, which, in addition to delaying triage, results in errors, lower patient satisfaction, and poor patient
outcomes (Johnson et al. 2022). It is worth noting that wrongly prioritising a low-acuity patient over a
high-acuity patient can substantially increase the waiting time for high-acuity patients (Luo et al. 2021).
In this study, we predict the triage in the pre-clinical assessment phase, which we refer to as TeleTriage.

The advantages of early task initiation have been discussed in the literature, for example, Batt and
Terwiesch (2017) conclude that ordering diagnostic tests during the triage process can reduce treatment
time. In a similar vein, we demonstrate that using the risk of admission at the time of registration, EDs
could make an early inpatient bed request to the hospital, which could potentially help reduce patient
boarding times, and in turn, the length of stay (LoS). Lower LoS are attractive because, for critically ill
patients, even an hour of delay has been shown to increase the risk of death by 1.5% (Cardoso et al.
2011). It is worth noting that, for EDs in England, a record number of patients are waiting for long hours
to be treated, discharged or admitted (King's Fund 2023). Moreover, providing ED patients with estimates
of their risk (or probability) of hospital admission can help manage expectations, as communicating likely
outcomes can improve patient satisfaction. It has been reported that clinical triage by a nurse is
inadequate to expedite the admission of patients in an ED, and paramedics have very limited ability to
predict whether a patient on their way to the hospital will need admission (Afnan et al. 2021; Levine et al.
2006). Crucially, it has been shown that ED crowdedness translates into a higher risk of a patient being
admitted and an increased likelihood of the patient being triaged as high-acuity (Chen et al. 2020). These
challenges make predictive tools, based on feature-rich modelling, relevant for the task of forecasting the
risk of hospital admission for patients at an ED. Using a detailed patient-level dataset, we extract a range



of features (or predictor variables) for modelling admission risk using machine learning. Previous studies
have typically focused on estimating the patient’s risk of admission after the triage information becomes
available. We propose that the triage category, and the probability of hospital admission, are estimated at
the ED front door to enable healthcare providers to make targeted and early interventions in the pre-
clinical stage, and thus improve ED operations.

There has been a growing interest in employing predictive modelling in emergency healthcare, with
numerous studies focusing on estimating the risk of emergency admission. In a retrospective study,
Cameron et al. (2015) estimated the probability of hospital admission from the ED using triage as a model
feature. In another retrospective study of electronic health records of ED patients, Parker et al. (2019)
predicted the probability of hospital admission and reported that age, triage acuity, and mode of arrival
were the most salient features. Sun et al. (2011) modelled the risk of hospital admission at the time of
triage for all-cause ED patients and categorized patients with a predicted probability of 0.7 and above as
high-risk patients who needed immediate hospital admission. A similar point was discussed by Cameron
et al. (2015), who highlighted that the probability of prediction could be categorized (using appropriate
cutoffs) as ‘admission likely’, ‘admission unlikely’, ‘admission very unlikely’ etc., and it could help
improve patient streaming, bed management and decision making. Using data for nonobstetric ED
presentations, Zlotnik et al. (2016) predicted the risk of hospital admission using information available at
the end of the triage process. Chen et al. (2021) used retrospective observational data to predict the risk of
hospital admission. Using estimates of admission probability at the time of triage, Chen et al. (2022)
determined the benefits of requesting a bed early, while also considering the implications of the decision-
making at the patient and the system level. For a systematic review of the literature on predicting hospital
admission at the ED, see Brink et al. (2021).

We would like to highlight two points. Firstly, numerous studies on ED modelling tend to employ
retrospective data (Brink et al. 2021), which can be time and cost-consuming to collect, such as, patient
vital signs and lab test results. However, EDs may not have access to such detailed patient information to
perform risk stratification in near real-time. Thus, we do not use any retrospective data in this study.

Secondly, using the triage information can help predict the risk of hospital admission (Parker et al.
2019). It is for this reason that studies have typically focused on estimating the risk of admission at the
time of triage (e.g., Cameron et al. 2015, Chen et al. 2022). However, triage is performed face-to-face by
clinical staff during the initial assessment, which incurs logistical and time costs, especially under
resource constraint settings or during ED crowdedness. Thus, there is time-cost associated with the
modelling, whereby predicting the risk of admission at: (1) the time of registration can result in poor
prediction accuracy (as triage information is not available at registration), and (2) the time of triage can
cause delays in making an inpatient bed request. This is problematic, as long wait times from bed request



to hospital transfer are associated with increased odds of death at hospital discharge (Paton et al. 2019).
Moreover, relying on clinician-administered triage can be limiting, as it negates the possibility of
prioritizing patients prior to their clinical assessment.

To find a trade-off between prediction accuracy and the time-cost of including the triage information,

Somanchi et al. (2022) propose a two-stage modelling framework, whereby in the first stage, they identify
a subset of patients for whom triage has relatively little benefit for predicting the admission risk. In the
second stage, for this subset of patients, the risk of admission is estimated using only the information
available at the time of registration; while for the remaining patients, admission risk is estimated at the
time of initial assessment after their triage information becomes available. In this paper, we build on this
by: (1) predicting the triage category (which we refer to as TeleTriage) using only the information
available at the time of registration, and (2) aiming to identify all high-acuity patients that need
admission, and not just a subset of patients (using TeleTriage as one of the predictors). Specifically, we
make the following three contributions to the literature that have operational implications for the EDs:
(1) Modelling the risk of hospital admission at the time of registration — For each patient, we
generate the probability of hospital admission using readily available features at the time of registration to
allow for early identification of high-acuity patients at the ED front door. We evaluate probability forecast
accuracy across different illnesses, using internal and external datasets. Our internal validation examines
the accuracy of a model trained on one ED site for use at that site. We also perform external validation to
assess the scalability of models to other datasets and populations. Our external validation involves ED
data from one hospital used for model training, and ED data from another hospital employed for
evaluation. The advantage of comparing forecast cost densities for informed decision-making has been
demonstrated for a different application (Arora and Taylor 2016). In contrast to previous studies, we thus
also evaluate the model accuracy using differing costs associated with wrongly admitting a low admission
risk patient (false positive) and failing to admit a high admission risk patient (false negative). We
acknowledge that the cost of a false negative is much higher than the cost of a false positive, and while
we do accommodate asymmetric costs of decision-making in this study, our model cannot account for the
costs associated with a wrong decision in terms of patient outcome measures. Our empirical study
contributes to the growing literature, at the intersection of healthcare operations research and analytics,
aiming to improve patient care and ED efficiency (see, Ang et al. 2016; Arora et al. 2023; Leo et al. 2016;
Rostami-Tabar and Ziel 2022).

(2) Assessing the usefulness of triage category and forecasts of triage category for predicting
admission risk — The importance of moving away from the traditional nurse triaging and waiting room
model, and placing the clinician at the point of entry of the ED has been discussed by Natsui et al. (2020).
The EDs considered in our study had to adopt a similar strategy to meet the challenges of the pandemic,



whereby triage was moved to the entry point of the ED. To evaluate a permanent reorganisation of this
type, in our modelling, for all patients in this study, the time of triage was artificially brought forward to
match the time of registration. This allowed us to estimate admission risk for patients at their time of
registration using the clinician-administered triage category. We compared the accuracy of this with
estimation based on no triage information. We then included in the comparison admission risk forecasts
based on predicted triage category, or TeleTriage. This approach does not rely on clinical input, and the
triage process can even be administered remotely in the pre-clinical assessment phase, using, say, an
electronic questionnaire. This differs from previous studies on forecasting admission risk in that our
forecasts are probabilistic, personalized, and remote. Moreover, to help improve patient flow, we focus on
the transparency and accountability of our modelling framework, by providing insight into key predictors
of the triage category using explainable machine learning based on the SHapley Additive exPlanations
(SHAP values, see Lundberg and Lee, 2017). In doing so, we contribute to the literature on patient flow
and prioritization (Ding et al. 2019; Duma et al. 2023; Fabbri et al. 2024; Kamali et al. 2019; Long and
Mathews 2018). In addition, building on the work of Gerlee et al. (2021), we investigate if population-
level data can improve admission risk forecasting at a patient level.

(3) Evaluating the potential of admission risk forecasts to improve patient length of stay (LOS)
and estimating bed demand — Using the probability of admission at the time of triage for decision-
making has been associated with improving patient LOS at an ED (Chen et al. 2022). In this study, we
employ numerical simulations to investigate if utilising forecasts of admission probability at the time of
registration, based on predictions of triage category, can help reduce LOS for ED patients. We also
investigate the impact of waiting time targets on the distribution of LOS and show that identification of
high-acuity patients, based on admission risk at the time of registration, can help reduce LOS. Moreover,
we estimate the demand for hospital beds from the ED, by aggregating the patient-level risk of admission.

The paper proceeds, in Section 2, with a description of the triage patient assessment protocol at the
hospitals that provided our dataset. In the same section, we describe the dataset, which includes patient
arrivals before and during the pandemic, prompting us to evaluate the impact of the pandemic on ED
patient flow. Section 3 uses machine learning to predict the admission risk. Section 4 evaluates the
accuracy of these predictions using internal and external validation, and includes the costs associated with
decision-making in the ED during forecast evaluation. Section 5 proposes an alternative approach to
forecasting admission risk, whereby we first model the triage category using historical data, and then use
the predicted triage category, along with other features, to estimate admission risk. In addition, using
numerical simulations, we investigate the effect on LOS of using admission risk forecasts for patient
prioritization, and evaluate our modelling framework as a bed management tool. Section 6 discusses the
contributions and operations insights of this study and summarizes the findings.



2. ED Assessment and Patient Flow

This section proceeds, in Section 2.1, by describing the ED patient assessment protocol at the hospitals
that provided the data used in this paper. Section 2.2 describes the potential benefits to the ED and patient
of providing a forecast of the probability of a patient being admitted. Sections 2.3 and 2.4 introduce our

dataset, describing how it spans both pre-pandemic and pandemic periods.
2.1 ED Assessment Protocol

This study employs anonymised patient-level data from the John Radcliffe Hospital (JR) and Horton
General Hospital (HG) situated in Oxfordshire, UK. These EDs fall within the remit of the UK’s National
Health Service (NHS). Figure la presents a schematic diagram of a typical patient flow at the ED before
the pandemic, which comprises: (1) Registration — First step after arriving at the ED (at the reception
desk, the patient provides their name, address, date of birth, etc.). (2) Initial assessment — Patients are
prioritised typically by a nurse based on their need for care using: (a) triage category: ‘major injury’,
‘minor injury’, and ‘urgent care’, (b) patient group number: code to identify the reason for ED episode.
The following eight patient group numbers are used at the JR and Horton hospitals (which are as per the
guidelines of the NHS), 10: road traffic accident, 20: assault, 30: deliberate self-harm, 40: sports injury,
50: firework injury, 60: other accident, 70: brought in dead, and 80: other than above), and (c) chief
complaint: primary reason for attendance, such as chest pain, abdominal pain, and dyspnoea. Only one
chief complaint was assigned to each patient, which was the primary reason for their attendance to the
ED. We coded the chief complaint as a categorical variable during the modelling. Supplement Figure Al
provides a word cloud for the 10 most common chief complaints for the JR hospital during the training
period. (3) Start of treatment — A doctor assesses patients, and at this stage, the patient may undergo
scans, blood tests, etc. (4) Departure — Patients leave the ED (including admission to the hospital). Figure
1b presents a schematic diagram of the redesigned patient flow during the pandemic, where the process of
triage was performed, typically by a nurse, at registration.

We investigate how performing the initial assessment at registration can be beneficial for modelling
admission risk by comparing the following three modelling approaches: (1) we incorporate clinical triage
in the modelling (Sections 3 and 4), (2) we include no triage information (Sections 3 and 4), and (3) we
include a predicted triage category, TeleTriage (Section 5). Before the pandemic, triage was performed at
the time of initial assessment, and so, for that period, we have no historical records of patients for which
triage took place at registration. To overcome this issue for modelling approach (1), we adapted our
modelling to accommodate the reorganisation of the ED assessment protocol by bringing forward the time
of initial assessment to the time of registration for all patient records, so that assessment is assumed to
have occurred at registration (in Sections 3 and 4).



Figure 1. Schematic diagram of patient flow in the ED: (a) pre-pandemic, and (b) during the pandemic.

While model evaluation in Sections 3 and 4 assume the triage information is available at the time of
registration, we do acknowledge that this might not be the case in practice for most EDs. Thus, in Section
5, our modelling assumes that no clinician-administered triage information is available at the time of
registration, and so we use TeleTriage to predict the risk of admission. This allows the proposed
modelling to be used in the pre-clinical phase for both triaging and identifying patients needing admission
from the ED to the hospital.

2.2 Ilustration of the Usefulness of Providing at Registration Probability Forecasts of Hospital

The importance of generating a probabilistic risk score for each patient has been highlighted by
Cameron et al. (2015). The risk of admission can be communicated to patients (in a simplified form, such
as ‘likely’, ‘unlikely’ or “very unlikely’), and can be used for assigning patients to work-streams (for
example, ‘fast-track’, ‘rapid discharge’ or ‘senior review’). Such work-streams are associated with lower
waiting times and admission rates, and fewer inappropriate discharges (Kelly et al. 2007).

Figure 2 also shows the estimated admission risk. Both patients were triaged as ‘major injury’ and
assigned the same patient group number (60: ‘other accident’) by the clinical staff. It is worth noting that
the original time stamps of initial clinical assessment for the younger and older patients were 20:26 and
19:30, respectively. Encouragingly, the model was able to predict the triage category for both patients
correctly. The older patient was admitted to the hospital, while the younger patient was not. Based on
information available at the time of registration, and using the TeleTriage as a feature, the older patient’s
admission risk is predicted as 88.5%, while the probability for the younger patient was 35.9%.

The illustration in Figure 2 prompts us to make three important points:

(1) Our model correctly predicted the triage category for both patients at their registration time, which
can help patient prioritization in the pre-clinical phase. Moreover, at the time of registration, the model

provides the clinical staff with a prediction for the risk of patient needing admission from the ED to the
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hospital. It is worth noting that ED triage and modelling the risk of admission are two separate processes
having different aims, and a patient with a high risk of admission may not necessarily need to be
prioritized over a patient requiring immediate intervention. However, communicating the admission risk,
in addition to the triage category, can provide healthcare providers with a better view of a patient’s needs
for essential care, and facilitate the timely prioritization of patients (using TeleTriage) and allow ED to
make early requests to the hospital for inpatient beds (using the risk of admission).

(2) Patients are usually triaged first by a nurse, then assessed by an ED doctor, and then, if needed, the
patient is referred to a specialist clinician. Instead, our suggestion is that at the time of registration, based
on an estimate of the risk of admission, the clinical staff could decide if a patient should be referred to an
acute medical team without necessarily being assessed by an ED doctor. In the NHS, acute medical units
provide the entry point to patients referred by the general practitioner (GP) or the ED and have full access
to investigative tests. This could help optimise the allocation of ED resources. We do acknowledge that
the benefits of such an approach from a logistical perspective will, however, need to be evaluated.

(3) Using the risk of admission at the time of registration could help lower the total length of stay by
reducing the boarding time from the ED to the hospital, especially in times of overcrowding. In the
example of Figure 2, from the time of registration, the older patient had to wait 3 hours and 44 minutes
before a request for hospital admission was made. Our modelling approach could serve as a support tool
for bed management for unplanned first attendances that need admission

Figure 2. Schematic diagram illustrating patient flow. Panel (a) presents the actual data for a 23-year-old
male, non-ambulance arrival, triaged as ‘major injury’, who presented with chest pain, and did not need
admission. Panel (b) shows the next arrival at the ED as being an 87-year-old male, ambulance arrival,
triaged as ‘major injury’, who presented with dyspnoea, and was ultimately admitted to the hospital.



2.3 ED Data

The JR and HG are the only EDs in Oxfordshire, with the JR being the larger ED site. In view of this,
and for conciseness, rather than describing the data for both of our ED sites, we describe the data for only
the JR. We employ patient-level data for 1 March 2019 to 30 September 2021. During this period,
239,067 patients visited the ED at the JR. The ED staff work in an environment that is often intense,
during which they need to make multiple data entries at different stages of the patient flow while also
trying to deliver care to patients. This can result in incomplete or wrong data entries. We discarded entries
with null entries, negative waiting times, and impossible or highly improbable values (negative waiting
times, waiting time from arrival to decision to admit > 14 hours, total length of stay at the ED > 18 hours,
and age > 110 years). From the 239,067 patient-level records, we identified 216,995 complete entries. Out
of these, 32.4% were admitted from the ED to the hospital, it was the “first attendance’ for 98.7%, 49.6%
were female, 34.4% were ambulance arrivals (55.2% of these needed admission), the average age was
40.2 years (standard deviation 26.8 years), 21.5% were minors (age < 16 years), 22.2% were senior
citizens (age > 65 years), 55.8% were triaged as ‘major injury’, 38.9% were ‘minor injury’, and 5.3%
needed ‘urgent care’. To model only unplanned and unanticipated risk of admission, we predict and
evaluate the risk of admission for patients categorized as first attendances. We did not have access to the
source of referral or post-hospital discharge data from previous visit/s for follow-up patients. We thus
used the records for n = 214,239 patients. We did not have access to COVID test outcomes for all
patients, so we omitted this information from our study. As predictors, we employed only information
readily available at the time of registration, and ignored any retrospective diagnosis based on, say, PCR

test results and lung scans.
2.4 ED Patient Flow and the Impact of the Pandemic

As the pandemic spread, EDs faced unprecedented challenges; although the total ED attendances
decreased, the proportion of patients visiting the ED with more acute symptoms increased (Jeffery et al.
2020). Figure 3 shows plots for the following key outcomes of interest: attendances, ambulance arrivals,
hospital admissions for the JR, and the reason for admission. Figure 3a presents the number of daily new
cases of COVID-19 reported in Oxfordshire, UK, for the period of our study, which covers the first and
second pandemic waves, and part of the third wave. Figure 3b shows a sharp decline in ED attendances
during each wave of the pandemic. Some days witnessed a decrease of up to around 60% in attendances
compared to the same day from the previous year. Due to limited testing at the start of the pandemic, the
number of confirmed COVID-19 cases was significantly underestimated. There was also a fall in the
number of admissions from the ED to the hospital, and ambulance arrivals in the first wave (Figure 3Db).
The number of daily admissions between different waves of the pandemic were comparable with the pre-



pandemic period (Figure 3b). Figure 3c shows a decrease in the number of patients triaged as ‘major
injury” and ‘minor injury’ during the pandemic. Further analysis revealed that, compared to the same
period of the year, prior to the pandemic, there was a greater decrease in the proportion of patients with
‘minor injury’ compared to those with ‘major injury’. Figure 3d shows a drop in attendances across all
age groups, with the impact of the second and third waves least noticeable among elderly patients (age >=
65 years). Figures 3e and 3f present the five most common complaints associated with hospital
admissions from the ED during the pre-pandemic and pandemic periods, respectively.

Figure 3. Daily COVID-19 cases, patient flow, and main reasons for admission. Panel 3a: daily COVID-
19 cases for Oxfordshire with grey vertical regions for the three waves, 3b: daily counts of total ED
attendances, admissions to the hospital from the ED, and ambulance arrivals at the ED, 3c: attendances by
triage categories ‘major’ and ‘minor injury’, 3d: daily attendances by age group (<=16 years, between 16
and 65 years, and >=65 years), 3e: top 5 reasons for hospital admissions from the ED during the pre-
pandemic period (1 Mar 2019 to 29 Feb 2020) along with the percentage of total patients who presented
with that condition (x-axis), and 3f: top 5 reasons for admission to the hospital during the pandemic
period (1 Mar 2020 to 30 Sep 2021). Plots are generated using data from the JR.
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During the pandemic, as expected, there was an increase in the proportion of patients with dyspnoea, a
symptom associated with COVID-19. Using admission rates, ambulance arrivals, clinical triage, and age
as proxies for patient acuity, we found that, although there was a decrease in patient volumes, a larger
percentage of patients arriving at the EDs had higher acuity overall. These findings are in broad
agreement with previous studies that have assessed the impact of the pandemic on patient flow (Reschen
et al. 2021). To deal with the evolving nature of the patient flow during the pandemic, we re-estimated the
model hyperparameters using a moving window, as explained in the next section.

3. Modelling the Risk of Hospital Admission using Random Forests

In this paper, we use random forests (RF) to model the risk of hospital admission. In Section 3.1, we

describe the feature extraction process, while Section 3.2 provides details regarding our use of RFs.

3.1 Feature Extraction

Using a detailed patient-level dataset, we extracted the following categories of features:

Category 1 Features: Patient demographics, calendar effects, and measures of ED workload — For
each patient that attended the ED, we extracted information about demographics (age/sex), calendar
effects (hour/day of arrival), mode of arrival, measures of ED workload, and staff count (estimated using
the unique staff code of the staff member responsible for discharging the patient). We use ED workload
measures as features because higher ED occupancy is associated with an increased risk of a patient being
admitted (Chen et al. 2020). Although we generate and evaluate estimates of admission risk for “first
attendance’ patients, we use data from ‘follow-up’ patients (both planned and unplanned repeat
attendances) for feature engineering to accommodate a complete representation of the ED workload
during the modelling. We extracted a total of 21 features of this type, and collected them together in a
matrix that we refer to as X;. Table 1 summarizes the features.

Category 2 Features: Patient triage category, group number, and chief complaint — Since the
severity of the patient’s condition can help predict the risk of admission, we extracted features relating to
patient triage category, patient group number, and chief complain. This information is available at the
time of assessment. We use X, to refer to a matrix containing the three features.

Category 3 Features: Population-level information — We considered whether population-level data
could help inform the risk of admission for an individual. We included human mobility data for
Oxfordshire from Google, and 7-day moving averages of the stringency index, which measures the
strictness of lockdown policies (Hale et al. 2021). In addition, we included total COVID-19 cases in
Oxfordshire, total COVID-19 hospitalisations, number of patients on mechanical ventilators, and

cumulative vaccine uptake. To model the risk of admission for a patient on a given day, we used the
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values of the population-level variables from the previous day. We extracted 11 features of this type and

placed them in a matrix that we refer to as X 5. Supplement Figure A2 provides details for these features.

Table 1. Category, names, and brief descriptions of the features used to model risk of hospital admission.

Feature category and name

Brief description

Category 1 features (X,): Patient demographics, calendar effects, and measures of ED workload

Age
Sex
Calendar effects
Mode of arrival

Staff count

ED workload

4-hour breach

Patient age (0 to 110 years)

Patient sex (male, female, not specified/unknown)

Arrival hour of day, hour of week, day of week, and month of year
Ambulance or self-arrival

Total hourly staff count (inferred via unique staff codes)

Number of patients in the ED (total, ambulance arrivals, other mode of arrival,
less than 16 years, between 16 and 65 years, more than 65 years, triaged as
minor/major/urgent/resus, admitted in the last 4 hours, in the ED queue for
whom a decision to admit has been taken but have not yet departed from ED)

Number of patients who waited more than 4 hours

Category 2 features (X,): Patient triage category, group number, and chief complaint

Triage category

Group number

Chief complaint

Category to determine patient’s priority for treatment

Code to identify the reason for ED episode (defined by the NHS as, 10: road
traffic accident, 20: assault, 30: deliberate self-harm, 40: sports injury, 50:
firework injury, 60: other accident, 70: brought in dead, and 80: other than
above)

Main symptom/reason for presentation at the ED (e.g., dyspnoea, chest pain)

Category 3 features (X3): Population-level information

Mobility datat
Stringency index?

COVID related data®

Google mobility data, which captures changes in human movements over time
across (a) retail and recreation, (b) groceries and pharmacies, (c) recreational
parks, (d) transit stations, and (e) workplaces.

A measure that aims to quantify the strictness of lockdown-style policies.

Total number of COVID-19 cases, hospital admissions, and patients on
mechanical ventilators in Oxfordshire. Total cumulative update of the first
and second doses of the vaccine.

I https://www.google.com/covid19/mobility/

2 https://covidtracker.bsg.ox.ac.uk/

3 https://coronavirus.data.gov.uk/
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3.2 Random Forests (RFs)

Modelling the risk of hospital admission is a binary classification problem comprising two classes:
‘admit’ and ‘not admit’. In this study, we use a RF classifier (Breiman 2001) to predict the probability
(which we also refer to as ‘risk’) of admission, conditional on the feature vectors described in Section 3.1.

We used 12 month-periods of data for model training. To develop a modelling framework that can
potentially adapt to the evolving nature of patient flow for different periods of the pandemic (during and
between the pandemic waves), we re-estimated the model hyperparameters and re-trained the entire
model at the start of each month in the out-of-sample period, using the most recent 12-month period. The
model was then used for each patient arriving at the ED in the next month. As our dataset covered a
period of 31 months, this led to out-of-sample forecasts for a 19-month period, which consisted of
125,002 patient records. Given the high number of patient-level records and different feature categories
considered in this study, we chose RF for classification due to its overall computational advantages and
ease of calculating feature importance compared to other more sophisticated methods.

In this study, around one-third (32.4%) of the attendances were admitted from the ED to the hospital,
which is broadly in keeping with the national levels (Blunt et al. 2010). This, however, leads to an
imbalanced dataset, i.e., a different number of training observations in the two classes. Imbalanced data
can be an issue as the classifier tends to over-classify the overrepresented (or majority) class (He and
Garcia 2009). A classifier biased towards identifying patients that do not need admission (majority class)
would be suboptimal in classifying patients that need admission (minority class). This is particularly
concerning because failing to admit a high-acuity patient is more serious than admitting a low-acuity
patient. To deal with class imbalance, we considered the following three common approaches: (1)
undersampling the majority class with RUSBoost (Seiffert et al. 2010), (2) oversampling the minority
class with ADASYN observations (He et al. 2008), and (3) using prior probabilities (Breiman 2001). The
out-of-sample performance of RF with priors was slightly better than RF with ADASYN. Out of the three
approaches, RUSBoost was the least competitive. For conciseness, the discussion and results in the paper
all relate to RF with priors, while results for the other methods are presented in the supplement.

Using RF with priors, we prevent the classifier from being biased towards the majority class by using
prior probabilities that were proportional to the class relative frequency in the response variable during
the modelling. The class prior probabilities were calculated using only the training data and recalculated
each time we retrained the model. This approach required the estimation of the number of trees, the

minimum size of the leaf node, and the number of features for split-point selection.
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4 Evaluating Forecasts of the Risk of Hospital Admission from the ED

This section proceeds, in Section 4.1, with rankings of the most salient features in predicting the risk of
admission. A statistical evaluation of whether it is beneficial to incorporate information regarding patient
assessment and population-level features in a model are also presented in this section. Section 4.2
evaluates accuracy using external validation to investigate whether a model trained on one ED site can be
used reliably without any adaptation at another ED site. We also evaluate whether combining patient-
level datasets from multiple sites results in greater accuracy than a model built separately for each site.
Section 4.3 then evaluates the model accuracy in terms of cost. This section also evaluates the benefit of a

probabilistic admission forecast, in comparison with a binary classification of whether or not to admit.

4.1 Feature Importance and Statistical Evaluation of Probability Forecasts of Admission using

Internal Validation

To uncover the causal relationships between the features and admission risk, for a given tree, we
calculated feature importance by aggregating changes in the node risk (node impurity weighted by the
node probability) from splits on each feature. These estimates were summed over all classification trees in
the ensemble. Node impurity was quantified using the Gini index. As explained in Section 3.2, we
produced a separate model to predict the risk of admission for each of the 19 months in the out-of-sample
data. Each model provided importance scores for all features, resulting in 19 feature rankings. We

averaged the feature importance scores across the 19 models to obtain a single feature ranking.

Figure 4. Feature importance scores for modelling the risk of hospital admission from the ED.

Triage category

Chief complaint

Age

Mode of arrival

Hour of week

Hour of day

Total attendances
Attendances (non-ambulance)
Attendances (16-65 years)
Attendances (major injury)

0 0.5 1 15 2 2.5 3 3.5
Feature importance score x107°

Feature rankings are presented in Figure 4 for the features found to be most salient using RF with
priors. At the top of Figure 4 are two Category 2 features, triage category and chief complaint, which

quantify symptom severity. The other features in the figure are from Category 1, with patient age and the
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mode of arrival being the most important, followed by calendar effects and ED workload features at the
time of patient registration (total attendances, non-ambulance arrivals, attendances between the ages of 16
and 65 years, and patients with major injury). Population-level features (from Category 3) do not appear
in Figure 4. In this section, we also evaluate out-of-sample forecasts of the probability of a patient being
admitted, using the area under the receiver operating characteristic curve (AUC), Brier score, and
calibration plots. For internal validation, we used data from the JR, which, as we explained in Sections 2.3
and 3.2, consisted of 214,239 patient-level records, of which 125,002 were used for out-of-sample
forecast evaluation.

Table 2 presents the mean AUC (along with corresponding 95% confidence intervals), estimated using
the three different choices of features indicated in each column heading. The AUC can be interpreted as
the probability a classifier will rank a randomly chosen positive instance (‘“admit’) higher than a randomly
chosen negative instance (‘not admit’). The AUC thus lies in the range of 0 to 1, with 1 corresponding to
a perfect forecast. In Table 2a, the model performance was evaluated using all attendances in the out-of-
sample data. In terms of the choice of features, the AUC using only demographic and ED workload
features (X;) was notably improved by also including features recorded at the initial assessment
(X7 U X,). This underscores the importance of employing features that characterise patient symptoms and
triage during the modelling. The resulting AUC values are comparable with the recent study of Somanchi
et al. (2022) on modelling admission risk. Table 2 shows that including population-level features
(X7 U X, U X3) did not noticeably improve forecast accuracy.

The utilisation of hospital resources depends on a patient’s underlying condition. Thus, for this
modelling framework to be used in practise, it is worth investigating its performance for different
conditions. Table 2b presents the AUC for each of the five most common chief complaints associated
with hospital admission from the ED at the JR. Model performance was best for patients with lower limb
injuries and patients with dyspnoea, and poorest for patients with abdominal pain. Incorporating features
recorded at the initial assessment (X; U X,) led to the greatest improvement in accuracy for patients with
dyspnoea, and the least improvement for patients with instability of gait. These findings could help EDs
identify chief complaints for which additional scans, vital signs, and tests may be required to decide if a
patient needs admission. Model rankings for the three different RF-based approaches to dealing with class
imbalance (RUSBoost, RF with ADASYN, and RF with priors) across all attendances are provided in
Table A1, while model rankings for the most common chief complaints are provided in Table A2. We
also evaluated accuracy using the Brier score, which is a strictly proper scoring rule commonly used to
assess probability forecasts (Brier 1950). The model rankings obtained using this score were consistent
with those based on the AUC. We present the Brier score results in Supplement Table A3.
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Table 2. Out-of-sample mean AUC (and 95% confidence intervals) for predicting the risk of hospital
admission from the ED at the JR, for (a) all attendances, and (b) across the five most common chief
complaints associated with admission, listed in descending order of frequency. RF with priors was used,
with X;, X; UX,, and X; U X, U X,.

(a) Internal Validation Across All Attendances: The JR Hospital

Method X, X, UX, X UX,UX,

RF with priors 0.728 (0.725-0.731) 0.881 (0.879-0.883) 0.882 (0.880-0.884)

(b) Internal Validation Across Common Chief Complaints: The JR Hospital

Chief Complaint

X1

X UX,

X, UX,UX,

1. Abdominal Pain

2. Dyspnoea

3. Chest Pain

4. Injury of lower limb

5. Instability of gait

0.621 (0.612-0.632)
0.743 (0.731-0.756)
0.643 (0.633-0.653)
0.878 (0.867-0.887)
0.637 (0.617-0.661)

0.697 (0.686-0.708)
0.851 (0.841-0.860)
0.715 (0.705-0.724)
0.961 (0.958-0.064)
0.676 (0.653-0.700)

0.697 (0.688-0.709)
0.851 (0.842-0.860)
0.723 (0.713-0.733)
0.961 (0.957-0.965)
0.681 (0.661-0.705)

Note: Higher values of the AUC are better.

To provide further insight into probability forecast accuracy, we used calibration curves (Steyerberg et
al. 2010) to convey the extent to which the predicted risk of admission matches with the corresponding
actual risk. The ideal calibration curve is y = x, as it plots the true proportion of positive cases (i.e.,
admitted patients) against the mean predicted probability value. Calibration curves, estimated with feature
matrix set as X; and as X; U X, are presented in Figure A3. The calibration for RF with priors is close to
perfect when patient assessment information is included alongside demographics and ED workload

measures (X; U X,). Using only demographic and ED workload features (X;) produced poor calibration.
4.2 Evaluation of Probability Forecasts using External Validation and Integrated Datasets

The models proposed in this study rely on access to large patient-level datasets, for which the EDs need
to have adequate IT infrastructure and staff. It can, however, be envisaged that not all EDs would have
access to sufficient datasets. Thus, to address this challenge associated with data availability, and also to
gauge the generalizability of the proposed modelling framework, we perform external validation.
Specifically, we assess whether a model trained on one ED site could be deployed at another ED site for
which there were no reliable historical patient-level records, which could be due to a lack of IT
infrastructure, poor data quality, managerial reasons, or if an ED site was newly operational.

Our external validation involved data from both hospitals involved in our study, the JR and HG. Models
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were trained on data from the JR, for the same period as in Section 4.1 (1 March 2019 to 29 February
2020), and then used to predict the probability of admission for patients attending the HG for the same
out-of-sample period used in that section (1 March 2020 to 30 September 2021). We also evaluated
models trained on data from the HG for producing probability forecasts for the JR.

In addition, we investigated whether forecast accuracy for the JR and HG could be improved by using
models estimated using an integrated dataset consisting of patient records from both hospitals. The
importance of integrating healthcare data from different sources for devising better treatment strategies
has been emphasized by Dash et al. (2019). Recently, the benefit of integrating patient-level datasets to
model patient waiting times at EDs has been investigated by Arora et al. (2023). In the context of this
study, developing a centralized modelling framework by harmonizing and integrating datasets from
multiple ED sites is attractive as it could facilitate interoperability and cooperation between EDs, help
better accommodate the heterogeneity of patient conditions, increase the statistical power of the analysis,
and aid in efficient data management and utilization of computational resources. The integrated data from
the JR and HG comprised 315,860 patient-level records. The data from HG consisted of 101,621 patient-
level records, of which 58,962 were out-of-sample records. In the RF modelling, an indicator variable was
included as a feature to identify the ED site. In Table 3, the out-of-sample AUC values are reported for

the two hospital sites, using three different validation schemes.

Table 3. Out-of-sample mean AUC values (and 95% CI) for predicting the risk of hospital admission
from the EDs at the JR and HG.

JR Hospital

X1

X, UX,

X, UX,UX,

Internal Validation
External Validation
Integrated Dataset

0.728 (0.725-0.731)
0.672 (0.669-0.675)
0.728 (0.726-0.731)

0.881 (0.879-0.883)
0.850 (0.848-0.852)
0.880 (0.879-0.882)

0.882 (0.880-0.884)
0.853 (0.851-0.855)
0.881 (0.880-0.883)

HG Hospital

X1

X, UX,

X, UX,UX,

Internal Validation
External Validation
Integrated Dataset

0.785 (0.780-0.790)
0.771 (0.767-0.776)
0.789 (0.784-0.793)

0.913 (0.910-0.915)
0.893 (0.891-0.896)
0.913 (0.911-0.916)

0.911 (0.909-0.913)
0.892 (0.889-0.895)
0.912 (0.911-0.914)

In Table 3, the benchmark is essentially internal validation, which uses a model trained on data from
one ED site for use at that site. Although the AUC values are highest for internal validation, the AUC
values for external validation are comparable with the internal validation for both ED sites.

4.3 Cost Evaluation of Probability Forecasts of Admission using the Integrated Dataset

The costs of decision-making in a healthcare setting are often asymmetric. In the context of this study,
poor decisions for patient prioritization can incur costs for the ED in terms of medical ethics and liability,
poor clinical outcomes, and higher staffing costs. Thus, in addition to evaluation metrics, such as the
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AUC and Brier score, model performance needs to be assessed using the costs associated with decision-
making. This can enable healthcare managers, nurses, and emergency physicians, to better assess how
digital technologies can affect operational processes and decisions. This is the focus of this section.

Previous studies on modelling the risk of hospital admission from the ED have not accommodated
asymmetric costs of decision-making. We do this following a similar framework to the one employed by
Taylor and Jeon (2018) for a different application. Specifically, we compare probability forecasts using
the following costs of making the wrong decision: (1) Cyotaamitzar 1S the cost of failing to admit a high
admission risk patient (HAR), and (2) Cagmirrar 1S the cost of unnecessarily admitting a low admission
risk patient (LAR). If these costs are not easily quantified, they can be chosen to reflect subjective
managerial preference at an ED. We consider there to be no cost associated with admitting a HAR and not
admitting a LAR. Note that a HAR is a patient who was admitted from the ED to the hospital, while a
LAR is a patient who was not admitted. Using these costs, and p defined as the probability of a patient
being a HAP, we calculate the expected cost of admitting a patient:

Egamit =p X 0+ (1 = p) X Caamitrap

Similarly, the expected cost of not admitting a patient is:

Enotaamit = P X Cnotadmitnap + (1 —p) X0

To minimise expected costs, the optimal decision would be to admit a patient if E4gmit< Enotadmit-
This corresponds to p being greater than a critical value p.piticq: given as:

Peritical = Caamitrap/(Caamitrap + Cnotaamitrap)

To evaluate the cost associated with a probability forecast, we note that the decision would be to admit
the patient if the forecast is greater than p.riticar- If the cost of unnecessarily admitting a LAP is
considerably lower than the cost of failing to admit a HAP, it would be optimal to admit the patient even
if the predicted probability of the patient being a HAP is low. USiNg Cygmitiap» Cnotadmitaaps Periticals
and our model’s probability forecast, we calculate the cost for each patient as: Cyotadamitmap If the
decision is not to admit but the patient turned out to be a HAP; Cjgmicrap If the decision is to admit and
the patient turned out to be a LAP; and zero otherwise. We sum the costs for all patients in the out-of-
sample period to calculate the total cost Cr,:q;- In our empirical analysis, we computed Cr,¢q; TOr
different values of pcriticar- AS Periticar 15 @ function of Cyoraamicrap @Nd Cagmicrap, the only way to
vary Dperiticqr 1S 10 vary either or both of these costs, which implies a change in Cry¢q;. In view of this,
and following Taylor and Jeon (2018), we consider how different values for p.,;:icq; iMmpact the ratio of
Crotar t0 the sum of Cpgmitrap @Nd Cnotaamitnap, With lower values of this ratio being preferable.

Figure 5 plots the ratio for different values of p.,iticar,» With the decision of whether to admit or not
based on five different approaches. Approach 1 is never admit a patient. Approach 2 is always admit a
patient. Approach 3 is randomly admit a patient (based on weighted random sampling, where the weights
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for the two classes, admit and no admit, are proportional to the percentage of patients in the training data
that were admitted and not admitted). Approach 4 is deterministic because it uses the RF purely as a
classifier, with the classification being to admit if the probability forecast of admission is more than 0.5.
Our proposal is to use Approach 5, which is probabilistic. Specifically, the proposal is to admit a patient if
the probability forecast from the RF exceeds p.,iticqr- APProaches 4 and 5 use the same feature matrix,

X; U X, that was most successful for the AUC, Brier score and calibration.

Figure 5. Comparison of costs associated with decision-making based on five approaches: (1) never
admit a patient, (2) always admit a patient, (3) randomly admit a patient, (4) deterministic approach that
uses only a binary classification output, and (5) probabilistic approach that uses the risk of admission for
decision-making.

x10*

5 . 4
4 1. Never-adimt — = 4, Deterministic

_ 45F ,/ — — 2.Always-admit ——5. Probabilistic

g ) 3. Randomly-admit

T A s

= e

ksl L /

% 35 ,

Z 7
@] 3r Vs
+ /

~ 25+ /

< Vs

= /

£ 27 %

< ke - - - e e e e o e e e — ——— = = = = === — = ==
O 15F /

o
©) /

05+ »~
/
O 1 | | 1 | 1 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
pcritical

Note: For each value of p..iticqi, lOWer cost ratio values are better. Deterministic and probabilistic approaches
employ predictions using the same feature matrix, X; U X,.

Importantly, Figure 5 shows that each of the probabilistic approaches is preferable to the deterministic
approach that used the same features (e.g., Approach 5 is superior to Approach 4), and this superiority can
be seen for all values of p.,i:icar (€Xcept 0.5 for which the deterministic and probabilistic approaches are
the same, as would be expected). This result highlights the importance of using probability forecasts of
admission, rather than a binary classifier. Figure 5 employs the integrated dataset from the JR and HG, as
discussed in Section 4.2.

Note that in Table 3 we found that validation using the integrated dataset delivered similar accuracy to
internal validation. To corroborate the findings in Table 3, Figure A4 presents calibration curves and costs
associated with decision-making, as used for internal and external validation in Sections 4.1 and 4.2,
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respectively. Figures Ada and A4b show that model calibration was close to perfect using internal
validation and the integrated dataset, but poorer with external validation. For costs, the results are similar
for internal validation and the integrated dataset (Figures A4c and A4d).

In this section, we evaluated probabilistic forecasts using the AUC and the asymmetric costs of
decision-making. Next, we investigate the effect of using the risk of admission at registration on the
distribution of LOS using a simulation study. Moreover, we evaluate our modelling framework to
estimate the demand for hospital beds from the ED, by aggregating the patient-level risk of admission.

5 Telemonitoring of Triage Category as the basis for Forecasting Admission Risk

In the previous sections, to model admission risk at the time of registration, we employ the clinician-
administered triage category as a feature in the modelling. Note that the triage category was identified as
the most salient predictor of admission risk. However, the proposed modelling framework cannot be used
for EDs that operate under resource-constrained settings and are unable to triage patients at the time of
registration. We overcome this limitation by extending the applicability of our modelling framework to
EDs that do not perform initial assessment at the time of patient registration. The aim of our modelling is
not to replace the nurse but to develop a decision-support tool that can assist EDs in making early and
informed patient stratification, especially in times of crowding and under resource-constrained settings.

Section 5.1 presents the motivation for modelling and predicting the clinician-administered triage
category using historical data. We refer to the predicted triage as TeleTriage, as it can be administered
remotely. Section 5.2 proposes a framework for performing TeleTriage in the pre-assessment stage in the
ED queue. Section 5.3 predicts the risk of admission using the TeleTriage category. Section 5.4 evaluates
the benefit of using the risk of admission for patient stratification at the ED. Section 5.5 estimates the
demand for inpatient hospital bed by aggregating patient-level risk of admission.

5.1 Motivation for Our Telemonitoring Approach

To expedite patient triaging and meet waiting time targets while tackling the surge in volumes, EDs
have recently investigated the adoption of TeleTriage at the entry point (Robert 2022). Encouragingly, the
deployment of a TeleTriage system, which employs questionnaires about symptoms and medical history,
has been shown to help eliminate front door queues, improve the visibility of high-acuity patients,
improve staff efficiency, and make triage more streamlined (Robert 2022).

We aim to contribute towards digital innovations in OR at EDs by proposing a modelling framework to
perform TeleTriage at registration, and generating probabilistic and personalized estimates of admission
risk for automated stratification of patients in the pre-clinical assessment phase at the ED. We propose a
two-stage modelling framework. In the first stage, we model the triage category of patients using readily
available features that could be incorporated into a digital questionnaire. This delivers a triage forecast. In
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the second stage, we predict the risk of admission by including in the model the prediction of triage
generated from the first stage. We envisage that these digital estimates of triage and admission risk would
be validated later in the patient flow during face-to-face assessment by the clinical staff. Out approach has
practical implications for:

(1) EDs - Estimates of TeleTriage and admission risk can assist clinical staff in making timely and cost-
effective decisions for patient stratification. Moreover, such estimates can help reduce the time to decide
if a patient needs admission or should bypass the queue and be seen sooner by a specialist. This could
help optimize resource allocation and reduce queue lengths. This is attractive as abandonment in EDs is
influenced by the queue length and the observable queue flows (Batt and Terwiesch 2015). Also, timely
detection of high-acuity patients in the front door queue is relevant for, say, patients with heart attack
symptoms, so they are seen within the ‘golden hour’. This translates into better outcomes.

(2) Ambulance staff — Paramedic staff deal with complex patient conditions and provide patient care
during transportation, which necessities preliminary diagnosis. It has, however, been shown that
paramedics can predict the requirement for hospital admission with an accuracy of around 70%
(Cummins et al. 2013), while having limited ability to predict the probability of admission and the level
of required care (Levine et al. 2006). Digital triage of patients could assist paramedics in better gauging
the level of patient acuity. Studies have aimed at reducing the ambulance offload delays, i.e., the time
taken to transfer the patient from the ambulance to the ED by considering an optimal ambulance
destination policy (Li et al. 2021). Our study has implications in reducing ambulance offload delays for
high-acuity patients. Specifically, during ambulance queuing at the EDs, digital estimates of triage
category and admission risk could enhance cooperation and communication between paramedics and EDs
to identify high-risk patients that need to be moved from the ambulance to the ED as a priority.

(3) Hospital speciality ward — This study has implications for the downstream stage, i.e., the hospital
ward where the patient is transferred from the ED. Using estimates of admission risk, EDs could notify
the hospital ward of the likelihood that a patient may need an inpatient bed and expedite the order of
diagnostic tests and medication that may be required downstream by the patient. Initiating downstream
tasks earlier has been shown to improve the efficiency of care (Batt and Terwiesch 2017).

(4) Patients — Accurate and timely estimates of triage category and admission risk can improve patient
outcomes. Moreover, it has been reported that 92% of patients feel that TeleTriage systems enhance
privacy, while 82% of staff felt that they could carry out their role more effectively (Robert 2022).
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5.2 TeleTriaging Patients in the Pre-clinical Assessment Stage at the ED

The objective of our TeleTriage is to use a model to replicate the clinical triage, typically performed by
a nurse, as accurately as possible using historical data. This involves triaging patients as either: ‘major
injury’, ‘minor injury’, or ‘urgent care’. We thus use the clinically assessed triage category as the “gold
standard” (or the label). To predict the triage category, we employed an integrated dataset from the JR
and HG, comprising 315,860 patient-level records. For predicting the triage category, the following five
patient-specific features were used: (1) age, (2) sex, (3) chief complaint, (4) patient group number, and (5)
mode of arrival. These features could readily be incorporated into a digital questionnaire to perform
TeleTriage at registration.

To predict the triage category, we implemented a single classification tree, random forests, artificial
neural networks (ANNS), and logistic regression, to deal with this three-class classification problem. We
first estimated model hyperparameters using the last month of the training data as the cross-validation
hold-out sample. For random forests, we estimated the leaf size, the number of features to use for split
point selection, and the number of trees in the ensemble. To find a suitable ANN architecture, we tried up
to two hidden layers, with up to five nodes within each hidden layer. Moreover, we used the rectified
linear unit (ReLU) activation function for the hidden layer and the softmax activation function for the
output layer. The performance of a single classification tree with default parameters was competitive
compared with the other more sophisticated methods. The encouraging performance of a parsimonious
method (e.g., classification tree) could be attributed to the low dimensionality of the feature matrix that
comprises only five features, some of which may be correlated. Model hyperparameters and out-of-
sample triage prediction accuracies are presented in the Supplement. We used prior weights during
modelling to deal with class imbalance (i.e., the difference in the proportion of patients across the three
triage categories), which, as we discussed briefly in Section 3.2, was the best of the approaches to class
imbalance that we considered for modelling the risk of hospital admission.

To evaluate the out-of-sample accuracy, we use a confusion matrix, as it is commonly used to evaluate
multi-class classification accuracy, which we provide in Supplement Table A4. It shows that we were
able to predict the clinical triage assessment with an overall out-of-sample accuracy of 76.3%. The
classification accuracy was highest at 80% for patients triaged as ‘major injury’ and 77.1% for those with
‘minor injury’. However, the accuracy was poor at 5.4% for patients triaged as ‘urgent care’, which could
be because patients triaged as ‘urgent care’ comprised only a small proportion of the dataset. Specifically,
patients with ‘major injury’, ‘minor injury’, and ‘urgent care’ comprised 55.5%, 41.1%, and 3.4% of
visits in the out-of-sample period, respectively.

This modelling framework necessitates that the chief complaint and patient group number are assessed

reliably by a trained non-clinical staff (e.g., a receptionist) at the ED registration desk, a paramedic if the
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patient is brought to the ED in an ambulance, or by the patient themselves. It can be foreseen that there
may be discrepancies in the assessment of chief complaint between clinical and non-clinical staff. While
we acknowledge this as a limitation of our study, we envisage that the digital estimates of triage and
admission risk would be validated later in the patient flow during face-to-face assessment by the clinical
staff at the ED.

To explain model predictions and gain insights into the triage process, we use SHAP values, which are
based on game theory, where features are treated as players in a game, and the contribution of each
feature to the predicted probability of an outcome measure is used to derive feature importance (Lundberg
and Lee 2017). In Section 4.1, we used node impurity to derive global feature rankings for predicting risk
of admission, because the computational cost associated with SHAP values is high if the number of
features is large. Since only five features were used for modelling the triage category, we use SHAP
values to derive the local feature importance scores in this section. In the context of this study, SHAP
values are attractive as they provide feature importance at the patient level. Insights into the key factors
that influence the triage process at the patient level could enhance model transparency and accountability,
improve future triages via an improved understanding of previous triages, and build trust with decision-
makers based on the explanations derived from prediction models.

Given the poor performance of the classifier across patients triaged as ‘urgent care’, in Figure 6 we
present SHAP values calculated using a classification tree that was trained only on those patients that
were triaged as ‘major injury’ or ‘minor injury’. It is worth noting that patients triaged as ‘urgent care’
were excluded only for the calculation of SHAP value, and not from any of the subsequent analysis in this
section. Specifically, the feature rankings for predicting the triage category were calculated using the
mean absolute SHAP values across all patients triaged as ‘major injury’ or ‘minor injury’ in the training
dataset. The mean absolute SHAP value for a given feature denotes the contribution of that feature
towards prediction accuracy. Chief patient complaint, patient age, and mode of arrival were identified as
the most salient features in predicting the triage category. There was no notable impact of patient sex on
triage based on SHAP values, which is intuitive. Patient group number was ranked lowest; however, it
can be surmised that the information in the patient group number (comprising eight codes) is encapsulated
in the chief patient complaint that has a higher level of granularity (141 unique complaints). Moreover, a
vast majority of the attendances were assigned the same patient group number (60: ‘other accident”), for
details, see Supplement Table A5. The chief complaint thus provides a more exhaustive representation of
patient acuity than the patient group number.

In Figure 6a, we show the SHAP values for each patient across different age groups (each dot
corresponds to the SHAP value for a given patient). For a given feature, positive SHAP values are
associated with a higher chance of a patient being triaged as ‘major injury’. The magnitude and direction
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of the SHAP values provide insight into the relationship between the feature and the prediction. As
expected, an increase in age is associated with a higher positive SHAP value, and hence a higher chance
of being triaged as ‘major injury’. Figure 6b shows that ambulance arrivals have a higher chance of being
triaged as ‘major injury’ compared to other arrivals.

Figure 6. SHAP values for predicting the triage category as either “‘major injury’ or ‘minor injury’.

Note: positive SHAP values are associated with a higher chance of a patient being triaged as ‘major injury’.

5.3 Modelling the Risk of Admission Using Forecasts of Triage from TeleTriage

Using RF trained on the integrated dataset from the JR and HG, Table 4 compares the AUC values for
predicting the risk of admission using the triage category that was: (1) clinician-administered, and (2)
digitally estimated (TeleTriage). In Table 4, for the clinically assessed results, we used the actual triage
category (the “gold standard”, as assessed by a clinician) along with the other features
(X1 U X,) specified in Table 1. For the TeleTriage results, the only difference was that instead of using
the actual triage category (i.e., clinician-administered triage), we used the out-of-sample predictions of the
triage category when producing out-of-sample forecasts of admission risk. The objective of this analysis
was to investigate if estimates of admission risk could be generated accurately without relying on clinical
staff. Although the prediction accuracies of admission risk using the TeleTriage were around 8-10%
lower compared to clinical triage, an attractive aspect of the TeleTriage category is that it enables timely
identification of high-acuity patients without relying on clinical staff to perform triage at registration.

Moreover, to investigate if the proposed modelling framework could adequately adapt to the evolving
nature of patient flow during and between the different pandemic waves, in Table 4, we present the AUC
values using out-of-sample data covering the: (1) entire test period (1 March 2020 to 30 September 2021),
(2) the pandemic wave period (first wave: 15 March 2020 to 31 May 2020; second wave: 29 Nov 2020 to
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14 Feb 2021; and partial third wave: 20 June 2021 to 30 September 2021), and (3) period between the
pandemic waves (entire test period minus the pandemic wave period). Encouragingly, as evident from
Table 4, the model performance was competitive for different periods of the pandemic in the out-of-
sample data.

Table 4. Out-of-sample mean AUC values (and 95% CI) for predicting the risk of hospital admission
from the EDs at the JR and HG using triage category that is clinician-administered and digitally assessed
for: (a) entire test period, (b) during the pandemic waves, and (c) between the pandemic waves.

Triage Category Clinician-administered Digitally assessed (TeleTriage)

a. Entire test period

Integrated dataset
JR dataset
HG dataset

0.897 (0.896-0.898)
0.880 (0.879-0.882)
0.913 (0.911-0.916)

0.803 (0.800-0.805)
0.779 (0.776-0.782)
0.835 (0.831-0.839)

b. During pandemic waves

Integrated dataset
JR dataset
HG dataset

0.897 (0.896-0.899)
0.883 (0.880-0.886)
0.914 (0.910-0.917)

0.807 (0.803-0.811)
0.784 (0.780-0.788)
0.841 (0.835-0.847)

c. Between pandemic waves

Integrated dataset
JR dataset
HG dataset

0.897 (0.894-0.899)
0.880 (0.877-0.882)
0.913 (0.910-0.916)

0.801 (0.799-0.804)
0.777 (0.773-0.780)
0.833 (0.827-0.838)

5.4 A Simulation Study to Measure the Benefits of Estimating Admission Risk at Registration

In this section, we use simulation to investigate the potential benefits of stratifying patients based on
their probability of admission, estimated in the pre-clinical assessment stage at the ED. We address the
following two questions having operational implications for the ED:
(1) Can estimates of admission risk, generated at the time of registration, help mitigate the impact of
waiting time targets on the admission decision-making and length of stay? ED physicians have been
shown to admit multiple patients in a relatively short period of time, typically at the end of a physician’s
work shift. This behaviour has been referred to as admission batching. Previous studies have noted that
while batching admissions reduces the physician’s throughput time, it translates into long delays in the
downstream queue for batched patients (Feizi et al. 2022). In a similar vein, we note that physicians tend
to admit a noticeably higher proportion of patients in a short period leading up to the waiting time targets.
We thus investigate the impact of waiting time targets on the ED admission decision-making process. Our
contribution lies in analysing the effect, on the distribution of LOS, of using predictions of the probability
of admission for patient stratification at registration, where the LOS is the time between registration and
patient’s departure from the ED.
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(2) Can estimates of admission risk, generated at the time of registration, help reduce the patient’s length
of stay? Providing estimates of admission risk at the time of registration could potentially help physicians
make an early request for hospital admission. Our modelling scheme is aimed at facilitating active
involvement from the clinical staff to make proactive and timely requests regarding admitting a patient,
based on the TeleTriage and admission risk forecast. To simulate patient flow at the ED, we implemented

the following steps:
Step 1: For patient i, that presents at the ED, we calculate their feature vector (Xfi) UXZ(i)). Note that

Xz(i) includes a digital estimate of the triage category, and not the clinician-administered triage. Thus, this
simulation aims to emulate patient stratification in the pre-clinical phase.

Step 2: Using the feature vector (Xfi) UXz(i)), at their time of registration, we predict the probability of
admission (p;) for patient i. We employ the integrated model trained using the JR and HG datasets.

Step 3: We convert the probability of admission into a binary decision, ¥; = 1(p; > Pcritical)-

Step 4: If the model prediction matched the clinical decision to admit a patient (i.e., true positive, y; and

$; = 1), we recalculated the length of stay as LOS{” = Los® — TTRA®, where TTRA®

Simulate Original
refers to the time taken to request admission by the clinical staff for patient i (from the time of
®

registration), and LOSy,.; ;inq; refers to the time taken from registration to departure from the ED.

Step 5: When the model prediction did not match with the clinical judgment, i.e., the case of a false
positive or a false negative, we penalized the model by increasing the LOS for all patients waiting in the

ED queue at the time of decision-making: LoSY =10SsY

Simulate originar T 8rp X 1pp + 8py X 1py, Where
S8gp and &py denote the penalty for a false positive and a false negative, 1z, and 1y are the
corresponding indicator variables, and j € J (for j # i), where J represents all patients in the ED queue
(i.e., patients that have registered at the ED, but have not yet been discharged) when a request to admit the
patient i was made.

Step 6: Following the decision to admit (or not admit) patient i, we updated the ED workload features

by incorporating ¥; and LOSs(fr?mzate in the calculation of Xl(”l) for the next arrival, k € K (for k # i+
1), where K represents all patients in the queue when patient i + 1 registers at the ED. We used the
empirical arrival rate, i.e., the same patient registration timestamps as provided in the original dataset.

We would like to highlight a few points regarding this simulation. In Step 1, the registration desk is
treated as a multi-server queue where patients can register and undergo TeleTriage in parallel. This is
consistent with the clinician-administered triage process, which is also a multi-server service. In Step 3,
for a risk-neutral strategy, periticar Would equal 0.5, while for a risk-averse strategy, pcriticar Would be

less than 0.5. We consider different values of p.,i:icq; fOr the simulation. In Step 4, if the decision to
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admit a patient is taken at registration, the LosY

simutate Would be: (1) smaller than the corresponding

original LOS, and (2) the same as the boarding time (time between the decision to admit a patient and
their departure from the ED). A patient typically needs to wait in the ED after a decision to admit them
has been made, until an inpatient bed becomes available.

We infer a false positive or a false negative as wrongly identifying a patient in the ED queue for
admission, and its impact on a patient’s LOS is accommodated via the penalty terms &zp and &gy,
respectively. Specifically, in step 5, each time a decision to wrongly admit a low-acuity patient was made
based on the model predictions, we penalized the LOS for all patients waiting in the ED queue at the time
of decision-making. To select the value of the penalty, we rely on a study by Luo et al. (2021), which
showed that one additional low-acuity patient arrival in an 8-hour interval increased the expected waiting
time per high-acuity patient by around 0.3 to 1.2 minutes. In the absence of a counterfactual to quantify
the impact of a wrong decision, i.e., the impact of a false positive and false negative on the LOS for other
patients in the ED queue, we ran numerical simulations for different values of the penalty &gy ranging
from 1 minute to ten minutes (in increments of 1.5 minutes). We considered three scenarios for penalizing
the model for making a wrong prediction: (1) 8gp = 0.5 X 8pp, (2) 65p = Spp, and (3) 8pp =1.5%X 8py.

Allocating a hospital bed to low admission risk patients (false positives) can translate into long
boarding times for high admission risk patients. Furthermore, it can be envisaged that not admitting a high
admission risk patient (or severe delays in transferring a patient to the hospital) can result in an increased
likelihood of the patient presenting with more serious condition/s and need for care by the time they see
an ED physician. This can exert additional strain on the limited ED resources, especially during
overcrowding. It is for this reason that we penalized both false positive and false negative predictions in
our simulation study. If the model prediction matched the clinical decision not to admit a low admission
risk patient (true negative), the simulated LOS was the same as the actual LOS (i.e., no penalty).

It can be surmised that a timely decision on whether a patient needs admission will affect the patient
flow and waiting times for subsequent ED attendances. Thus, in step 6, the features characterizing ED
workload were calculated iteratively for each patient, while also considering the accuracy of decisions to
admit previous patients in the ED queue. Specifically, if the model predictions matched clinical
judgement, i.e., if the decision to admit/not admit patient i was correct, it would be reflected in the
calculation of ED workload features (Category 1 features) for subsequent patients in the queue who are
behind patient i (Xl(i“)). This simulation thus allows for the LOS of future attendances, i.e., those who
are yet to arrive at the ED, to be penalized multiple times, for each wrong admission decision.

Figure 7 presents the unconditional distribution of the actual LOS for the out-of-sample attendances at
the JR and HG. We note that the time the decision to discharge or admit a patient was made was

influenced by waiting time targets. In England, the EDs are directed to treat, admit or discharge at least
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95% of the patients within four hours (NHS 2019). Thus, in Figure 7, we see that a significant proportion
of the patients depart from the ED around the 4-hour mark. We also noticed that waiting time targets
impacted the admission decision-making. Specifically, for patients who were admitted within four hours
of their arrival, around 10% of the decisions to admit a patient were taken during the last 10 minutes of
their four-hour wait. Figure 7 also presents the LOS from our simulation. Encouragingly, the results of the
simulation show that facilitating early intervention and decision-making using an estimate of the
probability of admission at the time of registration can potentially help mitigate the impact of waiting
time targets on the distribution of LOS. In Figure 7, the simulated LOS shows that about 10,000 patients
exceed the 4-hour mark by less than 20 minutes. It can thus be argued that these patients might be rushed
to meet the wait time targets, in which case, the proposed modelling may not have a noticeable effect on

mitigating wait time targets.

Figure 7. Relative frequencies of the total length of stay (with corresponding ECDFs in the inset) for the
original dataset and simulation.
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Note: Simulation results are presented for a risk-neutral strategy (pcritica: = 0-5) and a penalty (8) of 2.5 minutes.

In Figure 7, compared to the original LOS distribution, the simulated LOS is lower, and the distribution
is smoother, with a higher proportion of patients being admitted around the time of registration. The inset
in Figure 7 presents the empirical cumulative distribution function (ECDF) of the original and simulated
LOS, showing that the stratification of patients using admission risk at registration would be the preferred
option based on a comparison of the two ECDFs (i.e., using first order stochastic dominance). Figure 7
presents simulation results for a risk-neutral strategy (pcriticar = 0.5). Supplement Figure A5 presents
LOS for a risk-averse strategy (peririca; = 0-4) and a less risk-averse strategy (poricicar = 0.6), whereby a

lower value of p.riticqr Would encourage EDs to admit more patients at the time of registration. For
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illustration in Figure 7, we chose a penalty 8gp = gy = 2.5 minutes. In Supplement Figures A6 and A7,
we present the LOS distribution for other penalties. We find that a lower penalty (6 = 1 minute) results in
a considerable reduction in the simulated LOS, while for a large penalty (8 = 10 minutes), the simulated
LOS was not preferred over the original LOS.

In Figure 8, we present the original and simulated LOS for different penalties associated with a wrong
decision to admit/not admit a patient (using 6zp = 8gy). The figure presents four rows, each with a pair
of plots. Each pair aims to compare LOS for patients with high and low acuity. In panels al and a2, we
show LOS for patients based on their admission status. Using the probability of admission at registration
can help reduce the time taken to decide if a patient needs admission, which translates into lower LOS, as
shown in panel al. However, the reduction in LOS for patients needing admission comes at the cost of
slightly longer waiting times for patients that do not require admission, as shown in panel a2. As
expected, a higher penalty translates into a longer LOS. Panels b1 and b2 show that, for acuity based on
the mode of arrival, stratification using admission risk helps reduce waiting times for ambulance arrivals,
at the cost of longer waiting times for non-ambulance arrivals. We see a similar picture when acuity is
defined based on the triage category in panels c1 and c2, where the LOS for patients triaged as ‘major
injury’ is reduced at the cost of an increase in LOS for patients triaged as ‘minor injury’. Patients needing
admission to the hospital are typically triaged as ‘major injury’. Encouragingly, in panels d1 and d2, we
see that using the probability of admission allows for a more granular level of patient stratification,
whereby despite patients having the same triage category (‘major injury’), patients with a high risk of
admission are prioritized over those who do not need admission. These findings were consistent for
patients triaged as ‘urgent care’, as presented in Supplement Figure A8.

Interestingly, compared to the risk-neutral strategy presented in Figure 8, we find that a lower threshold
for admitting a patient (risk-averse strategy, pcriticar = 0-4) translates into a further improvement in the
LOS for patients that require admission, arrived by ambulance, were triaged as major injury, or were
triaged as major injury and needed admission (for simplicity, we refer to these patients as high-acuity
patients in this section). However, this comes at the cost of a higher increase in LOS for low-acuity
patients. Similarly, using a higher threshold to admit a patient (less risk-averse strategy, pcriticar = 0.6)
results in a smaller improvement in LOS for high-acuity patients.

Supplemental Figures A9 and A10 present original and simulated LOS for different values of p.iticai-
It can be surmised that there is a trade-off associated with the value of p.,i+icq; USed for decision-making,
where a lower value of p.iticq; INCeNtivizes higher rates of admission, resulting in lower LOS for high-
acuity patients, which is relevant for improving patient outcomes. This improvement comes at the cost of
more false positives and longer LOS for low-acuity patients. The optimal value of p.iticq; 1S CONteXt-
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dependent, and would depend on availability of resources, workload, and costs of false positives and false

negatives at an ED.

Figure 8. Mean and standard deviation of LOS (in minutes) resulting from the simulation for patients in
the out-of-sample period along with corresponding actual LOS. Different values considered (on the x-
axes) for the penalty o (in minutes) associated with a false positive and a false negative. Predictions were
generated using the feature matrix, X; U X,, using the integrated dataset from the two ED sites. The
simulated LOS is presented using blue vertical lines, where the blue circles in the centre denote the mean
and the horizontal bars at the end denote one standard deviation from the mean.

‘— — —pto (Actual) — p (Actual) u-o (Actual) & Simulation ‘
(al) Admitted (a2) Not admitted
________________ 300
400
200
20 @ ® @ © © € O
100
1 25 4 55 7 85 10 1 25 4 55 7 85 10
(b1) Ambulance arrivals 300 (b2) Self arrivals
400 |
200
200 @
> 100 ¢
=
g 0 e e
— 1 25 4 55 7 85 10 1 25 4 55 7 85 10
; (c1) Major injury (c2) Minor injury
| e —
& 400 ¢
© 200
k=]
2 200+
(5]
- 100 ¢
0 L L L L L L ' L L L L L L s
1 25 4 55 7 85 10 1 25 4 55 7 85 10
(d1) Major injury (admitted) 400 - (d2) Major injury (not admitted)
4 L
00 300 |
200 + 200
ol 100 = \ , , . . )
1 25 4 55 7 85 10 1 25 4 55 7 85 10

Penalty (in mins)
In this study, we also analysed the original and simulated LOS for the following three penalty
scenarios: (1) 8pp = 0.5 X 8gp, (2) 6pp = Opy, and (3) 6pp =1.5X Oy, as presented in Supplemental
Figure All. Figure A1l presents the mean and standard deviation of the original and simulated LOS for

patients with high and low acuity. For the ease of presentation, we present results for the highest penalty
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value, 6z, equal to 10 minutes. Consistent with the findings in Figure 8, we see that using the probability
of admission at registration helps reduce the LOS for high-acuity patients (left side panels in Figure A11),
but this comes at a cost of slightly higher LOS for low-acuity patients. Moreover, penalty scenario (1)
corresponds to the lowest penalty overall, while scenario (3) imposes the highest penalty for a false
positive. This is reflected in the simulated LOS, where the mean of simulated LOS for scenario (1) is the
lowest, followed by scenario (2), with mean LOS for scenario (3) being the highest.

We also should highlight the limitations of our simulation approach. Firstly, the estimates of wait times
reported by Luo et al. (2021), which were based on data from five hospitals in the USA, may or may not
hold true for our simulation. Thus, to try and mitigate this limitation, we ran simulations with a wider
range of delay penalties. Moreover, for every misclassification, we used a constant penalty for patients in
the ED, whereas in reality, the penalty added to LOS for each patient will be different depending on a
range of parameters, including patient age, triage category, and staff level, to name a few. Furthermore,
we did not have information about staff schedules or the level of staff experience and skills due to data
protection issues. Using the unique identifier codes of the clinical staff, we could only calculate the total
staff count at the time of each patient’s registration for the simulation. We also acknowledge that for high
admission risk patients that need stabilization at the ED, e.g., patients presenting with acute dyspnoea,
they would need airway stabilization at the ED first, before being transferred to the hospital. We did not
have access to such patient scenarios in the dataset, and thus, the LOS savings reported in this section
may be overestimated for patients needing immediate treatment or stabilization at the ED. It is also worth
noting that high admission risk patients identified using our modelling framework who need stabilization
could bypass the typical ED protocol and be transferred directly to the acute medical unit, before being

admitted to the hospital.

55 Estimating the Demand for Hospital Beds by Aggregating Patient-level Risk of Admission

In addition to evaluating our modelling framework to predict the risk of admission and triage category,
we investigate if this study could be extended to estimate the number of bed requests made from the ED
to the hospital. In this setting, we aggregate the binary predictions (‘admit or no admit’) at the individual
patient-level to calculate the number of patients that need admission (or ‘number of bed requests’).
Estimating the number of admissions by aggregating patient-level predictions at the time of registration
could allow for real-time estimation of bed demand from the ED to the hospital. This could, in turn,
facilitate timely and informed decision-making for inpatient bed utilization and pooling, and help reduce

patient boarding times.
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To evaluate the accuracy of our modelling approach to estimate bed demand, we divide the entire out-

of-sample period (comprising say, N hours) into w non-overlapping windows of h hours each, where w =
1,2, ..., I%J For a patient i in a given window, we convert their probability of admission (p;, where

i e w) into a binary prediction, y; (7; € {0,1}), such that ¥; = 1(p; > Pcriticar)- The total bed demand is
calculated by summing all predictions (};,,9;) within a given window. This process is repeated by
rolling the window forward until all predictions in the entire out-of-sample data are aggregated.

Aggregating patient-level predictions to estimate outcome measures at the system-level within a hospital
setting has garnered attention (Bertsimas et al. 2022, Kim et al. 2024). However, it has been shown that
aggregating patient-level predictions can result in biased estimates at the system-level. To deal with this
issue, studies have either used a threshold-based approach (estimating the critical threshold, pcriticar, fOr
which the number of false positives and false negatives are equal) or employed a linear regression-based
correction (see, for example, Bertsimas et al. 2022, Kim et al. 2024). In this study, we used both
threshold- and linear regression-based bias correction approaches. Another important point to note is that
we estimate the demand for a hospital bed at the time of registration. However, in practice, the ED makes
a bed request to the hospital when the clinical staff makes a patient admission request. Due to this
mismatch in timestamps, we cannot simply compare the model-based predictions with the actual clinical
request. To deal with this issue, we compare the model predictions against an oracle, i.e., we assume that
the actual clinical request for admission was made at the time of registration. The oracle is assumed to
know the clinician’s request for admitting a patient in advance, i.e., at the time of registration, as opposed
to making the perfect decision of whether a patient needs admission or not. We use the oracle only to
evaluate the bed request predictions and not for any model training or bias correction.

Using RF trained on the integrated dataset from the JR and HG, Table 5 compares the out-of-sample
mean absolute error (MAE) and root mean square error (RMSE) values for predicting the number of beds
requested from the ED to the hospital using the triage category that was: (1) clinician-administered, and
(2) digitally estimated (TeleTriage). For conciseness, we present results for only the linear regression-
based bias correction approach, as it gave slightly better results compared to using naive aggregate
estimates and threshold-based correction. Consistent with the findings in Table 4, the MAE and RMSE
values for TeleTriage are slightly higher than the model that employs clinician-administered triage.
Moreover, the model errors for the JR hospital are higher than the HG, which can partly be attributed to
higher volumes of admissions at the JR. Model predictions in Table 5 were aggregated across the out-of-
sample data using a 4-hour non-overlapping moving window. We present the MAE and RMSE values for

window sizes of two- and three-hour in Supplement Tables A6 and A7.
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Table 5. Out-of-sample MAE and RMSE for estimating the number of bed requests from ED to the
hospital at the JR and HG using triage category that is clinician-administered and digitally assessed.

Triage Category Clinician-administered Digitally assessed (TeleTriage)
MAE RMSE MAE RMSE
Integrated dataset 2.77 3.58 3.84 5.05
JR dataset 2.64 3.45 3.10 4.08
HG dataset 1.39 1.83 1.56 2.06

Note: These results were calculated using a 4-hour moving window across all periods in the out-of-sample data.

Table 5 shows that the model accuracy in predicting bed demand is higher when clinician-administered
triage is used as a feature, as compared to using TeleTriage. However, clinician-administered triage is
available only after patient assessment, while TeleTriage can be estimated sooner, i.e., at the time of
registration, which can allow the ED to make an early request for a hospital bed. This trade-off between
model accuracy and time savings thus needs to be considered by the ED in practice. It is worth noting
here that the bed demand can broadly be estimated using a time series or machine learning approach
(employing historical data for the number of beds requested) or using a bottom-up approach of
aggregating patient-level predictions. Although beyond the scope of this study, an interesting line of
future work would be to compare these different modelling approaches.

6 Discussion and Concluding Remarks

In this study, we propose a machine learning approach using random forests to estimate the probability
of admission for patients attending an ED. We employ a large feature-rich patient-level dataset from two
EDs. Feature rankings were obtained, with the three most salient predictors being triage category, chief
patient complaint, and age. To deal with the issue of class imbalance during model training, we
considered three schemes: undersampling with boosting, oversampling, and prior weights. Model
estimation was performed at the start of each month in the out-of-sample period to adapt the modelling to
changes in patient flow during different waves of the pandemic. A thorough evaluation of probability
forecast accuracy was undertaken based on the AUC, Brier score, and calibration curves, with validation
schemes involving internal, external, and integrated datasets. Models trained using one ED site performed
well when applied to the data from another ED site data. This helps garner confidence in the reliability
and scalability of the modelling framework. In addition, we employed a forecast evaluation scheme based
on asymmetric false positive and false negative costs. Random forest with priors was the best-performing
model. Crucially, we showed that in cases where initial assessment is not performed at the time of
registration, reliable estimates of triage category and hence admission risk can be produced using RF
models based on historical data. Our modelling framework, which is personalized and probabilistic, could
be administered remotely for stratifying patients in the pre-clinical stage at an ED. Using a simulation
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study, we show that using forecasts of the probability of admission estimated in the pre-clinical
assessment stage can help reduce the LOS for high-acuity patients, and mitigate the impact of waiting
time targets on admission decision-making and LOS. To improve transparency in reporting for this study,
in Supplement Table A8, we present the TRIPOD checklist (Collins et al. 2015). The findings of this
study provide the following three key operational insights for EDs:

(1) We show that the triage category that is used for patient prioritization in EDs, is also an important
predictor of the likelihood of a patient needing admission. Moreover, the chief patient complaint, patient
age, and mode of arrival are the most salient features in predicting the triage category.

(2) From an operational perspective, TeleTriage could be used for patient prioritization at the ED and
help expedite the start of treatment for high acuity patients. This, in turn, could help improve patient
safety and optimize staff time by speeding up the triage process. Also, using the risk of admission, EDs
could make an early request for an inpatient hospital bed and reduce the boarding time for high admission
risk patients. Moreover, demand for hospital beds can be estimated by aggregating patient-level risk of
admission.

(3) We find that the estimates of admission risk generated during registration can facilitate timely
identification and prioritization of high-acuity patients at the front door queue and help decide if a patient
can bypass the usual ED protocol. Previous studies have focussed on optimizing staff recruitment
considering uncertain demand conditions in the hospital (Malaki et al. 2023). For predetermined staffing
levels, our study could assist EDs optimize their staffing resources by determining if it would be more
beneficial for a patient to be assessed by the acute medical team, based on the admission risk estimates.

We should acknowledge the limitations of our study. Firstly, we assumed that the penalty associated
with a false positive and false negative prediction would be the same in our numerical simulation. Also,
we quantified the impact of a decision to admit a patient only in terms of their length of stay, and not
patient-related outcomes, such as quality of life, risk of readmission, mortality, etc. It can be surmised that
these patient-related outcome measures are more important than the LOS. We do, however, envisage that
the predictions generated from our model in the preclinical assessment phase would be validated during
the face-to-face triage by clinical staff at the time of initial assessment. We also assumed that only the
admission risk estimates would be used in the pre-clinical assessment phase, but in practice, such
estimates may be used along with scans and test results, although these would typically not be available at
registration. Another limitation of this study was poor TeleTriage prediction accuracy for patients needing
‘urgent care’, which could partly be attributed to the small proportion of these patients in the dataset.
Previous studies have used vital signs, such as temperature, pulse rate, respiratory rate, systolic blood
pressure, and oxygen saturation, as features in the model to predict triage with high accuracy for patients
with critical care outcomes, see, for example, Levin et al. (2018). These vital signs are typically available
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at the time of triage and can help the clinical staff make an informed triage decision. However, patient
vital signs are not typically collected at the time of registration at EDs. Since our study aims to predict
triage category at the time of registration, information regarding patient vital signs could not have been
used as features during the modelling.

Previous research has investigated the effect of anticipated treatment on reducing ED crowdedness and
patient wait times, whereby the triage nurses could be allowed to prescribe diagnostic tests before the
patient is assessed by the ED physician (Visintin et al. 2019). In a similar vein, an interesting line of
future work would be to use the TeleTriage and chief complaint to predict the likelihood of a patient
needing a diagnostic test at the time of registration to try and streamline patient flow at the ED. Moreover,
the advantage of combining distributional forecasts from different sources in a health setting has been
demonstrated (Taylor and Taylor, 2023). It would thus be worth investigating combining the estimates of
admission risk generated using different modelling approaches, such that the combined risk score is more
accurate than the best performing model. An exciting line of future work would be to draw from recent
developments in hybrid Al and combine the model predictions (for TeleTriage and the risk of admission)
with corresponding estimates obtained from the clinical expert. Such a prioritization framework would

leverage insights from the subjective domain expertise during the modelling.
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