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Abstract

Objective

To evaluate the effects of Process-Reengineering interventions on the Electronic Health
Records (EHR) of a hospital over 7 years.

Materials and methods

Temporal Variability Assessment (TVA) based on probabilistic data quality assessment was
applied to the historic monthly-batched admission data of Hospital La Fe Valencia, Spain
from 2010 to 2016. Routine healthcare data with a complete EHR was expanded by pro-
cessed variables such as the Charlson Comorbidity Index.

Results

Four Process-Reengineering interventions were detected by quantifiable effects on the
EHR: (1) the hospital relocation in 2011 involved progressive reduction of admissions during
the next four months, (2) the hospital services re-configuration incremented the number of
inter-services transfers, (3) the care-services re-distribution led to transfers between facili-
ties (4) the assignment to the hospital of a new area with 80,000 patients in 2015 inspired
the discharge to home for follow up and the update of the pre-surgery planned admissions
protocol that produced a significant decrease of the patient length of stay.

Discussion

TVA provides an indicator of the effect of process re-engineering interventions on health-
care practice. Evaluating the effect of facilities’ relocation and increment of citizens (findings
1, 3—4), the impact of strategies (findings 2—3), and gradual changes in protocols (finding 4)
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may help on the hospital management by optimizing interventions based on their effect on
EHRs or on data reuse.

Conclusions

The effects on hospitals EHR due to process re-engineering interventions can be evaluated
using the TVA methodology. Being aware of conditioned variations in EHR is of the utmost
importance for the reliable reuse of routine hospitalization data.

Background and significance
Introduction

A business process is defined as a structured set of activities performed in any organization for
the description of the logical order and dependence of the processes carried out [1]. In health-
care organizations, business Process Reengineering means improving organizational perfor-
mance by process or information system redesign, covering the needs of healthcare
institutions [2-7]. Business process redesign has been applied in many healthcare systems
such as pharmacies [8] and emergency departments [9] to increase their efficiency since they
are now under pressure all over the world [10]. The authors of the review [11] showed that
many of the studies that address the promotion of business process reengineering in the health
sector are related to the reduction in the length of hospitalization or the help with organiza-
tional change and how this promotion may drive the development of similar actions, that seek
to improve the quality of the services offered, in other organizations.

The data used to evaluate the population’s health underlies the effects of the decision-mak-
ing processes that rely upon these data [12]. When assessing data quality in health systems,
one of the most commonly examined dimensions is timeliness [12,13], which are considered
to be an extrinsic data quality concept influencing fitness-to-use features [14,15].

Our aim was to make a descriptive and retrospective analysis about the process reengineer-
ing interventions influence on EHR, and to analyze how these interventions might have influ-
enced hospital activities focusing on the potential technical knowledge which may be extracted
from data. The TVA methodology was applied to a database that collects information on
admissions to the Hospital Universitario y Politécnico La Fe (HFE) in Valencia between Janu-
ary 2010 and December 2016.

As will be discussed in Section Discussion, many works in recent literature are usually cen-
tered in one process and measures how well the intervention is working. Meanwhile, this
study count on the main objective of applying a well-documented methodology for the evalua-
tion of temporal variability [16-20] based on Information Geometry, not only to measure the
influence of one process reengineering intervention but also to automatically detect interven-
tions through data distributions.

Materials and methods
Ethics

This study did not involve any risk or changes to the healthcare services to patients and did
not alter their regular intervention and treatment. Only authorized persons obtained data
from electronic health records. They maintained the privacy and security of patients’ personal
information by encoding their identity with dissociated non-traceable codes. This research
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was carried out in accordance with the International Guideline for Ethical Review of Epidemi-
ological Studies [21] and the Biomedical Research Ethics Committee of the HFE [22], which
approved the study protocol on October 10™, 2017 under the name “ANALISIS DE LA CALI-
DAD Y VARIABILIDAD DE DATOS MEDICOS” (Registration Number 2017/0482).

Materials

The study considered the hospitalization data repository of the HFE, in Valencia, Spain,
including 108,347 admissions from 2010 to 2016. The HFE coordinates all public healthcare
services provided by La Fe Valencian Health Department, from primary to tertiary care, cover-
ing 300,000 inhabitants directly and adding up to 515,000 persons from the catchment area.
The HFE is the biggest reference hospital in the Comunitat Valenciana and the fifth largest in
Spain. The HFE department is composed by the HFE (with 1,000 beds approx.), the health
center of Campanar, located in the old facilities of the HFE, the specialty center Ricardo
Trénor Palavicino and 20 primary health centers. The health department is met by a team of
more than 7,000 people, that includes more than 1,100 doctors, 400 Internal medicine resi-
dents, 3,800 positions of different nursing areas and 1,500 people for management and general
services.

The repository includes healthcare information on each hospital admission of the overall
population during the aforementioned period. After gathering the data, we excluded the epi-
sodes of isolated patients, i.e. those who did not belong to the HFE department (for example
tourists who are visiting the city), because of the possibility of missing significant information
for the study, such as 30-day unplanned readmission or the diagnosis of chronic diseases prior
to the date of admission.

Before conducting the TV A, a preprocess was carried out on some administrative and clini-
cal variables. The original dataset was completed with some aggregate and processed variables,
including the age of the patient which was computed as the difference between the admission
date and their birth date, the Charlson comorbidity index score[23] that was calculated using
updated weights from Schneeweiss, [24] and the ICD-9-CM coding, as proposed by Quan,
[25]. This score was calculated by adding 1 point for the patient’s history of acute myocardial
infarction, peripheral vascular disease, cerebrovascular disease and diabetes without complica-
tions; 2 points for congestive heart failure, chronic obstructive pulmonary disease, mild liver
disease, diabetes with complications and malignancy; 3 points for dementia and renal disease;
4 points for moderate-to-severe liver disease and HIV infection; and 6 points for metastatic
cancer. This score was calculated using another repository that included the ICD-9-CM code
for each diagnosis of chronic disease recorded in the HFE.

The list of variables considered is shown in Table 1. Extra information on the materials can
be found in the S1 Appendix.

Methods

Theoretical background. A systematic TVA methodology based on probabilistic data
quality control was applied [19,20,26]. This methodology uses methods based on Information
Geometry [27,28] which provide a way for the comparison of dissimilarities between probabil-
ity distributions of different temporal data batches.

It firstly consists of modeling Probability Density Functions (PDF’s) -in our case, it was
made by the use of Kernel Density Estimation [29]-. The Jensen-Shannon distance (JSD),
which is a symmetrized and smoothed version of the Kullback-Leibler divergence [30,31], pro-
vides a way to measure how different the non-parametric PDF’s are.
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Table 1. List of variables contained in the study case.

Variable

Sex
Age

AdmissionServiceCode
RealServiceCode
DischargeServiceCode

AdmissionTurn[1,2,3]
AdmissionReason
DischargeDate
DischargeTurn[1,2,3]
DischargeReason
DischargeDestination
DischargeBeforel2
Exitus
Exitus 48
Hospital Transfer
LengthOfStay

Intervention
PreoperatoryStay
Readmission30

CharlsonIndex

Description Type (values/format)
Sex of the person Discrete (Male, Female)
Age in years at the time of the admission Numerical Integer
Code of the service of hospitalization Discrete 4-length alphanumeric
code
Code of the service related to the episode Discrete 4-length alphanumeric
code
Code of the service which discharged the patient Discrete 4-length alphanumeric
code
Admission shift Discrete
Reason for hospital admission Discrete (See S1 Appendix)
Date of patient discharge Date (yyyy/mm/dd)
Discharge shift Discrete
Reason for patient discharge Discrete (See S1 Appendix)
Destination after patient discharge Discrete (See S1 Appendix)
Discharge before 12:00 noon Discrete (Yes, No)
Death of the patient during hospitalization Discrete (Yes, No)
Death of the patient within two days after hospitalization Discrete (Yes, No)
Existence of hospital transfer Discrete (See S1 Appendix)
Length of stay of hospitalization episode. It is measured by the number of nights that the patient was Numerical Integer
admitted.
Surgical Intervention Discrete (Yes, No)
Length of stay before the intervention Numerical Integer
Was the patient readmitted during the 30 days after discharge? Discrete (Yes, No)
Charlson comorbidity index for hospitalization Numerical Integer

The shift in which the patient is admitted and discharged is coded as 1 for the morning (from 8:00 am to 3:59 pm), 2 for the evening (from 4:00 pm to 11:59 pm) and 3
for the night (from 0:00 am to 7:59 am)

https://doi.org/10.1371/journal.pone.0220369.t001

The space in which each point represents one PDF and the distance between two points is
that defined by the aforementioned distance, forms a simplex and is known as statistical mani-
fold and possesses good mathematical properties [27].

This function representation allows us, for example, to compute the centroid of the PDF’s
and to apply projection methods, such as Principal Component analysis [32] or Multidimen-
sional Scaling [33,34]. These artifacts, as can be seen in Fig 1 where a short artificial experiment
was driven to yield a simple proof of concept, give us the possibility of quantifying the disper-
sion and making space representations as a graphical way to detect variability. The exploratory
methods provided by the methodology are:

o Information Geometry Temporal (IGT) plot: This presents a visualization of the temporal
evolution of data. Temporal batches are laid out as a 2D plot while conserving the dissimilar-
ities among their distributions. The IGT plot helps to reveal temporal trends in the data (as a
continuous flow of points), abrupt changes (as an abrupt break in the flow of points), recur-
rent changes (as a recursive flow through specific areas), conceptually related time periods
(as grouped points) and punctual anomalies (as isolated outlying points). Temporal batches
are also labeled to show their date. They give seasonal information by means of colored labels
(warm colors for summer and cool colors for winter) and are supported by a smoothed time-
line path joining them [26]. The Density-based spatial clustering of applications with noise
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Fig 1. Technical diagram. The TVA methodology is based on information geometry. A short artificial experiment taking 4 temporal batches (only 4 batches were taken
to ensure that the simplex could be represented in three dimensions) was drawn with the purpose of clarifying the concept. A) represents the generated artificial
database in which binary, quantitative and continuous variables cope with. B) is the PDF representation. C) shows the simplex in which each point represents the PDF of
one batch and the bigger black point represent the centroid of the simplex (the distance from each batch to the centroid serves as a dispersion measure). D) is the IGT-
plot, in studies with more batches is one way to graphically represent the variability among the batches and to apply clustering methods to automatically detect temporal
patterns, it must be noted that the color changes from previous representations to simulate the seasonal color mapping. E) shows the PDF-SPC, since the database was
designed to present high variability, all the batches are “out-of-control”. Finally, F) presents the heatmap of the concatenated batches distributions which allows
monitoring temporal pattern changes.

https://doi.org/10.1371/journal.pone.0220369.9001

(DBScan) [35], was applied to the IGT plot using the median of the JSDs as grouping coeffi-
cient in order to automatically find temporal groups.

Probabilistic Statistical Process Control (PDF-SPC) algorithm: The purpose of PDE-SPC
is to monitor the degree of change in data variability distributions throughout consecutive
temporal batches (in our case months), to a moving reference distribution -initially the first
batch. According to the magnitude of the current change, measured by the JSD with respect
to the reference distribution, the degree of change of the repository is classified into three
states: in-control (distributions are stable), warning (distributions are changing), and out-of-
control (recent distributions are significantly dissimilar to the reference, leading to an unsta-
ble state and yielding a change in the reference distribution). When an out-of-control state is
reached, a significant change is confirmed and the reference distribution is set to the current
one for subsequent comparisons. The warning and out-of-control states are represented as

broken and continuous vertical lines, respectively.

Temporal Heat Maps: Temporal Heat maps show the absolute or relative frequencies over
time. The Temporal Heat map of a variable is a 2D plot in which the X-axis represents the
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time, the Y-axis represents a possible data value or range of values of the variable, and the
color of the pixel at a given (X, Y) position indicates the frequency at which value Y was
observed on date X. These heat maps facilitate a rapid broad visualization of the evolution
over time of the values of the given variable.

The TVA methodology consists of using these methods iteratively. In a top-down approach,
we start by analyzing the temporal variability of the complete monthly-batched data set. We
then drill down to the specific variables or groups of variables which best explain the variability
detected, according to the results of the analysis and prior knowledge of the repository.

Working methodology. This study was carried out by a multidisciplinary team of profes-
sionals from various fields: the technical background was provided by a computer scientist, a
statistician, a mathematician, and specialist physicians whose expertise is the PR and the man-
agement of the hospital.

The study protocol was divided into two stages: in the first changes were detected and in
the second one, they were analyzed and their causes were searched.

An overview of the study protocol is shown in Fig 2, in which the iterative protocol used for
the detection of process reengineering interventions is described.

Following the previously described TVA methodology, we start by considering the whole
multivariate dataset grouped by monthly batches under the assumption that PR interventions
may imply an impact on EHR. This is intended to detect different data behavior patterns (see
A) in Fig 2). Secondly, the same methodology was applied to the detected temporal data
changes with a univariate approach to identify the variable, or set of variables, that could have
influenced the observed global change. Subsequent automatic iterations for each variable may
identify more univariate pattern changes which could have been smoothed due to multivariate
batches with a greater global impact. These iterations can also detect interactions in the vari-
ables produced by changes in one variable (see B) in Fig 2).

Results

We provide the description of how the proposed methodology was able to detect the effects,
through data analysis, of the process reengineering interventions which will be shown in Sec-
tion Process reengineering interventions. The list of findings mapped to the PR interventions

carried out in the hospital in that period is shown in Table 2 in which the numerical evidence
was added.

Findings

We define finding as a data-driven change. An observed finding in the data leads to the search
for its cause and the assessment of these causes by hospital managers may identify future lines
of work in terms of PR.

As can be seen in Fig 3, relevant findings were detected by multivariate analysis. It is worth
mentioning that seasonality in the data may be identified by the sinusoidal shape of the color
map border.

In Fig 3 it can also be seen that the HFE probably suffered at least one important change in
late 2010 (F1) and early 2011 (F2) that caused an abrupt change in all the monthly variable dis-
tributions, another significant event can be detected at mid-2013 (F3) where a density conden-
sation may be observed on the top of the maximum-frequency band. Finally, at the beginning
of 2014 (F4), an atypical month is detected, this month is followed by temporal patterns that
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Fig 2. Work-flow diagram. Multivariate analysis is able to discover changes driven by the global probabilistic variability A). The obtained findings drive us to make the
univariate analysis with the purpose of explaining the aforementioned changes B). It is worth mentioning that this step detects smoothed changes which had been
covered by more abrupt global differences. Step C) is the evaluation of the interventions which provoked the data change and their implications. Finally, this evaluation
could serve as the starting point for the implementation of PR D).

https://doi.org/10.1371/journal.pone.0220369.9002

had not been observed before and that led to an increment of the frequency from early 2015,
2015 January is detected as an outlier in the right down picture in Fig 3.
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Table 2. Findings.

Finding | Intervention

F1 I1—Hospital relocation

F2 I2—Services reconfiguration

F3? I3—Care services reconfiguration

Evidence

> JGT-plot and its DBScan clustering show differences between 2010 and the rest of the years of the
study (Fig 3) (Multivariate JSD(10D, 11Jan) = 0.74, 2010 belongs to the green cluster and the rest of
years belong to the blue cluster).

> Heat map of the PCA dimension reduction of the multivariate analysis offers an absolutely different
pattern during the months of 2010 (Fig 3).

> PDF-SPC of AdmissionService, DischargeService, and RealService show the abrupt change detected
at the end of 2010 (Fig 4). (AdmissionService univariate JSD(10Jan, 11Jan) = 0.26, DischargeService
univariate, JSD(10Jan, 11Jan) = 0.26 and RealService univariate JSD(10Jan, 11Jan) = 0.25)

> The heat map shows a trend of refinement of the red central band in the closest months to February
2011 (Fig 3).

> February 2011 is detected as an outlier by the IGT-plot and its DBScan clustering (Fig 3)
(Multivariate JSD(11Jan, 11F) = 0.41 and Multivariate JSD(11F, 11m) = 0.73, besides DBScan did not
assign to any cluster).

> PDF-SPC of AdmissionService, DischargeService, and RealService show the abrupt change detected
at the beginning of 2011 (Fig 4). (AdmissionService univariate JSD(11Jan, 11m) = 0.33,
DischargeService univariate, JSD(11Jan, 11m) = 0.29 and RealService univariate JSD(11Jan, 11m) =
0.29)

> Heat map marks a different pattern of three months in mid-2013 (Fig 3).

> PDF-SPC of AdmissionService, DischargeService and RealService show the abrupt change detected
in mid-2013 (Fig 4). (AdmissionService univariate JSD(13M, 11m) = 0.34, DischargeService
univariate, JSD(13M, 11m) = 0.34 and RealService univariate JSD(13M, 11m) = 0.34)

> PDF-SPC, IGT-Plot and its DBScan clustering display an abrupt change in mid-2013 (Fig 5).
(DischargeDestination univariate JSD(11a, 13m) = 0.29, two clusters well-defined of months prior to
March 2013 and the rest).

F4 I4—Inclusion of 80,000 patients. The update of the | > DBScan applied to IGT-plot warns of the existence of a month-January 2014- with an atypical

pre-surgery admission protocol

F5° 13

behavior (Fig 3) (Unassigned month).

> This atypical month is also detected by the Heat map (Fig 3).

> PDF-SPC, IGT-Plot and its DBScan clustering show that a change occurred in early 2014 (Fig 6).
(DischargeDestination univariate JSD(11m, 14F) = 0.22, two clusters well-defined of months prior to
February 2014 and the rest)

> January 2015 is also detected as an atypical month by IGT-plot and its DBScan clustering (Fig 3).
(Unassigned month)

> The Heat map analysis reveals that the number of hospitalizations increased from this month. It can
be seen thanks to the width of the red band and is supported by the increment of admissions detected
in 2015 (Table 2).

> PDF-SPC, IGT-Plot and its DBScan clustering show an abrupt change in mid-2016 (Fig 5)
(DischargeDestination univariate JSD(14F, 16M) = 0.24).

These findings were directly observed from data after the application of the methodology described in Section Methods.

* The finding F5 was a direct cause of the intervention carried out and detected by the finding F3 (it will be discussed after).

https://doi.org/10.1371/journal.pone.0220369.t002

The univariate methodology was used in pursuit of an explanation for these changes. The
changes can be explained by almost all the variables.

Fig 4 shows that the variables which store the admission, real and discharge service of each
hospital episode explain F1 and F2. The configuration of the hospital services may also explain
Finding F3. The PDF-SPC’s of the services configuration is shown in this figure.

After removing the cases prior to March 2011, the same methodology was applied in order
to avoid the non-detection of findings by the smoothing, which could have caused the abrupt
changes prior to this date. As already mentioned, the changes previous to March 2011 had an
impact on the whole set of variables.

Fig 5 shows the PDF-SPC, IGT Plot and its DBscan clustering for the variable Discharge-
Destination, showing the change of the discharge policy introduced between early-mid 2013
and mid-2016 which will be discussed in the next Section. This change is probably related to
Finding F3 and will be referred to as Finding F5 (F5 is a new milestone -understanding

PLOS ONE | https://doi.org/10.1371/journal.pone.0220369  August 7, 2019 8/19


https://doi.org/10.1371/journal.pone.0220369.t002
https://doi.org/10.1371/journal.pone.0220369

@ PLOS | O N E Temporal variability of EHRs due to hospital process reengineering

0.03

al

0.025

0.02

B
3
8 0.015
Qo
o
1 0.01
0.005
W
0.08 &
N \ /
/Q\Jan 4, \ 2010 \ / oJanuary 2010 . \
006 / N 100y \ 0.06 - . N
/ N\
\
! ,; 10) N . \
o004k NN~ / o
\ 10J ~ 1A ! \ 0.04 H K N
o [ ]
\ ~N i 16 15A \ / . . ;.. N
/ 11Jan . . .
3 002 N\ \ 13D \1 4 3 o02f M FetNuarg 2011
2 % % 02 i 7 g et . ~
7 ~ 1 13 15Jan 5 * o N} Y .
? o / ) 18Japs / 7] .,
8 ok 16025 18Jan o 8 o P o 2 January 2015
2 RUPN RN 14 o LR
124 N = < — =G 14Jan . £ . . g Z
3 1 N o, 5
-0.02 - ﬂ":ﬁl 160 12Jan 002 - ee e L P e ° January 2014
- {15 : . LAY
N L e 154 oy . LI o o
114 1 oo .o
0.04 -0.04 . .
006 | | | . | I | | ) 0,06 1 . I . . . . L )
-0.08 -0.06 -0.04 0.02 0 0.02 0.04 0.06 0.08 0.1 -0.08 -0.06 0.04 -0.02 ] 0.02 0.04 0.06 0.08 0.1
D1-Simplex D1-Simplex

Fig 3. Multivariate analysis of hospitalizations in HFE. Four findings were detected. The top figure presents the heat map of the temporal multivariate data
distribution, down left figure shows the IGT plot where the whole set of variables were considered and finally the DBScan clustering of IGT plot is exhibited in right
down figure. F1 is correlated with the difference between 2010 and the rest of the years; F2 is aligned to data changes in early 2011; F3 stands for three months in mid
2013 with atypical patterns; F4 refers to January 2014, which is quite different from other months and introduce the beginning of an atypical pattern; the outlier detected
in January 2015 is the precursor of the increase of frequency observed in the subsequent months. By analyzing the IGT-Plot and its clustering, we discovered that the
heat map of the one dimensional PCA presented temporal color patterns.

https://doi.org/10.1371/journal.pone.0220369.9003

milestone as different data distribution pattern- detected by applying the univariate methodol-
ogy. The emergence of new milestones can be seen in Fig 2). Two temporal clusters were
found.

The exploratory PDF-SPC visualizations, IGT Plot and its DBscan clustering for the
LengthOfStay variable are shown in Fig 6, where a variation in the patients’ average length of
stay in early 2014 can be seen correlated with Finding F4. The histograms of this variable show
an increase of 1-day stays with respect to 2 and 3-day stays (see S7 Fig).

. PDF-SPC DischargeServiceCode 46 PDF-SPC RealServiceCode G5 PDF-SPC AdmissionServiceCode
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Fig 4. PDF-SPC of the three variables related to services configuration (Admission, Real and Discharge Service). Findings F1, F2, and F3 are detected in the three
variables by out-of-control states.

https://doi.org/10.1371/journal.pone.0220369.9004
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Fig 5. PDF-SPC (top figure), IGT plot (left down figure) and its clustering by DBScan (right down figure) of the variable which records the method of patient
follow-up after discharge (DischargeDestination).The analysis of this variable shows new evidence for Finding F3 as well as a new Finding F5 (a new milestone is
detected as mentioned in Fig 1) which probably was not detected by the multivariate analysis due to the higher hospitalizations from 2015 January.

https://doi.org/10.1371/journal.pone.0220369.9005

The number of annual hospital admissions is shown in Table 3. It can be seen that the num-
ber of patients increased significantly from 2015 and this could have caused the change
detected in the multivariate analysis (see Fig 3).

Discussion

Healthcare organizations are constantly forced to increase the quality of care while maintain-
ing an optimum use of resources [2,5]. Therefore, managerial decisions, which are routinely
taken in a business environment, are constantly influencing data distributions. These decisions
may imply temporal variability inherent to the data. In this field, the impact may not only be
on the hospital management, but also on the regular population health and on the perception
of its quality [36-39].

There exist some approaches to carry out the assessment of process reengineering interven-
tions on literature. The authors of [40] propose a methodology based on process-mining to
measure the organizational changes in the stroke emergency process. The assessment was per-
formed by the use of PALIA [41]. One of the most powerful tools for process-mining is PROM
[42] which covers a wide range of process-mining algorithms such as a-algorithm [43], genetic
process-mining [44] or Heuristic Miner [45].

The present study searches something similar but is based on a consistent methodology
driven by the variations of PDF applied to a health service dataset with the purpose of studying
the effect of PR interventions on data. This methodology is used to monitor data distributions
through time, becoming a way for “real-time” detection of the impact of management

PLOS ONE | https://doi.org/10.1371/journal.pone.0220369  August 7, 2019 10/19


https://doi.org/10.1371/journal.pone.0220369.g005
https://doi.org/10.1371/journal.pone.0220369

@ PLOS|ONE

Temporal variability of EHRs due to hospital process reengineering

0.25

(3
8
2
s
2
°
o
2
2 01— :
_8 2
a : F4
0.05 [— :
0
N & o N X 20
N N\ N N (N N
‘(‘W Q‘D (‘W (“L (‘{b Qq'
é&(o 50 )'b 50 s’b )'b
0.06 - 0.06
@2} / .' e U igned (n=1)
. nassigned (n=
1) F4 9:ie / e Subgroup 1 (1=36)
0.04 / 0.04 . o Subgroup 2 (1=30)
1 / . F4 ®  Subgroup 3 (1=3)
14§2A 11D 12F p . *s & . /
0.02 f@Jan 15N £ ! 0.02 o /
3 11J (v ) : 16j % i
° 138 /12D = { 13 G . o (
E o \ 160 e ) £ of . . o« o
7] A== — ] — —iap — — — TeFyg; @ .
G G .
8 15/ Hy N\ iy 130 a8 . o 1
-0.02 /18R 11A 164 -0.02 . 3 .
3 e : 1a069an % 2 |
134 Sie 1
004k 15428 004 oo
0.03 13Jart 43R 1 L= ¢ W I
0,06 | . | . | . . . ) -0.06 . | . . L | . | )
-0.08 -0.06 0.04 0.02 0 0.02 0.04 0.06 0.08 0.1 -0.08 -0.06 0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
D1-Simplex D1-Simplex

Fig 6. PDF-SPC (top figure), IGT plot (left down figure) and its clustering by DBScan (right down figure) of the variable which measures the number of
hospitalization days (LengthOfStay). A change in the length of stay occurred in early 2014, related to Finding F4 was discovered in the multivariate analysis.

https://doi.org/10.1371/journal.pone.0220369.9006

decisions and process reengineering interventions on hospital activities as well as finding
undesired factors or effects [46]. We think that the principal Impact of our methodology is its
global applicability when compared to the aforementioned approaches. These approaches are
usually centered on one process and measures how well the intervention is working. Mean-
while, the proposed methodology provides the capability of detecting the own interventions by
the multivariate iteration and its influence (not only direct but also indirect) in other related
processes by the univariate iteration.

Besides, another contribution is that the detection of data distribution changes can lead to
the improvement of future decisions and research work, for instance, a 30-day readmission
model or the development of longitudinal studies could be better built from the prior knowl-
edge of the findings of our study.

Table 3. Hospital admissions inflow.

Year Number of admissions
2010 14,706
2011 12,969
2012 14,212
2013 14,459
2014 14,295
2015 18,063
2016 19,643
Total 108,347
Number of patients admitted per year

https://doi.org/10.1371/journal.pone.0220369.t003
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Although some of the milestones that have been detected are not the result of process re-
engineering, but rather are specific daily situations that influence the operation of the hospital.
These milestones have been taught because we believe that these situations could motivate one
or more interventions in terms of process re-engineering. We also remark that HFE experts in
PR analyze the impact on hospital management as well as on the regular patient population’s
health by exploring the reasons and the effects on hospital activities of decisions already taken
(see C) in Fig 2). Although the following is outside the scope of this work, the results of this
analysis may help to identify indicators which could be the input for further PR decisions (see
D) in Fig 2).

A list of the process reengineering interventions, contributions, limitations and lines of
future work are given below.

Process reengineering interventions

The process reengineering interventions carried out by the hospital managers and their moti-
vation are presented in chronological order with the purpose of correctly interpreting the find-
ings, shown in Section Results, that the exploratory method applied was able to detect.

Hospital relocation (I1). The HFE relocated to new facilities between December 2010
and February 2011, which involved a progressive reduction of admissions that lasted while the
intervention finished, the time when hospital activity recovered. The relocation protocol was
the following:

o The Outpatient Department was relocated on November 2010. The first allergy, dermatol-
ogy, internal medicine, and infectious disease consultations took place on November 29
(finding F1).

The remaining areas were progressively moved from lower to higher logistical complexity.
Finishing with the transfer of the most delicate areas as follow:

« Maternity and Child Health was transferred on February 13, 2011, moving 81 children and
premature babies and 11 pregnant women and recently delivered mothers (finding F2).

« The adult hospitalizations area was relocated on February 20", 2011, with 158 adults (find-
ing F2).

Consequently, after December the admission-patient typology became urgent profiles (see
S1 and S2 Figs). The admission of patients with a higher age and comorbidity index was caused
by the relocation since this type of patient frequently has a serious illness and requires more
urgent resources. The number of interventions decreased, as allowed for in the managers’
planning (see S2 Fig). After opening the new facilities, more hospital transfers were (see S3
Fig) needed and the information system was changed. The admission planning taken by the
hospital management for the relocation was quite similar to the interventions adopted during
the summer months, in order to allow for staff holidays, which can also be detected by the sea-
sonality in the data.

Services re-configuration (I2). At the beginning of 2011 (Finding F2) and closely related
to the previous point, the services were restructured (see S4 Fig) when the old facilities com-
posed of four hospital centers were combined into one. The services were reorganized into
clinical management areas and a committee for the approval or rejection of changes in service
configuration was created.

Care services distribution (I3). Despite the abovementioned relocation, some of the
patients were still treated in the old facilities, as in the case of chronic patients, since it was
decided to send them to the old facilities for patient follow-up at the beginning of 2013. This
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intervention involved a new service re-structuring and a higher percentage of patients were
sent to their general practitioner in detriment of those discharged home for follow-up (finding
F3, see Table 2). This situation was temporary due to the closure of the previous chronic unit
in mid-2016 (finding F5, see Table 2), which meant more patients were monitored at home. A
higher quantity of resources, therefore, had to be allocated to this end (see S5 Fig). Fig 3 served
to detect this intervention and allowed us to suspect that a new cluster would probably have
appeared from mid-2016 if the following months had been added to the dataset.

Changes in the pre-surgery admission protocol due to the inclusion of patients from
another hospital (I4). Another important intervention adopted by the hospital management
in 2015 was due to prior knowledge of the assignment to the HFE of approximately 80,000
patients (now the hospital covers around 280,000 inhabitants when before were approximately
200,000 citizens) previously assigned to another Valencian Hospital, the Hospital Doctor Peset
(finding F4). The uptake of this population was expected to initially cause an increase of 50
daily urgent admissions, progressively rising to 70. For this reason, three actions were taken, in
which we can also find some of the findings previously detected by the methodology:

A new surgical admissions unit was created to assess patients to be hospitalized.

o The number of beds assigned to home hospitalization was increased (see S6 Fig) to cover
two more areas (Pediatrics and Neonatology) (previously chronic, mental health and pediat-
ric oncology patients).

The pre-surgery planned-admission protocol was updated in early 2014. Whereas before
this intervention, patients were admitted the night previous to surgery, they were now admit-
ted on the morning of the intervention and they had a bed ready at midday after daily patient
discharges. This meant an increase of the daily bed-occupation in the hospital and also on
patient satisfaction, due to the shortening of the stay. The isolation of January 2014 in the mul-
tivariate analysis (see Fig 3) was probably caused by this change.

Discoveries and possible particular contributions. Time is a factor which has been stud-
ied as part of data quality dimension, generally leading to dimensions such as timeliness, cur-
rency, volatility, concordance or comparability [47-51]. Some of the data quality dimensions
are used for validation of the quality of care [52]. The general contribution obtained by the
TVA proposed is the use of the assessment of a data quality dimension in the monitoring of
the interventions carried out by the hospital. For each intervention we want to highlight:

o I1. The relocation of the hospital. More than 1,800 professionals were involved in the opera-
tion and 40 ambulances were needed for the transfer. The data suffered a great impact, both
multivariate and univariate (see Section Findings. and S1-S3 Figs) and the impact on the
whole set of variables was monitored by the TVA proposed in the present study. The impact
on the variables was produced not only in the expected ones. In this sense, the TVA monitor-
ing may provide an added value when is used as a tool for “real-time” detection.

o I2. Services reconfiguration due to changes in hospital management policies by logistic relo-
cations (see Section Services re-configuration). Some changes in services and treatment
areas occurred during the study period. In addition to its capacity for management process
control, our proposed methodology can reveal information and subsequent considerations
to help in data reuse, for example for prediction purposes as well as for observational studies
involving the comparison of different services during a period of reduced data quality.

I3. Reconfiguration of care areas due to PR decisions (See Section Care services distribution).
After a logistic relocation, the hospital activity probably suffered several unexpected difficul-
ties. These difficulties led to PR decision-making that can be monitored by the proposed
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TVA which may be useful to create “PR effectiveness indicators” to be used as a background
for future interventions.

o I4. The inclusion of 80,000 patients from another Valencian Hospital. It would have produced
a hospital overcrowding if the interventions (detected by the proposed approach) had not been
taken. The most important intervention produced an increase in the percentage of surgeries
carried out on the day of admission, rising from 0% to 75%, avoiding a collapse due to an
increase in the percentage of beds occupied, which rose to 97% from the previous 82%. It is
worth mentioning that one of the challenges in the rise in the number of patients was the inte-
gration of computer data into the Business Intelligence used by the hospital. The knowledge of
both the increased population assigned to the HFE and the pre-surgery planned-admission
protocol change may influence the corresponding data for descriptive or research purposes.

Limitations

One of the principal advantages of the TVA methodology used here is its capacity to analyze a
great number of variables in a single iteration. This may also influence the loss of information
about what is happening and where at a higher granularity, implying the need for knowledge
in the field of study. For instance, finding 4 presented in Section Results firstly was considered
as two findings, the hospital PR expertise was needed to understand the scope of the interven-
tion associated with this finding.

Using a single-component PCA reduces the dimensionality of the iteration of the multivari-
ate analysis and may smooth other discoveries with less impact in global terms, making the
univariate iteration necessary not only to explain but also to detect. The use of other non-linear
reduction methods such as t-distributed Stochastic Neighbor Embedding [53] or machine
learning approaches [54,55] may have a better fit in certain cases and also contribute in the
pursuit of interactions between variables.

Faulty healthcare processes are one of the main causes of practitioners making technical
mistakes [56], can compromise patient safety and even cost lives [57]. However, in this study,
we did not focus our attention on detecting processes for improvement, which is another pos-
sible application of the methodology for healthcare management.

Future work

In line with the present study, and to overcome the limitation mentioned above, we aim to
develop an automated algorithm that can suggest the origin of the multivariate changes in
terms of a set of implicated variables or their interactions.

Conclusions

Temporal variability in EHR may be considered as an intrinsic data quality feature due to its
implications for data reuse. In this work, we have demonstrated how data changes over time
and how the statistical distributions of EHR are biased by clinical and management PR inter-
ventions in the case of a Valencian hospital over seven years. Analyzing the temporal data vari-
ability by means of TVA has the potential not only to detect but also to monitor Big Data
hospitalization resources, in order to improve the assessment of PR in healthcare systems.

Acronyms for months

Jan: January, F: February, m: March, a: April, M: May, j: June, J: July, A: August, S: September,
O: October, N: November, D: December.
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Supporting information

S1 Appendix. Data base description. Consort diagram and description of categorical vari-
ables.
(DOCX)

S1 Fig. Supplementary evidence for I1. PDF-SPC, IGT plot, its clustering by DBscan and
Heat Map for the variable DischargeReason. An abrupt change is detected at the end of 2010
when the hospital relocation took place. The admittance of patients in delicate health states
reduced the number of discharges under “Healing or improvement”.

(TIF)

S2 Fig. Supplementary evidence for I1 and I2. The color density in February 2011 band
shows the increase in the percentage due to the last month of the relocation. The lower number
of observed hospitalizations implies a lower number of interventions and an increase in urgent
admissions.

(TIF)

$3 Fig. Supplementary evidence for I1 and I2. PDF-SPC of HospitalTransfer. The abrupt
changes detected in late 2010 and early 2011 are the results of the hospital relocation.
(TIF)

S4 Fig. Supplementary evidence for I2. IGT Plot and Temporal Heat Maps for the Service
configurations.
(TIF)

S5 Fig. Supplementary evidence for I3. PDF-SPC for the HospitalTransfer variable. The
change caused by a) the opening of the chronic patient’s area in the old facilities in early 2013,
and b) the new readmittance to the new facilities in early 2016. The changes were detected
after removing the cases prior to March 2011 -with the purpose of avoiding the loss of change
detection due to the high impact of the hospital relocation-.

(TIF)

S6 Fig. Supplementary evidence for I4. Temporal absolute count for the discharge destina-
tion variable. Since the opening of the chronic service in the old hospital facilities, a new code-
in which patients who would be treated in the chronic area were included- was created “Out-
patient care”. This implies a decrease in the number of patients who were sent home until 2016
when the chronic area was closed.

(TIF)

S7 Fig. Supplementary evidence for I4. Temporal relative count for the variable which rec-
ords the length-in days- of the stay for each hospitalization. This image shows that the per-
centage of 1-day stays increases in detriment of 2-days stays. This shows that the aim of
reducing the length of stay, as described in M4, was successful.

(TIF)

Author Contributions
Conceptualization: Francisco Javier Pérez-Benito, Carlos Saez, Juan M. Garcia-Gomez.
Data curation: Francisco Javier Pérez-Benito, Salvador Tortajada, Bernardo Valdivieso.

Formal analysis: Francisco Javier Pérez-Benito.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220369  August 7, 2019 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220369.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220369.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220369.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220369.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220369.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220369.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220369.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220369.s008
https://doi.org/10.1371/journal.pone.0220369

@ PLOS|ONE

Temporal variability of EHRs due to hospital process reengineering

Investigation: Francisco Javier Pérez-Benito, Carlos Saez, ]. Alberto Conejero, Juan M. Gar-
cia-Gomez.

Methodology: Francisco Javier Pérez-Benito, Carlos Saez, J. Alberto Conejero, Juan M. Gar-
cia-Gomez.

Project administration: J. Alberto Conejero.

Resources: Salvador Tortajada.

Software: Carlos Séez.

Supervision: Carlos Saez, ]. Alberto Conejero, Salvador Tortajada, Juan M. Garcia-Gomez.

Validation: Francisco Javier Pérez-Benito, Salvador Tortajada, Bernardo Valdivieso, Juan M.
Garcia-Gomez.

Visualization: Francisco Javier Pérez-Benito.
Writing - original draft: Francisco Javier Pérez-Benito.

Writing - review & editing: Francisco Javier Pérez-Benito, Carlos Saez, J. Alberto Conejero,
Salvador Tortajada, Bernardo Valdivieso, Juan M. Garcia-Gomez.

References

1. Aguilar-Savén RS. Business process modelling: Review and framework. Int J Prod Econ. 2004; 90:
129-149. https://doi.org/10.1016/S0925-5273(03)00102-6

2. Poulymenopoulou M, Malamateniou F, Vassilacopoulos G. Specifying Workflow Process Requirements
for an Emergency Medical Service. J Med Syst. 2003; 27: 325—-335. https://doi.org/10.1023/
A:1023701219563 PMID: 12846464

3. Dadam P, Reichert M, Kuhn K. Clinical Workflows -The Killer Application for Process-oriented Informa-
tion Systems? Proceedings of the 4th International Conference on Business Information Systems. Lon-
don: Springer London; 2000. pp. 36-59. https://doi.org/10.1007/978-1-4471-0761-3

4. LenzR, Reichert M. IT support for healthcare processes—premises, challenges, perspectives. Data
Knowl Eng. 2007; 61: 39-58. https://doi.org/10.1016/j.datak.2006.04.007

5. Cardoso J, Miller JA, Kochut KJ. Healthcare Enterprise Process Development and Integration Integra-
tion. J Res Pract Inf Technol. 2003; 35: 83—-98. https://doi.org/10.1.1.14.7576

6. Rebuge A, Ferreira DR. Business process analysis in healthcare environments: A methodology based
on process mining. Inf Syst. 2012; 37: 99-116. https://doi.org/10.1016/}.is.2011.01.003

7. Amour EAEH, Ghannouchi SA. Applying Data Mining Techniques to Discover KPIs Relationships in
Business Process Context. 2017 18th International Conference on Parallel and Distributed Computing,
Applications and Technologies (PDCAT). IEEE; 2017. pp. 230-237. https://doi.org/10.1109/PDCAT.
2017.00045

8. ChouYC, ChenBY, Tang YY, Qiu ZJ, Wu MF, Wang SC, et al. Prescription-Filling Process Reengi-
neering of an Outpatient Pharmacy. J Med Syst. 2012; 36: 893-902. https://doi.org/10.1007/s10916-
010-9553-5 PMID: 20703644

9. LeudJ Der, Huang YT. An application of business process method to the clinical efficiency of hospital. J
Med Syst. 2011; 35: 409-421. https://doi.org/10.1007/s10916-009-9376-4 PMID: 20703550

10. GandK. Investigating on Requirements for Business Model Representations: The Case of Information
Technology in Healthcare. 2017 IEEE 19th Conference on Business Informatics (CBI). IEEE;
2017. pp. 471-480. https://doi.org/10.1109/CBI.2017.36

11. Ferreira GSA, Silva UR, Costa AL, Padua SID de D. The promotion of BPM and lean in the health sec-
tor: main results. Bus Process Manag J. 2018; 24: 400—-424. https://doi.org/10.1108/BPMJ-06-2016-
0115

12. Abdulrahman Jabour RM. Cancer Reporting: Timeliness Analysis and Process. 2016; Available: https://
search.proquest.com/openview/4ecf737c5ef6d2d503e948df8031fe54/1?pg-origsite=gscholar&cbl=
18750&diss=y

13. Hewitt M, Simone J V. Enhancing Data Systems to Improve the Quality of Cancer Care [Internet].
National Academy Press; 2000. Available: http://www.nap.edu/catalog/9970.htm|

PLOS ONE | https://doi.org/10.1371/journal.pone.0220369  August 7, 2019 16/19


https://doi.org/10.1016/S0925-5273(03)00102-6
https://doi.org/10.1023/A:1023701219563
https://doi.org/10.1023/A:1023701219563
http://www.ncbi.nlm.nih.gov/pubmed/12846464
https://doi.org/10.1007/978-1-4471-0761-3
https://doi.org/10.1016/j.datak.2006.04.007
https://doi.org/10.1.1.14.7576
https://doi.org/10.1016/j.is.2011.01.003
https://doi.org/10.1109/PDCAT.2017.00045
https://doi.org/10.1109/PDCAT.2017.00045
https://doi.org/10.1007/s10916-010-9553-5
https://doi.org/10.1007/s10916-010-9553-5
http://www.ncbi.nlm.nih.gov/pubmed/20703644
https://doi.org/10.1007/s10916-009-9376-4
http://www.ncbi.nlm.nih.gov/pubmed/20703550
https://doi.org/10.1109/CBI.2017.36
https://doi.org/10.1108/BPMJ-06-2016-0115
https://doi.org/10.1108/BPMJ-06-2016-0115
https://search.proquest.com/openview/4ecf737c5ef6d2d503e948df8031fe54/1?pq-origsite=gscholar&cbl=18750&diss=y
https://search.proquest.com/openview/4ecf737c5ef6d2d503e948df8031fe54/1?pq-origsite=gscholar&cbl=18750&diss=y
https://search.proquest.com/openview/4ecf737c5ef6d2d503e948df8031fe54/1?pq-origsite=gscholar&cbl=18750&diss=y
http://www.nap.edu/catalog/9970.html
https://doi.org/10.1371/journal.pone.0220369

@ PLOS|ONE

Temporal variability of EHRs due to hospital process reengineering

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Weiskopf NG, Weng C. Methods and dimensions of electronic health record data quality assessment:
Enabling reuse for clinical research. J Am Med Informatics Assoc. 2013; 20: 144-51. https://doi.org/10.
1136/amiajnl-2011-000681 PMID: 22733976

Kahn MG, Callahan TJ, Barnard J, Bauck AE, Brown J, Davidson BN, et al. A Harmonized Data Quality
Assessment Terminology and Framework for the Secondary Use of Electronic Health Record Data.
EGEMS (Washington, DC). 2016; 4: 9—11. https://doi.org/10.13063/2327-9214.1244 PMID: 27713905

Séaez C, Martinez-Miranda J, Robles M, Garcia-Gémez JM. Organizing data quality assessment of
shifting biomedical data. Studies in Health Technology and Informatics. 2012. pp. 721-725. https://doi.
org/10.3233/978-1-61499-101-4-721 PMID: 22874286

Saez C, Robles M, Garcia-Gomez JM. Comparative study of probability distribution distances to define
a metric for the stability of multi-source biomedical research data. Proceedings of the Annual Interna-
tional Conference of the IEEE Engineering in Medicine and Biology Society, EMBS. |IEEE;

2013. pp. 3226-3229. https://doi.org/10.1109/EMBC.2013.6610228

Séez C, Robles M, Garcia-Gémez JM. Stability metrics for multi-source biomedical data based on sim-
plicial projections from probability distribution distances. Stat Methods Med Res. 2014; 26:
0962280214545122-. https://doi.org/10.1177/0962280214545122 PMID: 25091808

Séez C, Rodrigues PP, Gama J, Robles M, Garcia-Gomez JM. Probabilistic change detection and visu-
alization methods for the assessment of temporal stability in biomedical data quality. Data Min Knowl
Discov. 2015; 29: 950-975. https://doi.org/10.1007/s10618-014-0378-6

Séaez C, Zurriaga O, Pérez-Panadés J, Melchor |, Robles M, Garcia-Gémez JM. Applying probabilistic
temporal and multisite data quality control methods to a public health mortality registry in Spain: A sys-
tematic approach to quality control of repositories. J Am Med Informatics Assoc. 2016; 23: 1085-1095.
https://doi.org/10.1093/jamia/ocw010 PMID: 27107447

International Ethical Guidelines for Epidemiological Studies [Internet]. Geneva: Council for International
Organizations of Medical Sciences (CIOMS) in collaboration with the World Health Organization; 2009.
Available: https://cioms.ch/wp-content/uploads/2017/01/International_Ethical_Guidelines_LR.pdf

Research Ethics Committee of the Universitari i Politecnic La Fe Hospital [Internet]. Available: https://
www.iislafe.es/en/research/ethics-committees/

Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of classifying prognostic comorbidity
in longitudinal studies: Development and validation. J Chronic Dis. 1987; 40: 373—383. https://doi.org/
10.1016/0021-9681(87)90171-8 PMID: 3558716

Schneeweiss S, Wang PS, Avorn J, Glynn RJ. Improved comorbidity adjustment for predicting mortality
in Medicare populations. Health Serv Res. 2003; 38: 1103—-1120. https://doi.org/10.1111/1475-6773.
00165 PMID: 12968819

Quan H, Sundararajan V, Halfon P, Fong A, Burnand B, Luthi J-C, et al. Coding Algorithms for Defining
Comorbidities in ICD-9-CM and ICD-10 Administrative Data. Med Care. 2005; 43: 1130-1139. https://
doi.org/10.1097/01.mlr.0000182534.19832.83 PMID: 16224307

Séaez Silvestre C. Probabilistic methods for multi-source and temporal biomedical data quality assess-
ment [Internet]. Thesis. Universitat Politécnica de Valéncia. 2016. https://doi.org/10.4995/Thesis/
10251/62188

Amari S, Nagaoka H. Methods of Information Geometry [Internet]. Amer. Math. Soc. and Oxford Univ.
Press. American Mathematical Society; 2000. Available: https://books.google.es/books?hl=es&lr=&id=
vc2FWSo7wLUC&oi=fnd&pg=PR7&dg=Methods+of+Information+geometry&ots=4HmyCCY4PX&
sig=2-dpCuwMQVEC1iREjxdfIX0OyEls#v=onepage&g=MethodsofInformationgeometry&f=false

Csiszar |, Shields PC. Information Theory and Statistics: A Tutorial. Found TrendsTM Commun Inf The-
ory. 2004; 1: 417-528. https://doi.org/10.1561/0100000004

Turlach BA. Bandwidth selection in kernel density estimation: A review [Internet]. CORE and Institut de
Statistique. Universite catholique de Louvain Louvain-la-Neuve; 1993. https://doi.org/1011446770

Lin J. Divergence Measures Based on the Shannon Entropy. IEEE Trans Inf Theory. 1991; 37: 145—
151. https://doi.org/10.1109/18.61115

M.Cover T. Elements Of Information Theory Notes [Internet]. 2006. Available: http://books.google.fr/
books?id=VWqg5GG6ycxMC&printsec=frontcover&dq=intitle:Elements+of+Information+Theory&hl=
&cd=18&source=gbs_api%5Cnpapers2://publication/uuid/BAF426F8-5A4F-44A4-8333-FA81871
60D9B

Joliffle . Principal Component Analysis and Factor Analysis. Springer Series in Statistics. Springer,
New York, NY; 2002. pp. 150-166. https://doi.org/10.1007/978-1-4757-1904-8_7

Davison ML. Multidimensional Scaling [Internet]. Sage Publications; 1983. https://doi.org/10.1002/
0470018860.s00585

PLOS ONE | https://doi.org/10.1371/journal.pone.0220369  August 7, 2019 17/19


https://doi.org/10.1136/amiajnl-2011-000681
https://doi.org/10.1136/amiajnl-2011-000681
http://www.ncbi.nlm.nih.gov/pubmed/22733976
https://doi.org/10.13063/2327-9214.1244
http://www.ncbi.nlm.nih.gov/pubmed/27713905
https://doi.org/10.3233/978-1-61499-101-4-721
https://doi.org/10.3233/978-1-61499-101-4-721
http://www.ncbi.nlm.nih.gov/pubmed/22874286
https://doi.org/10.1109/EMBC.2013.6610228
https://doi.org/10.1177/0962280214545122
http://www.ncbi.nlm.nih.gov/pubmed/25091808
https://doi.org/10.1007/s10618-014-0378-6
https://doi.org/10.1093/jamia/ocw010
http://www.ncbi.nlm.nih.gov/pubmed/27107447
https://cioms.ch/wp-content/uploads/2017/01/International_Ethical_Guidelines_LR.pdf
https://www.iislafe.es/en/research/ethics-committees/
https://www.iislafe.es/en/research/ethics-committees/
https://doi.org/10.1016/0021-9681(87)90171-8
https://doi.org/10.1016/0021-9681(87)90171-8
http://www.ncbi.nlm.nih.gov/pubmed/3558716
https://doi.org/10.1111/1475-6773.00165
https://doi.org/10.1111/1475-6773.00165
http://www.ncbi.nlm.nih.gov/pubmed/12968819
https://doi.org/10.1097/01.mlr.0000182534.19832.83
https://doi.org/10.1097/01.mlr.0000182534.19832.83
http://www.ncbi.nlm.nih.gov/pubmed/16224307
https://doi.org/10.4995/Thesis/10251/62188
https://doi.org/10.4995/Thesis/10251/62188
https://books.google.es/books?hl=es&lr=&id=vc2FWSo7wLUC&oi=fnd&pg=PR7&dq=Methods+of+Information+geometry&ots=4HmyCCY4PX&sig=2-dpCuwMQvEC1iREjxdfIX0yEls#v=onepage&q=MethodsofInformationgeometry&f=false
https://books.google.es/books?hl=es&lr=&id=vc2FWSo7wLUC&oi=fnd&pg=PR7&dq=Methods+of+Information+geometry&ots=4HmyCCY4PX&sig=2-dpCuwMQvEC1iREjxdfIX0yEls#v=onepage&q=MethodsofInformationgeometry&f=false
https://books.google.es/books?hl=es&lr=&id=vc2FWSo7wLUC&oi=fnd&pg=PR7&dq=Methods+of+Information+geometry&ots=4HmyCCY4PX&sig=2-dpCuwMQvEC1iREjxdfIX0yEls#v=onepage&q=MethodsofInformationgeometry&f=false
https://doi.org/10.1561/0100000004
https://doi.org/10.1109/18.61115
http://books.google.fr/books?id=VWq5GG6ycxMC&printsec=frontcover&dq=intitle:Elements+of+Information+Theory&hl=&cd=1&source=gbs_api%5Cnpapers2://publication/uuid/BAF426F8-5A4F-44A4-8333-FA8187160D9B
http://books.google.fr/books?id=VWq5GG6ycxMC&printsec=frontcover&dq=intitle:Elements+of+Information+Theory&hl=&cd=1&source=gbs_api%5Cnpapers2://publication/uuid/BAF426F8-5A4F-44A4-8333-FA8187160D9B
http://books.google.fr/books?id=VWq5GG6ycxMC&printsec=frontcover&dq=intitle:Elements+of+Information+Theory&hl=&cd=1&source=gbs_api%5Cnpapers2://publication/uuid/BAF426F8-5A4F-44A4-8333-FA8187160D9B
http://books.google.fr/books?id=VWq5GG6ycxMC&printsec=frontcover&dq=intitle:Elements+of+Information+Theory&hl=&cd=1&source=gbs_api%5Cnpapers2://publication/uuid/BAF426F8-5A4F-44A4-8333-FA8187160D9B
https://doi.org/10.1007/978-1-4757-1904-8_7
https://doi.org/10.1002/0470018860.s00585
https://doi.org/10.1002/0470018860.s00585
https://doi.org/10.1371/journal.pone.0220369

@ PLOS|ONE

Temporal variability of EHRs due to hospital process reengineering

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Brandes U, Pich C. Eigensolver Methods for Progressive Multidimensional Scaling of Large Data.
Graph Draw. 2007; 42-53. https://doi.org/10.1007/978-3-540-70904-6_6

Daszykowski M, Walczak B. Density-Based Clustering Methods. Comprehensive Chemometrics.
2010. pp. 635-654. https://doi.org/10.1016/B978-044452701-1.00067-3

Liaw ST, Rahimi A, Ray P, Taggart J, Dennis S, de Lusignan S, et al. Towards an ontology for data qual-
ity in integrated chronic disease management: A realist review of the literature [Internet]. International
Journal of Medical Informatics. Elsevier; 2013. pp. 10-24. https://doi.org/10.1016/j.ijmedinf.2012.10.
001 PMID: 23122633

Arts DGT, Keizer NF de, Scheffer G-J. Defining and Improving Data Quality in Medical Registries: A Lit-
erature Review, Case Study, and Generic Framework. J Am Med Informatics Assoc. 2002; 9: 600-611.
https://doi.org/10.1197/jamia.M1087 PMID: 12386111

Bray F, Parkin DM. Evaluation of data quality in the cancer registry: Principles and methods. Part I:
Comparability, validity and timeliness. Eur J Cancer. 2009; 45: 747-755. https://doi.org/10.1016/j.ejca.
2008.11.032 PMID: 19117750

Parkin DM, Bray F. Evaluation of data quality in the cancer registry: Principles and methods Part II.
Completeness. Eur J Cancer. 2009; 45: 756—764. https://doi.org/10.1016/j.ejca.2008.11.033 PMID:
19128954

Fernandez-Llatas C, Ibanez-Sanchez G, Celda A, Mandingorra J, Aparici-Tortajada L, Martinez-Millana
A, et al. Analyzing Medical Emergency Processes with Process Mining: The Stroke Case. Lecture
Notes in Business Information Processing. Springer, Cham; 2019. pp. 214—-225. https://doi.org/10.
1007/978-3-030-11641-5_17

Fernandez-Llatas C, Lizondo A, Monton E, Benedi JM, Traver V. Process mining methodology for
health process tracking using real-time indoor location systems. Sensors (Switzerland). 2015; 15:
29821-29840. https://doi.org/10.3390/s151229769 PMID: 26633395

van Dongen BF, de Medeiros AKA, Verbeek HMW, Weijters AUMM, van der Aalst WMP. The ProM
Framework: A New Era in Process Mining Tool Support. Springer, Berlin, Heidelberg; 2005. pp. 444—
454. https://doi.org/10.1007/11494744_25

Van Der Aalst W, Weijters T, Maruster L. Workflow mining: Discovering process models from event
logs. IEEE Trans Knowl Data Eng. 2004; 16: 1128—1142. https://doi.org/10.1109/TKDE.2004.47

de Medeiros AKA, Weijters AUMM, van der Aalst WMP. Genetic Process Mining: A Basic Approach and
Its Challenges. Springer, Berlin, Heidelberg; 2006. pp. 203—215. https://doi.org/10.1007/11678564_18

Weijters AJMM, Van Der Aalst WMP, Alves De Medeiros AK. Process Mining with the HeuristicsMiner
Algorithm [Internet]. Available: https://pdfs.semanticscholar.org/1cc3/
d62e27365b8d7ed6ce93b41c193d0559d086. pdf

Shim SJ, Kumar A. Simulation for emergency care process reengineering in hospitals. Barjis J, editor.
Bus Process Manag J. 2010; 16: 795-805. https://doi.org/10.1108/14637151011076476

Svolba G, Bauer P. Statistical quality control in clinical trials. Control Clin Trials. 1999; 20: 519-30.
S019724569900029X [pii] PMID: 10588293

Bray F, Parkin DM. Evaluation of data quality in the cancer registry: principles and methods. Part I: com-
parability, validity and timeliness. Eur J Cancer. 2009; 45: 747-755. https://doi.org/10.1016/j.ejca.2008.
11.082 PMID: 19117750

Kahn MG, Raebel MA, Glanz JM, Riedlinger K, Steiner JF. A pragmatic framework for single-site and
multisite data quality assessment in electronic health record-based clinical research. Med Care. 2012;
50: S21-9. https://doi.org/10.1097/MLR.0b013e318257dd67 PMID: 22692254

Batini C, Cappiello C, Francalanci C, Maurino A. Methodologies for data quality assessment and
improvement. ACM Comput Surv. 2009; 41: 16:1-16:52. https://doi.org/10.1145/1541880.1541883

Heinrich B, Klier M, Kaiser M. A Procedure to Develop Metrics for Currency and its Application in CRM.
J Data Inf Qual. 2009; 1: 1-28. https://doi.org/10.1145/1515693.1515697

Sirgo G, Esteban F, Gémez J, Moreno G, Rodriguez A, Blanch L, et al. Validation of the ICU-DaMa tool
for automatically extracting variables for minimum dataset and quality indicators: The importance of
data quality assessment. Int J Med Inform. 2018; 112: 166—172. https://doi.org/10.1016/j.ijmedinf.2018.
02.007 PMID: 29500016

Maaten L van der, Hinton G. Visualizing Data using t-SNE Visualizing Data using t-SNE. J Mach Learn
Res. 2008; 9: 2579-2605. https://doi.org/10.1007/s10479-011-0841-3

Hinton GE. Reducing the Dimensionality of Data with Neural Networks. Science (80-). 2006; 313: 504—
507. https://doi.org/10.1126/science.1127647 PMID: 16873662

Weinberger KQ, Sha F, Saul LK. Learning a kernel matrix for nonlinear dimensionality reduction. Int
Conf Mach Learn. 2004; 106—113. https://doi.org/10.1145/1015330.1015345

PLOS ONE | https://doi.org/10.1371/journal.pone.0220369  August 7, 2019 18/19


https://doi.org/10.1007/978-3-540-70904-6_6
https://doi.org/10.1016/B978-044452701-1.000673
https://doi.org/10.1016/j.ijmedinf.2012.10.001
https://doi.org/10.1016/j.ijmedinf.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23122633
https://doi.org/10.1197/jamia.M1087
http://www.ncbi.nlm.nih.gov/pubmed/12386111
https://doi.org/10.1016/j.ejca.2008.11.032
https://doi.org/10.1016/j.ejca.2008.11.032
http://www.ncbi.nlm.nih.gov/pubmed/19117750
https://doi.org/10.1016/j.ejca.2008.11.033
http://www.ncbi.nlm.nih.gov/pubmed/19128954
https://doi.org/10.1007/978-3-030-11641-5
https://doi.org/10.1007/978-3-030-11641-5
https://doi.org/10.3390/s151229769
http://www.ncbi.nlm.nih.gov/pubmed/26633395
https://doi.org/10.1007/11494744_25
https://doi.org/10.1109/TKDE.2004.47
https://doi.org/10.1007/11678564
https://pdfs.semanticscholar.org/1cc3/d62e27365b8d7ed6ce93b41c193d0559d086.pdf
https://pdfs.semanticscholar.org/1cc3/d62e27365b8d7ed6ce93b41c193d0559d086.pdf
https://doi.org/10.1108/14637151011076476
http://www.ncbi.nlm.nih.gov/pubmed/10588293
https://doi.org/10.1016/j.ejca.2008.11.032
https://doi.org/10.1016/j.ejca.2008.11.032
http://www.ncbi.nlm.nih.gov/pubmed/19117750
https://doi.org/10.1097/MLR.0b013e318257dd67
http://www.ncbi.nlm.nih.gov/pubmed/22692254
https://doi.org/10.1145/1541880.1541883
https://doi.org/10.1145/1515693.1515697
https://doi.org/10.1016/j.ijmedinf.2018.02.007
https://doi.org/10.1016/j.ijmedinf.2018.02.007
http://www.ncbi.nlm.nih.gov/pubmed/29500016
https://doi.org/10.1007/s10479-011-0841-3
https://doi.org/10.1126/science.1127647
http://www.ncbi.nlm.nih.gov/pubmed/16873662
https://doi.org/10.1145/1015330.1015345
https://doi.org/10.1371/journal.pone.0220369

@ PLOS | O N E Temporal variability of EHRs due to hospital process reengineering

56. Dale Compton W, Ganjiang G, Reid PP, Grossman JH. Building a Better Delivery System: A New Engi-
neering/Health Care Partnership [Internet]. Building. National Academies Press; 2005. https://doi.org/
10.17226/11378

57. KohnLT, Corrigan JM. To err is human: building a safer health system. A report of the Committee on
Quality of Health Care in America. 2000. p. 287. National Academies Press.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220369  August 7, 2019 19/19


https://doi.org/10.17226/11378
https://doi.org/10.17226/11378
https://doi.org/10.1371/journal.pone.0220369

