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Frozen shoulder is a condition that limits shoulder movement and causes
pain and discomfort. Although there are many treatment options for frozen
shoulder, it is not known how these care paths differ among patient groups
andwhether there are any bottlenecks. This research uses the ProcessMining
Project Methodology in Healthcare (𝑃𝑀2𝐻𝐶) and the MIMIC-IV dataset
to find the differences in the care paths among different age groups and
gender. A seven-step model for bottleneck analysis and resolution was also
created. Themodel has found that there are bottlenecks present in the general
procedures followed and medications taken (i.e., continuous infusions and
intermittent administrations) during the patients’ ICU stays. A limitation of
this study is that it has not been evaluated by medical experts in this field
so a detailed analysis by them can be a future step.

Additional Key Words and Phrases: adhesive capsulitis, bottleneck analysis,
frozen shoulder, healthcare, process mining, subpopulation comparison

1 INTRODUCTION
Characterised by fibrosis and rigidity of the glenohumeral joint,
Frozen Shoulder (FS), also known as Adhesive Capsulitis, leads to a
loss in the range-of-motion of the shoulder joint [15]. This disease
is more prevalent in females than males and is more common from
the ages of 40 to 60 [28].
FS develops in three stages: the freezing stage, the frozen stage

and the thawing stage [31]. In the freezing stage, the patient begins
to experience pain, especially at night, as well as restrictions in the
range-of-motion of the shoulder joint. The freezing stage is followed
by the frozen stage in which there is a decrease in the soreness of
the joint, but there is a gradual loss in range-of-motion. In the last
stage, i.e., the thawing stage, there is a further reduction in pain
and a slow regain in the range-of-motion.
There are various treatment options for FS, ranging from con-

servative (e.g., physical therapy) to non-conservative (e.g., capsular
release) approaches [26]. The non-conservative alternatives are sur-
gical procedures for which FS patients have to be admitted to the
Intensive Care Unit (ICU) in hospitals.

To analyse the procedures followed by FS patients, process mining
techniques can be used on the MIMIC-IV database. This database
contains data on approximately 300,000 patients that were admitted
to a tertiary academic medical centre in Boston, the USA between
2008 and 2019 [18, 20]. Specifically, process mining takes data from
hospital information systems (HIS) when applied in the healthcare
domain [27]. Event logs are then created using the data from the
HIS to show the sequence of processes followed by patients. The
event logs created can then be used to find the differences in the
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care paths followed by subgroups of patients with FS, as well as
whether there are bottlenecks in the processes.

This paper is structured as follows. Section 2 will explain the
problem statement and the state of the art will be described in
section 3. Section 4 will describe the methodology used. Section
5 will answer the research questions and section 6 will look into
limitations and future work. Lastly, section 7 concludes this research.

2 PROBLEM STATEMENT
Medical professionals often question whether there is a difference
in the treatment procedures followed by subgroups of patients diag-
nosed with the same disease and where bottlenecks can be found
when process mining is applied in the healthcare domain [24]. In this
case, a subgroup refers to a group of patients that have a common
characteristic, e.g., all female patients diagnosed with FS.
This research aims to answer these questions for patients with

FS because this is a matter of concern for medical experts. Since age
and gender play a role in the development of FS [21], these will be
chosen as the subgroups. There is a limitation that the data set only
includes data that was recorded while the patients were in the ICU.

This research paper will answer the following research questions:
(1) What are the differences in the care paths among different

groups of frozen shoulder patients?
(2) How can bottlenecks be found and resolved for frozen shoul-

der patients?

3 STATE OF THE ART
Since this research discovers the care paths followed by FS patients,
it is necessary to find out what treatment options are available. In
[28], different treatment procedures are proposed for FS patients.
The treatment options include oral drugs, intra-articular steroid
injections, supra-scapular nerve blocks, hydrodilatation, manipu-
lation under anaesthesia and surgical procedures. However, the
literature on FS can be inconsistent due to the lack of awareness on
the physiological processes associated with it and how to appropri-
ately distinguish between the phases of the disease [14, 28].
Process mining techniques can be used for various purposes in

the healthcare domain, e.g., with BPMN diagrams to get the graph
edit distances. [25] used process mining techniques specifically
for the process comparison of subgroups. There was a focus on the
application of process mining for subpopulation process comparison
between patients diagnosed with different types of cancer. In this
paper, the subpopulations were compared using graph similarity
measures.

The tool BPMNDiffViz 1 can be used to find graph similarity mea-
sures. It takes as input two BPMN diagrams and gives the minimal
graph edit distance (GED) as a result. The GED can defined as the
minimum number of steps required to transform one graph into

1https://pais.hse.ru/en/research/projects/CompBPMN/
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another [36]. This tool makes use of Business Process Model and
Notation (BPMN) 2.0 which is one of the frequently used notations
used for process modelling [19]. [35] states that although the use
of BPMN diagrams in medicine is a recent development, it can be
used to model clinical pathways to teach and train medical staff.
In this research, visual comparison will be used to differentiate

between the care paths followed by subgroups of frozen shoulder
patients and the tool BPMNDiffViz will be used for that. BPMN-
DiffViz allows for a choice between six comparison algorithms:
Greedy, TabuSearch, Genetic, AStar, Ants and SimulatedAnnealing.
[36] compares the algorithms mentioned except Genetic and the
conclusion is that the Greedy algorithm gives the best performance
results while the TabuSearch algorithm gives more precise and ac-
curate results. The Genetic algorithm only gives an approximation
of the GED [32].

4 METHODOLOGY
Themethodology to be used in this research is called Process Mining
Project Methodology in Healthcare (𝑃𝑀2𝐻𝐶) [30]. 𝑃𝑀2𝐻𝐶 involves
6 phases: planning, extraction, data processing, mining and analy-
sis, evaluation, and improvement and support. An overview of the
methodology can be found in figure 1 and the mapping of this re-
search to the six stages of the methodology can be found in sections
4.1 - 4.6.

Fig. 1. Process Mining Project Methodology in Healthcare (𝑃𝑀2𝐻𝐶) [30]

4.1 Planning
In this phase, the subgroups for which the different care paths
are investigated were decided, as well as the sequence of events

for which bottlenecks are found. Also, background research was
performed on frozen shoulder and process mining in healthcare as
can be seen in section 3.

4.2 Extraction
In order to get access to the MIMIC-IV database, the CITI program
course had to be completed, after which there was a processing
time of two weeks for the author’s credentials to be verified. Once
access to the PhysioNet Clinical databases was granted, the data
from theMIMIC-IV database was loaded into Google Cloud Platform
BigQuery2 for the data to be analysed and queries performed on it.
Since the MIMIC-IV database stores the diagnoses given to the

patients at the end of their ICU stay using the International Classifi-
cation of Diseases (ICD) Version 9 and 10 codes, the first step was to
find the ICD codes associated with frozen shoulder. This was found
in the D_ICD_DIAGNOSES table [2] using the keywords frozen
shoulder and adhesive capsulitis for the long_title. The ICD codes,
versions and their corresponding diagnoses can be found in table 1.

Table 1. ICD codes, versions and diagnoses for frozen shoulder

ICD code ICD version Diagnoses
7260 9 Adhesive capsulitis of

shoulder
M750 10 Adhesive capsulitis of

shoulder
M7500 10 Adhesive capsulitis of

unspecified shoulder
M7501 10 Adhesive capsulitis of

right shoulder
M7502 10 Adhesive capsulitis of

left shoulder

The next step was to find all the patients with the diagnoses given
in table 1. This was found in theDIAGNOSES_ICD table [1], where
the subject_id is used to uniquely identify a patient and the hadm_id
is used to uniquely identify a patient’s admission to the hospital. It
is important to note that there is a possibility that a patient is given
more than one diagnosis associated with frozen shoulder in a single
hospitalisation, e.g., a patient can be diagnosed with both M7501
and M7502.
To create individual tables for each subgroup, the PATIENTS

table [7] was used to get the anchor_age and gender of the patients.
Then, the tables D_ICD_PROCEDURES [3] and PROCEDURES_-
ICD [9] were used to get the procedures undergone by the patients
in each subgroup. Since a patient can be given more than one di-
agnosis in a single hospitalisation, the procedures were filtered to
include only those used in the diagnosis and treatment of FS. The
following keywords, based on the treatment options for FS, were
used in the filtering process: shoulder, steroid, arthro, magnetic res-
onance imaging, rotator, physical therapy, range of motion testing,
injection of insulin.

The tables D_ICD_DIAGNOSES, DIAGNOSES_ICD, D_ICD_-
PROCEDURES and PROCEDURES_ICD were used because they
2https://cloud.google.com/bigquery
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contain the diagnoses given to the patients and the procedures that
the patients go through. This information is used by the hospital
to bill the patients for the care provided and 𝑃𝑀2𝐻𝐶 recommends
using this data as it is more reliable [30].

To find the bottlenecks in the medications taken (i.e., continuous
infusions and intermittent administrations) and the general pro-
cedures undergone by patients during their ICU stay, the tables
INPUTEVENTS [6] and PROCEDUREEVENTS [8] were used, re-
spectively. These tables contained the subject_id, hadm_id, starttime,
endtime and ordercategoryname. The ordercategoryname describes
the medication taken and procedure followed, respectively.

To apply process mining algorithms to the data, the cases, events,
start times and end times have to be defined. For both the subgroup
process comparison and bottleneck analysis, a case is a patient’s
admission to the hospital and the events are the procedures that
the patients were billed for. Since the start and end times were not
stored for the subgroup process comparison, the sequence number
was used instead to indicate the order in which the procedures were
carried out.
Once the required data was stored in the appropriate BigQuery

tables, the tables were exported as CSV files for later usage.

4.3 Data processing
In this phase, the CSV files on the subgroups were entered into ProM,
converted into XES files and visualised using the LogVisualiser
(LogDialog) plugin. Table 2 gives an overview on the number of
cases and events per subgroup, given by the LogDialog. Also, further
filtering was required to find the differences in care paths between
the different patient groups. This was done using the Filter Log
on Event Attribute Values plugin, where certain procedures were
filtered out from the care paths.

Table 2. Number of cases and events per subgroup

Subgroup #Cases #Events
Female * 29 61
Male * 34 55

Age below 40 ** 8 18
Age between 40 and 60 ** 39 73

Age above 60 ** 16 25
* Includes FS patients from all age groups
** Includes FS patients from both genders

4.4 Mining and Analysis
This phase involved finding the differences in the care paths between
the different subgroups and the bottlenecks in the medications taken
and the procedures followed by patients during their ICU stays. To
do this, process models were created in ProM 3 and Disco 4.
The process models for the subgroup process comparison were

created using the following plugins in ProM:Mine with Inductive
visualMiner,Mine Petri netwith InductiveMiner andConvert
Petri net to BPMN diagram.
3https://www.promtools.org/doku.php
4https://fluxicon.com/disco/

The Inductive Miner was chosen because it gives the best fitness,
i.e., the degree by which the process models generated can recre-
ate the cases in the event log [12]. Firstly, the plugin Mine with
Inductive visual Miner was used because it can create animations
showing the order in which the processes occur; it was used with
the activities slider set to 1 and the paths slider set to 0.8. These
settings were chosen so that the Petri net and the Inductive visual
Miner models are equivalent. Secondly,Mine Petri net with In-
ductive Miner was used to create static process models which can
be used for visual comparison, with a noise threshold of 0.2 to allow
for small deviations. Lastly, in order to convert the Petri net models
into BPMN diagrams so that they can be loaded into BPMNDiffViz
to get the GED, Convert Petri net to BPMN diagram was used.

The Performance function was used in Disco for the bottleneck
analysis of the procedures followed and medications taken. The first
metric chosen was the median duration and the second metric
was the absolute frequency. Since there is a large variation in the
duration of the cases, the median duration was chosen as it is less
likely to be affected by outliers [34]. The activities slider was set to
100% and paths slider was set to 80% to filter out small deviations.
The Attribute filter was also used so that individual cases could be
investigated.

Details on the results found and their interpretation can be found
in section 5.

4.5 Evaluation
In this phase, the insights obtained in the previous phase were
used to suggest improvements to the system by considering the
bottlenecks. Further details on this phase can be found in section 6.

4.6 Improvement and support
In this phase, the stakeholders, e.g., medical professionals, decide on
the path to be followed to implement the improvements. This step
was not performed as this researchwas not performed in partnership
with a treatment provider.

5 FINDINGS
The process models created in ProM and Disco for the subgroup
process comparison and bottleneck analysis can be found in the
author’s GitHub repository 5.

5.1 ResearchQuestion 1
To answer research question 1, two subquestions will be formulated:

(1) What are the differences in the care paths followed by male
and female frozen shoulder patients?

(2) What are the differences in the care paths followed by frozen
shoulder patients aged below 40, between 40 and 60 inclusive,
and above 60?

When comparing the care paths of the subgroups, three keywords
will be used. Firstly, parallel will be used when two procedures
occur but the order in which they occur does not matter. Secondly,
sequence is used when one procedure follows another. Lastly, ex-
clusive will be used when only one of two procedures can occur.

5https://github.com/PriyaNaguine/Complete-Process-Models-Frozen-Shoulder
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Also, visual comparison is performed in BPMNDiffViz using the
TabuSearch algorithm with maximum expansions and tabu list size
set to 100 as this gives precise results faster than other algorithms
[36]. The activities in the BPMN diagrams are encoded with different
colours: blue denotes elements that match between the subgroups,
green denotes elements that should be added to transform one
diagram into the other and red denotes elements that should be
deleted to transform one diagram into the other.

5.1.1 Male vs Female. Visual comparison was done in BPMNDif-
fViz for the care paths followed by male and female FS patients,
resulting in a final score of 167 using the TabuSearch algorithm. The
statistics can be found in table 3. Also, table 4 shows the procedures
that are only performed on either female or male FS patients, but
not both.

Table 3. Statistics for the comparison of the care paths between male and
female patients

Percentage of
elements

Number of el-
ements

Matched elements 37% 35
Deleted elements * 33% 31
Added elements * 30% 28
* Refer to table 4 for the differences in elements

Table 4. Procedures performed on either male or female FS patients

Procedure Female Male
Drainage of Right Shoulder Joint,
Percutaneous Approach, Diagnostic ✓

Excision of Left Shoulder Bursa
and Ligament, Percutaneous Endo-
scopic Approach

✓

Excision of Right Shoulder Joint,
Percutaneous Endoscopic Ap-
proach

✓

Other total shoulder replacement ✓
Release Right Shoulder Joint, Exter-
nal Approach ✓

Repair of recurrent dislocation of
shoulder ✓

Repair Right Shoulder Joint, Percu-
taneous Endoscopic Approach ✓

Repair Right Shoulder Tendon,
Open Approach ✓

The procedure "ReleaseRight Shoulder Joint, OpenApproach"
is performed on both male and female FS patients. However, when
it is performed on male patients, it follows "Repair Right Shoulder
Tendon, Open Approach". In female patients, it takes place after
"Replacement of Right Shoulder Joint with Reverse Ball and Socket
Synthetic Substitute, Open Approach".
The procedure "Rotator cuff repair", if performed on male pa-

tients, it is always the first procedure. Relating it to the procedure

"Other local excision or destruction of lesion of joint, shoulder",
the procedures are exclusive for male patients. For female patients,
these two procedures can be done in sequence.

The procedure "Other arthrotomy, shoulder", if performed, is
always the first procedure for male patients. When relating this to
"Other repair of shoulder", it can be performed in sequence for both
genders, but on female patients, "Other arthrotomy, shoulder" takes
place after "Other repair of shoulder".

The procedure "Skeletal x-ray of shoulder and upper arm" is only
performed on male patients while "Magnetic resonance imaging of
other and unspecified sites" is only performed on female patients.
These procedures are not performed in combination with other
procedures.

The procedure "Other repair of shoulder" can be done in paral-
lel with "Division of joint capsule, ligament, or cartilage, shoulder"
in male patients while in female patients, these procedures are per-
formed in sequence. Furthermore, it is performed in sequence with
"Rotator cuff repair" in male FS patients. However, in female pa-
tients, these processes are exclusive. This can be seen in figures 2
and 3.

As can be seen in figures 2 and 3, the procedure "Synovectomy,
shoulder" is always the last process in male FS patients, in case
it is performed. In female patients, it is exclusive with "Rotator
cuff repair", while in male patients, they can occur in sequence,
where "Rotator cuff repair" is the first procedure and "Synovectomy,
shoulder" is the last procedure to take place.
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Fig. 3. Snapshot of the BPMN diagram for male FS patients

5.1.2 Age below 40 vs Age between 40 and 60. Visual comparison
was done in BPMNDiffViz for the care paths followed by patients
aged below 40 and patients aged between 40 and 60, resulting in
a final score of 135 using the TabuSearch algorithm. The statistics
can be found in table 5. Also, table 6 shows the procedures that are
only performed on either patients aged below 40 or patients aged
between 40 and 60, but not both.

For the procedure "Release Shoulder Joint", patients aged below
40 follow a "percutaneous endoscopic approach" while those aged
between 40 and 60 follow an "external approach".

4
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Table 5. Statistics for the comparison of the care paths between patients
aged below 40 and patients aged between 40 and 60

Percentage of
elements

Number of el-
ements

Matched elements 49% 35
Deleted elements * 10% 7
Added elements * 41% 29
* Refer to table 6 for the differences in elements

Table 6. Procedures performed on either patients aged below 40 or patients
aged between 40 and 60

Procedure Age
below 40

Age
between
40 and
60

Drainage of Right Shoulder
Joint, Percutaneous Approach,
Diagnostic

✓

Excision of Left Shoulder Bursa
and Ligament, Percutaneous En-
doscopic Approach

✓

Excision of Right Shoulder Joint,
Percutaneous Endoscopic Ap-
proach

✓

Magnetic resonance imaging of
other and unspecified sites ✓

Other total shoulder replace-
ment ✓

Repair of recurrent dislocation
of shoulder ✓

Repair Right Shoulder Tendon,
Open Approach ✓

Rotator cuff repair ✓

As can be seen in figures 4 and 5, the procedure "Other arthro-
tomy, shoulder" is performed in sequence with "Other repair of
shoulder" for patients below the age of 40 while for patients aged
between 40 and 60, the procedures are exclusive. Relating it to "Syn-
ovectomy, shoulder", they are carried out in sequence for the age
group between 40 and 60 but they are exclusive for patients aged
below 40.
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5.1.3 Age between 40 and 60 vs Age above 60. Visual comparison
was done in BPMNDiffViz for the care paths followed by patients
aged above 60 and patients aged between 40 and 60, resulting in
a final score of 166 using the TabuSearch algorithm. The statistics
can be found in table 7. Also, table 8 shows the procedures that are
only performed on either patients aged above 60 or patients aged
between 40 and 60, but not both.

Table 7. Statistics for the comparison of the care paths between patients
aged above 60 and patients aged between 40 and 60

Percentage of
elements

Number of el-
ements

Matched elements 34% 30
Deleted elements * 27% 24
Added elements * 39% 34
* Refer to table 8 for the differences in elements

The procedure "Release Right Shoulder Joint" follows an "open
approach" in patients aged above 60 while an "external approach" is
followed by patients aged between 40 and 60.

Patients aged above 60 carry out "Skeletal x-ray of shoulder and
upper arm" while those aged between 40 and 60 conduct "Magnetic
resonance imaging of other and unspecified sites". As was the case
with the gender subgroups, they are not performed in combination
with other procedures.

The procedure "Division of joint capsule, ligament, or carti-
lage, shoulder" is optional only for those patients aged above 60.
It can be done in parallel with "Synovectomy, shoulder" in patients
aged above 60 while they are carried out in sequence in patients
aged between 40 and 60. This can be seen in figures 6 and 7.

As can be seen in figures 6 and 7, the procedure "Synovectomy,
shoulder" is performed in sequence with "Rotator cuff repair" in
patients aged between 40 and 60 while they are exclusive in patients
aged above 60. The same holds for "Other repair of shoulder" and
"Arthroscopy, shoulder" when related to "Synovectomy, shoulder".

5.2 ResearchQuestion 2
To answer research question 2, two subquestions will be formulated:

(1) What are the bottlenecks in the medications taken (i.e., con-
tinuous infusions and intermittent administrations) by frozen
shoulder patients during their ICU stay?

(2) What are the bottlenecks in the procedures followed by frozen
shoulder patients during their ICU stay?

5
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Table 8. Procedures performed on either patients aged above 60 or patients
aged between 40 and 60

Procedure

Age
between
40 and
60

Age
above 60

Drainage of Right Shoulder
Joint, Percutaneous Approach,
Diagnostic

✓

Excision of Right Shoulder Joint,
Percutaneous Endoscopic Ap-
proach

✓

Injection of steroid ✓
Magnetic resonance imaging of
other and unspecified sites ✓

Other arthrotomy, shoulder ✓
Other total shoulder replace-
ment ✓

Repair of recurrent dislocation
of shoulder ✓

Repair Right Shoulder Joint,
Percutaneous Endoscopic Ap-
proach

✓

Replacement of Right Shoul-
der Joint with Reverse Ball
and Socket Synthetic Substitute,
Open Approach

✓

Skeletal x-ray of shoulder and
upper arm ✓
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02/07/2022, 01:04 BPMN Comparator by PAIS Lab

localhost:8080/ru_pais_vkr_war/comparison/fourth_step 1/2

Final step: Comparison results
Results Statistics Settings

Other repair 
of shoulder

Rotator cuff 
repair

Other 
arthrotomy, 
shoulder

Synovectom
y, shoulder

Division of 
joint 

capsule, 
ligament, or 

cartilage, 
shoulder

Arthroscopy,
shoulder

Repair Right
Shoulder 

Joint, 
Percutaneou

s 
Endoscopic 
Approach

Exclusive 
gateway Exclusive 

gateway

Exclusive 
gateway

Exclusive 
gateway

Exclusive 
gateway

Parallel gateway

Parallel gateway
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Table 9 shows the statistics, given by Disco, on the data for the
procedures followed and medications taken by FS patients.

For the bottleneck analysis of the procedures followed and medi-
cations taken, it is necessary to identify the bottlenecks and give

Table 9. Statistics for the bottleneck analysis of the procedures followed
and medications taken by FS patients during their ICU stays

Procedures
followed

Medications
taken

Events 639 7392
Cases 39 39
Activities 10 15
Median case duration 50.9 hours 48.5 hours
Mean case duration 5.4 days 5.3 days

recommendations on how to resolve them. A few studies on bottle-
neck analysis in healthcare will be analysed and a general model
on bottleneck analysis and resolution will be created based on that.

Firstly, there is a study that was carried out in collaboration with
12 hospitals in China with the purpose of identifying the bottlenecks
in implementing basic precautions in the medical centres [23]. In
this study, the bottlenecks were identified, along with the reasons
behind it, and recommendations were given on how to resolve each
bottleneck.
Secondly, participatory action research was used in [16] to find

the bottlenecks in healthcare systems in Nigeria. A four-step route
was used for bottleneck analysis and performance improvement.
This included identifying the bottlenecks, discovering its root causes,
finding solutions and strategies to combat the bottlenecks and lastly,
consulting the relevant stakeholders to validate the findings. How-
ever, it does mention that finding the bottlenecks and solutions to
resolve them does not ensure optimal performance.
Lastly, a simulation study was conducted in the University of

Kentucky Chandler Hospital to find the most favourable assignment
of workforce and resources for improvement [13]. In this study, the
main bottleneck was found and there were recommendations made
on the number of staff members required as well as the number of
machines.

In these studies, it was possible to give recommendations on how
to resolve the bottlenecks as the amount of resources that were
being used was known. Since this research is not conducted in
collaboration with a treatment provider, it is not possible to give
concrete suggestions on the amount of resources required, but a
model for bottleneck analysis can be constructed based on these
studies. The seven-step model created can be found in figure 8. This
model first finds the bottlenecks, after which their causes, impact
and dependencies are found. Then, the resolution mechanisms are
proposed and discussed with the relevant stakeholders before the
resolution process is started.

It should be mentioned that in order to answer the research ques-
tions, the bottleneck analysis and resolution will be done solely in
the context of frozen shoulder, by considering the seven-step model.

5.2.1 Bottlenecks: Medications taken. The largest bottleneck is 13-
Enteral Nutrition with a duration of 7 hours. There is a wait-
ing time of 23.5 hours between 13-Enteral Nutrition and 16-Pre
Admission/Non-ICU.

The procedure Enteral Nutrition involves providing nutrients
to the patients directly into the stomach using tubes which can be
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Stage 1 Stage 3

Stage 2 Stage 4Identify bottlenecks

- Process models created in Disco indicate
bottlenecks using mean duration and absolute
frequency
- Colour intensity of process indicates its
duration in comparison to other processes

Identify the causes of the

bottlenecks

This requires an in-depth analysis on the
following:
1. The procedures conducted in the hospital
2. The diagnoses given to the patients 

Identify the impact of the

bottlenecks

A bottleneck could have various impacts on
the patients and staff, including:
1. Slower recovery paths for patients
2. Longer hospital stays for patients
3. Increased workload for staff
4. Overloading the hospital with patients

Identify dependencies

associated with the

bottlenecks

- Removal of one bottleneck can trigger
other bottlenecks because the procedures are
connected 
- Might be necessary to set a priority list for
resolving bottlenecks, as it might not be
possible to resolve all of them

Stage 5

Stage 6Find ways to resolve the

bottlenecks

Options include:
1. Hiring more staff
2. Adding more equipment
3. Changing the order of execution of
processes 
4. Transferring the patient(s) to another
hospital

Consult the relevant

stakeholders

This includes:
1. Discussing the findings with the relevant
stakeholders, e.g., those managing the
hospital, staff members, etc.
2. Deciding on whether changes are needed
and how they can be implemented

Stage 7

Start the bottleneck

resolution process

1. Insights obtained during previous stages will
be used to start the bottleneck resolution
process
2. Necessary changes will be implemented by
considering hospital's finances and other
aspects

Fig. 8. Bottleneck analysis and resolution model

inserted either through the nose or through a small incision made
in the abdomen [10]. This procedure is used under circumstances in
which the patient has difficulty swallowing, neurological problems,
gastrointestinal problems or injuries in the digestive track. Since
this procedure is not relevant to FS, it is a bottleneck due to another
diagnosis given to the patient. As a result, it can be disregarded as a
bottleneck for FS patients.
The medications relevant to FS are 07-Blood Products, 09-

Antibiotics (Non IV) and 11-Prophylaxis (Non IV). Prophy-
laxis is defined as "an attempt to prevent disease" and antibiotics
is defined as "a drug used to treat infections caused by bacteria
and other microorganisms" by NCI’s Dictionary of Cancer Terms
6. Blood product is defined as "any therapeutic substance derived
from human blood, including whole blood and other blood compo-
nents for transfusion, and plasma-derived medicinal products" by
the World Health Organisation 7.
Since platelet-rich plasma (PRP) is a treatment option for other

orthopedic diseases, it could be used for FS too as suggested by the
experimental study in [17]. The study concluded that PRP injections
lowered the severity level of some parts of FS without side effects.
Future work included investigating PRP injections as a potential
prophylaxis of FS in shoulders that are either immobilised or have
undergone surgery, or as a treatment for FS in the early stages.
Moreover, a clinical trial made use of intra-articular Doxycycline,
an antibiotic which was injected once biweekly for 4 weeks, as a
treatment for FS [22].
Given the data from the MIMIC-IV database and the informa-

tion gathered on FS, only the processes 07-Blood Products, 09-
Antibiotics (Non IV) and 11-Prophylaxis (Non IV) are relevant
to FS and have the potential of becoming bottlenecks. This is in
alignment with the process models as the arrows going into 09-
Antibiotics (Non IV) and 11-Prophylaxis (Non IV) are thicker
than others and 11-Prophylaxis (Non IV) has a high frequency
of 176. Because these processes only take 60 seconds, there is a low

6https://www.cancer.gov/publications/dictionaries/cancer-terms
7https://www.who.int/health-topics

chance of them becoming bottlenecks. However, 07-Blood Prod-
ucts has a duration of 60 minutes and a frequency of 43, increasing
its chances of being a bottleneck.

5.2.2 Bottlenecks: Procedures followed. The biggest bottleneck is
Invasive Lines with a duration of 44 hours. There is a waiting time
of 29.4 days between Intubation/Extubation and Invasive Lines.

The procedure Invasive Lines involves inserting medical devices
into the patient’s body, e.g., urinary catheters, intravenous lines,
PICC lines and central lines [11]. Intravenous lines through the
patient’s arm can be used to deliver anesthesia, with the possibility
of inserting a tube into the patient’s mouth, down the trachea, to
ensure that the patient gets enough oxygen during the surgical
procedure [5]. This makes Intubation/Extubation a procedure
relevant to FS patients.
A treatment option for FS that makes use of this is manipula-

tion under anaesthesia. In this procedure, the surgeon manipulates
the shoulder while the patient is anaesthetised, with the aim of
increasing the range-of-motion of the shoulder [29].

Another procedure that is relevant to FS patients is Imaging. The
process models on the care paths of the different patient groups
include the processes "Skeletal x-ray of shoulder and upper arm" and
"Magnetic resonance imaging of other and unspecified sites". These
procedures, if performed, are always the first and only procedures to
be carried out. This could mean that imaging procedures are carried
out on FS patients to get an initial diagnosis and possibly rule out
or confirm shoulder problems [4].

Therefore, there are three procedures that are relevant to frozen
shoulder: Imaging, Intubation/Extubation and Invasive Lines.
From these procedures, the greatest bottleneck is Invasive Lines
and it cannot be eliminated as it is necessary when manipulation
under anaesthesia is performed. The procedures Imaging and In-
tubation/Extubation have a duration of 60 seconds so there is a
low probability of them becoming bottlenecks.

6 DISCUSSION
The treatment procedures for FS can be analysed through patient
evaluation, public sources evaluation and treatment provider evalu-
ation.

7
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When performing background research on frozen shoulder and
process mining, there was limited information about it in scientific
papers. Web pages gave a clearer idea on how frozen shoulder is
diagnosed and what is implemented in practice for its treatment.
This can be explained by the gap between medical research and
what is done in practice, as it can take up to 17 years for clinical
discoveries to be applied in practice [33]. Practice-based research
can be used to find the causes of this gap as this is carried out by
doctors and takes place in the room in which the patients have
their doctor’s visit [37]. Carrying out practice-based research could
mean that treatment procedures and medications are tried out with
patients before research papers are written on it, explaining why
there could be more information about FS on web pages and blog
posts as compared to scientific papers.

Furthermore, bottleneck resolution could not be done in terms of
the exact resources (i.e., staff and equipment) needed as this research
was not conducted in collaboration with a treatment provider. How-
ever, general suggestions can be given for bottleneck resolution. In
terms of resources, it might be necessary to increase the number
of staff in the hospital, as lack of staff could lead to long waiting
times, slower execution of procedures and increased workload for
the current staff. With regards to equipment, specifically medical
imaging equipment and hospital beds, an increase in number could
be essential as lack of such equipment could lead to long queues
because patients cannot be admitted into the hospital without a
sufficient amount of beds. However, if the hospital is not financially
stable, it is necessary to look for solutions that do not exceed the
hospital’s budget. This can include changing the order of the pro-
cesses in the patients’ care paths, but whether this can be done or
not depends on the patients’ health. In the worst case, it could be
necessary to transfer the patients to another hospital, because long
waiting times can be detrimental to the patients. Again, since the
research is not done with a hospital, it is not feasible to test how
changing the order of the processes or transferring the patients
would affect the overall duration.

6.1 Limitations and Future Work
The dataset only includes data on the patients while they are in the
ICU and only on patients admitted to one hospital. Because of this,
there can be bias towards the practices conducted at the particular
medical institute. These factors can impact the generalisability of the
findings in this research to all FS patients. In the future, this research
could be expanded by considering data from multiple treatment
providers, which will allow for data on more patients. Also, other
subgroups of FS patients could be explored and the differences
among their care paths.

Another limitation is that it cannot be ensured that the procedures
followed and medications taken were used solely in the treatment
of FS. Considering the manner in which the MIMIC-IV database is
structured, it is not possible to distinguish between the procedures
followed and medication taken for the different diagnoses in order
to perform bottleneck analysis. For the subgroup process compari-
son, differentiating between the procedures performed for different
diagnoses was possible due to the keywords gathered during the

background research phase but there is no guarantee that the list of
keywords is exhaustive.
Furthermore, since there are over 100,000 unique diagnoses in

the MIMIC-IV dataset, it is possible for this research to be done on
another disease. If subgroups can be defined for another disease, it
is possible to use process mining techniques to find the differences
in the care paths among them. Also, since timestamps are included
for the procedures followed and medications taken by the patients,
it should be possible to also do bottleneck analysis for patients
diagnosed with another diseases, taking into account that it is not
possible to distinguish between the diseases for bottleneck analysis.

Moreover, since this research was not done in collaboration with
a treatment provider, the last step of the 𝑃𝑀2𝐻𝐶 was not performed.
In this direction, future work could include expanding on this re-
search and performing it in partnership with treatment providers
so that phase improvement and support can be performed.

7 CONCLUSION
This research applies process mining techniques on data from the
MIMIC-IV dataset, specifically on patients diagnosed with frozen
shoulder. In particular, the differences in the care paths followed by
male and female FS patients were found, as well as the differences
in the care paths followed by patients aged below 40, between 40
and 60, and above 60. Also, a seven-step framework was created for
bottleneck analysis and resolution. In the context of FS, bottleneck
analysis was performed on the procedures followed and medications
taken (i.e., continuous infusions and intermittent administrations)
by the patients.

For the subpopulation process comparison, the highest graph edit
distance was 167 for the care paths of male and female FS patients,
followed by 166 for the care paths of patients aged above 60 and
between 40 and 60. Finally, the GED for the care paths of patients
aged below 40 and between 40 and 60 was 135.
There were bottlenecks present in the medications taken and

procedures followed by FS patients. The biggest bottleneck in the
medications takenwas 13-Enteral Nutrition but this is not relevant
to FS and can therefore be eliminated. The biggest bottleneck in
the procedures followed was Invasive Lines which could not be
eliminated as it is relevant when FS patients undergo manipulation
under anaesthesia.

By considering the research questions, future work could include
conducting the research in collaboration with treatment providers,
conducting subgroup process comparison and bottleneck analysis
for other diseases and conducting the research with data from differ-
ent medical institutes to reduce bias and improve generalisability.
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