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Abstract

Introduction: Intensive care units (ICUs) are high-pressure, complex, technology-intensive medical environments where patient
physiological data are generated continuously. Due to the complexity of interpreting multiple signals at speed, there are substan-
tial opportunities and significant potential benefits in providing ICU staff with additional decision support and predictive modeling
tools that can support and aid decision-making in real-time.

This scoping review aims to synthesize the state-of-the-art dynamic prediction models of patient outcomes developed for use
in the ICU. We define “dynamic” models as those where predictions are regularly computed and updated over time in response
to updated physiological signals.

Methods: Studies describing the development of predictive models for use in the ICU were searched, using PubMed. The studies
were screened as per Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines, and the data
regarding predicted outcomes, methods used to develop the predictive models, preprocessing the data and dealing with missing
values, and performance measures were extracted and analyzed.

Results: A total of n =36 studies were included for synthesis in our review. The included studies focused on the prediction of
various outcomes, including mortality (n=17), sepsis-related complications (n=12), cardiovascular complications (n=5), and
other complications (respiratory, renal complications, and bleeding, n=>5). The most common classification methods include
logistic regression, random forest, support vector machine, and neural networks.

Conclusion: The included studies demonstrated that there is a strong interest in developing dynamic prediction models for var-
ious ICU patient outcomes. Most models reported focus on mortality. As such, the development of further models focusing on a
range of other serious and well-defined complications—such as acute kidney injury—would be beneficial. Furthermore, studies
should improve the reporting of key aspects of model development challenges.
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Introduction recomputed according to real-time patient data input.” This
means that medical interventions can be initiated as a reactive
measure—rather than be planned preventatively—and often
only after a complication has already developed.®

Hence, this scoping review aims to synthesize the current
state-of-the-art in the development and use of dynamic

Many risk prediction models have been developed to assist a
range of purposes in healthcare delivery, including hospital
bed allocation,' management of medications® and preoperative
assessment.> However, risk prediction models for use in inten-
sive care units (ICUs) do not yet harness the full potential of
what could be achieved with the optimum use of the rich data
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predictive models for the ICU and to provide some future direc-
tions for research to improve real-time prediction of patient out-
comes in ICU. We considered models to be “dynamic” if
predictions are regularly computed and updated over time in
response to varying time-dependent physiological signals as
opposed to static risk scores computed a priori and not
updated with new varying input. This scoping review discusses
the outcomes predicted by the models, the algorithms used to
develop and compute predictions and their performance. In
addition, how models mitigate and manage known data pro-
cessing challenges, such as missing data or imbalanced classifi-
cation issues are discussed in Supplemental Material.

There have been no reviews conducted to date on the prediction
of patient outcomes in the ICU in real-time and thus the present
work makes an important contribution to the advancement of the
state-of-the-art as well as informing future directions of research
in this field. This paper shows that there are numerous models devel-
oped to predict patient outcomes in a dynamic manner for the use of
the ICU. However, further detail in the model development process
is needed to provide transparency and allow for validation.

Methods

PubMed was searched for relevant articles published between 1
January 2000 and 25 April 2022. An updated search was con-
ducted of relevant articles published between 26 April 2022 and
23 January 2023. In addition, references from included studies
were further screened for potential additional relevant studies.
We followed a scoping review methodology first advocated by
Arksey and O’Malley” and further refined by Levac et al'®

The review was conducted, following the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA)
guidelines, modified for scoping reviews.'' The reviewing team
included experts in anesthesia, cardio-thoracic surgery, and
ICUs (SS), digital health, decision support and scoping reviews
(MMB) and biostatistics and machine learning (LL, KK, MR).

Scoping reviews can be used to identify emerging patterns in
the literature for potentially extremely large research domains
such as “digital technologies for postoperative care”, for
example.'? This mode of investigation is particularly useful
for researching emerging technology innovations, where identi-
fying broad trends is key as is the case for this study.

Data Sources and Search Strategy

The following search query was conducted on PubMed:

((dynamic predict*) OR (real time predict*)) AND ((patient
outcome*[Title/Abstract]) OR (mortality[Title/Abstract]) OR
(morbidity[Title/Abstract]) OR (complication*[Title/Abstract]))
AND ((critical care) OR (intensive care)) NOT (cancer) NOT
(COVID-19) NOT (Paediatric) NOT (Paediatric) NOT (trauma).

The titles and abstracts of the articles retrieved in the search
were screened as to the eligibility criteria further described in
“Eligibility Criteria and Analysis” section.

Data Extraction

A data extraction instrument was developed by 1 researcher
(LL) and discussed with the investigative team before being
piloted with a sample of selected studies until a final version
of the instrument was agreed upon by consensus. The data
extracted for included studies included: Study authors, year of
publication, patients included in the study, predicted outcomes,
methods used to develop the predictive models, methods to pre-
process the data and deal with missing values, types of features
used in the model and performance measures used in the study.
Mendeley'? was used for citation management.

Eligibility Criteria and Analysis

We define “dynamic” models as those where predictions are
regularly computed and updated over-time in response to
varying time-dependant physiological signals or updated
input (such as repeated laboratory tests, for example).

The frequency of the input can be variable depending on the
nature of the data source: eg, every second, minute or hour, or
even less often (eg, daily for a laboratory test). The common
aspect across the range of included models however is that
these models are designed to update their prediction results as
new data is input over time.

The inclusion and exclusion criteria are described below and
in Table 1. Based on the inclusion criteria, in terms of study
design, we included studies on the development of dynamic
risk prediction models used in ICU. Only adult critical care or
ICU patients were included in the study. In terms of the predicted
outcome, only studies including classification tasks were
included. This decision was made because usually adverse clin-
ical outcomes, such as mortality or complications, are defined as
binary categorical outcomes, or are diagnosed based on a number
of laboratory variables, as opposed to 1 numerical variable.'*
Studies describing the development of prediction models for out-
comes directly related to patient health were included, including
mortality, complications, and ICU stay. Studies describing pre-
diction models that were developed using repeated measures
of laboratory test results were included in the review. These
could be laboratory results that are measured every hour or
every day. Also, studies describing the use of vital signs that
were frequently measured (eg, every second or every minute)
were also included. Finally, only studies that reported the
models’ performance measures were included in the review.

Based on the exclusion criteria, studies focusing on the evalua-
tion of models—but not including a description of the model devel-
opment—or reviews of models were excluded. Prediction models
developed specifically for cancer or trauma patients were excluded.
While predicting ICU outcomes for cancer or trauma patients could
help with managing unplanned ICU admissions,'” the additional
confounding variables that cancer or trauma could add are most
likely not relevant for general ICU patients. Since the coronavirus
disease 2019 (COVID-19) pandemic from early 2020, many pre-
diction models have been developed to predict COVID-
19-related outcomes.'® Because, this is a nonroutine situation,
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Table 1. Inclusion and Exclusion Criteria for Studies Based on
Patients Included in the Study, Variables Used in Analysis, Outcome of

the Analysis, Intervention, and Study Design.

Criterium

Included

Excluded

Study design

Primary study, ie, study that
develops a prediction
model

Review article,
validation study,
commentary.

Patients Adult critical care or Any other patient who
intensive care patients, is not admitted to
noncancer patients, critical or intensive
nonCOVID-19 patients, care, cancer patients,
nontrauma patients COVID-19 patients,

trauma patients.

Setting Adult critical care or Pediatric critical care or
intensive care unit intensive care unit,

emergency
department, hospital
wards, or any other
hospital setting that is
not adult critical care
or intensive care unit.

Type of a Classification Regression, or any

problem other method that is
not classification

Outcome Patient outcomes: Outcomes that are not
mortality, morbidity, directly related to the
postoperative patient (eg, costs)
complications, hospital
length of stay, ICU length
of stay or any other
outcome that is directly
related to patient’s
health

Variables Includes laboratory data Includes only static
that were treated as variables (ie, that are
dynamic variables measured once) or

variables that are not
vital signs or
laboratory data

Type of Must be a model predicting Static prediction model

model patient outcomes based
on dynamic variables on
a “real-time” basis.
Comparator  Any model performance No model performance

measure (eg, AUC,
sensitivity, specificity,
accuracy, etc)

reported

Abbreviations: AUC, area under the curve; ICU, intensive care unit; COVID-19,
coronavirus disease 2019.

studies with COVID-19 patients were excluded. The models could
include static variables (measured only once) to aid prediction,
however, studies that used only static variables that were calculated
for an a priori risk score were excluded.

Study Selection

The initial search query on PubMed retrieved n=511 articles
(see PRISMA flow-chart in Figure 1). In addition, n=_81

studies were identified from manual searching of citations and
the reference lists of included studies. The updated search
from PubMed retrieved n =74 additional papers. This resulted
in a total of n=666 records screened based on the title and
abstract. n=>554 studies were excluded at the initial abstract
screening stage due to not meeting the eligibility criteria (ie,
not being a primary study, concerning nonadult patients
outside of critical care or ICU, not predicting patient outcomes),
which left n=112 articles for the full screening stage. After
full-text screening, n=36 articles were included in the final
review for data extraction and synthesis. The reasons for why
the records were excluded from the full screening stage are
shown in Figure 1.

Results
Included Studies

Thirty-six studies were included in the review.'’>* The data
extraction table for these studies is described in Table 2. The
majority of the studies were conducted in the USA (n=20
studies), n=6 studies were conducted in China, and n=2 in
India. Other countries represented in the review include
Australia, Germany, Finland, the Netherlands, Portugal, South
Korea, Thailand, and the UK.

In terms of study size, 5 studies used more than 30 000 patient
records in the development of their models®®**2%333; with
Johnson et al*® using the largest number of patients of 50 488 in
their model development. Nine studies used between 10 000
and 30 000 patient records.'®!9-27-21:36:37.3943.46.50 \jine studies
use considerably smaller datasets of less than 1000 patient
records,®2324-260-34:353849.51 ith the smallest study population
being the study by Shashikumar et al (242 patient records).*

External validation was carried out by 4 studies.?’->!-+34
When most studies were single-center studies, it is worth
noting that Silva et al*® used data from 42 ICUs from 9
European Union countries.

In terms of the data used, out of 36 studies included in this
review, 21 of them developed their models using data from a
version of the Multiparameter Intelligent Monitoring in Intensive
Care (MIMIC) database.>* Eleven studies used the MIMIC-II,' "~
19.21-24.2648.50.52 6t dies used the MIMIC-TIL, 202939414247 o
4 studies used the MIMIC-IV.***%3% Two studies used the
MIMIC-III for validating their models externally.?”*! Of publicly
available datasets, 3 studies also used the eICU database>™—1 for
development of the model** and 2 for external validation.***¢

Specific Outcomes Predicted by the Models

As shown in Table 3, the most commonly predicted outcome
was mortality (n=17 studies), while n=12 studies predicted
sepsis, n=35 studies predicted cardiovascular complications,
and n=5 studies predicted other types of complications, such
as respiratory, renal complications and bleeding. When compar-
ing the models among studies included in this review, it is also
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Y
g Records identified from:
= PubMed
A o Records removed before
é original search: .(n-_511) »| screening:
= updated search: (n=74) (n=0)
b Hand-search of citation and
2 reference lists (n=81)
~—
\ 4
SR
Records screened Records excluded based on title
(n=666) —®| and abstract
(n=554)
\ 4
Reports sought for retrieval »| Reports not retrieved
= (n=112) (n=0)
c
§
& \ 4
Reports excluded (n=76):
Reports assessed for eligibility pLiterature revie(w )
(n=112) commentary article or
secondary study (n=3)
Not solving a classification
problem (n=12)
Not using vital signs or
laboratory tests data (n=7)
v Not developing a dynamic
model (n=26)
o . . . Not being about ICU or
S Studies included in review critical care patients (n=20)
2 (n=36) Non-adult patients (n=6)
£ Not predicting patient
outcomes (n=1)
Study not in English (n=1)

Figure |. Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flow diagram outlining the selection process for

identifying studies included in the final review.

important to bear in mind that the predicted outcomes can have
a range of definitions across studies.

Mortality. Most models predicting mortality focused on short-
term mortality, specifically happening while in the
[CU.'8:2021.23.29.33.36.3949.56 1y Hyg et al'® the focus was
broader however as it predicted the risk of both death while
in the ICU but also within 30 days of discharge from the
ICU. The 4 models of Lehman et al, Luo et al, Mao et al and
Meyer et al focused on prediction of in-hospital mortal-
ity.**2627-46 Finally, Raj et al focused on the prediction of
30-day mortality®* and Thoral et al*” on a composite outcome
of in-hospital mortality and ICU readmission within 7 days of
ICU discharge.

The prevalence of mortality in the studies ranged vastly, ie,
between 1.2% and 35.0%. This is due to the studies using data
from different types of patient populations, where some had an
increased risk of mortality than others. For example, Ma et al*®
found that among medical ICU patients, 1.2% of patients died
within 6 h of ICU admission. Gultepe et al,** however predicted
mortality among sepsis patients where a very high mortality rate
(35.0%) was expected.

Sepsis. A large study investigating sepsis-related mortality in
English ICUs found that sepsis can affect a quarter of adult
ICU patients in England, and can kill 1 in 4 ICU patients
affected.’” Sepsis occurs when an infection in the body
results in a systemic inflammatory response syndrome and is
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Table 3. Outcomes Predicted by Included Studies.

Outcome Number of Studies Author and Year Prevalence of the Outcome
Mortality 17 Caballero 2015 Not reported
Deasy 2020 13.0%
Gultepe 2014 35.0%
Hug 2009 Not reported
Johnson 2017 Not reported
Joshi 2012 12.0%
Lehman 2013 14.0%
Lehman 2015 15.0% - 19.0%*
Luo 2022 17.0% - 18.6%*
Ma 2019 1.2%—17.0%*
Mao 2012 2.3%
Meyer 2018 6.2%
Pattalung 2021 8.0%—14.1%*
Raj 2019 19.5%
Silva 2006 Not reported
Thoral 2021 5.3%
Xia 2019 11.7%
Sepsis 12 Dummitt 2018 2.3%
Ghosh 2017 15.9%
Gultepe 2014 20.3%
Henry 2015 14.1%
Misra 2021 12.7%
Mohammed 2021 10.35%
Nemati 2018 8.6%
Park 2020 1.9%-2.3%*
Shashikumar 2017 22.0%
van Wyk 2019 32.5%
Yee 2019 1.9%
Zhao 2021 59.0%
Cardiovascular complications 5 Bhattacharya 2018 28.5%
Hernandez 2021 35.0%
Hu 2022 15.3%
Lee 2010 24.2%-25.4%*
Yijing 2022 9.1%
Respiratory complications 2 Feng 2021 46.7%
Huddar 2016 11.7%
Bleeding I Meyer 2018 4.9%
Renal complications 2 Meyer 2018 1.0%
Ryan 2022 50.0%

*If a range is reported, the authors carried out different experiments with different datasets, where the prevalence of outcome varied.

defined to be severe if sepsis causes organ dysfunction.’® Sepsis
can have a significant impact on patients due to being associated
with increased mortality and life-long complications, such as
permanent organ damage, cognitive impairment, and physical
disability.>®

The definition of sepsis varied substantially among studies.
Four studies®®*'*%* used the Third International Consensus
Definitions for Sepsis and Septic Shock (Sepsis-3) criteria'*
to predict the onset of sepsis in general. Two studies®®* used
the Systemic inflammatory Response Syndrome (SIRS) crite-
ria>® to predict specifically septic shock. It is worth mentioning
that Misra et al?® treated septic shock patients as the cases and
patients with other sepsis-related complications as controls. The
studies by Ghosh et al*® and Henry et al>® defined septic shock
as the outcome in a similar way as SIRS criteria, however, they

did not specifically state that they were using this widely used,
agreed upon criteria. Van Wyk et al*® predicted the onset of
sepsis by following the Sepsis-2 criteria,”® even though a new
criteria (Sepsis-3) had already been published 3 years prior
the van Wyk et al’s study. This is a limitation to van Wyk
et al’s study as later published studies showed that the definition
of sepsis by these 2 criteria was very different,®® and hence the
developed models can misclassify patients to have different
levels of sepsis.

Avoiding the conflicting sepsis definition criteria, Gultepe
et al*” predicted high lactate levels (> 4 mmol/l vs <4 mmol/l),
which is considered to be a sign of possible sepsis. Yee
et al,41 however, made their own criteria for septic shock.
This is considered to be a limitation to the study as, even
though the currently available criteria for diagnosis of septic
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shock are not perfect,®! they are still based on consensus and are
heavily validated.®>®* Finally, Park et al** predicted bactere-
mia, which is a form of sepsis, and hence was included under
this category in this review.

Similarly to the models predicting mortality, the prevalence
of sepsis also varied substantially: 1.9%-59.0%. Yee et al*' pre-
dicted septic shock in the whole ICU population, resulting in a
very low prevalence of septic shock of 1.9%. Park et al*? pre-
dicted bacteremia also in the general ICU, resulting with low
prevalence (between 1.9% and 2.3%, depending on experi-
ment). Zhao et al,*> however, analyzed sepsis patients only,
and predicted sepsis-induced coagulopathy, which turned out
to be very prevalent (59.0%) among sepsis patients.

Cardiovascular complications. Two models predicted hypoten-
sive episodes.'”?* Acute hypotensive episode is a sudden
onset of a period of sustained low blood pressure.'’
Bhattacharya et al defined hypotensive episode as a period of
30 min where at least 90% of mean arterial pressure measure-
ments were no greater than 60 mmHg. A long-lasting hypoten-
sion can result in dangerously decreased tissue blood flow with
consequent end-organ damage. Treating hypotension appropri-
ately can be effective to avoid severe sepsis,®® shock® and
acute coronary syndrome.®®

Hernandez et al’' predicted hemodynamic instability, which
is related to arrhythmia, respiratory failure and hypotension.
They did not clearly define, however, what they considered
hemodynamic instability to be.

Hu et al** predicted “lie-threatening” events, defined as “all
cardiac arrest-related cardiopulmonary resuscitation”, among
medical ICU patients.

Yijing et al*? predicted cardiac arrest in critically ill patients.
The cardiac arrest was defined as the start time of the first occur-
rence of the specified abnormal events, however the abnormal
events were not described in the study. This is a limitation to
the study as it makes the prediction model difficult to reproduce.

When looking at studies predicting various cardiovascular
complications, the prevalence was also very variable: between
9.1% and 35.0%. This is because hypotensive episodes and
hemodynamic instability are more common complications,
especially in cardiac patients, who were included in
Hernandez et al’s, Bhattacharya’s, and Lee’s datasets, resulting
in a high number of patients with the predicted outcomes.'’%""
Cardiac arrest, however, is a less common complication, espe-
cially if all ICU patients are included in the dataset, not only
cardiac surgery patients.®” Hence, Yijing et al** predicted an
outcome that had a prevalence of 9.1% in their study
population.

Other complications. Feng et al*’ predicted late noninvasive ven-
tilation failure in ICU. They defined the outcome as death
during or intubation after noninvasive ventilation.
Interestingly, in Feng et al’s*’ patient cohort, the prevalence
of late noninvasive ventilation failure was very high (46.7%).
This could be because they included patients who received

noninvasive ventilation as a primary treatment following ICU
admission.

Huddar et al® predicted acute respiratory failure, which
occurs when the respiratory system fails in oxygenation and/
or CO, elimination from the lungs. It is considered to be the
end point of respiratory complications, such as pneumonia or
atelectasis. There are various factors than can be associated
with acute respiratory failure: patient-related factors, including
age, preexisting chronic obstructive pulmonary disease, conges-
tive heart failure, and arrhythmia; and procedure-related vari-
ables, including emergency surgery, prolonged surgery, and
surgical site.®® Compared to the other studies, Huddar et al
reported the common incidence of acute respiratory failure
ranging between 0.2% and 3.4%, however, in Huddar et al’s
patient population, the incidence of acute respiratory failure
was 11.7%. This might be because Huddar et al retrospectively
diagnosed the complication based on a specific criterion that
followed the vital signs recorded automatically in the ICU,®
whereas studies in the literature are using different definition
of what constitutes respiratory failure in a patient.” This
shows that some complications that are reported without spe-
cific criteria based on laboratory results or vital signs can be
under-reported in the electronic health records.

In addition to mortality, Meyer et al*” also predicted postop-
erative bleeding and renal failure requiring renal replacement
therapy. The renal failure was defined using Kidney Disease:
Improving Global Outcomes (KDIGO) criteria.”® Acute
kidney injury, formerly called acute renal failure, is a sudden
decline in glomerular filtration rate.”' Glomeruli are tiny
filters in the kidneys that filter waste from the blood. This rate
estimates how much blood passes through the glomeruli each
minute. Acute kidney injury is usually caused by an event
that leads to kidney malfunction, such as dehydration, blood
loss from major surgery or injury, or the use of medicines.”

Even though acute renal failure in cardiac patients is often rel-
atively low,”®> Meyer et al’s’® prevalence for renal failure was
very low (1.0%). This might be due to different studies defining
acute renal failure differently. Meyer et al, however, used the
KDIGO criteria, which is an internationally recognized criteria
for diagnosing renal complications, including renal failure.

Finally, Ryan et al*’ also predicted acute kidney injury
among cardiac patients, where the complication was also
defined by KDIGO criteria. Interestingly, postoperative stage
1 AKI was diagnosed in 50% of the patients, which is a very
high prevalence. While this was not mentioned in their paper,
this might indicate that the patient population was chosen to
be balanced in terms of the prevalence of the outcome of
interest.

Classification Methods Used by Studies to Predict Patient
Outcomes in a Dynamic Manner
As shown in Table 4, the most used methods were logistic

regression (20 studies), random forest (13 studies), support
vector machines (11 studies), and neural networks (11
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Table 4. Classification Methods Used by Studies to Predict Patient
Outcomes Dynamically.

Number of First Author and
Method Studies Year

Caballero 2015
Dummitt 2018
Feng 2021
Hu 2022
Huddar 2016
Hug 2009
Johnson 2017
Joshi 2012
Lehman 2013
Lehman 2015
Mao 2012
Misra 2021
Raj 2019
Ryan 2022
Shashikumar
2017
Silva 2006
Thoral 2021
van Wyk 2019
Zhao 2021
13 Caballero 2015
Dummitt 2018
Feng 2021
Hernandez 2021
Hu 2022
Huddar 2016
Ma 2019
Misra 2021
Mohammed 2020
Ryan 2022
Thoral 2021
van Wyk 2019
Zhao 2021
Ghosh 2017
Gultepe 2014
Hernandez 2021
Hu 2022
Huddar 2016
Mao 2012
Misra 2021
Mohammed 2020
Thoral 2021
van Wyk 2019
Zhao 2021
Deasy 2020
Meyer 2018
Park 2020
Pattalung 2021
van Wyk 2019
Feng 2021
Lee 2010
Ryan 2022
Silva 2006
Feng 2021
Xia 2019

8 Feng 2021

Logistic regression (all versions) 20

Random forest

Support vector machines I

Neural Networks (any kind) Il

Table 4. (continued)

First Author and

Method Year
Gradient boosting machine (all
versions)
Hu 2022
Johnson 2017
Luo 2022
Ryan 2022
Thoral 2021
Yijing 2022
Zhao 2021
Naive Bayes Caballero 2015
Gultepe 2014
Hernandez 2021
Zhao 2021
Cox proportional hazards Dummitt 2018
Henry 2015
Nemati 2018
Decision trees Huddar 2016
Misra 2021
Zhao 2021
AdaBoost Hernandez 2021
Huddar 2016
Bayesian networks Gultepe 2014
Yee 2019
Hidden Markov models Ghosh 2017
Gultepe 2014
C5.0 Misra 2021
CatBoost Ryan 2022
Zhao 2021
Dual boundary classifier Bhattacharya
2018
Gaussian mixture model Gultepe 2014

LASSO

Johnson 2017

(continued)

LUCCK (Learning using concave | Hernandez 2021

and convex kernels)

studies). Other more commonly used methods included gradi-
ent boosting machines (8 studies), and naive Bayes (4 studies).

To take the serial nature of the data into account, the
studies had different approaches. It was common to use
summary statistics, such a mean or median, minimum and
maximum, first and last values within predetermined time
windows!%-20:28:31,33.34,36-38,42-46. b1 some models, the classi-
fication method handled the time-series data,'”-22-27-29-32:39:41.50
However, some studies used special methods to include the
temporal aspect into their model, '®2!-23-26.30:40.47-49.51.52.74

For example, Caballero et al'® used Kalman filtering equa-
tions to update the outcome when time-series observations
became available. Gultepe et al*’ used Bayesian network struc-
ture learning to capture the time-series aspect of their data. Joshi
et al*! used radial domain folding to summarize patient state for
each time window, which was then included in their prediction
model. Ma et al® fitted continuous trajectory to each time
series, which was then summarized, using splines, resulting in
coefficients that were used to capture information about the
shape of the time series.
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The outcomes were predicted in varying frequencies. The
closest to “real-time” models were those that updated their
prediction every time new measurements were entered into the
system. FEleven studies followed this prediction fre-
quency.®!72627:36:39.41.42.48.5051 Bioht studies developed models
to predict outcomes on an hourly basis, '8-20:22-24.29.33.37.45

Twelve studies predicted the outcomes less often.?>28-%-
32,34.35.38.40,43.44.46.47.49 Nore specifically, Ma et al* predicted
mortality every 6 h. Nemati et al*' predicted sepsis 12, 8, 6
and 4 h before the onset. Park et al*? predicted bacteremia 8,
16 and 24 h in advance. Raj et al**’s model made new predic-
tions of mortality every 8 h. For Shashikumar et al’s®>> model,
sepsis was predicted 4 h in advance. Dummitt et al** made
the prediction of septic shock 4, 8, and 24 h beforehand.
Feng et al’'s*’ model predicted late noninvasive ventilation
failure in 8, 16, 24, 36 and 48 h after the start of noninvasive
ventilation. Gultepe et al*’ predicted mortality and high
lactate levels in 6, 12, and 24 h. Misra et al*® predicted septic
shock within 1, 3, and 6 h before the onset. Mohammed
et al®® predicted sepsis at around 18 h beforehand. Van
Wyk et al*® predicted sepsis 3 and 6 h in advance. Zhao et al,
Luo et al and Hu et al predicted patient outcomes on a daily
basis 43:44:46

For 2 studies it was unclear how often their dynamic models
predicted the outcomes.'*?!

Information about handling missing data and the imbalanced
classification problem were also synthesized from the paper.
The most common methods for handling missing data were
imputation methods. The rate of missing data in studies was
not very well documented and a third of the included studies
did not report how missing data were handled, which is a
clear indication for lack of transparency.

A third of the studies were dealing with highly imbalanced
classification problems, where the prevalence of the predicted
outcome was <10%. While it is known that balancing
methods or developing models on training sets that have a

balanced outcome can lead to poor calibration, where the prob-
ability of the predicted outcome is overestimated,”” n=7
studies used balancing methods like Synthetic Minority
Oversampling Technique (SMOTE) and upsampling.

The detailed findings and discussion regarding handling
missing data and the imbalanced classification problem can
be found from the Supplemental Material.

Performance of the Models

Several studies tested various methods to predict patient out-
comes, however, Tables 5-7 show the highest performing
models and their respective performance measures for the
studies.

Mortality prediction. When looking at how the models per-
formed based on predicting mortality (Table 5), Meyer et al*’
had the highest AUROC of 0.950 when predicting mortality,
achieved with recurrent deep neural network. The second-best
performance was achieved by Johnson et al’® with the
AUROC of 0.920 (gradient boosting machine), followed by
Pattalung et al>* (AUROC =0.910, recurrent neural network)
and Ma et al® (AUROC = 0.905, random forest).

In terms of sensitivity, the model by Gultepe et al*’ has by
far the highest sensitivity of 0.949, achieved with support
vector machine. The model developed by Mao et al*® has the
highest specificity of 0.950 (support vector machine). Based
on the accuracy, Meyer et al*” had the highest performance of
0.880 (recurrent deep neural network), and they also achieved
very high positive predictive value (PPV) and negative predic-
tive value (NPV) of 0.900 and 0.860, respectively. Only 4
studies reported AUPRC when predicting mortality, Johnson
et al*® with the highest of 0.665 (gradient boosting machine),
and out of the 2 studies that reported the F1 score, Deasy
et al*® achieved the highest of 0.821 with recurrent neural
network.

Table 5. Best-Performing Classification Method and Their Respective Highest Reported Performance of Studies Predicting Mortality.

Author and Year  Classification Method Accuracy AUROC  Sensitivity  Specificity PPV NPV~ AUPRC  FI Score
Caballero 2015 Logistic regression 0.866 0.789 0.791

Deasy 2020 Recurrent neural network 0.770

Gultepe 2014 Support vector machine 0.728 0.726 0.949 0.308 0.821
Hug 2009 Logistic regression 0.885

Johnson 2017 Gradient boosting machine 0.920 0.665

Joshi 2012 Logistic regression 0.890

Lehman 2013 Logistic regression 0.800

Lehman 2015 Logistic regression 0.700

Luo 2022 XGBoost 0.866 0.848 0.600 0.879

Ma 2019 Random forest 0.905 0.381

Mao 2012 Support vector machine 0.633 0.143 0.950 0415 0.791

Meyer 2018 Recurrent deep neural network 0.880 0.950 0.850 0910 0.900 0.860

Pattalung 2021 Recurrent neural network 0910 0810 0.860 0.850 0.820

Raj 2019 Logistic regression 0.840

Silva 2006 Artificial neural network 0.792 0.871 0.781 0.795

Thoral 2021 Gradient boosting machine 0.789 0.202

Xia 2019 Long-short term memory 0.753 0.845 0.776 0.750 0.294 0.486 0.426
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Table 6. Best-Performing Classification Method and Their Respective Highest Reported Performance of Studies Predicting Sepsis.

Author, Year Classification Method

Dummitt 2018  Generalized linear model via penalized
maximum likelihood
Ghosh 2017 Coupled hidden Markov models 0.871
Gultepe 2014 Gaussian mixture model 0.843
Henry 2015 Cox proportional hazards
Misra 2021 Random forest
Mohammed Random forest 0.768
2021
Nemati 2018 Weilbull-Cox proportional hazards 0.670
Park 2020 Recurrent neural network
Shashikumar Elastic net logistic classifier
2017
van Wyk 2019  Random forest
Yee 2019 Bayesian network
Zhao 2021 Categorical boosting

Fl
Accuracy AUROC  Sensitivity = Specificity PPV NPV  AUPRC Score

0.860
0.849 0.928 0.500 0.905
0.830 0.850 0.670
0.948 0.839 0.881

0.739 0.796 0.788 0.760
0.850 0.670
0.960 0.940
0.780 0.850 0.550

0.800 0.680
0.810 0.790 0.660 0.460 0.900
0.869 0.820 0.757

Table 7. Best-Performing Classification Method and Their Respective Highest Reported Performance of Studies Predicting Respiratory,

Cardiovascular, Bleeding, and Renal Complications.

Author and Year Classification Method

Accuracy AUROC  Sensitivity = Specificity PPV

Fl
NPV  AUPRC Score

Respiratory complications

Feng 2021 Time updated light gradient boosting
machine

Huddar 2016 Support vector machine
Cardiovascular complications
Bhattacharya Dual boundary classifier 0.870

2018
Hernandez 2021  Random forest
Hu 2022 Light gradient boosting model
Lee 2010 Artificial neural network 0.758
Yijing 2022 Extreme gradient boosting 0.960
Bleeding
Meyer 2018 Recurrent deep neural network 0.800
Renal

complications
Meyer 2018 Recurrent deep neural network 0.900
Ryan 2022 Ensemble model 0.860

0912
0.873

0.830 0.900
0.890
0.905 0.763 0.872 0.081
0819 0.748 0.746 0.665 0.833
0.940 0.860 0.850
0.870 0.740 0.860 0.840 0.770
0.960 0.940 0.860 0.870 0.940
0.950

Abbreviations: PPV, positive predictive value; NPV, negative predictive value.

In terms of calibration, Hug et al, Ma et al use
Homer-Lemeshow test to assess calibration. Hug et al'® found
that their model’s calibration is weak, whereas Ma et al®®
found their model to be well-calibrated. Raj et al** found that
their algorithm overestimates the risk of mortality for patients.
Thoral et al*” and Luo et al*® showed with calibration curves
that their predicted probabilities are very similar to observed
probabilities, which indicates that the models are well
calibrated.

Prediction of complications. Looking at the studies that predicted
sepsis (Table 6), Park et al achieved very high AUROC of 0.960
(recurrent neural network) when predicting bacteremia, which

is a form of sepsis.** Misra et al*® also achieved a high perfor-
mance (AUROC=0.948, random forest) when predicting
septic shock. Based on sensitivity, Park et al also had the
highest performance (Sens =0.940),>? and Misra et al*® had
the highest specificity of 0.796.

The studies developing models to predict some other com-
plications achieved considerably high AUROC, sensitivity,
and specificity (Table 7). Interestingly, Meyer et al, when pre-
dicting renal complications, achieved very high accuracy
(0.900, recurrent neural network), AUROC (0.960), sensitivity
(0.940), specificity (0.860), and PPV and NPV (0.870 and
0.940, respectively). However, as explained previously,
Meyer et al”> used a balanced dataset for both training and
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testing data, meaning their model performance is not necessar-
ily reflective of the real-world situation. In their patient demo-
graphics, mortality was present in 6.2% of patients, bleeding
in 4.9% and renal failure in 1.0%. These proportions show
highly imbalanced data, meaning that the models tested on a
set where 50% of the patients experienced renal failure reach
AUROC of 0.960 is not applicable in a real-world situation
where renal failure occurs in only 1% of patients.

Interestingly, other performance measures indicating diag-
nostic accuracy, such as PPV and NPV were reported by only
5 studies.?*2"**4!% These 2 performance measures are impor-
tant to know as these indicate the reliability of the model based
on the probability of patient having the outcome predicted by
the model.

None of the models that predicted complications reported
calibration.

Discussion

In this scoping review, we have identified and synthesized key
information of studies describing the development of dynamic
prediction models of patient outcomes in ICU. The studies
were analyzed based on the outcomes they predicted, the
methods they used to develop the prediction models, and the
performance their models achieved. Dealing with missing
data in ICUs—as an incredibly data-rich environment—is inev-
itable,”® and therefore an in-depth discussion regarding the han-
dling of missing data and the imbalanced classification problem
can be found from the Supplemental Material.

Predicted Outcomes

By far, the most predicted outcome by studies included in this
review was ICU mortality. There are various reasons why pre-
dicting mortality is so common.

Firstly, mortality is very straight-forward to define, and is a
binary outcome: “dead” or “alive”. Having a clearly defined
binary outcome is easier to predict as opposed to more
complex multilevel outcomes that have varying levels of defini-
tion (eg, such as predicting morbidity, for example). Secondly,
mortality is obviously the first and foremost outcome that
should be avoided. Thirdly, historically, mortality has always
been the main benchmark in the first instance to audit and
measure the performance of surgical and medical care.”’

However, as ICU mortality rates are decreasing’® other care
quality benchmarks are becoming more important, such as com-
plications.”” With an ageing population, morbidity, on the other
hand, is becoming more prevalent and is the reason why health-
care systems around the world are struggling to sustain their
current “reactive” models of care.®*%!

The definition of the predicted outcome can be what makes
or breaks a prediction model: Because the definition of mortal-
ity is clear, there is no bias in the recorded outcome. However,
as seen in the studies predicting sepsis, the studies had various
definitions. These definitions included internationally approved
definitions and classifications of sepsis, such as SIRS, Sepsis-2

and Sepsis-3, however, these agreed-upon definitions and clas-
sifications are not perfect,®’ and are constantly evolving.'* Even
though sepsis is a widely researched complication, as evidenced
by the large number of studies predicting sepsis-related compli-
cations in this review, sepsis patients are still often identified
too late.’® The problem of varying definitions of sepsis out-
comes might also explain the lack of prediction of ICU compli-
cations in general. For example, acute kidney injury is a
relatively common complication,®® and is now easily identified
based on laboratory measurements using the KDIGO criteria,”®
which hopefully enables the development of more prediction
models for this complication.

Even though electronic health records have come a long
way, databases still do not take into account the current consen-
sus definitions of various complications, such as acute kidney
injury, sepsis, or the definition of complications in general,
which lead to the prediction models being unusable in prac-
tice.3* Both the sepsis and kidney disease criteria can be calcu-
lated once necessary laboratory measurements are taken. This is
also the case for other complications that have agreed criteria
for diagnosis, such as liver failure.®> This means that the time
of the onset of the predicted complication can be compromised
and shows that further effort in defining complications to enable
timely and accurate diagnosis for these outcomes is required.

Classification Methods and Prediction Frequency

The most common classification method to predict clinical out-
comes was logistic regression. This is not surprising as logistic
regression has been shown to have very competitive perfor-
mance compared to more complex machine learning
methods.®¢® Furthermore, logistic regression is a highly inter-
pretable model, showing which variables are associated with
the predicted outcome with easily interpretable odds ratios.
Understanding why a prediction model predicts a certain level
of probability for a patient to have an outcome is important in
practice, so that clinicians know which factors need to be
paid attention to.

However, since the studies presented in this review were faced
with time-series data, preprocessing methods to capture the tempo-
ral aspects of data were required. While many studies summarized
the entries for each chosen time window to build their models, the
methods handling this type of data varied. Depending on the pre-
processing method chosen, this action could introduce further
assumptions to the prediction model, which can subsequently
make the model less applicable in practice.*

Most of the studies predicted outcomes at a certain fre-
quency. Even though all studies in this review developed
dynamic, “real-time” models, in reality, the outcomes were pre-
dicted less frequently than on a real-time basis. The reason for
this is simple: when vital signs are collected very often (eg,
every few minutes),”® then laboratory results are collected
less frequently. Some laboratory results could be collected
every few hours, and some daily.**** This makes a fully real-
time prediction impossible.
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Often when predicting the outcome every time when new
information is entered into the system, not all variables are
updated, which means that in reality the variable values with
no new information were carried forward from the previous
timestamp, as done by a number of studies in this review. As
stated by Haukoos et al,”® this assumes that the patient state
in terms of the carried forward variable stays the same, while
in reality this might not be the case.

MIMIC Databases

The MIMIC databases were commonly used in studies included
in this review. While using publicly available databases to
develop clinical prediction models helps with the transparency
and reproducibility of the models,’" there are a few limitations
to using certain MIMIC databases. Namely, a third of the
studies used the MIMIC-II database, which includes ICU
patients” data collected between 2001 and 2008.°> Even
though this database was the only 1 available during the time
when 9 of the studies were published, for 2 studies, the newer
version—MIMIC-IIl—was already available for almost 2
years.' 78

The MIMIC-III database was first released in 2015 and
includes ICU patients’ data collected between 2001 and
2012.>* MIMIC-IV database was first released in 2020 and
includes patient data collected between 2008 and 2019. It also
includes clinical data prior to ICU admission.”

Understandably, there was a substantial gap between the
release of MIMIC-III and MIMIC-IV, and hence many studies
were using data that were up to a decade old (eg, Yijing et al’s
study was published in 2022 and used MIMIC-III*?). This is a
limitation to these studies as the patient population is ever-
changing,”®* and clinical interventions, practice and policies
change constantly.”” In addition, with more studies investigating
electronic health records, the data quality in clinical systems is
improving.”® Hence, using a data that was recorded many
years ago might make the developed clinical prediction models
not usable in current patient population.

An alternative database to the MIMIC is the eICU database,
released in 2018. The eICU database includes ICU data col-
lected between 2014 and 2015.°> Even though the dataset is
newer, only 3 studies used this dataset.****#¢ The lack of
usage of eICU might be that the MIMIC databases have been
widely used in the literature for over a decade, whereas the
elCU has been available for 5 years only.

Another limitation of using the MIMIC and eICU is that they
are both US-based databases. Although, eICU consists of data
from 208 US hospitals, the MIMIC databases consist of
patient data only from the Beth Israel Deaconess Medical
Center. Even though a third of the studies were based in the
USA and used the MIMIC databases, 12 studies were con-
ducted outside of the USA and still used the MIMIC databases.
This means that the majority (23 out of 36) of the studies have
developed US-centric prediction models which might not nec-
essarily be applicable in other countries, or even within the
general US patient population.

Overall, the availability of large open-source ICU databases
brings a lot of opportunities for clinical data analytics innovation.
These databases are great sandpits to test and develop new meth-
odologies and approaches to improve clinical outcomes.’’
However, to be able to apply models in practice, more recent
and diverse data should be used to ensure the applicability of
the models in a current, up-to-date patient population.

Clinical Implications, Implementation, and Adoption of
Prediction Models

While there are numerous prediction models in medicine, the
information about the implementation and adoption of these
prediction models is limited. Among the studies included in
this review, none have been reported to be applied in clinical
practice. An important measure of model’s applicability in a
specific patient population is calibration.”” In this review,
only 5 studies reported measuring calibration of their prediction
models,'??>3*374¢ which indicates low reporting standards of
currently developed prediction models, as also evidenced by
our findings and discussion about the missing data and data
imbalance approaches in Supplemental Material.

As stated by Seneviratne et al’®: “Very few of these algo-
rithms ever make it to the bedside; and even the most
technology-literate academic medical centers are not routinely
using Al in clinical workflows”. While prediction models in
healthcare have made some major progress in deployment
and medical image interpretation, implementation, accountabil-
ity and ethics still remain a challenge.’® The main factors that
influence the successful implementation of prediction models
are perceived ease of use or usefulness, performance or effort
expectancy, and social influence.'® To enable more wide-
spread implementation of current prediction models, shifting
the focus from optimizing performance metrics to practical
aspects of model design, such as actionability, safety and
utility, and consulting the potential users of the model could
be useful.”®

While a considerable amount of effort is still required to
develop usable, fit-for-purpose clinical prediction models, the
implications for clinical practice can be extremely useful.
Being able to identify patients who are at high risk for a partic-
ular outcome, such as disease progression or a postoperative
complication, would allow directing interventions, such as
more intensive monitoring or treatment, to those who are
most likely benefit. Consequently, these prediction models
would help to improve the quality of care and patient outcomes.

Conclusion

This review analyzed published studies that predicted patient
outcomes in critical care in a dynamic manner. The studies
included show that there is a strong interest in developing
dynamic prediction models for various patient outcomes,
however, the models developed so far have limitations. Most
studies narrowly focus on mortality when there is a range of
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other serious, but well-defined, complications, such as acute
kidney injury that would also benefit from further investigation.
Furthermore, there is often a lack of sufficient details included
across studies, specifically on how missing data were handled in
the predictive models’ development. Finally, more emphasis
should be placed on testing the models in local databases that
are appropriate for the potential demographic which the predic-
tion model is intended for. Prediction models have an enormous
potential to aid in decision-making and diagnostics in critical
care setting, where the amount of data is vast. Therefore,
more emphasis should be placed on predicting complications,
and carrying out validation and evaluation studies to allow
for the successful implementation of the models.
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