University of New Haven

University of D|g|‘ta| Commons @ New Haven

New Haven

Master's Theses Student Works

12-2020
Operational Decision-Making in Healthcare Using Control Charts

Rohan More

Follow this and additional works at: https://digitalcommons.newhaven.edu/masterstheses

b Part of the Industrial Engineering Commons


https://digitalcommons.newhaven.edu/
https://digitalcommons.newhaven.edu/masterstheses
https://digitalcommons.newhaven.edu/studentworks
https://digitalcommons.newhaven.edu/masterstheses?utm_source=digitalcommons.newhaven.edu%2Fmasterstheses%2F170&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/307?utm_source=digitalcommons.newhaven.edu%2Fmasterstheses%2F170&utm_medium=PDF&utm_campaign=PDFCoverPages

THE UNIVERSITY OF NEW HAVEN

OPERATIONAL DECISION-MAKING IN HEALTHCARE USING CONTROL CHARTS

A THESIS
submitted in partial fulfillment

of the requirements for the degree of

MASTER OF SCIENCE IN INDUSTRIAL ENGINEERING

BY
Rohan More

University of New Haven
West Haven, Connecticut

December 2020



OPERATIONAL DECISION-MAKING IN HEALTHCARE USING CONTROL CHARTS

APPROVED BY

ii

. Digitally signed by Nadiye O. Erdil
N ad lye O DN:cn=Nadiye O. Erdil, o=Universityof New
* Haven, ou=Mechanical and Industrial
E d . l Engineering, email=nerdil®newhaven.edu,
c=Us
rai Date: 2020.12.16 12:16:53 -05'00"
[Nadiye, O., Erdil, Ph.D.]

Thesis Adviser

Jrer g

[Gokhan, Egilmez, Ph.D.]

Committee Member

AL Wontzger

[M., Ali, Montazer, Ph.D.]

Committee Member and Program Coordinator

[Ronald, S., Harichandran, Ph.D.]

Dean of the College

[Mario T. Gaboury, ].D., Ph.D.]
Interim Provost and

Senior Vice President for Academic Affairs



ACKNOWLEDGEMENTS
[ would like to extend my sincere gratitude to my professor and thesis advisor, Dr. Nadiye
Erdil for her constant support, motivation, guidance and patience throughout this journey
and making this journey successful. I also would like to thank Dr. Ali Montazer, Dr. Gokhan
Egilmez for not only serving as my thesis committee members but also imparting the
necessary knowledge and skillset required for the thesis. Last but not the least,  would like

to thank my parents for providing me the moral support throughout my education.

iii



ABSTRACT

The primary objective of this thesis was to design a framework supplemented with
guidelines for the healthcare managers to select an appropriate type of control chart for
operational decision-making. A systematic literature review was conducted to gauge the
extent to which control charts were being used in a healthcare setting for clinical decision-
making and operational decision-making purposes. The findings showed that the
application of control charts was almost equal for the clinical decision-making sector and
the operational decision-making sector. On further analysis, the ability of control charts to
function as a standalone tool was affirmed by the vast majority of studies where it was

deployed as a primary tool for quality improvement purposes.

The framework contains some prerequisites with regards to data collection and
construction of control charts. Also, the metrics involved are clearly identified: Quality,
Financial, Volume and Utilization; and subsequently defined. The guidelines were created
keeping the metric and possible scenario/s that can be associated with it into
consideration. These guidelines would save the healthcare managers their time and
significantly reduce the chances of selecting an inappropriate type of control chart.

Potential operational areas for the usage of control charts are also discussed in the thesis.

In order to demonstrate the way in which the prescribed framework can be
implemented in a real-life hospital environment, a regional hospital was chosen and the
yearly rate of Surgical Site Infections (SSI) for colon surgery was monitored using an
appropriate control chart which was selected by following the guidelines outlined in the

framework.
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1. INTRODUCTION

The healthcare industry is one of the largest and fastest growing industries in the
world (KFF, 2006). Moreover, the cost of healthcare is continuously rising. Its sheer size
and the diverse nature of operations make it susceptible to errors which furthermore
increases the overall cost for the provision of services. Quality in healthcare, on the other
hand, is of paramount importance because even a slight decline could cause significant
consequences in terms of life or death for the patient (Prajapati & Suman, 2018). Therefore,
it is crucial that healthcare services are provided at a reasonable cost with an appropriate
quality. To address cost and quality issues, quality and process improvement methods and
tools are often suggested and have been adopted by the industry since the early 1999s
(Chassin & Loeb, 2011). Statistical process control (SPC) with its many tools and methods
is one such strategy used by the healthcare professionals in order to monitor processes and
identify issues. Among SPC tools, control charts are being used increasingly to detect
variations in the processes.

The motivation behind this research was to design a framework that could be
employed in implementation of control charts in the healthcare sector for operational
decision-making. The framework provides a methodological approach and helps healthcare
professionals in understanding and selecting key quality indicators to monitor using
control charts for improving their processes. The framework focuses mainly on the
operational decision-making as opposed to clinical decision-making. Clinical decision-
making in healthcare is defined as the decisions made by doctors or nurses when they

monitor clinical variables relevant to patients’ courses of treatment or health status;



whereas operational decision making in healthcare is defined as the decision making
carried out to improve the process indicators relevant to the operations of the organization
such as hospital revenue, wait times, and patient volume.

Control charts are visual tools generated by statistical analysis of process data. They
help in monitoring key performance indicators and in revealing the variation in a process
and furthermore, allow identifying whether this variation is due to special or common
causes. Common cause variation is the variation inherent in the process and is a natural
variation when the process is operating under normal conditions. Special cause, on the
other hand, signals an unexpected, unpredictable or unusual factor impacting the operation
of the process.

The trends in use of control charts in the healthcare sector show that their use in
operational decision-making is slightly higher than their use in clinical decision-making.
However, there is a lack of framework to ensure smooth deployment of control charts for
quality and process improvement from an operational perspective. There is a need to
clearly define the metrics involved and monitor the most important ones to effectively use
available resources, make better decisions and generate policies conducive to the process
changes targeted with the improvement initiative. To address this need, this thesis
prescribes a set of guidelines for healthcare managers in using control charts in operational
decisions. A case study is presented to demonstrate the use of the proposed framework.
The data for the case study was extracted from the healthdata.gov website and contained
the information for the surgical site infection at a particular hospital from the year 2013 to
the year 2019. The proposed framework provides an understanding of the metrics

commonly used in improvement initiatives and the types of variables that may be closely



associated with them; and provides recommendations on key factors for successful
implementation such as selection of appropriate control limits, training of the hospital staff

in the data collection process, and transparence in executing the improvement project.



2. METHODOLOGY

The first part of this chapter provides the theory of control charts. The second part
describes the systematic literature review followed to identify and summarize the existing
evidence on the use of control charts in healthcare, which was then used to build the

framework proposed in this research.

2.1. Control Charts

Control charts were developed by Walter Shewhart for monitoring and controlling key
performance indicators in the manufacturing industry. (MacCarthy & Wasusri, 2001).
Shewhart aimed to reduce variation in the manufacturing of telephone components when
he was working at Western Electric. During his studies he realized that variation would
always be a part of the process and further recognized the need to classify the variation
observed in a process, whether it was expected or unexpected, called common cause and
special cause respectively (MacCarthy & Wasusri, 2001). Control charts are graphical tools
that plot the process data to visualize whether a process being monitored is stable or not. A
stable process, also called a process in-control, exhibits only common causes of variation.
Common cause variation is a source of variation that is natural and expected and is
inherent to the process. On the other hand, a process that is not stable, i.e. not in control or
out-of-control, depicts special cause variation; variation that is not a natural part of the
process. Monitoring a process with control charts aims to reveal the special causes.

A control chart typically consists of a centerline, an upper control limit and a lower

control limit, and the control limits are set at + 3 standard deviations (o) from the



centerline. + 30 are industry standards and were selected to balance Type [ and Type Il
errors in statistical decision-making (Benneyan, Lloyd & Plsek, 2003). Type I and Type II
errors occur when the data leads to decision-making that contradicts with the real status of
the process. Type I error (a) also known as a false positive happens when the system
incorrectly signals about the existence of special cause variation when in fact the process is
in control. Reducing the o limits increases the risk of Type I error. Type Il error () also
known as a false negative happens when the chart does not signal about the presence of a
special cause when in fact the process is unstable. The risk of Type Il error increases when
the o limits are widened.

The control charts are selected based on the type of data being monitored: attribute
or variable. An attribute data, also referred to as a count data, means it can be counted and
the variables data is the data which is usually measured on a continuous scale. An example
of an attribute data is the number of doctor visits made by a patient in a year since it is a
count item and will only take discrete values. An example variable data is the body
temperature of a patient since it has to be measured and is on a continuous scale. Table 2.1
shows the list of commonly used control charts by their types; Tables 2.2 and 2.3 provide

the formulas used for calculating the limits of the attribute and variable control charts.



Table 2.1 Classification of Control Charts Based on their Functions

. Data Type

Chart Type It is used to plot: [V: Variable;

A: Attribute]
X-bar chart the arithmetic means of successive samples of constant size v
R-chart the range of subgroups v
s-chart the standard deviation of subgroups v
individual observations with X indicating observation and mR \Y4

XmR chart T :
indicating moving range
Run Chart individual observations over time (without control limits) VorA
p-chart the proportion of non-conforming units in a sample A
np-chart the number of non-conforming units in a sample A
u-chart the average number of defects per unit A
c-chart the total number of non-conformities per unit A
individual observations with each observation receiving less
EWMA chart ) 5 v
weight as they are further from the current observation
the cumulative sums of deviations of observations from a target
CUSUM chart g VorA
value
the number of days between rare events or the number of A
g-chart

opportunities between rare events




Table 2.2 Control Charts for Attribute Data

Type of Lower Center
. Upper control
control control line limit (UCL) Comments
chart limit (LCL) (CL)
- _ - Preferable to use when the sample
C-chart ¢-3Vc ¢ c+3+e size (n) remains constant, where
¢ = count per subgroup
Generally used when the sample
U-chart -3 \fu_ U 4 3 \]c; size (n) does not remain constant,
where u= average count per
subgroup
- Used when proportion of non-
P-chart |7 3\fp(i D NG 3\fp(i conforming items is an area of
n n interest and sample size (n) is not
constant
~ Used when the sample size (n)
Np chart np - np np + 3\/7125(1_?5) remains constant and when
3vnp(1-p) number of nonconforming items is
an area of interest
G-chart g- gJ 7+3vVa(g+ 1 Used when one has to monitor the
3v/ g@g+1 g 9. ) rare events
Table 2.3 Control Charts Formulas for Variables Data Type
Type of Lower Center Upper
control .
control limit Line control Comments
chart (LCL) (CL) limit (UCL)
Value of A2 is used from a standard table and
X-bar X-A2*R X X+A2*R depends on the number of subgroup size
selected. Rrepresents the Range average
Generally used for subgroup size of 10 or less.
R chart R*D3 R R* D4 Values of D3 and D4 can be found out from a
standard table depending on the subgroups
Generally used for subgroup size exceeding 10.
Schart S*B3 S S * B4 Values of B3 and B4 can be found out from a
standard table depending on the subgroups
L . L Values of D3 and D4 come from a standard table
MR chart | MR *D3 MR MR * D4 depending on the number of subgroups and MR
represents moving range average




The control charts presented in Table 2.2 and Table 2.3 fall under the category of Phase I
charts. Phase I control charts are used when the process stability is not known and
generally one is interested in detecting large changes in the process. There are other charts
such as EWMA and CUSUM charts that fall under the category of Phase II control charts.
Phase II control charts are typically used when the process is already in control and one is
monitoring the process to specifically detect small changes in the process. However, for the
purpose of this thesis, our focus is on Phase I charts only. Selecting subgroups is an
important factor in constructing control charts. A subgroup is defined as a group of units
that are created under the same set of conditions. Rational subgrouping is one strategy to
select subgroups. Rational subgrouping advocates for selecting subgroups in a manner
where the variation within subgroups should be as small as possible which helps in

detection of variation among subgroups with ease (Montgomery, 2013).

2.2. Systematic Literature Review

In efforts to build the proposed framework, first a systematic literature review was

conducted. The search protocol for this review is summarized in Figure 2.1.



Total number of articles identified from the preliminary search
(n=837)

Reasons for exclusion:
1. Duplicate articles

2. Published in a language other than
English

3. Not published in a peer-reviewed
journal

4. Published before the year 1995
5. E-books

Articles scrutinized for the eligibility criteria
(n=116)

Criteria for exclusion:

1. Articles focusing on technical details of
construction of control charts rather than application

2. Control chart just being a tool mentioned in the
DMAIC project

3. Articles related to surveillance in healthcare ora
physicans clinic

Articles meeting the inclusion criteria
(n=67)

1. Articles pertaining to control chart applications in a
hospital department or laboratory

2. Articles with control charts being used as a primary
tool or is being used along with other tools

Figure 2.1 Strategy for Study Selection

The review was focused on the questions “how extensive is the use of control charts in

operational decision-making at hospitals?” and “what are the metrics targeted when the



operational decision-making is concerned?”. The keywords used for the search were
‘control charts in healthcare’ & ‘statistical process control in healthcare’. The search
included PubMed, Web of Science, ABI/INFORM, Academic Search Premier, EBSCO,
Emerald Full Text Journals, Engineering Management, Industrial Engineering and
Operations Management Collection, KNOVEL Library Collections, Pro Quest Direct, Sage
Premier Collection, Taylor & Francis, Wiley Online Library, Medline. This search returned
837 articles, which were then narrowed down to 116 by eliminating duplicate articles, e-
books, articles written in a language other than English, not published in a peer-reviewed
journal and published before the year 1995. Then, studies with application scope that
extend the boundaries of a hospital, such as control charts used for public health
surveillance, or control charts being applied in a general physician’s clinic and studies
which included control charts as a quality improvement tool but did not necessarily
document the type of control chart or the specific contribution of the control charts in the
improvement process were excluded. The remaining studies were then further filtered

based on the following inclusion criteria:

e Studies pertaining to control chart applications in a hospital department or
laboratory
e Studies where control charts is being used as a primary tool or is being used along

with other tools

In the end, there were 67 studies that matched the search criteria. The shortlisted studies

were then analyzed in detail to depict the current usage of control charts at hospitals.

10



The use of control charts from application perspective including application areas,
application type: for clinical decision-making or operational decision-making, and type of
charts used are presented in Sections 2.2.1 and 2.2.2. Other key findings such as
classifications of studies by country, publication year, and publication journal are discussed

below.

Country Distribution

The distribution of studies by country (see Table 2.4) shows that the top three
countries with the highest number of the studies are U.S., U.K. and Australia; which
accounted for almost 61% of the total studies (n=67). Canada and France accounted for 3
studies each while Switzerland and India accounted for 2 studies each. The rest which
included Taiwan, Turkey, Germany, Nigeria, Spain, Korea, Qatar, Thailand, Singapore,
Israel, Brazil and Italy all had single studies each. There were 4 studies where the country
of origin was not specified. The results show that the U.S. hospitals have the lead on use of
control charts. Although it is possible that more authors may be publishing studies that
were conducted in the U.S,, the quantitative difference between the number of studies from
the U.S. and other countries is so large to support the conclusion that control chart usage is

more common at U.S. hospitals.

11



Table 2.4 Country Wise Distribution of Studies

Country Number of studies
U.S.A. 25
UK. 10
Australia 6
Canada 3
France 3
Switzerland 2
India 2

Brazil_, Germany, ISI.‘ael , It_aly, Kore.a , Nigeria, Qatar, 1 per country
Singapore, Spain, Taiwan, Thailand , Turkey

Unspecified 4

Publication Year

The earliest applications of control charts appear in the literature from the year 1997, as
shown in figure 2.2. Thereafter, somewhat a steady increase is observed with some
exceptions, particularly years 2002, 2005 and 2014. Overall, an upward trend is visible in

use of control charts in healthcare.
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Figure 2.2 Control Charts in Healthcare - Studies Published by Year
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Publication Journal

Figure 2.3 shows the number of studies found in different peer-reviewed journals. The
highest number of studies was extracted from the International Journal for Quality in
Healthcare with 13 studies. This was followed by the Quality Management in Healthcare
journal with 10 studies. The International Journal of Healthcare Quality Assurance
contributed with 9 studies while BMJ Quality & Safety yielded 8 studies. American Journal of
Medical Quality and International Journal of Lean Six Sigma provided 4 studies each. These
six journals collectively accounted for approximately 72% of the total selected studies.
These findings indicate that the majority of the studies come from publications focusing on

healthcare than those with a general focus on quality.
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International Journal for Quality in Healthcare

Quality Management in Healthcare

International Journal of Health Care Quality Assurance
BM]J Quality & Safety

International Journal of Lean Six Sigma

American Journal of Medical Quality

Health Care Management Science

BM] Open

International Journal of Quality and Reliability
Management

Academic Emergency Medicine

Journal title

International Journal of Industrial Engineering: Theory,
Applications and Practice

International Journal of Six Sigma and Competitive
Advantage

Journal of Industrial Engineering: Theory, Applications
and Practice

Journal of Quality Technology

Quality Engineering

Quality Management Journal

Statistical Methods in Medical Research

BMC Health Services Research

Interactive Cardiovascular and Thoracic Surgery

o

2 4 6

[ee]
=
=]
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N

Number of studies

Figure 2.3 Frequency of studies in the Selected Peer-Reviewed Journals
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A few studies were found that focus broadly on the application of control charts in a
healthcare setting as a quality improvement tool, however, there were no studies that
classified control charts in healthcare based on usage purpose and metrics involved or that
prescribed a set of guidelines for their implementation. Given the diverse nature of the
healthcare industry it is instrumental to classify the decisions into separate domains in
order to effectively study the metrics involved and the factors contributing to the success of
the deployment of control charts in their context. Sections 2.2.1 and 2.2.2 explain control
chart usage from clinical decision-making and operational decision-making perspectives

respectively.

2.2.1. Control Charts for Clinical Decision-making

Clinical decision-making in healthcare may be defined as the decisions made by doctors or
nurses to choose a future course of action for their patients. In this decision making process
control charts help them in monitoring individual patient data such as the daily systolic
blood pressure levels of patients suffering from hypertension, blood glucose levels of a
diabetic patient or the serum creatinine levels of a patient who has undergone kidney

transplant (Suman & Prajapati, 2018).

Figure 2.4 shows the number of studies published from the year 1997 till the year 2019, in
which control charts were used for clinical decision-making. The number of clinical studies
published was highest in the year 2016 at a total of seven studies followed by the year
2017 with a total of four studies. It can be seen that there is a uniform trend from the year

1997 till the year 2004 barring a few data points in between. Overall, there is no significant

15



increasing or decreasing trend found with respect to the studies published, nevertheless,
the last two years on the chart point to an increasing trend but more data is needed to

confirm.
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Figure 2.4 Control Charts in Healthcare - Clinical Studies Published by Year

One of the earliest documentations of control charts being used for clinical decision-
making was in the emergency department where p-charts were employed to monitor the
number of births with cesarean section (Kaminsky et al., 1997). Morton et al. (2001)
suggested the use of control charts over traditional monitoring methods for the detection
and monitoring of hospital acquired infections. Their idea was to use Shewhart charts for
detecting changes in the number of monthly infections in a hospital. In their study, + 20
control limits were used to mitigate the risk for patient safety. Narrowing control limits is a

known approach in cases where the variable monitored is directly related to patient safety,

16



it is however advised to set the control limits at + 3o to lessen the risk of false positives if

patient safety is not a concern in the study (Benneyan et al., 2003).

The control charts are used in many areas in a hospital for clinical decision-making,
for example Emergency, Surgery, Radiology, and Cardiology (Suman & Prajapati, 2018).
Fuangrod et al. (2016) documented the use of I-MR chart in radiology for monitoring the
gamma pass rate for two different radiation therapy procedures in individual patients.
Limaye et al. (2008) demonstrated the use of g-charts, a type of chart used for attribute
data to monitor the number of events between rarely occurring nonconforming incidents,
in the surgery department to monitor the number of days between the hospital acquired
infections such as Blood Stream Infections (BSI), Ventilator Associated Pneumonia (VAP)
and Urinary Tract Infections (UTI). In addition, they depicted the use of u-charts for
monitoring the number of infections per month per 1000 patient days. Choi et al. (2017)
documented the use of p-chart in an emergency department to monitor the proportion of

single blood cultures sent to the laboratories before and after education intervention.

The type of control charts used depends on the variable to be monitored and the
type of underlying distribution it follows. Figure 2.5 shows the control chart types and their
frequency of appearance in the studies that involve clinical decision-making. We see that
the p-chart is the most popular type of control chart in clinical decision making. It is used to
monitor clinical variables which are binomial in nature such as monitoring the proportion
of surgical complications in a month, and percentage of surgical site infections in a month.

The use of Xbar chart is the second highest in the clinical studies. There are many quality

17



indicators relevant to clinical decision making that fall into variable type data such as blood

glucose levels of a patient, serum creatinine level in the body, etc.

6 ‘ ‘

p-chart X-bar chart EWMA chart Runchart [-MR chart g-chart  CUSUM chart  u-chart
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Figure 2.5 Frequency of Control Chart Types Used in Clinical Studies

2.2.2. Control Charts for Operational Decision-making

Operational decision-making in healthcare may be defined as the decisions made by the
healthcare managers in order to improve the process indicators relevant to the operations
of the organization which can include parameters such as hospital revenue, wait times and
patient volume. Figure 2.6 represents the number of operational studies published from

the year 1997 till the year 2019. The number of studies published peaks in the year 2013

18



and the year 2015 with a total of five studies in each year. Moreover, from the year 2008 to
the year 2012 there was somewhat of a uniform trend similar to from the year 1999 to the

year 2004.
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Figure 2.6 Operational Studies Published on a Yearly Basis

The use of control charts in operational decision-making appear in literature slightly more
than their use in clinical making, therefore, there are more examples to understand their
use in this context. Callahan & Griffen (2003) documented the use of I-MR chart in the
emergency department (ED) to monitor the door-to-reperfusion time for patients with
acute myocardial infarction. Door-to-reperfusion time is the delay between the arrival of a
patient in an emergency department with an acute myocardial infarction and the restoring
of the patient’s blood flow to an organ or tissue with intervention. The control charts

helped the ED to identify and eliminate the special cause of variation, thus helped them
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reduce the door-to-reperfusion time. Howard et al. (2018) presented the use of u-chart to
monitor adverse events in an emergency department as a trigger tool to identify adverse
events and to measure the rate of adverse events over time. Walley et al. (2006) used Xbar
chart to monitor the percent of patients treated and admitted, transferred or discharged in
4 hours or less in the emergency department. Welch & Dalto (2011) used the Xbar chart to
track the door-to-physician times in the emergency departments of two community

hospitals.

The use of control charts for operational decision-making is not limited to the
department of emergency alone; one can also find instances where control charts were
used in the hospital administration department. Canel et al. (2010) used c-chart to monitor
the days to completion for the assembled records post improvement initiatives at the
administration department of the hospital. In order to meet the standard assembly record
completion times, set by the Joint Commission on the Accreditation of Healthcare
Organization, the improvement team implemented a process redesign, and an after c-chart
showed that the redesign effort was successful. Robinson & Neyens (2017) described the
use of u-charts for monitoring harm and no-harm events at the hospital and department

level.

As for the type of charts used in operational decision-making, the use of p-chart is
the highest followed by the u-chart and Run chart, as shown in Figure 2.7. The high usage of
p-charts can be attributed to the fact there are indeed a number of operational variables
which are binomial in nature such as the number of falls in a month for a hospital, the

proportion of hospital acquired infections and so on. The second highest usage of u-chart
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can be employed to monitor variables such as the number of medication errors or the

number of harmful events, which are frequently analyzed events in a hospital.
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Figure 2.7 Frequency of Control Chart Types Used in Operational Studies

2.3. Framework for the deployment of control charts in the operational sector

The literature provided a foundation to build a framework for the use of control
charts particularly for operational decision-making. First, the studies pertaining to
operational decision-making were divided based on the metrics targeted. The metrics,

which are defined below, were quality, volume, financial, and utilization.

Volume metrics: This is used when one has to measure a parameter such as the flow of
patients in a hospital setting which comprises variables like the number of patients visiting

a particular department and the number of inbound referrals if any.

Utilization metrics: This metric is employed when the utilization of doctors or the

department is of concern. Examples are appointments completed per doctor in the hospital,

21



total number of surgeries performed by a surgeon in a month, appointments scheduled vs.

appointments fulfilled department wise in a hospital.

Quality metrics: This metric typically comes into picture when the parameters of interest
include employee satisfaction rate, readmission rates for patient with severe conditions,
number of clinical errors over a period of time, length of stay, wait time for patients and so

on.

Financial metrics: This is a measure that encompasses items such as revenue generation
per doctor, per department, the expenses incurred per doctor, per department or special
medical instruments needed. It also signals to the lost opportunities of revenue generations
such as appointment cancellations due to the patients not showing up and outbound

referrals due to the dearth of the specialized services.

In order to further understand the nature of operational decision-making and its
impact on control chart selection it was necessary to analyze and find out the importance of
the metrics pertaining to operational decision-making. It should be noted that there were
instances where more than one metric was targeted in a single study and, in that case, both
metrics were extracted and included in the analysis. For instance, one study discussing the
usage of control charts to assess surgeries completed per surgeon also considered the
financial costs associated with surgeon spending extra time in an operating theater,
thereby targeted the utilization metric as well as the financial metric (Maruthappu et al,
2013). Figure 2.8 depicts the percentage distribution of the aforementioned metrics

targeted in the studies which were in the operational decision-making domain. Quality
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metric was the leading metric with about 50% which was then followed by the financial
metric at 25%. The utilization and the volume metrics were appeared in about 14% and
11% of the studies respectively. The results were especially affirmative of the notion that
for the healthcare managers, improving quality in the delivery of the healthcare processes
is the objective of the utmost importance. Also, as healthcare managers they are tasked
with ensuring the delivery of the quality services at a reasonable cost, which the financial

metric being the second most targeted metric in the studies.

Improvement Metrics in Operational Studies

utilization
14%

financial
25%

Figure 2.8 Percent Share of the Metrics Targeted in the Selected Studies
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While a single study does not provide concrete steps on how to generalize the use control
charts in operations studies, the collection of them provide sufficient material to construct

a guideline. Such a guideline would have the following benefits:

e It would lessen the chance for the managers of selecting an inappropriate control
chart

e It would help them in prioritizing the monitoring process as a whole. For instance, if
the managers are specifically dealing with plummeting revenue for a hospital, they
would know exactly where to start i.e., monitoring the variables associated with the
financial metric or if the hospital has been getting complaints with respect to the
delivery of the care then they would know the variables associated with the quality
metric should be monitored at first

e Due to such prioritization, they could save on significant amount of time at the start
of their improvement project

¢ Important caveats listed in the guideline will ensure that the appropriate control
limits are chosen along with the suggested control chart. This may reduce the risk of
false negatives associated with variables critical to the safety of the patient

e Also, the guidelines would help the healthcare managers in streamlining their
projects as they can choose from the multiple scenarios listed in the guidelines and

choose the control charts accordingly

The section below describes the guideline developed based on the literature findings as
well as the knowledgebase on Quality Control methods, particularly control chart theory

and practice.
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2.3.1 Guidelines

Table 2.5 depicts the proposed framework to be used when control charts are deployed in
the operational decision-making domain. Like all improvement projects, healthcare
managers must start with defining the purpose for carrying out the quality improvement
initiative and the goals to be achieved. For instance, a healthcare manager might consider
decreasing the wait times for patients in a particular hospital department as the project’s
purpose and the goal might be the quantifiable reduction in percentage the improvement
team is aiming to achieve. The next step involves considering the project scope; in the wait
time example this might include defining the study area such as singular department of the
hospital or the entire hospital. The project scope is important because the type of control
charts to use may change depending on the project scope. For instance, if one is monitoring
the number of infections acquired from a department like cardiology as opposed to the
entire hospital, then it may happen that the chance of infection was rare in cardiology and
thus one had to use a g-chart to monitor the number of days between infections. But when
monitoring for an entire hospital it may turn out to be a fairly common phenomenon and
thus one had to use a u-chart or c-chart depending on the procedures carried out. After the
scope is decided upon, the important operational characteristics of the department should
be identified, and the metrics involved are selected. An example of operational
characteristics may be assessing how much the particular department in question directly
relates to patient safety. This can be best explained by the nature of emergency department
which witnesses a lot of critical patients and thus can be categorized under the department

that has a direct relation to patient safety. Before the healthcare managers can select the
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type of control charts, they need to make sure the prerequisites are satisfied prior to
implementation of the control charts. For instance, if they are dealing with the selection of
subgroups then they need to make sure that the time interval between selected subgroups
is constant thereby ensuring the selected subgroups are created under identical set of
circumstances which is extremely important for the accuracy of the results generated. Also,
when dealing with large amounts of data, one should follow good sampling practices like
selecting data randomly and in a way which is truly representative of the larger population
in order to avoid bias. Limaye et al. (2008) & Morton et al. (2001) state that when it comes
to the minimum number of samples for generating a control chart a minimum of 20
samples is recommended. Next, the healthcare manager can focus on the type of control
chart that ought to be selected for the process monitoring. This depends on the type of data
involved: attribute or variable. Depending on the data type and the type of distribution it
follows, the manager can select the appropriate control chart. If the process to be
monitored directly relates to patient safety, then it is better to set the control limits at 2
standard deviations from the mean instead of the conventional 3 standard deviations. The
reasoning behind this is it would be acceptable to spend resources to investigate for false
alarms than to not be signaled and resulting in possible patient harm. After the process is
plotted on a control chart, out of control points should be investigated if there are any. The
manager should ensure that appropriate action is taken to eliminate the special cause
variation and then once again plot the control chart to ensure whether the new limits
indicate a stable process after the elimination of special cause of variation. For long-term
success, the management along with the hospital staff should also ensure that the new

changes that were made are being sustained to keep the new process in control.
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Table 2.5 Framework for Deployment of Control Charts

CONTROL CHART SELECTION

PREREQUISITES:

General:
e Make sure the data source is authentic
e Ensure there are no missing values
o Identify the variable to be monitored and ensure that one is dealing with a single variable ata
time

For data collection:

e Obtain atleast 20 data points in order to have enough confidence in the control limits
generated for determining special cause

e Gather data over time and sort them in time order so that the control chart generated will
truly be able to plot process variation over time

e Ensure that subgrouping is done at the start and not the end of process in order to make sure
that the conservation of time sequence is followed properly

e Ensure that the observations taken in time sequence are not correlated, i.e. the readings taken
are independent of each other in order to not violate the basic assumption of control charts

STEP | ITEMS TO ADDRESS | CONSIDERATIONS

1. Identify e [s your improvement efforts related to quality, cost, productivity, or
the study profitability?
goals o Quality -> Go to Quality Metrics section

o Cost-> Go to Financial Metrics section
o Productivity > Go to Utilization Metrics section
o Profitability -> Go to Volume and Financial Metrics section

Identify e Quality Metrics: If your Quality | Quality Metrics:
the study Metric appears on the list
metrics provided in the next column,
review the section for that
particular metric provided in
Section 2.3.1.1/Table 2.6
e If your metric is not listed:
o Review the general
implementation section 2.3.5 Continuous vs. Attribute Metrics:

¢ Length of Stay

¢ Door-to-Reperfusion Time

e Surgical Infections

¢ Hospital Readmissions

e Harm and Non-harm events

e Monthly surgical complication rate

e (Continuous: The metrics which can
be measured on a continuum or
scale and can have almost any
numeric value fall under the
category of continuous metrics. For
instance, the temperature of a
patient’s body measured by the
doctor is an example of continuous
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metric

o Attribute: The metrics which can be
classified and counted fall under
the category of attribute metrics.
For example, if counting the
number of hospital-acquired
infections in a month is an area of
interest, then it happens to be of
attribute nature.

¢ Financial Metrics: If your
Financial Metric appears on the
list provided in the next column,
review the section for that
particular metric provided in
Section 2.3.1.2/Table 2.7

e If your metric is not listed,
review Section 2.3.5

Financial Metrics:

e Revenue generation per doctor

¢ Expenses incurred per department

e Number of appointment
cancellations

¢ Utilization Metrics: If your
Utilization Metric appears on the
list provided in the next column,
review the section for that
particular metric provided in
Section 2.3.1.3/Table 2.8

e If your metric is not listed,
review Section 2.3.5

Utilization Metrics:

e Number of total surgeries
performed

e Number of appointments completed
by a doctor

e Daily nurse workload ratio

¢ Volume Metrics: If your Volume
Metric appears on the list
provided in the next column,
review the section for that
particular metric provided in
Section 2.3.4

e If your metric is not listed,
review Section 2.3.1.4/Table 2.9

Volume Metrics:

e Number of patients visiting a
department

e Number of completed patient
records

2. Select
control
limits

e [s the variable to be monitored
has a direct relation with patient
safety?

Directly relates to patient safety:
Set the limits at +2 standard
deviations from the mean

Doesn’t directly relate to patient
safety: Set the limits at +3 standard
deviations from the mean
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The flowchart which summarizes the information in the table is provided in Figure 2.9
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Figure 2.9 Flowchart for Selection Guidelines
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2.3.1.1 Quality Metric

Table 2.6 helps the user to understand the quality metrics including the nature of the data associated with the metric, the type
of control chart that one should use when dealing with different scenarios associated with that particular metric and also
additional items to consider if there is any.

Table 2.6 Variables Associated with the Quality Metric

. . Suggested
Qual_l ty Metric and Scenario Control Additional Considerations
its nature
Charts
Length of Stay (LoS)

for patients admitted

in a hospital If monitoring individual patient LoS | I-MR chart

Nature: Variable type

o [f the wait time monitored occurs in a setting that
directly relates to patient safety such as in an
Door-to-reperfusion S ) emergency department, then preferably use +2
time or wait times for | If monitoring individual patient standard deviations from the mean when setting
patients wait times I-MR chart up the control limits for the chart.

e [f that is not the case, then use the conventional +3

standard deviations from the mean when plotting
the control limits for the chart

Nature: Variable type

Number of surgical If m(?niicgrifngche total numtl;ler of If the number of surgical infections in a hospital
i i surgicatintections per month or a happen to be a rare phenomenon, then it is advised to
mfectlo.ns or the r:ate chosen time period in a hospital c-chart PP h d P h ,b fdavs b
of surgical infections and the number of surgical use g-chart and monitor the number of days between
hospital infections as opposed to the number of
procedures per month are constant
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Nature: Attribute type

If monitoring the average number
of surgical infections and the
number of surgical procedures
performed per month or the chosen
time period are not constant

u-chart

infections.

Number of hospital
readmissions

Nature: Attribute type

If monitoring the number of
hospital readmissions monthly, or
yearly and there is a non-constant

number of discharges during the
months or the time period selected

p-chart

If monitoring the number of
hospital readmissions monthly and
there is a constant number of
discharges during the months or
the time period selected

np-chart

Number of harm
events and no-harm
events

If monitoring the number of harm

events per 1000 patient days per
week

u-chart

Nature: Attribute type

If monitoring the number of non-
harm events per 1000 patient days
per week

u-chart

If one is interested in the different types of

Monthly

surgery

complication rate for

Nature: Attribute type

If monitoring the proportion of
monthly complications that have
taken place in a surgical
department

p-chart

complications that occurred during any given surgery,
then a U-chart should be used to monitor the average
number of complications per surgical procedure.
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2.3.1.2 Financial Metric

Table 2.7 helps the user to understand the financial metrics including the nature of the data associated with the metric, the
type of control chart that one should use when dealing with different scenarios associated with that particular metric and also

additional items to consider if there is any.

Table 2.7 Variables Associated with the Financial Metric

Financial Metric and its . Suggested - . .
Scenario 88 Additional Considerations
nature Control Charts
If monitoring how much individual
doctor contributes to the department
o P I-MR chart
or a hospital in terms of revenue
Revenue generated per generation
doctor P
If monitoring how much a group of Ybar & R chart
. . ar char
Nature: Variable Type doctors between 2 and 10 contributes
in terms of revenue generation
If monitoring how much a group of
doctors more than 10 contributes in Xbar & S chart
terms of revenue generation
Expenses incurred per If monitoring the total costs incurred
depart.fment eafh month per department in a hospital or 1-MR chart
in a hospital monitoring the total costs for the entire
Nature: Variable Type hospital for any given time period
Number of appointment If the number of appointment cancellations
cancellations for the If monitoring the total number of happens to be a rare phenomenon, one can
appointment cancellations each month p-chart instead monitor the number of days

hospital in a month

Nature: Attribute Type

for a hospital

between the appointment cancellations and
use a g-chart for this purpose
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2.3.1.3 Utilization Metric

Table 2.8 helps the user to understand the utilization metrics including the nature of the data associated with the metric, the
type of control chart that one should use when dealing with different scenarios associated with that particular metric and also
additional items to consider if there is any.

Table 2.8 Variables Associated with the Utilization Metric

Utilization Metric . Suggested Control
Scenario

. Additional Considerations
and its nature Charts

If monitoring the total number of
surgeries performed by each surgeon in I-MR chart
Number of total a month or any given time period
surgeries performed

Usually, the number of surgeons in a
department are likely to fall between 2 & 10.
In a situation where the number of surgeons

exceed 10 one should use X-bar & S chart

If monitoring the total number of
surgeries performed in a department in Xbar & R chart
a month or any given time period

Nature: Attribute type

Number of
appointments If monitoring the number of patients
completetli by a seen by a doctor in a department either chart
doctorin a weekly or monthly or for any time p
department period
Nature: Attribute type
Daily nur se wor kload | ¢ onitoring the daily workload ratio of The ratio is usually obtained by dividing the
ratio the nurses or in other words patients to I-MR chart number of patient hours to the number of

Nature: Variable type nurse ratio in a ward nurse hours available
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2.3.1.4 Volume Metric

Table 2.9 helps the user to understand the volume metrics including the nature of the data associated with the metric, the type
of control chart that one should use when dealing with different scenarios associated with that particular metric and also
additional items to consider if there is any.

Table 2.9 Variables Associated with the Volume Metric

. Suggested
Volume Metric and . ‘s . .
. Scenario Control Additional Considerations
its nature Charts
Number of patients
ViSiti"-g_ a If monitoring the patient flow to a
departiment inaday | gepartmentin a day or in a month in echart
or in a month order to understand the load each
Nature: Attribute department handles
type
Number of
completed records If monitoring the proportion of
in a hospital completed patient records in a day or p-chart
Nature: Attribute in a month
type

34



2.3.5 Further Guidelines

[f the variable is of continuous nature but the individual data points are to be
monitored, then use: I-MR chart

If the variable is of continuous nature but the data consists of subgroups fromsize
2 to 10 then use: X-bar & R chart

If the variable is of continuous nature but the data consists of subgroups withsizes
exceeding 10 then use: X-bar & S chart

If the variable is of attribute nature, and the data is binary then use: P-chart

If the variable is of attribute nature but has the possibility of havingmultiple
opportunities per unit, then use: U-chart or C-chart

If the variable is of attribute nature but can be categorized as a rare event, thenuse:

G-chart

Figure 2.10 summarizes the control chart selection process in general.
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Figure 2.10 Control Chart Selection Decision Tree
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2.3.6 Key Success Factors for Effective Implementation
Like any other process improvement initiative there are certain factors that are

instrumental to the success of the quality improvement project. With regards to healthcare,
the healthcare managers should make sure that the data collected and reported by the
hospital staff is authentic. There are certain methodological criteria with regards to the
construction of control charts which should be followed by the healthcare managers in
order to minimize the risks of Type-I and Type-II errors. A research article by Koetsier et al.
(2012) indicated that it would be advisable to use 10-35 data points and the control limits
at + 3 standard deviations from the mean to mitigate the risks of Type-I and Type-II errors.
They further recommended that positive data with a skewed distribution should undergo
the logarithmic transformations prior to construction of control charts instead of setting
the lower control limit to zero to tackle the issue. There also needs to be adequate efforts
from the management side in order to make sure that the suggested changes by the
healthcare managers are enforced in a proper manner (Suman & Prajapati, 2018). Often
times, the lack of training for the hospital staff and lack of management support for
improvement initiatives results in the failure of effective control charts implementation
(Suman & Prajapati, 2018). It is also very important to make sure that the hospital staff is
being informed about the goals and implications of the project in order to make them
understand that the improvement project being carried out does not have mass layoffs as
one of its consequences. This would make them more cooperative and their assistance

could prove to be very useful in the improvement project.
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3. CASE STUDY

3.1. Description of the case and data set

Although, we did witness monitoring the number of hospital acquired infections in a
hospital from a clinical perspective in one of our studies, this variable is important for
healthcare managers as well. Since the healthcare managers are dealing with diverse
problem areas in a healthcare setting, tracking the number of hospital acquired infections
most certainly can be associated with them as a part of their quality improvement
initiative. In order to understand how the proposed methodology can be implemented for
quality and process improvement in healthcare from an operational perspective, a dataset
consisting of surgical site infections of all the hospitals in the state of California was used.
This dataset was obtained from the website HealthData.gov. The data source consisted of
the following information: the facility (hospital) name, the state where the facility was
located, the type of surgical procedure carried out, the total number of surgical procedures
and the total number of surgical site infections associated with the procedure and the
corresponding year in which they occurred. A sample view of the public data is provided in

Appendix I.

The first step of methodology involves defining the nature of the project and its scope. The
data selected was about the number of surgical site infections for all colon surgeries per
year at a particular hospital from the year 2013 to 2019. The second step involves
understanding the type of metric being targeted. The metric in the selected data setis a
quality metric as surgical site infections is considered to be one of the crucial quality

indicators of a hospital when it comes to risk-free delivery of care. The next step involves
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understanding the nature of data. The number of surgical site infections is an attribute
data type since it is a count variable; and it follows binomial distribution since there are
only two possible outcomes arising out of the situation, where the patient did contract a
surgical site infection, or the patient did not contract a surgical site infection. The next step
guides to the selection of control charts. Since the data involved is of attribute type, follows
a binomial distribution and does not have a constant subgroup size (ie. the yearly count of
surgical procedures does not remain constant), p-type control chart for monitoring the
number of surgical site infection is the appropriate control chart for this study. The
procedure for selecting an appropriate control chart using the proposed framework is

summarized in Figure 3.1.

Identifying the Study Quality
Goals Metrics

Locating the Quality Surgical
Metric Infections

Section
2.3.1

Proceed to Section

Suggested Control Chart

+2 Standard

Setting Control Limits Deviations for
Patient Safety

Figure 3.1 Flowchart for Control Chart Selection Process
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The table 3.1 shows the data used for the study and includes the number of surgical site
infection count as well as the yearly total number of colon surgical procedures carried out

from the year 2013 to the year 2019.

Table 3.1 Yearly Surgical Site Infection (SSI) count and total surgical procedures

Year Surgical procedure Count Surgical site infection (SSI) count
2013 622 24
2014 684 35
2015 610 23
2016 611 23
2017 590 20
2018 655 26
2019 615 17
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3.2. Control Chart implementation using the proposed framework
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Tests performed with unequal sample sizes

Figure 3.2 Proportion of surgical site infections for colon surgery by the year

The p-type control chart in figure 3.2 shows 7 data points with each data point
corresponding to the data in table 3.1. The control limits are set at + 2 standard deviations
from the mean since the metric monitored is directly related to patient safety. Low surgical
site infection rate since is an indicator of good quality of the surgical procedure carried out
in a hospital. Contrary to the popular notion that the data points falling outside either of the
control limits indicates unstable process, here if any point falls outside the lower control
limit (LCL) it is actually a sign of good quality however the point falling outside the upper
control limit (UCL) is not desirable and it is indicator of poor quality for the hospital. In this
case, the data point for the year 2014 seems to be an unfavorable data point as it is very

close to UCL. Although it is not an out of control data point we can state that the SSI rate of
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colon surgery for the hospital was high in the year 2014 relatively and an investigation
would be beneficial. In this manner, the healthcare managers of a particular hospital can
utilize control charts to track the surgical site infection (SSI) rate of their hospital and
compare it with the yearly data if available to see which years were a sign of good and bad

performance with respect to surgery.
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4.FINDINGS & DISCUSSION

4.1. Role of control charts in operational decision-making

Healthcare industry like any other industry aims at delivering quality services to its
customers at a reasonable cost. But the aspects of quality and safety are so much
intertwined in the healthcare sector that it becomes instrumental for the hospitals to adopt
a safety-first approach while simultaneously looking for ways to save the financial
resources as well. It is estimated that medication errors in the United States alone cost
around 21 billion dollars and impacted approximately 7 million patients annually (Silva &
Krishnamurthy, 2016). Looking at such data compels us to monitor the quality metric for
the hospital at a priority. If such types of quality metrics are closely monitored and dealt
with appropriately then it will save a lot of financial resources for the hospital as well.
However, it is also important to deal with the factors that have a direct impact on the
profit-making ability of the organization. Like every other organization, hospitals require
large capital to function smoothly. This is why monitoring the financial metrics and the
variables associated with them are extremely important too. The expenses generated per
department versus the costs incurred for its functioning are an indicator of the profitability
of the department and can influence certain decisions pertaining to its functioning or even
the closure of such a department. Similarly, the revenue brought in by a doctor versus the
cost incurred for the doctor is also very important variable to monitor when dealing with
the financial metric. Albeit this being said, it also depends on the scenario when we are
talking about the key metrics involved as they can change depending on the scope of the

improvement project. For instance, if the healthcare organization is specifically interested
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in understanding the requirements of hospital staff, then in this case the key metric to be
monitored would be the utilization metric as opposed to quality metric. As the goal of the
improvement project changes, the key metric(s) also change and that is the reason it is
extremely important to understand the specifics of the improvement project. Therefore, as
the nature of the project changes the key metrics that should be monitored also are subject
to change. Control charts help to monitor such key performance metrics which are
important for the fulfillment of the objectives set by the hospital and hence turn out to be
beneficial for looking at trends, analyzing the success of the intervention strategy in the
past if any, and also testing the efficacy of the changes implemented by the quality

improvement team.

4.2, Further potential areas for deployment of control charts for operational
decision-making

There are still some areas in healthcare which have the potential to employ control charts
for monitoring variables related to quality improvement, but they remain unexplored as we
could not find evidence of their documentation in the literature. One of the potential areas
is monitoring patient satisfaction rating where the control charts can be used for tracking
patient satisfaction ratings on a scale of 1 to 10. Since the patient satisfaction is considered
to be one of the most important aspects when it comes to measuring the quality of care
being provided, the control charts can be used to track the ratings of patients before
treatment as well as after treatment. This would enable the quality improvement team to
focus on the problem area specifically since before treatment, it is usually the
administration department that is responsible for handling and preparing the necessary

documentation and after treatment would be determined by the quality of care provided by
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the doctors and nurses and the follow-up provided by them if any. This type of patient
satisfaction tracking can be used department wise in a hospital for best results since it will
help the managers to pinpoint the problem area as well as the entities associated with it.
Another area where the control charts can be employed is for tracking variable overhead
costs. When it comes to tracking the expenses for a hospital using control charts it can be
beneficial to track variable overhead costs separately using control charts. Since the
variable costs include healthcare worker supplies, patient care supplies, diagnostic and
therapeutic supplies and medications, tracking these would give a clearer picture for the
healthcare managers to narrow down the problem areas if any and channelize the available
resources efficiently. Another area where there is significant potential to use control charts
is the emergency department. Although the existing literature shows that the controlcharts
are being used to track the number of visits to an emergency department but there seems
to be no evidence of tracking the nature of conversion of these visits i.e., the number of
emergency visits which converted in hospitalization, admission to critical care unit or
discharged immediately after providing the necessary care. The importance of tracking this
kind of conversions is that this will assist the improvement managers to optimize patient
flow for the other departments that might get involved and also might be helpful when they

are concerned with reducing wait times in the emergency department.

4.3. Control charts as a standalone tool for quality improvement

During our systematic literature review we found that at times the control charts are used
in conjunction with the other tools under the umbrella of Six Sigma or Lean Six Sigma

methodologies and sometimes as a standalone tool in quality improvement initiatives. To
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gauge the capabilities of control charts as a standalone tool, the selected studies were

further analyzed .
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10

Figure 4.1 Frequency of Types of Control Charts Usage

Figure 4.1 shows that about only 12% of the total studies used control charts in
conjunction with other tools. This gives us significant evidence to conclude that control
charts have the ability to function as a standalone tool when it comes to quality

improvement in healthcare.
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5. CONCLUSION

Control charts are being deployed in clinical decision-making and operational decision-
making domains in healthcare for quality improvement purposes. Since the healthcare
managers are typically tasked with the operational decision-making in a hospital there was
a need to assess the content of literature available regarding the deployment of control
charts in a hospital setting for operational decision-making purposes. A current limitation
in the literature is that it is focused only on the outcome of the control charts after their
application in a healthcare setting. But it does not always specify the decision-making
domain associated with it, the metrics targeted when monitoring a certain key
performance indicator or the reason behind the selection of the type of control chart used.
In order to tackle these issues, in this study a framework was developed and prescribed
guidelines for assisting the healthcare managers in selecting appropriate control charts
according to the different possible scenarios that one may encounter when it comes to the
operational decision-making domain were provided. The findings are compelling enough to
conclude that control charts have a large potential when it comes to the application of it in

other operational areas and also has the capacity to perform as a standalone tool.

5.1. Limitations

While the proposed guidelines were constructed without considering a particular
geographical location, the majority of studies came from the U.S. making the proposed
framework somewhat specific to the U.S. healthcare industry. Therefore, if the proposed

framework is to be implemented outside U.S. healthcare, it might require amends due to
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cultural differences that may exist. The hospital selected for the purpose of case study does
not supplement with the data about the ramifications of the surgical site infections
recorded. For instance, it is very much possible that in a particular year, the number of
surgical site infections recorded were significant but overall, they were less life
threatening. On the contrary, there can also be a year where although the surgical site
infections were less in number, but they proved to be life threatening. This information is
important for the improvement team, as this will help them in deciding the future course of
action. Also, the availability of just seven data points casts a significant doubt over the

accuracy of the result obtained and thereby the analysis too.

5.2. Future Work

There is a need for further research to assess the extent of training when it comes to
understanding in the field of the basics of control charts Six Sigma required by the hospital
staff in order to help the improvement team with regards to data collection, resources
required for the project and in ensuring the project is running according to the schedule.
There is also a need for actual implementation of the proposed framework to deeply
understand the potential barriers in an actual setting if any and also to facilitate the

implementation of proposed guidelines in the thesis.
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APPENDIX I

A | B | | D L | M N 0 | P Q| R
Year State HAI Operative_Procedure Procedure_Count Infection_Count SIR Comparisc SIR 95% CI SIR 95% CI Notes
2013 California SSI Abdominal hysterectomy 42 0 5€ See data dictionary
2013 California SSI Bile Duct, Liver or Pancreatic surgery ~ See Data Dictionary
2013 California SSI Cesarean section 214 1 1.17 No Differe 0.03 6.49 &€ See data dictionary
2013 California SSI Colon surgery 68 2 1.1 No Differe 0.19 3.65 &€ See data dictionary
2013 California SSI Gallbladder surgery 249 0 0 No Differe 0 2.77 &€ See data dictionary
2013 California SSI Gastric surgery ~ See Data Dictionary
2013 California SSI Hip prosthesis 118 0 0 No Differe 0 1.91 &€ See data dictionary
2013 California SSI Laminectomy 20 0 &€ See data dictionary
2013 California SSI Open reduction of fracture 105 2 1.42 No Differe 0.24 4.7 &€ See data dictionary
2013 California SSI Rectal surgery ~ See Data Dictionary
2013 California SSI Spinal Fusion 24 0 &€ See data dictionary
2013 California SSI Appendix surgery 242 1 0.93 No Differe 0.05 4.59 &€ See data dictionary
2013 California SSI Exploratory laparotomy 251 3 2.02 No Differe 0.51 5.49 &€ See data dictionary
2013 California SSI Knee prosthesis 247 0 0 No Differe 0 1.53 &€ See data dictionary
2013 California SSI Refusion of spine ~ See Data Dictionary
2013 California SSI Small bowel surgery 43 0 0 No Differe 0 1.96 &€ See data dictionary
2013 California SSI Thoracic surgery ~ See Data Dictionary
2013 California SSI Vaginal hysterectomy 140 1 1.01 No Differe 0.03 5.6 &€ See data dictionary
2013 California SSI Abdominal hysterectomy ~ See Data Dictionary
2013 California SSI Cesarean section 410 0 0 No Differe 0 4.58
2013 California SSI Colon surgery ~ See Data Dictionary
2013 California SSI Gallbladder surgery 25 0
2013 California SSI Appendix surgery 45 0
2013 California SSI Exploratory laparotomy ~ See Data Dictionary
2013 California SSI Small bowel surgery ~ See Data Dictionary
2013 California SSI Vaginal hysterectomy ~ See Data Dictionary
2013 California SSI Abdominal Aortic Aneurysm Repair ~ See Data Dictionary
| 2013 California SSI Abdominal hysterectomy 107 1 1.24 No Differe 0.03 6.9
A B C D H | J K L M N
Year State HAI Operative_Procedure Procedure Infection_Count Predicted_Infection_Count SIR Comparisc SIR_CI_95 SIR_CI_
2015 California Healthcare Associated Infection, Surgical Site Infections (S51)  Abdominal hysterectomy 51 1 04 2.48 No Differe 006 13,
2015 California Healthcare Associated Infection, Surgical Site Infections (S51)  Colon surgery n 3 1.59 1.89 No Differe 0.48 5.
2015 California Healthcare Associated Infection, Surgical Site Infections (S81)  Gallbladder surgery 228 0 0.32 0 No Differe 0 1
2015 California Healthcare Associated Infection, Surgical Site Infections (SSI)  Gastric surgery 1 0 0.2 0 No Differe 0 e
2015 California Healthcare Associated Infection, Surgical Site Infections (S8 Hip prosthesis 161 1 131 0.77 No Differe 0.04 3.
2015 California Healthcare Associated Infection, Surgical Site Infections (SS1)  Laminectomy 81 1 0.41 2.45 No Differe 006 13,
2015 California Healthcare Associated Infection, Surgical Site Infections (S51)  Open reduction of fracture 113 1 04 1.11 No Differe 0.03 6.
2015 California Healthcare Associated Infection, Surgical Site Infections (SS1)  Rectal surgery 12 0 0.2
2015 California Healthcare Associated Infection, Surgical Site Infections (S5 Spinal fusion 78 0 0.69 0 No Differe 0 5.
2015 California Healthcare Associated Infection, Surgical Site Infections (551  Appendix surgery 133 1 101 0.99 No Differe 0.05 4,
2015 California Healthcare Associated Infection, Surgical Site Infections (SS1)  Bile duct, liver or pancreatic surgery 12 0 0.41 0 No Differe 0 8.
2015 California Healthcare Associated Infection, Surgical Site Infections (SS1) - Exploratory laparotomy 251 1 157 0.64 No Differe 0.03 3.
2015 California Healthcare Associated Infection, Surgical Site Infections (S5 Knee prosthesis 370 0 238 0 No Differe 0 1,
2015 California Healthcare Associated Infection, Surgical Site Infections (S81) - Refusion of spine 1 0 0.01
2015 California Healthcare Associated Infection, Surgical Site Infections (SS1)  Small bowel surgery 27 3 0.34 8.75 Higher* 18 25
2015 California Healthcare Associated Infection, Surgical Site Infections (S81)  Thoracic surgery 31 0 0.18
2015 California Healthcare Associated Infection, Surgical Site Infections (S51) - Vaginal hysterectomy 141 0 118 0 No Differe 0 2
2015 California Healthcare Associated Infection, Surgical Site Infections (S51)  Abdominal hysterectomy 22 0 0.1 0 No Differe 0 17
2015 California Healthcare Associated Infection, Surgical Site Infections (S51)  Cesarean section 432 0 0.7 0 No Differe 0 4,
2015 California Healthcare Associated Infection, Surgical Site Infections (SS1) - Exploratory laparotomy 37 0 0.1 0 No Differe 0 1
2015 California Healthcare Associated Infection, Surgical Site Infections (SS1)  Small bowel surgery 1 0 0.02
2015 California Healthcare Associated Infection, Surgical Site Infections (S51) - Vaginal hysterectomy 16 0 0.16
2015 California Healthcare Associated Infection, Surgical Site Infections (S51)  Abdominal hysterectomy 13 0 0.08
2015 California Healthcare Associated Infection, Surgical Site Infections (S51)  Colon surgery 15 1 0.31 3.22 No Differe 0.08 17.
2015 California Healthcare Associated Infection, Surgical Site Infections (S81)  Gallbladder surgery 91 0 0.12
2015 California Healthcare Associated Infection, Surgical Site Infections (SSI)  Gastric surgery 3 0 0.04
2015 California Healthcare Associated Infection, Surgical Site Infections (551  Appendix surgery 123 2 145 1.38 No Differe 0.23 4,
2015 California Healthcare Associated Infection, Surgical Site Infections (SS1)  Bile duct, liver or pancreatic surgery 1 0 0.04

sSL2015 3
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A B C | J K L M
Year State HAI Operative_Procedure Procedure_Count Infections_Reported Infections_Predicted SIR

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1) 1832 11 8.64 127

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1) |Abdominal aortic aneurysm repair 4 0 0.03

2018 California Healthcare Associated Infection, Surgical Site Infections (SSI} |Appendix surgery 103 0 0.35 0

2018 California Healthcare Associated Infection, Surgical Site Infections (351} |Bile duct, liver or pancreatic surgery 4 1 0.28 3.64

2018 California Healthcare Associated Infection, Surgical Site Infections (S81) |Cardiac surgery 37 0 0.11

2018 California Healthcare Associated Infection, Surgical Site Infections (551} |Coronary bypass,chest and donor incisions 75 1 0.47 214

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1) |Coronary bypass,chest incision only 1 0 0.01

2018 California Healthcare Associated Infection, Surgical Site Infections (581} | Gallbladder surgery 186 0 0.54 0

2018 California Healthcare Associated Infection, Surgical Site Infections (S5} |Colon surgery 72 4 16 25

2018 California Healthcare Associated Infection, Surgical Site Infections (551} |Cesarean section 561 0 0.54 0

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1) |Open reduction of fracture 164 1 1.08 0.92

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1) | Gastric surgery 30 0 0.29 0

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1) |Hip prosthesis 11 3 0.75 3.98

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1} |Hysterectomy,abdominal 6 0 0.03

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1) |Knee prosthesis 13 0 0.46 0

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1) |Kidney surgery 7 0 0.02

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1) |Qvarian surgery 12 0 0.01

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1} |Pacemaker surgery 95 0 0.18

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1) |Rectal surgery 1 0 0.08

2018 California Healthcare Associated Infection, Surgical Site Infections (SSI} |Small bowel surgery 54 1 101 1

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1) |Spleen surgery 7 0 0.04

2018 California Healthcare Assaciated Infection, Surgical Site Infections (SS1} | Thoracic surgery 56 0 0.13

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1} |Hysterectomy, vaginal 2 0 0.01

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1} | Exploratory abdominal surgery (laparatomy) 91 0 0.63 0

2018 California Healthcare Associated Infection, Surgical Site Infections (551} 3999 10 19.33 0.52

2018 California Healthcare Associated Infection, Surgical Site Infections (SS1) |Abdominal aortic aneurysm repair 1 0 0.01

2018 California Healthcare Associated Infection, Surgical Site Infections (SSI} |Appendix surgery 165 0 0.55 0

2018 California Healthcare Associated Infection, Surgical Site Infections (S8} |Bile duct, liver or pancreatic surgery 21 0 0.23 0
A | B | D | E J | K | L M N O P

Year State  HAI Operative_Procedure Pracedure_Count Infections_Reported Infections_Predicted SIR SIR_C1_95 SIR_CI_95 Comparist

2019 California Surgical Site Infections (SS1) STATE OF CALIFORNIA POOLED DATA 682211 3643 430343 0.85 0.82 0.87 Better
2019 California Surgical Site Infections (S51) STATE OF CALIFORNIA POOLED DATA - Abdominal aortic aneurysm repair 361 1 246 0.41 0.02 201 Same
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA - Appendix surgery 30509 74 119.62 0.62 049 0.77 Better
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA - Bile duct, liver or pancreatic surgery 7939 196 209.76 0.93 0.81 1.07 Same
2019 California Surgical Site Infections (S51) STATE OF CALIFORNIA POOLED DATA - Cardiac surgery 13217 35 5134 0.68 043 0.94 Better
2019 California Surgical Site Infections (S51) STATE OF CALIFORNIA POOLED DATA - Cesarean section 123006 188 2140 0.88 0.76 1.01 Same
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA- Colon surgery 20467 633 751 0.84 078 091 Detter
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA - Coronary bypass, chest and donor incisians 13893 7 104.98 0.73 0.58 0.91 Better
2019 California Surgical Site Infections (S51) STATE OF CALIFORNIA POOLED DATA - Coronary bypass, chest incision only 1635 7 10.91 0.64 0.28 1.27 Same
2019 California Surgical Site Infections (S51) STATE OF CALIFORNIA POOLED DATA - Exploratory abdominal surgery (laparotomy) 44627 233 25221 0.92 081 1,05 Same
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA - Gallbladder surgery 51081 161 193.15 0.83 07 097 Detter
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA - Gastric surgery 21046 114 147.58 0.7 0.64 0.92 Better
2019 California Surgical Site Infections (S51) STATE OF CALIFORNIA POOLED DATA - Heart transplant 409 2 5.62 0.36 0.06 1.18 Same
2019 California Surgical Site Infections (S51) STATE OF CALIFORNIA POOLED DATA- Hip prosthesis 46600 259 290.18 0.89 079 1.01 Same
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA - Hysterectomy, abdominal 2439 134 17199 0.78 0.66 0.92 Detter
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA - Hysterectomy, vaginal 4294 18 24 0.75 0.46 1.16 Same
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA - Kidney surgery 7684 34 25.36 134 0.94 1.85 Same
2019 California Surgical Site Infections (S51) STATE OF CALIFORNIA POOLED DATA- Kidney transplant 2376 9 14.35 0.63 031 1.15 Same
2019 California Surgical Site Infections (SS1) STATE OF CALIFORNIA POOLED DATA- Knee prosthesis 5749 215 219.3 0.98 0.86 1.12 Same
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA - Laminectomy 29523 106 103.67 1.02 0.84 1.23 Same
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA - Liver transplant 847 25 .1 0.61 04 0.89 Better
2019 California Surgical Site Infections (S51) STATE OF CALIFORNIA POOLED DATA- Open reduction of fracture 37153 258 273.65 0.94 0.83 1.06 Same
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA- Ovarian surgery 18335 1 13.33 0.83 043 143 Same
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA - Pacemaker surgery 19539 40 34.15 117 0.85 1.58 Same
2019 California Surgical Site Infections (S5I) STATE OF CALIFORNIA POOLED DATA - Rectal surgery 6032 39 103.02 0.38 027 051 Better
2019 California Surgical Site Infections (S51) STATE OF CALIFORNIA POOLED DATA - Small bowel surgery 25174 10 51135 0.82 075 0.9 Better
2019 California Surgical Site Infections (S5I) STATE OF CALIFORNIA POOLED DATA - Spinal fusion 0127 281 ErENLS 0.87 077 0.97 Detter
2019 California Surgical Site Infections (SSI) STATE OF CALIFORNIA POOLED DATA - Spleen surgery 1879 2 1157 19 1n 2.83 Worse
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