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Background:  Healthcare-associated  infections  (HAIs)  are  the most  frequent  adverse  events  in  healthcare
and  a global  public  health  concern.  Surveillance  is  the foundation  for effective  HAIs  prevention  and  con-
trol.  Manual  surveillance  is labor  intensive,  costly  and  lacks  standardization.  Artificial  Intelligence  (AI)
and machine  learning  (ML)  might  support  the  development  of HAI  surveillance  algorithms  aimed  at
understanding  HAIs  risk  factors,  improve  patient  risk  stratification,  identification  of  transmission  path-
ways,  timely  or real-time  detection.  Scant  evidence  is  available  on  AI and ML  implementation  in  the  field
of  HAIs  and  no  clear  patterns  emerges  on  its  impact.
Methods: We  conducted  a systematic  review  following  the  PRISMA  guidelines  to  systematically  retrieve,
quantitatively  pool  and  critically  appraise  the  available  evidence  on the  development,  implementation,
performance  and  impact  of ML-based  HAIs  detection  models.
Results:  Of 3445  identified  citations,  27  studies  were  included  in  the  review,  the  majority  published  in
the  US  (n =  15, 55.6%)  and  on  surgical  site infections  (SSI,  n =  8, 29.6%).  Only  1  randomized  controlled
trial  was  included.  Within  included  studies,  17 (63%)  ML  approaches  were  classified  as  predictive  and  10
(37%)  as retrospective.  Most of  the  studies  compared  ML  algorithms’  performance  with  non-ML  logistic
regression  statistical  algorithms,  18.5%  compared  different  ML  models’  performance,  11.1%  assessed  ML
algorithms’  performance  in  comparison  with  clinical  diagnosis  scores,  11.1%  with  standard  or  automated
surveillance  models.  Overall,  there  is  moderate  evidence  that  ML-based  models  perform  equal  or  better
as  compared  to  non-ML  approaches  and  that  they  reach  relatively  high-performance  standards.  However,
heterogeneity  amongst  the  studies  is very  high  and  did  not  dissipate  significantly  in subgroup  analyses,

by  type  of  infection  or  type of outcome.
Discussion:  Available  evidence  mainly  focuses  on  the  development  and  testing  of  HAIs  detection  and
prediction  models,  while  their adoption  and  impact  for  research,  healthcare  quality  improvement,  or
national  surveillance  purposes  is still far from  being  explored.

©  2020  The  Authors.  Published  by Elsevier  Ltd on  behalf of King  Saud  Bin  Abdulaziz  University  for
Health  Sciences.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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ntroduction

Healthcare-associated infections (HAIs) – intended as infections
ccurring during the process of care – are the most frequent adverse
vents in healthcare, a major threat to patient safety and a global
ublic health concern [1]. The impact of HAIs is reflected in consid-
rable clinical and financial burden in terms of prolonged hospital
tay, excess death and long-term disability, increased antimicrobial
esistance, increased direct costs for health systems and financial
oss for patients and families [2]. It is estimated that more than 2.6

illion new cases of healthcare-associated infections occur every
ear in Europe, with a cumulative burden higher than all other
eported infectious diseases [3,4]. The alarming burden of HAIs has
ecently been highlighted in South East Asia and Africa [5,6]. In
he US, 1 in 31 patients per day develop at least one healthcare-
ssociated infection, overall responsible for 72,000 deaths per year
46]. Meta-analyses estimated in almost $10 billion the annual cost
n the US for the cumulative burden of: central line-associated
loodstream infections (CLABSI), ventilator-associated pneumonia
VAP), surgical site infections (SSI), Clostridium difficile infections
CDI) and catheter-associated urinary tract infections (CAUTI) [8].

Surveillance of HAIs is the foundation for organizing, imple-
enting, and maintaining effective infection prevention and

ontrol programs. Objectives of HAIs surveillance are: to quantify
ates of infections and compare them within/between healthcare
acilities, engage clinical teams to adopt best practices, introduce
vidence-based and cost-effective interventions to reduce HAI and
o identify priority areas where to allocate resources. Surveil-
ance data is used to quantify and monitor HAIs burden, to detect
utbreaks, to identify risk factors, to plan, implement and evalu-
te control interventions, to identify areas for improvement, and
o meet reporting mandates [13]. Various surveillance methods
ave been recommended and validated [9], including continuous
urveillance, active/passive surveillance, prevalence surveys, alert-
ased surveillance, all of which, with different characteristics and
t different rates are labor intensive, costly and time consuming
10].

The advances in Information Technologies (IT) and the progres-
ive digitalization of health data offer new tools and potential for
he healthcare sector, including for the automation of HAIs surveil-
ance [11]. As recently outlined, the availability of different sources’
lectronic health data might boost electronic HAI surveillance sys-
ems on at least three different levels: (i) enhancing the reliability,
fficiency and standardization of surveillance practices [11], (ii)
educing costs and saving times, and (iii) allowing real-time anal-
sis and action [12].

Although automated and semiautomated HAI surveillance sys-
ems are traditionally based on fix and a priori defined classification
lgorithms or simple rule-based decision trees, new evidence sug-
Please cite this article in press as: Scardoni A, et al. Artificial intellig
systematic review of the literature. J Infect Public Health (2020), https

est that, Artificial Intelligence (AI) and machine learning – the
atter intended as an umbrella term for a wide and heterogeneous
et of statistical and computational techniques adopted and applied
o build AI systems (please refer to Box 1 for technical explana-
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tions of artificial intelligence and machine learning models) can
support the development of HAI surveillance algorithms [11]. In
broad terms, Machine Learning (ML) refer to the iterative and auto-
matic optimization of mathematical models that fits the available
data with progressive accuracy. Building on the theoretical con-
cepts outlined in Box 1, its application to infection prevention and
control can lead to an improved understanding of HAIs risk factors,
improved patient risk stratification, identification of transmission
pathways, as well as timely or real-time detection and control.
Despites such promising approach, scant evidence is available on
the literature on ML  implementation in the field of HAIs and no
clear patterns emerges on its impact.

Aim of the current study is to collect and summarize the avail-
able evidence on the application and impact of Artificial Intelligence
to HAIs control. Specific objectives are: to systematically retrieve (i)
experiences of AI-based HAIs detection, (ii) their performance mea-
sures, as compared to traditional manual or automated detection
methods, (iii) to pool and critically appraise the available evidence
on the topic, outlining potential strengths and pitfalls and high-
lighting current gaps in knowledge.

Methods

As done before [23], the review’s methods were defined in
advance following the Prepared Items for Systematic Reviews and
Meta-Analysis (PRISMA) guidelines [24].

Criteria for considering studies

We  included publications that reported on the use of machine
learning-based tools to detect and control HAIs. All healthcare-
associated infections were considered and no restrictions were
applied by type of healthcare facility. Only studies reporting orig-
inal data were included. Eligible study designs included clinical
trials, prospective cohort, retrospective cohort and case-control
studies. Literature reviews were screened to retrieve relevant pri-
mary data. Inclusion was restricted to full text papers; conference
abstracts, posters and study protocols were excluded. Outcomes of
interest included all possible performance measures, as well as all
possible clinical, organizational and economic outcomes.

Search methods for identification of studies

Studies were identified by searching the electronic databases
Medline and Embase. The search strategy was first developed in
Medline using a combination of free text and Mesh terms, and then
adapted for use in the other databases. Complete search strategies
ence-based tools to control healthcare associated infections: A
://doi.org/10.1016/j.jiph.2020.06.006

are available in Appendix A. Further studies were retrieved from
manual reference listing of relevant articles and consultation with
experts in the field. Studies published in English through June 2018
were included.

https://doi.org/10.1016/j.jiph.2020.06.006


ARTICLE ING Model
JIPH-1375; No. of Pages 17

A. Scardoni et al. / Journal of Infection and

Box 1: Artificial intelligence and machine learning mod-
els
Artificial Intelligence (AI) is a term of great rethorical (and
evocative) power [13], but a very low descriptive one, despite
its wide use. In this paper we will refer to the so called “nar-
row AI”, which regards computational systems developed to
execute specific and circumscribed tasks as much  as (or even
more) effectively than human performers [21], and definitely
more efficiently than humans. Many  recent AI systems are built
by means of Machine Learning (ML). This latter is an umbrella
term for a wide and heterogeneous set of statistical and com-
putational techniques that are usually applied to build (narrow)
“AI systems” that exhibit very good performance in tasks
involving pattern matching and signal recognition, including
image recognition. Despite their great diversity, the element
that is common to all ML  methods is the iterative and automatic
optimization of a mathematical model that fits (i.e., explains,
reproduces, interpolates) the available data, the so called train-
ing dataset: for this reason, ML  is an approach that is based on
the available data rather than on explicit and formal represen-
tations of either declarative and procedural knowledge (rules
and algorithms). The tasks where ML  models achieve high per-
formance can be divided in either discriminative tasks, that
is regarding the classification of a new instance of data on the
basis of similar data in the training set; or regressive tasks,
when the model is aimed at estimating an unknown numeri-
cal value of a data instance. In medical terms, discriminative
models can be mainly used to support diagnostic reasoning;
regression models can be useful for prognostic and thera-
peutic purposes. Discriminative model can be further divided
according to whether they work on data that have been previ-
ously labeled by domain experts or not: in the former case, the
models are said to be supervised; in the latter case they are
unsupervised (like in case of clustering algorithms).
Despite the existence of many  models, a small number of
them usually result to outperform the others: to identify these
models, a recent survey has tested an impressive number of
different classifiers (n = 179) on a likewise impressive num-
ber of different data sets (n = 121) and concluded that random
forests and support vector machines (with Gaussian kernel)
are usually the best performing models [16]. Although accu-
racy (and hence the complementary concept, error rate) is
an important feature of ML  models, these models are usu-
ally developed by finding an acceptable compromise between
accuracy and complexity, as depicted in Fig. 1, that is between
the problem of underfitting, which occurs when the model is
too simplistic to get the intrinsic complexity of both the training
data and any possible new data and is characterized by high
“bias”; and overfitting, that is the opposite condition when the
model “mirrors” the training data too closely but generalizes
poorly on new (unseen) data, that is when bias is relatively
low but variance too high to yield value in real-world settings
[17–20]. Recently, the medical community has also emphasized
the importance to consider other dimensions besides accuracy
and complexity in the development of ML  models, like explain-
ability and causability: the former is the capacity of the AI
system to provide credible explanations of the advice given so
as to “open” the black-box of models that would be inscrutable
otherwise; the latter regards the quality of these explanations
to allow “human expert achieve a specified level of causal
understanding with effectiveness, efficiency and satisfaction

D

b
i
r

The 27 included studies corresponded to 26 different study
in a specified context of use” [22].

ata collection and analysis

Identified studies were independently reviewed for eligibility
Please cite this article in press as: Scardoni A, et al. Artificial intellig
systematic review of the literature. J Infect Public Health (2020), https

y two authors (AS, FB) in a two-step based process; a first screen-
ng was performed based on title and abstract while full texts were
etrieved for the second screening. At both stages disagreements by
 PRESS
 Public Health xxx (2020) xxx–xxx 3

reviewers were resolved by consensus and consultation with senior
authors (AO, FC). Data were extracted by two authors (AS, FB) super-
vised by a third and fourth author (AO, FC) using a standardized
data extraction spreadsheet. The data extraction spreadsheet was
piloted on 10 randomly selected papers and modified accordingly.
Data extraction included: authors’ affiliation, journal, publication
year, country of studies’ implementation, study design, study set-
ting, study period, type of infection, sample size, machine learning
model (intervention), comparison model, information on analysis
performed, outcomes of interest, prediction metrics and results.

Analysis and quality appraisal

We performed descriptive analysis to report the characteristics
of included studies. Variables’ categories regrouping was carried
out as following: authors’ affiliation was  categorized into clini-
cal departments and/or information technology (IT) departments;
information on private sector involvement in the authorship was
acknowledged. Study setting was  divided into surgery and emer-
gency departments, intensive care units (ICU) or general hospital
impatient setting. ML  models were categorized in predictive – help-
ful to detect real-time patients’ risk of HAI – and retrospective –
helpful for surveillance and epidemiological analysis.

With regard to the pre-specified outcomes of interest we  quan-
titatively retrieved:

• HAIs surveillance models’ performance measures, expressed as:
sensitivity, specificity, positive predictive value (PPV), nega-
tive predictive value (NPV), area under the receiver operating
characteristic curve (AUROC), accuracy, precision, and other per-
formance measures;

• HAIs’ clinical and organizational control indicators, expressed as:
reduced HAIs’ incidence, prevalence, morbidity, mortality, impa-
tient length of stay and costs.

Both performance measures and control indicators were pooled
using ranges and average values, grouped by type of infection
(HAI in general, CLABSI, SSI, CDI, CAUTI, VAP and other specific
infections) and compared differentiating between ML  and non-ML-
based surveillance models. For studies that presented a comparison
of the performance of different ML  models, we a priori decided to
select and extract data referring to the best performing algorithm.

Anticipating variability between studies, and depending on data
availability, we  planned to apply – where relevant and possible
– random effects analyses to acquire pooled performance and
effectiveness estimates for ML-based vs. non-ML based surveil-
lance systems [25]. Included studies quality appraisal was carried
out applying: the Newcastle-Ottawa Scale (NOS) [26] for non-
randomized studies and the Cochrane Collaboration’s tool for
randomized studies [27]. Included studies’ quality was not set as
exclusion criteria. Disagreements by reviewers were resolved by
consensus.

Results

We identified 3445 citations by searching the selected databases
and listing references of relevant articles. After removing dupli-
cates, 2873 records were retrieved. Papers were screened and
selected as illustrated in Fig. 2, resulting in 27 studies meeting our
a priori defined inclusion criteria and ultimately included in the
review.
ence-based tools to control healthcare associated infections: A
://doi.org/10.1016/j.jiph.2020.06.006

populations, as two  papers referred to the same study [28,29]. Char-
acteristics of included studies are reported in Table 1. Included
studies were carried out in 9 countries, the majority in the

https://doi.org/10.1016/j.jiph.2020.06.006
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Table 1
Characteristics of the included studies.

Ref  &  year  Country  Affiliation  Study  setting  Study
population

Sample  size  Study  period  Study  design  Objective  Infection  type  Analysis  Comparison  Outcomes

Beeler  2018  [30]  USA Clinical  D. &  IT  D.
&  Private  Sector

Hospital  Neonatal  and
pediatric
patients

70,218 January  1st,
2013- May 31st,
2016

Retrospective
cohort

Evaluate  and
validate  a  machine
learning  as  an
accurate  model  to
predict  the risk  of
CLABSI  in  real  time

CLABSI Predictive  RF  vs  LR  AUROC

Branch-Elliman  2015
[31]

USA Clinical  D. ICU  ICU/ACU
patients

43,609
patient-days

March  1st 2013-
November 30th
2013

Prospective
cohort

To  assess  the
utility  of  NLP
algorithm  for
identifying
indwelling  urinary
catheter  days  and
CAUTI  in  a  clinical
setting

CAUTI Predictive  NLP-augmented
algorithm  vs
standard
surveillance
method

Sensitivity
SpecificityPPVN
PV

Campillo-Gimenez
2013  [45]

France  Clinical  D. &  IT  D. Surgery  >18y
neurosurgery
patients

5010 2008–2010 Retrospective
cohort

Automated
detection  strategy
for  SSI  in
neurosurgery,
based  on  textual
analysis  of  medical
reports  stored  in  a
clinical  data
warehouse

SSI  Retrospective  NLP  vs DRG
database  vs
Conventional
surveillance

Recall
Precision
F-measureO
verload  Index

Chang  2011  [46]  Taiwan  Clinical  D. &  IT  D. Hospital  All impatients  806 HAI
69,032  non HAI
(control  group)

2004–2005 Retrospective
cohort

Development  of a
scoring  system  to
predict  HAI,
derived  from
Logistic  Regression
and  validated  by
Artificial  Neural
Network
simultaneously

HAI Predictive  ANN  vs LR  vs
scoring  system

Sensitivity
SpecificityAccuracy
AUROC

Chen  2014  [48]  China  Clinical  D. Hospital  Lung  cancer
patients

609 January
2005–January
2014

Retrospective
cohort

Development  of an
ANN  model  to
predict  nosocomial
infection  in  lung
cancer

HAI Predictive  ANN  vs LR  Sensitivity
Specificity
PPVNPVAUROCLR+
LR−

Cohen  2004  [28] Switzerland  Clinical  D. Hospital  >48  h
hospitalization
impatients

683 2002  Retrospective
cohort

Apply  data  mining
techniques  to
detect  nosocomial
infections

HAI Retrospective  No  Sensitivity
SpecificityA
ccuracy

Cohen  2006  [44]  Switzerland  Clinical  D. &  IT  D. Hospital  Impatients  688 2002  Retrospective
cohort

Identification  of
patients  with  a
high  risk  of
acquiring  any kind
of  nosocomial
infection
measuring  the
performance  of  a
support  vector
algorithm

HAI Retrospective  ML  vs ML  (5
model)

Sensitivity
SpecificityAccuracy
CWA

Cohen  2008  [29]  Switzerland  Clinical  D. Hospital  >48  h
hospitalization
impatients

683 cases  and  49
variables

2002  Retrospective
cohort

Apply  data  mining
techniques  to
detect  nosocomial
infections

HAI Retrospective  No  Sensitivity
SpecificityA
ccuracy

Desautels  2016  [32] USA Clinical  D. &  IT  D.
&  Private  Sector

ICU  >15  y  ICU
patients

22,853 ICU stays  2001–2012 Retrospective
cohort

Compare  the
machine  learning
sepsis  prediction
with  existing
sepsis  scoring
systems

Sepsis  Predictive  InSight
performance  vs
sepsis  scoring
system

Sensitivity
SpecificityAccuracy
AUROCLR+LR−
F-measureD
iagnostic  Odds
Ratio

https://doi.org/10.1016/j.jiph.2020.06.006
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Table 1 (Continued)

Ehrentraut  2018  [52]  SwedenFinland  IT  D. Hospital  All impatients  120 patients  Spring  2012 Retrospective
cohort

application  of
support  vector
machines  and
gradient  tree
boosting  to  detect
patient  records
that  include
hospital-acquired
infections

HAI Retrospective  ML vs ML Precision
Recall
F-measure

Escobar  2017  [33]  USA Clinical  D. Hospital  >18y  impatients  11,251 2007–2014  Retrospective
cohort

Development  and
validation  of  CDI
predictive  models
in  a  large  and
representative
sample  of  adults

Clostridium
difficile

Predictive  Automated
model  vs  Basic
model

Sensitivity
Specificity  PPVN-
PVAUROCBrierNNE
NRI

Gerbier  2011  [7]  France  Clinical  D. ED  Adult  patients  100 medical
records

January  1,
2008–March  31,
2010

Retrospective
cohort

Description  and
evaluation  of  a
natural  language
processing  system
to  extract  and
encode
information  found
in  the narrative
reports  of
computerized  ED
medical  records

HAI Predictive  No  Recall
Precision

Gomez-Vallejo  2016
[51]

Spain  Clinical  D. &  IT  D. Hospital  All impatients  Training  set:
2569 samples,
1800 patients
test  set:  2816
cases

Training  set
from  01  March
2012  to  23
January  2013
Test  set from  30
September  2013
to  31 August
2014

Retrospective
cohort

Development  of
real-time  decision
support  system  for
automated
surveillance  of
nosocomial
infections

HAI Predictive  No  Accuracy
Kappa Value

Haas  2005  [34]  USA Clinical  D. &  IT  D. ICU  Neonates  1692 (NICU  1)
1240 (NICU 2)

From  march  1,
2001  through
January  31, 2003

Retrospective
cohort

Development  of an
automated
monitoring  system
based  on  a  natural
language  processor
to  screen  for
pneumonia  in
neonates

Nosocomial
pneumonia

Retrospective  No  Sensitivity
SpecificityPPV
NPV

Hu  2015  [35]  USA Clinical  D. &  IT  D. Surgery  Surgical  patients  6258 procedures
(405  SSIs)

April
2011–December
2013

Retrospective
cohort

Automated
surgical  adverse
events  detection
tool  and
development  of
machine  learning
models  to
retrospectively
detect  Surgical  Site
Infections  (SSI),  to
accelerate  the
process  of
extracting
postoperative
outcomes  from
medical  charts

SSI  Retrospective  No  Specificity
NPV
AUROC

Hu  2016  [36]  USA Clinical  D. &  IT  D. Surgery  Surgical  patients  Training  set
5280
Test  set  3629

2011–2014 Retrospective
cohort

Development  of an
automated
postoperative
complications
detection
application  by
using  structured
electronic  health
record  (EHR) data

SSI,  pneumonia,
UTI,  sepsis,  and
septic  shock

Retrospective  ML vs ML N/A

https://doi.org/10.1016/j.jiph.2020.06.006
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Table 1 (Continued)

Ke 2017  [37] USA Clinical  D. &  IT  D. Surgery  Abdominal
surgery  patients

860 NA Prospective
cohort

Prediction  of  the
onset  of  SSI using
the
spatial-temporal
matrix  data

SSI  Predictive  Support  vector
regression
model  vs
learning  system
vs  classic
regression
model

N/A

Kuo  2018  [47]  Taiwan  Clinical  D. Surgery  Head  &  neck
surgery  patients

1838 March
2008–February
2017

Retrospective
cohort

Comparison  of
ANN  and  logistic
regression  model
to  predict  SSI

SSI  Predictive  ANN  vs LR  Sensitivity
Specificity
Accuracy
AUROCBrier
DXY

Oh  2018  [38] USA Clinical  D. &  IT  D.
&  Private  Sector

Hospital  Adult  impatients 191,014  UM
65,718 MGH

UM: January  1,
2010–January  1
2016MGH: June
1  2012–June 1
2014

Retrospective
cohort

Evaluate  the
application  to
different  patient
populations  of  a
generalizable
machine-learning
approach  to  using
the structured  data
in  an  EHR to  build
a  CDI risk
stratification
model  tailored  to
an  individual
facility

Clostridium
difficile

Predictive  No  Sensitivity
SpecificityPPV
AUROC

Parreco  2018  [39] USA Clinical  D. ICU  All impatients 57,786  2001–2012 Retrospective
cohort

Comparison  of
machine  learning
techniques  for
predicting  central
line  associated
bloodstream
infection  (CLABSI)

CLABSI Predictive  ML  vs ML  Sensitivity
Specificity
PPVNPVAccuracy
AUROCP
recision

Sanger  2016  [53]  USA &
Netherlands

Clinical  D. &  IT  D.
&  Private  Sector

Surgery  Abdominal
surgery  patients

851 NA Prospective
cohort

Employ machine
learning
techniques  to
develop  and test
SSI  classifiers

SSI  Predictive  No  Sensitivity
SpecificityPPV
NPV

Savin  2018  [53]  Russia  Clinical  D. &  IT  D. ICU  ICU  >48 h  stay  2324 October  1
2010-June  30
2017

Prospective
cohort

Identify
healthcare-
associated
ventriculitis  and
meningitis  risk
factors  using  tree
based  machine
learning
algorithms

Healthcare-
associated
ventriculitis  and
meningitis

Predictive  XgBoost  vs LR  PPV
NPVAUROCRecall
Precision
F-measure

https://doi.org/10.1016/j.jiph.2020.06.006
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Table 1 (Continued)

Shimabukuro  2017  [40]  USA Clinical  D. &  IT  D.
&  Private  Sector

ICU  Medical-surgical
ICU  patients

67 intervention
75 control

Dec 2016–Feb
2017

RCT Prediction  of sepsis  Sepsis  Predictive  ML vs sepsis
scores

Hospital  LOS
ICU  LOSI
n-hospital
mortality  rate
Sensitivity
SpecificityA
UROC

Soguero-Ruiz  2015  [49]  Norway  Clinical  D. &  IT  D. Surgery  Surgical  patients  101 cases  and
904 controls

NA Retrospective
cohort

Development  of a
model  for  real  time
prediction  and
identification  of
patients  at  risk  for
developing  SSI

SSI  Predictive  ML vs ML Accuracy

Sohn  2017  [41]  USA Clinical  D. &  IT  D. Surgery  Colorectal
surgery  patients

751 cases  From  2010  to
2012

Retrospective
cohort

Assessment  of  the
performance  of
Bayesian  network
in  abstracting  SSI
and  further
evaluation  of  the
potential  to
identify  SSIs  from
electronic  medical
records.

SSI  Retrospective  NLP  vs LR  AUROC

Taylor  2018  [42]  USA Clinical  D. ED  Adult  impatients  55,365 March
2013–May2016

Retrospective
cohort

Selection  of best
performing  ML
algorithm

UTI Retrospective  ML vs UTI
diagnosis

Sensitivity
SpecificityA
ccuracy

Weller  2017  [43]  USA Clinical  D. &  IT  D.
&  Private  Sector

Surgery  Colorectal
surgery  patients

4773 2010–2014  Retrospective
cohort

Prediction  and
detection  of
occurrence  of
complications  of
colorectal  surgery

SSI  Predictive  ML vs LR  AUROC

(ED) Emergency Department, (ICU) Intensive Care Unit, (ACU) Acute Care Unit, (Clinical D.) Clinical Department, (IT D.) Information Technology Department, (LOS) Length of Stay, (CLABSI) Central Line-associated Bloodstream
Infection, (CAUTI) Catheter-associated Urinary Tract Infections, (UTI) Urinary Tract Infections, (SSI) Surgical Site Infections, (HAI) Healthcare-associated Infections, (RF) Random Forest, (LR) Logistic Regression, (NLP) Natural
Language Processing, (ANN) artificial neural network, (SVM) Support-vector machine, (PPV) positive predictive value, (NPV) Negative Predictive Value, (CWA) Mean class-weighted accuracy, (AUROC) Area under the Receiver
Operating Characteristic, (LR+) positive likelihood ratio, (LR−) negative likelihood ratio, (NNE) Number of incident cases one would need to evaluate to detect one recurrence, (NRI) Net Reclassification Improvement, (APR) Area
under  the Precision-Recall Curve.

https://doi.org/10.1016/j.jiph.2020.06.006
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Some papers reported on subgroup analysis; 7 papers (25.9%)
ig. 1. Optimization between accuracy and complexity of machine learning models.

S (n = 15, 55.6%) [30–43], three studies were conducted in
witzerland (11.1%) [28,29,44], 2 in France (7.4%) [7,45], 2 in
aiwan (7.4%) [46,47], and one, respectively, in China [48], Norway
49], Russia [50], Spain [51], Sweden with Finland [52] and The
etherlands with the US [53]. Overall, only 5 studies (18.5%) were

onducted in EU countries [7,45,51–53]. Studies were published
etween 2004 and 2018, with more than one third published from
017 onwards and one fourth of all included studies (n = 7, 25.9%)
ublished in 2018. Most of the studies have at least one author affil-

ated with a clinical department (96.3%). Nine papers (33.3%) have
nly authors with clinical department affiliations. Seventy-four
er cent of papers resulted from multidisciplinary collaborations
n = 20) between clinical and IT researchers. In one fourth of papers
n = 6, 22.2%) private companies contributed to the work and were
cknowledged in the authorship. Among included studies: 33.3%
Please cite this article in press as: Scardoni A, et al. Artificial intellig
systematic review of the literature. J Infect Public Health (2020), https

n = 9) were conducted in surgery departments, 22.2% (n = 6) in
ntensive care units (ICU), 7.4% (n = 2) in emergency departments
ED), while 37% (n = 10) in general inpatient hospital setting. Two
hirds of studies focused on selected types of infections, including:

Fig. 2. Screening PRISMA o
 PRESS
 Public Health xxx (2020) xxx–xxx

SSI (n = 8, 29.6%), healthcare-associated sepsis (n = 2, 7.4%), CLABSI
(n = 2, 7.4%), CDI (n = 2, 7.4%), UTI (n = 1, 3.7%), CAUTI (n = 1, 3.7%),
nosocomial pneumonia (n = 1, 3.7%), healthcare-associated ventri-
culitis and meningitis (n = 1, 3.7%), while the remaining third (n = 9)
focused on HAI in general.

The vast majority of studies were retrospective cohorts (n = 22,
81.5%), 4 were prospective cohorts [31,37,50,53] and one random-
ized controlled trial [40]. Units of analysis included: number of
patients, number of medical records, patient-days, hospital stay
(days), number of procedures. Included studies’ sample sizes, dif-
ferentiating between intervention and control, training test and
test sets are reported in Table 1. Sample sizes of studies having
patients as unit of analysis ranged from 120 to 256,732 (median
2081).

ML algorithms assessed in included studies varied widely
(Table 1): 17 (63%) ML  approaches were classified as predictive
and 10 (37%) as retrospective. Studies’ comparison varied as fol-
lowing: 3 (11.1%) studies assessed ML  algorithms’ performance in
comparison with clinical diagnosis scores [32,40,46], 3 (11.1%) with
standard or automated surveillance models [31,33,45], 2 (7.4%)
with Diagnosis Related Group (DRG) code detection-based models
[42,45]. Most of the studies (n = 8, 29.6%) compared ML  algorithms’
performance with non-AI Logistic Regression statistical algorithms
[30,37,41,43,46–48,50]. Five (18.5%) studies compared different ML
models’ performance [36,39,44,49,52], the remaining studies not
providing comparisons (Table 1).

Assessed performance measures were predominantly: speci-
ficity (in 16 studies, 59.2%), sensitivity (in15 studies, 55.6%), the
area under the receiver operating characteristic curve (AUROC,
in 13 studies, 48.1%), accuracy (in 10 studies, 37%), negative pre-
dictive value and positive predictive value (in 8 studies, 29.6%),
precision (n = 5, 18.5%), recall and F-measure (n = 4, 14.8%). Oth-
ers considered performance measures are reported in Table 1.
ence-based tools to control healthcare associated infections: A
://doi.org/10.1016/j.jiph.2020.06.006

[35,41,43,46,47,49,53] evaluated the performance by applying dif-
ferent cut-offs or by evaluating the presence of preoperative and
postoperative HAIs.

f systematic review.
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Table 2
ML-based models for Central Line-associated Bloodstream Infections (CLABSI), sepsis and Clostridium difficile infection (CDI) surveillance: performance results.

Ref Sensitivity Specificity PPV NPV Accuracy AUROC Precision Sensitivity Specificity PPV NPV Accuracy AUROC Precision

ML: random forest
Beeler 2018 CLABSI 0.87

ML:  deep learning ML:  logistic regression
Parreco 2018 CLABSI 4.0 98.7 4.3 98.6 0.973 0.642 4.3 0.0 100.0 0.0 98.6 0.986 0.722 0.0

Ref  Sensitivity Specificity PPV NPV Accuracy AUROC Precision AUROC

Control: logistic regression
Beeler  2018 CLABSI 0.79

ML:  gradient boosted trees
Parreco 2018 CLABSI 5.3 98.9 7.1 98.6 0.976 0.710 7.1

Ref  Sensitivity Specificity Accuracy AUROC LR+ LR− F-measure APR Diagnostic
odds ratio

Sensitivity Specificity Accuracy AUC/AUROC LR+ LR− F-measure APR Diagnostic
odds ratio

ML:  ML  algorithm
Shimabukuro 2017 Sepsis 90.0 90.0 0.952

ML:  InSight (0 h) ML:  InSight (4 h)
Desautels 2016 Sepsis 80 80 0.80 0.88 3.90 0.25 0.47 0.60 15.51 80 54 0.57 0.74 1.75 0.37 0.30 0.28 4.75

Ref  Sensitivity Specificity Accuracy AUROC LR+ LR− F-measure APR Diagnostic odds
ratio

Control: Clinical criteria
Shimabukuro 2017 Sepsis SIRS 59.0MEWS

36.5SOFA
91.0qSOFA 28.8

SIRS 76.4MEWS
66.7SOFA
18.1qSOFA 75.0

SIRS 0.681MEWS
0.524SOFA
0.756qSOFA 0.518

CONTROL: Clinical criteria
Desautels 2016 Sepsis SIRS 72qSOFA

56MEWS 70SAPS II
75SOFA 80

SIRS 44qSOFA
84MEWS 77SAPS II
52SOFA 48

SIRS 0.47qSOFA
0.80MEWS
0.76SAPS II
0.55SOFA 0.52

SIRS 0.61qSOFA
0.77MEWS
0.80SAPS II
0.70SOFA 0.73

SIRS 1.30qSOFA
3.37MEWS
3.05SAPS II
1.57SOFA 1.55

SIRS 0.63qSOFA
0.53MEWS
0.39SAPS II
0.48SOFA 0.42

SIRS 0.24qSOFA
0.39MEWS
0.40SAPS II
0.27SOFA 0.27

SIRS 0.16qSOFA
0.28MEWS
0.33SAPS II
0.23SOFA 0.28

SIRS 2.06qSOFA
6.33MEWS
7.85SAPS II
3.26SOFA 3.71

Ref  Sensitivity Specificity PPV NPV AUROC BRIER NNE NRI Sensitivity Specificity PPV NPV AUROC BRIER NNE NRI

ML: automated model Control: basic model
Escobar 2017 CDI 79.17 32.04 11.09 93.49 0.605 0.0942 9.02 0.0199 75.69 41.19 12.11 94.96 0.591 0.0937 8.26 0.0766

ML:  machine learning algorithm
Oh 2018 CDI UM 28 UM 95 UM 6 UM 0.82

MGH 23 MGH  95 MGH 4 MGH  0.75

(ML) Machine learning, (UM) University of Michigan Hospitals, (MGH) Massachusetts General Hospital, (PPV) positive predictive value, (NPV) Negative Predictive Value, (AUROC) Area under the Receiver Operating Characteristic,
(LR+)  positive likelihood ratio, (LR−) negative likelihood ratio, (F1) F-measure, (NNE) Number of incident cases one would need to evaluate to detect one recurrence, (NRI) Net Reclassification Improvement, (APR) Area under the
Precision-Recall Curve.

https://doi.org/10.1016/j.jiph.2020.06.006


Please
 cite

 th
is

 article
 in

 p
ress

 as:
 Scard

on
i

 A
,

 et
 al.

 A
rtifi

cial
 in

telligen
ce-based

 tools
 to

 con
trol

 h
ealth

care
 associated

 in
fection

s:
 A

system
atic

 review
 of

 th
e

 literatu
re.

 J
 In

fect
 Pu

blic
 H

ealth
 (2020),

 h
ttp

s://d
oi.org/10.1016/j.jip

h
.2020.06.006

A
R

T
IC

L
E

 IN
 P

R
E

S
S

G
 M

odel
JIPH

-1375;
 

N
o.

 of
 Pages

 17

10
 

A
.

 Scardoni
 et

 al.
 /

 Journal
 of

 Infection
 and

 Public
 H

ealth
 xxx

 (2020)
 xxx–xxx

Table 3
ML-based models for Surgical Site Infections (SSI) surveillance: performance results.

Ref Sensitivity Specificity PPV NPV Accuracy AUROC Recall Precision F1 Overload
index

DXY Brier

ML:  Nomindex NLP
Campillo-Gimenez 2013 SSI 92.3 40.0 55.8 1.6

ML:  automated supervised learning
Hu 2015 SSI 93.5

88.8
78.7

98.0
98.5
99.0

0.896

ML:  ANN
Kuo 2018 SSI (A) 61.4

(B) 67.0
(A) 89.0
(B) 95.2

(A) 0.778
(B) 0.757

(A) 0.808
(B) 0.892

(A) 0.615
(B) 0.781

(A) 0.141
(B) 0.090

ML:  NLP Bayesian network
Sohn 2017 SSI (1) 0.643

(2) 0.721
(3) 0.799
(4) 0.827

ML:  LOCF (all tests)
Soguero-Ruiz 2015 SSI (A) 0.81

(B) 0.89
ML:  Naïve Bayes serial features SF classifier (full)

Sanger 2016 SSI (C) 42
(D) 69
(E) 80

(C) 91
(D) 78
(E) 64

(C) 53
(D) 43
(E) 35

(C) 87
(D) 91
(E) 93

ML:  RF
Weller 2017 SSI (A) 0.436

(F) 0.465
(G) 0.496
(H) 0.548

https://doi.org/10.1016/j.jiph.2020.06.006
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Table 3 (Continued)

Ref Sensitivity Specificity PPV NPV Accuracy AUROC AUROC AUROC

Campillo-Gimenez 2013 SSI
Hu 2015 SSI
Kuo 2018 SSI
Sohn 2017 SSI

ML:  warped-GP
Soguero-Ruiz 2015 SSI (A) 0.88

(B) 0.90
ML:  Naïve Bayes serial features SF classifier (simplified)

Sanger 2016 SSI (C) 42
(D) 66
(E) 75

(C) 91
(D) 78
(E) 64

(C) 53
(D) 42
(E) 33

(C) 87
(D) 91
(E) 92

ML:  SVM ML:
AdaBoost

ML:  Nbayes

Weller  2017 SSI (A) 0.553
(F) 0.511
(G) 0.474
(H) 0.494

(A) 0.437
(F) 0.470
(G)  0.511
(H)  0.506

(A) 0.475
(F) 0.450
(G) 0.453
(H) 0.522

Ref  Sensitivity Specificity Accuracy AUROC Recall Precision F1 DXY Brier Recall Precision F1 Overload
index

Control: conventional surveillance Control: DRG database
Campillo-Gimenez 2013 SSI 23.1 100 37.5 84.6 4.8 9.1 21.4
Hu  2015 SSI

Control: LR
Kuo 2018 SSI (A) 14.4

(B) 22.1
(A) 95.4
(B) 93.3

(A) 0.723
(B) 0.727

(A) 0.694
(B) 0.717

(A) 0.388
(B) 0.433

(A) 0.185
(B) 0.179

Control: LR
Sohn 2017 SSI 0.719
Soguero-Ruiz 2015 SSI
Sanger 2016 SSI

Control: LassoLR
Weller 2017 SSI (A) 0.489

(F) 0.551
(G) 0.563
(H) 0.564

(A) Pre-operative, (B) post-operative, (C) Higher specificity cutoff, (D) balanced cutoff, (E) higher sensitivity cutoff, (F) postoperative day 0, (G) postoperative day 1, (H) postoperative day 2, (PPV) positive predictive value, (NPV)
negative  predictive value, (AUROC) Area under the Receiver Operating Characteristic, (F1) F-measure.

https://doi.org/10.1016/j.jiph.2020.06.006
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Table 4
ML-based models for Healthcare Associated Infections (HAIs) and other single infections surveillance: performance results.

Ref Type of
infection

Sensitivity Specificity PPV NPV Accuracy CWA  AUROC LR+ LR−  Recall Precision F1 Kappa

ML:  ANN
Chen 2014 HAI 56.0 85.0 75.7 69.9 0.860 3.73 0.52

ML:  ANN
Chang 2011 HAI (I) = 82.76

(J)
=  72.41
(K)
= 68.97

(I) = 78.15
(J)
=  84.66
(K)
= 86.16

(I) = 0.961
(J)
=  0.954
(K)
= 0.942

(I) = 0.850
(J)
=  0.820
(K)
= 0.791

ML:  Symmetrical Margin SVM
Cohen 2004 HAI 50.6 94.4 0.896

ML:  SVM
Cohen 2006 HAI 43 92 0.86 0.55

ML:  Symmetrical Margin SVM
Cohen 2008 HAI 50.6 94.4 0.896

ML:  GTB optimized
Ehrentraut 2018 HAI 93.7 79.7 85.7

ML:  NLP
Gerbier 2011 HAI 85.8 79.1

ML:  Machine Learning
Gomez-Vallejo 2016 HAI 0.702 0.62

Ref  Sensitivity Specificity PPV NPV Accuracy AUROC LR+ LR− CWA  Recall Precision F1

Control: LR
Chen 2014 38.0 86.7 70.4 62.7 0.759 2.85 0.72

Control: medical scoring system
Chang 2011 (I) = 68.97

(J)
=  62.07
(K)
= 68.97

(I) = 91.50
(J)
=  92.59
(K)
= 84.62

(I) = 0.912
(J)
=  0.922
(K)
= 0.844

(I) = 0.871
(J)
= 0.830
(K)
= 0.791

ML:  Asymmetrical Margin SVM
Cohen 2004 92 72.2 0.744

ML:  AdaBoost
Cohen 2006 45 95 0.86 0.58

ML:  Asymmetrical Margin SVM
Cohen 2008 92 72.2 0.744

ML:  SVM optimized
Ehrentraut 2018 89.8 83.1 84.8
Gerbier  2011
Gomez-Vallejo 2016

https://doi.org/10.1016/j.jiph.2020.06.006
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Table 4 (Continued)

Ref Sensitivity Specificity Accuracy AUROC CWA  Sensitivity Specificity Accuracy CWA  Sensitivity Specificity Accuracy CWA

Chen 2014
Control: LR

Chang 2011 (I) = 82.76
(J)
= 75.86
(K)
= 68.97

(I) = 80.90
(J)
=  81.63
(K)
= 86.16

(I) = 0.988
(J)
=  0.985
(K)
= 0.989

(I) = 0.870
(J)
=  0.831
(K)
= 0.792

Cohen 2004
ML:  C4.5 ML:  Naive Bayes ML: IB1

Cohen  2006 28 95 0.88 0.45 57 88 0.85 0.65 19 96 0.88 0.38
Cohen  2008
Ehrentraut 2018
Gerbier 2011
Gomez-Vallejo 2016

Ref Sensitivity Specificity PPV NPV Accuracy AUROC Recall Precision F1

ML:  NLP augmented algorithm
Branch-Elliman 2015 CAUTI 65 99.6 54.2 99.7

ML:  NLP
Haas 2005 Nosocomial

Pneumonia
71 95 7.9 99.8

ML:  Xgboost
Savin 2018 Healthcare-

associated
ventriculi-
tis and
meningitis

34 94 0.83 0.32 0.39 0.34

ML:  Xgboost
Taylor 2018 UTI 80.0 84.7 0.837

Ref  Sensitivity Specificity Accuracy Sensitivity Specificity Accuracy AUROC F1

Control: standard surveillance method
Branch-Elliman 2015
Haas 2005

Control: LR
Savin  2018 0.81 0.28

ML:  Reduced Xgboost Control: UTI diagnosis
Taylor 2018 74.5 84.7 0.825 41.3 84.7 0.751

(I) Variable Group1, (J) Variable Group3, (K) Variable Group5. (PPV) Positive Predictive Value, (NPV) Negative Predictive Value, (CWA) Mean class-weighted accuracy, (AUROC) Area under the Receiver Operating Characteristic,
(LR+)  positive likelihood ratio, (LR−) negative likelihood ratio, (F1) F-measure.

https://doi.org/10.1016/j.jiph.2020.06.006
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Performance measures’ pooled data are reported by type of
nfections in Tables 2–4 and detailed in the sections below. In
ables 2–4 we report performance measures for each assessed ML-
ased model, performance measures of control models, grouping

ncluded studies by type of infections.

L-based models for Central Line-associated Bloodstream
nfections (CLABSI) surveillance

Two studies reported data on ML-based models applied to
LABSI surveillance in, respectively, hospital and ICU settings
30,39] (Table 2). Beeler et al. [30] compared a ML-random forest

odel with non-ML traditional logistic regression model, (AUROC
f 0.87 and 0.79, respectively) and validated the best performing
L one to derive patients’ personalized daily risk of CLABSI. Parreco

t al. [39] compared the performance of three different ML-based
odels, demonstrating Gradient boosted trees-ML model to have

he highest accuracy, precision, sensitivity and negative predictive
alue. Overall, all ML-based models tested in Parreco et al. [39] had:
i) high specificity and NPV, low sensitivity and PPV, and had lower
UROC as compared to Beeler et al. [30]. The application of Logistic
egression (LR) models was different in the two studies, in Beeler
t al. [30] a static model was applied, instead in Parreco et al. [39]

 machine learning model of LR was applied. Both studies con-
luded demonstrating the potential benefits of applying accurate
L-based models for CLABSI real time/early identification and risk

rediction.

L-based models for sepsis surveillance

We  retrieved two papers reporting on ML-based models for sep-
is’ detection: one using retrospective data to test and validate them
32], while one assessing their impact on clinical outcomes in the
ontext of an experimental study design [40] (Table 2). Desautels
t al. [32] showed a ML-based classification system using a mini-
al  set of clinical data to perform better than traditional scoring

ystems (Sequential Organ Failure Assessment – SOFA Score, quick
OFA – qSOFA, Modified Early Warning Score – MEWS, Systemic
nflammatory response syndrome – SIRS Score, Simplified Acute
hysiology Score – SAPS score), both at admission (AUROC = 0.88,
PR = 0.595), and 1–4 h preceding sepsis onset (Table 2), perfor-
ance holding higher even with 60% randomly missing data. A

andomized controlled trial by Shimabukuro et al. [40] assessed
he efficacy of an ML-based sepsis detection algorithm on reduc-
ng hospital length of stay (LOS) and mortality, as compared to
raditional automated sepsis score surveillance, reporting – respec-
ively – a 20.6% and 12.4% decrease (Table 2). Overall, both studies
eported ML-based models to detect sepsis more accurately than
raditional clinical scores, retrospectively for epidemiological and
erformance evaluation purposes, and prospectively for preventive
eal-time evaluations.

L-based models for Clostridium difficile infection (CDI)

We  retrieved two studies reporting on ML-models to predict
lostridium difficile infection in the US [33,38] (Table 2). Oh et al.
38] contrasted the idea of applying static non-ML prediction mod-
ls for CDI across institutions but, instead, propose a ML  approach to
erive setting-specific ML-based risk models for CDI and report per-

ormance measures of two of them developed from retrospective
ealth data analysis with AUROC of, respectively, 0.82 at the Mas-
achusetts General Hospital, and 0.75 at the University of Michigan
Please cite this article in press as: Scardoni A, et al. Artificial intellig
systematic review of the literature. J Infect Public Health (2020), https

ospital (Table 2). As authors comment, these ML-EHR-based CDI
isk stratification models allow for earlier and more accurate iden-
ification of high-risk patients and better targeting of infection
revention strategies, with high specificity but high false positives
 PRESS
 Public Health xxx (2020) xxx–xxx

(low positive predictive value, Table 2). Escobar et al. [33] compared
different techniques, including machine learning models, to pre-
dict recurrent Clostridium difficile infection (Table 2); they selected
three best performing models – of which one ML-based – but
did not report any discrimination advantage, or better calibration
or explanatory power, as compared to simple logistic regression
(Table 2), leading authors to conclude that the use of ML  models
remains limited in CDI recurrence prediction.

ML-based models for Surgical Site Infections (SSI)

We  retrieved eight studies reporting on the application of ML-
based models to predict, control and assess Surgical Site Infections
and their risk factors pre and post-surgery in European and US
surgery departments [35,37,41,43,45,47,49,53]. Performance mea-
sures of different ML-based models are reported in Table 3.

Two studies compared ML-models with standard logistic regres-
sion models for SSI prediction in colorectal surgical patients [41,43]
reporting higher performance of Bayesian network classifier using
different set of variables (p = 0.002) in one study [41], while less
supportive results were reported in the other [43] where ML-
based models had higher performance than LR only prior to surgery
[43] and only for specific ML  classification methods (support vec-
tor machines, Table 3). Promising results of applying ML-based
models to SSI prediction comes from neurosurgery [45], and head
and neck surgery settings [47]. The use of Artificial neural net-
works (ANN) algorithms showed good results in predicting SSI in
free flap reconstruction, performing better in postoperative predic-
tion [47]; similarly, Natural Language Processing (NLP) detection
approach showed the highest detection accuracy for SSI infections
[45] (Table 3). A multi-center study assessed the SSI predictive
value of ML-based models incorporating data from daily clinical
wound assessment and reporting the best performing model to
have moderate PPV (0.35) and high NPV (0.93) for identification
of SSI in advance of clinical diagnosis [53]. Soguero-Ruiz et al.
[49] explored different ML-based models (linear and non-linear
SVM) for SSI temporal prediction fueled by blood test results and
reported pre-operative and post-operative accuracy to range from,
respectively, 0.69 and 0.67 to 0.91 and 0.90. Finally, a large US
study developed and tested against the US National Surgical Qual-
ity Improvement project (NSQIP) data prototype ML-based systems
to detect superficial, deep and organ/space SSI reporting them to
have high specificity (0.78–0.98) and high NPV (>0.98) [35]. Over-
all, ML  models’ sensitivity ranged between 0.42 and 0.80, specificity
ranged between 0.64 and 0.93, Positive Predictive Value between
0.33 and 0.53, Negative Predictive Value between 0.87 and 0.99,
accuracy between 75.8 and 90 and AUROC between 0.436 and
0.896.

ML-based models for Healthcare Associated Infections (HAIs)

Eight included studies reported on ML-based models for the
control of HAIs in general (Table 4), either to retrospectively iden-
tify HAIs’ determinants and risk factors, or to prospectively predict
their occurrence [7,28,29,44,46,48,51,52] (Table 4). Included stud-
ies compared different ML-based models or compared them with
non ML  models. Swedish data comparing two different ML-based
models, namely SVMs and GTB showed the latter to perform better
in terms of percent recall (93.7) and precision (79.7) [52]. Rela-
tively high HAI detection performances of ML-based models were
reported in the US [36], France (0.79 precision) [7] and Spain (0.70
precision) [51] (Table 4). Studies conducted in China [48] on lung
ence-based tools to control healthcare associated infections: A
://doi.org/10.1016/j.jiph.2020.06.006

cancer patients and Taiwan [46] compared ML-based models fed
by Electronic Health Records data to LR and manual scoring mod-
els reporting high discrimination power of ANN with AUC ranging
from 0.79 to 0.85 (Table 4), although not statistically higher than

https://doi.org/10.1016/j.jiph.2020.06.006
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R in data from Taiwan [46]. Three overlapping studies conducted
y Cohen et al. [28,29,44] investigated the performance of one-
lass support vector machines for HAI detection underlying how, as
ompared to two-class approach, they better accounted for imbal-
nce in HAI data prevalence (i.e. few positive and a lot of negative
ases) reaching 0.92 sensitivity, 0.72 specificity and 0.74 accuracy
n best performing models (SVMs with asymmetrical margin [28].
n 2006 Cohen et al. [44] tested and compared several ML classifiers
eporting sensitivity and specificity ranging from, respectively, 0.49
nd 0.74 to 0.87 and 0.86 (Table 4). Overall, ML  models’ sensitivity
anged between 0.19 and 0.92, specificity ranged between 0.72 and
.96 and accuracy between 0.70 and 0.96.

ingle study HAIs

Of the 4 studies evaluating ML  approaches on other HAI, two
apers focused on urinary tract infections [31,42], one on health-
are associated ventriculitis and meningitis [50], one on nosocomial
neumonia [34] (Table 4). With regard to urinary tract infections,
S data reported XGboost to perform best, as compared to other ML
lgorithms, as well as compared to provider judgment, antibiotic
dministration and documentation of UTI diagnosis [42] (Table 4),
hile data from a different study setting reported NLP-based mod-

ls not to perform as well as standard surveillance methods [31].
avin et al. [50] showed ML  to be an effective approach to identify
isk factors for healthcare-associated ventriculitis and meningitis
ith particular reference to Xgboost algorithms performing better

han other assessed ML-based algorithms (Table 4). Retrospective
nalysis conducted in neonatal intensive care units produced per-
ormance data on ML-based automated surveillance system for
osocomial pneumonia (sensitivity: 0.71, specificity 0.99, PPV 0.08
nd NPV >0.99) [34].

iscussion

Our review identified 27 studies in which ML-based models
ere applied to HAIs surveillance and control in different clinical

ettings. Overall, there is moderate evidence that ML-based models
erform equal or better as compared to non-ML approaches and
hat they reach relatively high-performance standards. However,
eterogeneity amongst the studies was very high and did not dissi-
ate significantly in subgroup analyses, by type of infection or type
f outcome. More than half of included studies were conducted in
he US and the majority of studies focused on surgical site infec-
ions. Available comparative data are between different ML-based

odels and: clinical scores, standard or automated (rule-based)
urveillance models and logistic regression statistical algorithms;
3% of studies had a predictive approach, while 37% had a retro-
pective approach to risks identification for HAIs.

Digitalization is revolutionizing “the way humans create,
xchange, and distribute value” [51], and rapidly shaping all aspects
f society, including healthcare [8,56,57]. In this context, there is
o doubt that artificial intelligence tools’ application to the dif-

erent fields of medicine will dramatically improve diagnostics,
reatments and ultimately health outcomes. The adoption of ML-
ased instruments in health has been taken up at different paces in
ifferent fields of medicine. As summarized in a recent review, the
reas in which research on artificial intelligence is more advanced
re: cancer, nervous system and cardiovascular diseases [58], with
romising applications to, for example, cancer mutations’ identifi-
ation [59,60], cardiovascular events’ prediction [55,61,62], among
thers. We  have previously reviewed and pooled the application of
Please cite this article in press as: Scardoni A, et al. Artificial intellig
systematic review of the literature. J Infect Public Health (2020), https

L in orthopedics reporting a still preliminary – although expand-
ng – phase of ML  adoption, mostly linked to the use of imaging
ata [54]. More in general, the arguments around the application
f AI in health are mostly framed around the concept of clinical
 PRESS
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decision support, or better said, around the concept of support-
ing physicians in their tasks to take decisions “in the absence of
certitude” [54] in clinical contexts. A public health perspective on
artificial intelligence is less frequently adopted. We  have recently
argued that as public health in Europe and across the globe faces
substantial challenges – including the burden of HAIs and asso-
ciated rise of antimicrobial resistance [63] – we should seek to
better understand the potential of artificial intelligence use in sup-
porting public health efforts [38,57]. How can ML tools support
emerging public health threats through preventive approaches? In
the current paper we make the case of HAIs’ prevention and con-
trol. From all the studies included in the present review -although
largely heterogeneous – it clearly emerges how ML-based models
would allow for earlier and more accurate identification of high-
risk patients and better targeting of infection prevention strategies
in healthcare facilities with ultimate decreased incidence and costs.
Indeed, in a generalized context where hospitals are struggling to
control expenses, despite quality improvements in healthcare, HAIs
remain a major cost. A meta-analysis published on Jama estimated
that in the US the total annual costs for the 5 major HAIs is $9.8
billion [8]. None of the studies retrieved in our review reported cost-
effectiveness analysis on the application of ML-based intervention
for HAIs surveillance and control, a research area worth exploring
in the near future. More in general, the field of cost-effectiveness
analysis of ML-based tools in healthcare is still poorly explored,
some data support the cost-effectiveness of targeted screenings
using a ML  risk prediction algorithms [64] but solid evidence on
cost-effectiveness of ML  in the different areas of medicine is missing
[1]. Almost all included studies provided performance measures of
newly developed or adapted ML  models while limited data is avail-
able on their validation [65] and on their implementation in clinical
practice. In fact, we  could retrieve only one RCT that reported data
on the experimental use of a ML-based severe sepsis prediction sys-
tem showing reduced average length of stay (−21%) and in-hospital
mortality (−12%). In addition, the single-center study’s relatively
small sample size, the short study period limits the generalisabil-
ity of its results. Overall, scant data is available on ML  tools’ use
and impact in clinical practice, this confirming that despite ongo-
ing lively discussion around the potential of artificial intelligence in
support of healthcare delivery, evidence is still largely lacking. Our
data demonstrate that research outputs are progressively accumu-
lating on the topic, but we are still far from validation, adoption
and scaling up of ML-based models for HAIs control and almost
no data exist on their impact on clinical, organizational or eco-
nomic outcomes. A number of pillars need to be strengthened to get
to widespread adoption of ML-based tools for HAIs control; these
relate to the availability of data and technical infrastructures, to
the development and validation of highly performing models and
to the tackling of the normative, cultural, behavioral and organiza-
tional determinants challenging their adoption. First, large volumes
of electronic health data should be available, accessible and link-
able so as to inform and fit machine learning algorithms. Indeed,
the value of machine learning predictive algorithms is to unlock and
make meaningful use of large, complex data. The availability of elec-
tronic health data varies widely across countries, regions and single
healthcare facilities. In the US it is estimated that more than 90% of
hospitals have an electronic medical system in place [10], in Europe
the distribution of the Digital Health Index that assesses Countries’
digital health readiness lists Estonia and Denmark as preforming
best in Europe [67] while other countries lack far behind . Second,
our data demonstrate that multidisciplinary teams are developing
ML-based prediction models for HAI detection and control whose
ence-based tools to control healthcare associated infections: A
://doi.org/10.1016/j.jiph.2020.06.006

performance seem to outperform non ML-based models; however,
wide heterogenicity in terms of: type of data feeding the mod-
els, studies’ setting of implementation, type ML tested models and
assessed performance measures make it difficult to derive compar-

https://doi.org/10.1016/j.jiph.2020.06.006
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Box 2: Key findings and significance for clinical practice and public health
Key findings

• Evidence is accumulating on the performance of different ML-based models for HAIs detection in different settings.
• There is moderate evidence that ML-based models perform equal or better as compared to non-ML approaches (i.e. clinical scores,

standard or automated/rule-based surveillance models and logistic regression statistical algorithms).
• ML-based models performance metrics favor specificity and negative predictive value, more than sensitivity and other performance

measures, thus underlining the potential of ML  models to discriminate non-infected subjects.
• There is wide heterogeneity in study designs which prevent to derive comparative analysis and quantitatively pool available perfor-

mance data.
• Available evidence is limited to ML-based models’ performance assessment and still scant reporting of their application and impact

on clinical practice is available.

Significance for clinical practice and public health

• In the near future ML-based HAIs’ control systems might be integrated in hospital clinical practice.
• ML-based HAIs’ control systems in the future might improve effectiveness and reduce costs of patient safety interventions.
• ML  might lead to improved understanding of HAIs risk factors, improved patient risk stratification, as well as timely or real-time HAIs

detection and control.
• For the implementation and use of ML-based HAIs’ control systems in clinical practice large volumes of electronic health data should

be available, accessible and linkable.
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• Strengthened and multidisciplinary collaboration between IT a
of ML-based HAIs’ control systems in clinical practice.

tive analysis and quantitatively pool available evidence. Overall,
n line with what reported in the literature on automated surveil-
ance systems [66], our data suggest ML-based models performance

etrics favor specificity and negative predictive value, more than
ensitivity and other performance measures, thus underlining the
otential of ML  models to detect the non-infected subjects. Third,
espite an ongoing fruitful debate around the potential for adoption
f ML-based solutions in healthcare, scant elements are available on
ormative, cultural, behavioral and organizational factors still ham-
ering their adoption in infection control [68,69]. More in details,
ow technological innovation will change the designing and imple-
entation of HAIs surveillance and how this will modify the roles

nd functions of clinical staff and the organization of health services
elivery? Data informing such reasoning is still scant [66]; the tran-
ition from resource intensive conventional manual surveillance
acking standardization to semi-automated, automated and ML-
ased automated surveillance should be modulated on the basis
n the aims and scale of surveillance, differentiating, for instance,
etween research purposes, in-hospital quality improvement, or
ational and international-level surveillance [66]. Despite poten-
ial advantages offered by ML-based tools for HAIs surveillance
n terms of reduced costs, improved quality and efficiency, their
ntroduction has to deal with, among others, low acceptance by
he medical community and heterogeneity of hospital information
ystems hampering benchmarking [66,70].

Our review has both strengths and limits. To our knowledge
his is the first systematic review on the application of artificial
ntelligence-based tools to control healthcare associated infections.
he solid and rigorous methodology applied allowed us to retrieve
nd pool a comprehensive set of data which offer a complete
verview of the state of the art of research and practice in this field.

n addition, quality assessment of included studies proved them to
e overall of good methodological quality. However, despite hav-

ng meticulously extracted outcomes’ data, heterogeneity amongst
he studies prevented us from quantitatively pooling them in meta-
nalysis. Not only included studies focused on different HAIs, in
ifferent clinical settings, and applied a wide range of different per-

ormance measures, most importantly they developed and tested
Please cite this article in press as: Scardoni A, et al. Artificial intellig
systematic review of the literature. J Infect Public Health (2020), https

ifferent ML  models fitted with different data sources.
Our findings demonstrate that research outputs on how to

pply ML-based solutions to HAIs surveillance are progressively
ccumulating; to date available evidence mainly focuses on the

[

[

linical disciplines is envisaged to promote the adoption and use

development and testing of detection and prediction models while
their adoption and impact in clinical practice are still far from being
explored or exploited. In the future efforts should be devoted on
one hand to further develop and validate but also adopt, assess and
scale up ML-based tools for HAIs control, and – on the other hand
– to ensure the availability of accurate and reliable data stored in
electronic health records that can inform, maintain and finetune
their implementation (Box 2).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jiph.2020.06.006.
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