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A B S T R A C T   

Study objective: A multi-institutional interdisciplinary team was created to develop a research group focused on 
leveraging artificial intelligence and informatics for cardio-oncology patients. Cardio-oncology is an emerging 
medical field dedicated to prevention, screening, and management of adverse cardiovascular effects of cancer/ 
cancer therapies. Cardiovascular disease is a leading cause of death in cancer survivors. Cardiovascular risk in 
these patients is higher than in the general population. However, prediction and prevention of adverse cardio
vascular events in individuals with a history of cancer/cancer treatment is challenging. Thus, establishing an 
interdisciplinary team to create cardiovascular risk stratification clinical decision aids for integration into 
electronic health records for oncology patients was considered crucial. 
Design/setting/participants: Core team members from the Medical College of Wisconsin (MCW), University of 
Wisconsin-Milwaukee (UWM), and Milwaukee School of Engineering (MSOE), and additional members from 
Cleveland Clinic, Mayo Clinic, and other institutions have joined forces to apply high-performance computing in 
cardio-oncology. 
Results: The team is comprised of clinicians and researchers from relevant complementary and synergistic fields 
relevant to this work. The team has built an epidemiological cohort of ~5000 cancer survivors that will serve as a 
database for interdisciplinary multi-institutional artificial intelligence projects. 
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Conclusion: Lessons learned from establishing this team, as well as initial findings from the epidemiology cohort, 
are presented. Barriers have been broken down to form a multi-institutional interdisciplinary team for health 
informatics research in cardio-oncology. A database of cancer survivors has been created collaboratively by the 
team and provides initial insight into cardiovascular outcomes and comorbidities in this population.   

1. Introduction 

A team may be defined as a set of individuals with complementary 
skills who are committed to a common goal, set of performance objec
tives, and approach for which they hold one another accountable [1]. 
Although organizational specialists proposed this definition to describe 
workgroups in business, it is equally applicable to interdisciplinary 
healthcare teams [2], including research teams. In fact, an American 
Heart Association Scientific Statement advocates for an interdisciplinary 
team approach to maximize scientific discoveries [3]. To apply this in 
research practice, how can an interdisciplinary multi-institutional team 
be established that encompasses a variety of expertise and includes 
diverse individuals at various stages of training and career, to chart a 
path for the application of artificial intelligence in cardio-oncology? 
How can team science be applied in the setting of informatics and a 
learning health system to predict and optimize the best care and man
agement for cancer survivors at risk for cardiovascular events? A 
learning healthcare system applies scientific knowledge during clinical 
care while also eliciting insights from that care in order to spur inno
vation in the delivery of optimal healthcare and inspire new research 
areas [4]. What should an interdisciplinary team look like in this 
setting? Who should be on the team? How should the team be structured 
and why? How should team members across disciplines communicate to 
foster and optimize collaboration? Should there be one comprehensive 
team, or smaller teamlets? What is the value of operating across disci
plines within and across institutions? Is there value in diversity of per
spectives, leveraging variety in training backgrounds and current 
practice methods and patterns, sharing experiences across institutions, 
pooling versus comparing patient cohorts, testing and validating algo
rithms, or exchanging ideas that may work across institutions versus 
focusing on only one? While the answers to some of these questions may 
seem self-evident, success in building interdisciplinary teams to develop 
and execute projects designed to promote equity, improve risk stratifi
cation, prevent adverse cardiovascular events, and improve health 
outcomes for cancer survivors will depend upon deep and unflinching 
consideration of such questions and taking the sometimes difficult or 
non-obvious actions required to clear the hurdles they suggest. 

Why is it necessary to ask these questions in the setting of cardio- 
oncology? Cardio-oncology itself is an interdisciplinary field, 
involving a range of health professionals including physicians, advanced 
practice providers, pharmacists, and trainees within and across many 
disciplines such as cardiology, hematology, medical oncology, radiation 
and surgical oncology, radiology, and pharmacy [5]. In the same way 
that an interdisciplinary team is required for a cardio-oncology patient 
care, an interdisciplinary research team is also needed to study this 
complex cohort. Heart disease is the leading cause of death in the United 
States with over 655,000 deaths per year, followed closely by cancer 
[6,7]. In fact, cardiovascular disease is a leading cause of death in cancer 
survivors, second only to cancer recurrence or development of second
ary cancer [8–11]. Almost 2 million new cancer diagnoses and more 
than 600,000 new cancer deaths are estimated each year [12]. 
Currently, almost 17 million Americans are cancer survivors [13], and 
this is expected to increase to more than 22 million by 2030 [14]. 
Among cancer survivors, higher rates of cardiovascular disease have 
been reported in African Americans than in Caucasians, a disparity 
associated with socioeconomic inequities [15–19]. Health disparities in 
African Americans are particularly relevant to southeastern Wisconsin 
(SE WI). Milwaukee is a metropolitan city in the heart of SE WI with 
substantial disparities in health and socioeconomic status [20,21]. 

Milwaukee has a population of nearly 1 million and is the fifth poorest 
city in America. Demographically, Milwaukee County is predominantly 
white (50.7%), followed by African American (25.9%), and Hispanic or 
Latino (15.4%) [21]. As the largest city in the state, Milwaukee has the 
state's most concentrated health resources. Despite this fact, health 
disparities are rampant, with rates of cancer (breast, cervical, lung, and 
prostate), cardiovascular disease, and mortality that are higher than the 
state average [21]. Additionally, Milwaukee County has one of the most 
segregated urban communities in the nation. African American residents 
primarily live on the city's North Side. These neighborhoods experience 
higher occurrences of unemployment, incarceration, and poverty, with 
substandard housing. This often leads to limited access to healthcare and 
a predisposition to health disparities [21], such as in cardio-oncology 
[15–19,22–24]. 

With the millions of cancer survivors who are cared for in primary 
care, cardiology, oncology, surgery, and other areas within medicine, it 
is important to recognize that cardiovascular disease in cancer survivors 
is an urgent public health issue for which the best solution would be 
informed by population science. To address cardio-oncology care and 
research across a population, it would be beneficial to adopt the phi
losophy of a learning health system, so that as the interdisciplinary team 
develops its research approach, this can be tested across a learning 
health system. To achieve this, the research team should leverage 
informatics in order to use predictive analytics, artificial intelligence, 
and data from the electronic health record to identify cancer survivors at 
highest risk for cardiovascular disease. Once these individuals are 
identified, oncology/hematology and cardiology clinicians across the 
institution should be notified or alerted to cancer patients or survivors 
who are at high or very high risk for cardiovascular disease. These alerts 
can be in the form of best practice alerts [25], and clinical decision aids 
can then potentially be used by oncologists and cardiologists to optimize 
care for these patients [5]. Such informatics-based personalized ap
proaches may enable precision cardiovascular risk prediction in these 
survivors and could be developed via interdisciplinary research teams. 
However, there is a gap in knowledge about how to develop an inter
disciplinary multi-institutional research team to pursue informatics 
research in cardio-oncology within a learning health system. Specif
ically, there is no current research on building such teams to facilitate 
the development and use of machine learning artificial intelligence al
gorithms in cardio-oncology or to address health disparities in SE WI or 
nationwide. In such a new and emerging field as cardio-oncology, how 
can such an interdisciplinary team be put together? With so few in
dividuals trained in cardio-oncology patient care or research, how can 
groups of individuals be convened that can effectively learn together 
and apply team science approaches for cardio-oncology? Why are team 
science and a learning healthcare system perspective important for 
cardio-oncology? 

Artificial intelligence, informatics, and learning health systems are 
relatively newer techniques in cardio-oncology that, in the setting of 
team science, have the potential to transform care for patients. For 
optimal success in creating an informatics-rich atmosphere for the 
benefit of patients in cardio-oncology, an interdisciplinary team 
comprised of data scientists, clinicians, and patient advocates needs to 
be formed and evolve to operate seamlessly within a learning healthcare 
system environment. To approach this process with any less diversity or 
precision would be charting a suboptimal course forward for the future 
of cardio-oncology. This article describes the process of building a well- 
functioning interdisciplinary research team across institutions and pre
sents initial findings and output from the team. In a companion article 
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titled “Team Principles for Successful Interdisciplinary Research 
Teams”, a more comprehensive literature review on team science and 
team building is provided, with a more expansive description of lessons 
learned from this process (Brown et al., Team Principles for Successful 
Interdisciplinary Research Team Science, In Review, AHJ Plus; provided 
as Supplemental Material for concurrent review). 

2. Materials and methods 

2.1. Establishing team constituents and dynamics 

In order to build this interdisciplinary and multi-institutional team, 
first the kinds of expertise needed for the comprehensive team were 
delineated. After determining the kinds of expertise needed, where to 
find the varying expertise in professional circles and networks and in 
relatively close proximity to facilitate collaboration was then deter
mined. The value of reaching out to individuals at the team's core 
institution (MCW), as well as partner institutions in the SE WI Clinical 
and Translational Science Institute (CTSI), in addition to individuals at 
Mayo Clinic, Cleveland Clinic, and University of Ottawa, with whom the 
team leader and convener at MCW had collaborated, and who were 
already working to apply their expertise in cardiology, was recognized. 
The team was therefore built in a stepwise fashion, starting with in
dividuals at Froedtert and Medical College of Wisconsin (F&MCW), then 
branching out to SE WI CTSI institution members (MSOE and UWM), 
before expanding to the broader professional multi-institutional 
network (Mayo Clinic, Cleveland Clinic, and University of Ottawa). In 
this way, a range of stakeholders was carefully considered, to build a 
collaborative, interdisciplinary, and multi-institutional team. Recruited 
team members made suggestions on additional key collaborations to 
include, consistent with a snowball sampling recruitment techniques in 
which participants are asked to assist in identifying other potential 
participants. Once the team was formed, the process of establishing team 
meetings was then tackled. In-person versus virtual meetings were 
considered, and the option best suited to the needs of the team was 
selected. 

The team leader facilitated team discussions. Team leadership was 
designed to capture the overall vision of the team's projects and output 
long-term, with subgroups of the team being led organically by in
dividuals with appropriate expertise. As a team, ideas for research di
rections, publications, and relative contributions of each participant to 
the team were discussed. Each team member's voice was valued and 
each team member was offered opportunities for active participation 
and collaboration. Career development and team science training were 
provided, for collective training of the team on well-established meth
odologies for growth and advancement. Consensus building was made a 
critical part of team discussions each week to ensure addressing project 
steps and funding initiatives from various angles and deciding how to 
proceed cohesively. A variety of team members from multiple in
stitutions participated in planning budgets for personnel, time, and 
equipment. Additionally, support was obtained from institutional grants 
and contracts office, particularly regarding assistance with grant prep
aration, budgeting, submission, and execution. Performance markers 
and deliverables were determined early on and throughout the team's 
tenure together, in order to measure progress for internal and external 
reports, and to be able to build on milestones and plan for new ones. A 
patient advocate, or more aptly described as a “patient with lived 
experience”, was considered a key member of the team to help shape the 
team's research efforts to complement patient-centered care. 

The team performed a needs assessment, development of an infra
structure, and initial creation and plans for research, career, and team 
development [26]. A needs and interest assessment was pursued to 
determine topic areas that should be studied and would be embraced by 
team members. The content and knowledge base of team members was 
also assessed to determine the variety of input that could be gained as 
the team discussed potential projects and their components. Microsoft 

Teams was used to host and record meetings and store documents, to 
facilitate asynchronous connection with and follow-up of documents, 
discussions, and supplemental chatbox content, and follow along with 
discussions even if asynchronously. Knowledge sharing was made a 
routine part of team dynamics early on, to recognize the valuable input 
from members of the team. Interactive lectures or workshops were given 
by various members of the team. These were modeled after typical 
journal clubs in which published papers crucial to team projects would 
be dissected, discussed, explained, and used for project planning. The 
journal club-style sessions were administered by a variety of members of 
the team, including college or graduate students who would join the 
team for the summer or throughout the year and use administration of 
journal club for their learning process and important contributions to 
the team. Trainees and faculty both also contributed to knowledge 
translation into research project applications, as well as during pre
sentations given internally and externally reporting on results from the 
team's collective work. As the team continued to work together overtime 
various levels of team building efforts were pursued in a graded fashion. 
Accordingly, the team enrolled in a team science and development 
course funded by the SE WI CTSI. This course allowed team members to 
develop even greater interdependency, cohesiveness, efficacy, and 
efficiency. 

2.2. Epidemiological cohort 

The team prepared deidentified data for ~5000 F&MCW-treated 
adult male/female cancer survivors (including ethnic/racial minorities) 
at varying levels of risk of developing cardiovascular disease and 
generated epidemiological data tables for this population. Database 
constituents were identified in the Clinical Research Data Warehouse 
(CRDW) using the Informatics for Integrating Biology & the Bedside 
(I2B2) cohort discovery toolset, which allows investigators to identify 
patients with certain characteristics for research purposes. The CRDW is 
a multi-sourced clinical data repository, with aggregation of electronic 
health record, billing, and 3rd party clinical systems data which pro
vides a more complete longitudinal view of patient histories than any 
single data source. The CRDW includes important supplemental cancer 
data from the North American Association of Central Cancer Registries 
funded by the National Cancer Institute of the National Institutes of 
Health. The follow-up period for the cohort of ~5000 spans the entire 
available time period available in CRDW: from the year 2000 to the year 
2020. The F&MCW CRDW was used as a resource to capture patient data 
from ~5000 individuals to build a database of cancer survivors for 
retrospective analysis and artificial intelligence algorithm training and 
validation in the F&MCW population, to match other populations in the 
multi-institutional team [27,28]. The cohort data includes laboratory, 
physiology, demographics, outcomes, medications, imaging, and medi
cal history information relevant to cardiovascular risk stratification in 
individuals with a history of cancer, similar to information used in the 
artificial intelligence algorithm published by our multi-institutional 
team members [27,28]. This data “reservoir” was designed to include 
the following: males and females 18 years of age or older with a history 
of cancer; ascertainment of ejection fraction within three years prior to 
cancer diagnosis; individuals who have or have not developed cardio
vascular disease; and the full available range of racial/ethnicity 
diversity. 

2.2.1. Cardiovascular outcomes and comorbidities ICD codes 
ICD-9 and ICD-10 codes for cardiovascular comorbidities and out

comes atrial fibrillation, coronary artery disease, cardiomegaly, car
diomyopathy, diabetes mellitus, heart failure, hypertension, peripheral 
artery disease, and stroke were used to develop the epidemiological 
patient cohort (Table 1). The ICD-9 codes 427.3, 411.1, 413, 411.0, 
411.8, 414, 410, 429.7, 412, 429.3, 425, 425.4, 249, 250, 428, 272, 401, 
402, 403, 404, 405, 440, 444, 443.9, 437.0, 430, 431, 432, 433, 434, 
437.1, and 438 were utilized. The ICD-10 codes I48, I20, I25, I24, I21, 
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I22, I23, I25.2, I51.7, I42.7, I42.9, I43, I42.0, I42.5, E08, E09, E10, E11, 
E13, I50, E78, I10, I11, I12, I13, I15, I16, I70, I74, I73.9, I67.2, I60, I61, 
I62, I63, I65, I66, I67.81, I67.9, I67.82, and I69 were utilized. 

2.2.2. Cancer pharmacotherapy 
Medi-Span pharmaceutical classes/sub-classes [29] for alkylating 

agents, various antibodies especially antibodies that target the human 
epidermal growth factor receptor 2 (HER2), antineoplastic antibodies 
(anthracyclines), antimetabolites, endocrine therapies, enzyme in
hibitors, mitotic inhibitors, and others were used to determine the dis
tribution of patients on these medications in these cancer drug classes. 

2.2.3. Cancer radiation therapy 
The MOSAIQ Radiation Oncology software system [30] was used to 

query radiation therapy in the cohort. Data was available for 2015 to 
2020. 

2.2.4. Data sharing and access 
Local team SE WI CTSI core team members were given access to 

deidentified data to assist with cohort data gathering and quality checks. 
The UWM and MSOE IRBs both formally relied on the MCW IRB for team 
projects. A data use agreement was in place among the participating 
sites. 

2.2.5. Statistics 
Descriptive statistics were employed for comparing distributions. 

The Pearson's Chi-Squared test was used to determine statistical differ
ences between cardiovascular outcomes developed after cancer diag
nosis in those treated with cancer therapies compared to those who were 
not treated with cancer therapies. Statistical significance was defined as 
a p-value<0.005, due to multiple comparisons. 

3. Results 

3.1. Disciplines of interdisciplinary team constituents 

The following types of required expertise were determined for this 
interdisciplinary teamwork: cardio-oncology, health informatics, artifi
cial intelligence (including machine learning and natural language 
processing), health/clinical/biomedical informatics, research-related 
information technology, biostatistics, shared decision-making, clinical 
decision support, community engagement, and health disparities. 
Consequently, individuals at MC W, then U WM and MSOE, then Mayo 
Clinic in Rochester MN, Cleveland Clinic in Cleveland OH, and Uni
versity of Ottawa in Canada with these expertise were recruited to 
participate in the team (Figs. 1 and 2). 

3.2. Team science approach and scientific contributions 

The team science approach embraced by the group takes advantage 
of multiple strengths within SE WI CTSI member institutions. Through 
this interdisciplinary team, MCW, UWM, and MSOE are establishing a 
multi-institutional center in SE WI for high-performance computing in 
healthcare. Team members from all three local institutions have been 
meeting weekly since mid-2020 using the Microsoft Teams platform to 
build collaborative analytics projects and interprofessional trust in the 
research team. This is in the context of a larger group of more than 40 
individuals from at least five institutions (three of which are founding 
member institutions of the SE WI CTSI; the other team members are 
primarily from Mayo Clinic and Cleveland Clinic). During these meet
ings, the group discusses potential new projects, deadlines and time
lines, and who will be responsible for accomplishing different tasks, to 
promote team cohesiveness and effectiveness. The team has been 
assembled to pursue collaborative multi-institutional projects on pre
dictive analytics and application of personalized medicine tools in 
clinical practice for preventing and managing heart disease in cancer 
patients and survivors. Currently, the team is building a clinical decision 
aid based on data science and artificial intelligence principles to assist 
physicians in ascertaining risk level for cardiovascular toxicity in cancer 
patients. Part of the overarching project requires collaboration among 
MCW, MSOE, and UWM to bring together regional expertise in health 
informatics, natural language processing, machine learning, and 
supercomputing with the goal to reproduce and validate artificial in
telligence algorithms that use deidentified patient data gathered from 
F&MCW databases and electronic health records to guide prediction. 
The team also collaborates with qualitative scientists external to the core 
team, for conduct and analyses of focus groups of clinicians and patients. 

3.3. Team meetings and dynamics 

The importance of team science was emphasized as the interdisci
plinary team was built for artificial intelligence and informatics work in 
cardiology. A core team of approximately 10 individuals was gathered to 
meet on a weekly basis, and a broader team of ~45 individuals was 
brought together to meet on a monthly basis or remain connected 
through email discussions or ad hoc meetings (Figs. 1 and 2). These 
meetings and team interactions have been ongoing for 18 months since 
project inception. While in-person meetings can carry tremendous 
benefit, virtual meetings have been the lifeline of the group. This was 
particularly useful as the team was established in the midst of the 

Table 1 
Frequency of cardiovascular outcomes and comorbidities at baseline or over 20 
years of follow-up in the epidemiological cohort (n = 4626).  

Cardiovascular 
diagnosis 

ICD-9 
code 

ICD-10 
code 

Present 
at any 
time n 
(%) 

Present 
at 
baseline 
n (%) 

Developed 
after cancer 
diagnosis 
n (%) 

Atrial 
Fibrillation 

427.3 I48 1514 
(33) 

1027 
(22) 

487 (11) 

Coronary Artery 
Disease 

411.1, 
413, 
411.0, 
411.8, 
414, 
410, 
429.7, 
412 

I20, I25, 
I24, I21, 
I22, I23, 
I25.2 

2669 
(58) 

2037 
(44) 

632 (14) 

Cardiomegaly 429.3 I51.7 1736 
(36) 

1340 
(27) 

396 (9) 

Cardiomyopathy 425, 
425.4 

42.7, 
I42.9, 
I43, 
I42.0, 
I42.5 

3133 
(68) 

2598 
(56) 

535 (12) 

Diabetes 249, 
250 

E08, E09, 
E10, E11, 
E13 

1443 
(31) 

1092 
(24) 

351 (8) 

Heart Failure 428 I50 2826 
(61) 

2253 
(49) 

573 (13) 

Hyperlipidemia 272 E78 3273 
(71) 

2788 
(60) 

485 (11) 

Hypertension 401, 
402, 
403, 
404, 
405 

I10, I11, 
I12, I13, 
I15, I16 

3987 
(86) 

3567 
(51) 

420 (9) 

Peripheral 
Artery Disease 

440, 
444, 
443.9 

I70, I74, 
I73.9 

1867 
(40) 

1265 
(27) 

602 (13) 

Stroke 437.0, 
430, 
431, 
432, 
433, 
434, 
437.1, 
438 

I67.2, 
I60, I61, 
I62, I63, 
I65, I66, 
I67.81, 
I67.9, 
I67.82, 
I69 

1311 
(28) 

924 (20) 387 (8)  
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coronavirus disease 2019 (COVID-19) pandemic. Consequently, the 
team was able to socially distance and maintain safety of all team 
members through virtual meetings. This also facilitated scheduling 
meetings across disciplines, institutions, and state lines. Given the 
geographical distribution of team constituents, virtual meetings offered 
facile recurring communication opportunities and helped facilitate team 
success. Meetings were scheduled by the team's appointed project 
manager, who maintains and distributes the team calendar, agenda, 
minutes, and action items. 

The core team involves institutions from the SE WI CTSI, including 
MCW, UWM, and MSOE and meets for one hour at the beginning of each 
week. The project manager facilitates each team meeting, in partnership 
with the team leader. The broader monthly group meets at the end of 
each month, with similar support. Frequent ad hoc meetings and 
working sessions are also pursued to focus on subgroups, such as the 
data teamlet, and compliance and legal discussions. The team is 
currently writing multiple manuscripts together describing the work 
with natural language processing and machine learning, and team 
members across various career stages and institutions are participating 
in manuscript writing. The team is currently enrolling in a team science 

course to take the understanding and implementation of team science to 
the next level. 

The team serves as an example for other groups across team core and 
partner institutions, as the team advances institutional priorities. The 
team's core institution (MCW) has strategic priorities that include:  

• Preferred Choice – serve as the preferred choice for patient care [and 
clinical research] in the region;  

• Accelerate Discovery – advance efforts in research for biomedical 
discoveries with federal, society, and foundation funding; 

• Think Next Gen – train students, residents, and fellows to be excel
lent clinicians and innovative forward thinkers;  

• Health of Our Community - partner with community leaders inside 
and outside the institution to improve health patterns and combat 
disparities;  

• Health Starts from Within – support and encourage each employee or 
trainee to pursue and achieve optimal wellness goals. 

The team is demonstrating success in all of these areas for the team 
core and partner institutions as a collective group, as follows. The team 

Fig. 1. Core team members' geographic and institutional distribution. 
AI: Artificial Intelligence; MCW: Medical College of Wisconsin; MSOE: Milwaukee School of Engineering; PI: Principal Investigator; UWM: University of Wisconsin- 
Milwaukee; WI: Wisconsin. 

Fig. 2. Additional team members' geographic and institutional distribution. 
AI: Artificial Intelligence; CC: Cleveland Clinic; CDA: Clinical Decision Aids; CTSI: Clinical & Translational Science Institute; Froedtert: Froedtert Hospital; LA: 
Louisiana; Mayo: Mayo Clinic; MCW: Medical College of Wisconsin; MN: Minnesota; MSOE: Milwaukee School of Engineering; Tulane: Tulane University; U-Ottawa: 
University of Ottawa; UWM: University of Wisconsin-Milwaukee; WI: Wisconsin. 
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includes a member of the community in the region who serves as a pa
tient advocate with both clinical and social experience with the topics of 
team projects. Additionally, the team partners with cardiology and 
oncology clinicians that provide excellent care for patients with medical 
conditions studied in team projects. The team's research projects help 
inform clinical practice and incorporation of informatics in cardiology, 
oncology, and cardio-oncology for patients. The research group has 
begun investigations using peer-reviewed institutional grants that are 
federally funded. Trainees are closely involved in the team, which in
cludes undergraduate, graduate, and medical students, as well as med
ical residents. The research team also includes experts in population 
science and health disparities and emphasizes the inclusion of ethnical 
and racial minorities in the epidemiological patient study cohort. Each 
team meeting starts with informal conversations checking in on team 
members' wellbeing and recent recreational activities, to support and 
encourage each other towards optimal health from within. 

3.4. Multi-institutional team leaders and participants 

To pursue this and subsequent studies, a multi-institutional inter
disciplinary research group has been assembled with expertise in all of 
the disciplines listed above, along with data science, integration of 
personalized care tools in the electronic health record, and innovation to 
achieve equitable health outcomes in racial and ethnic minorities. The 
junior faculty team leader and team funding principal investigator (PI) is 
an Assistant Professor of Medicine and the Director of Cardio-Oncology 
in the Division of Cardiovascular Medicine at MCW. In the data science 
realm, she has had various levels of training in and exposure to Bioin
formatics, Biomedical Informatics, Computational Biology, and Clinical 
Informatics. The PI maintains a formal appointment as Research 
Collaborator at Mayo Clinic in Rochester MN, working with Mayo fac
ulty board certified in both cardiology and clinical informatics. Her 
health services research focuses on precision and systems medicine, 
artificial intelligence/machine learning, and informatics. The team 
funding MCW co-PI is fellowship-trained and board-certified in clinical 
informatics and health services research. He is also the Medical Director 
for Digital Health and Innovation at Inception Health (owned by 
F&MCW) and executive faculty member of the Collaborative for 
Healthcare Delivery Science within the Center for Advancing Population 
Science at MCW. The team funding MSOE co-PI is a Professor of Com
puter Science at MSOE. His expertise is in software development for 
artificial intelligence and data science using supercomputers such as 
Rosie, the high-performance computing cluster at MSOE. The team 
funding UWM co-PI is a Professor in the Department of Electrical En
gineering and Computer Science at UWM. He has over 30 years of 
research experience in signal processing, image processing, and machine 
learning and applications. For the past 10 years, his research has focused 
on applying machine learning to medical data analysis. In addition, the 
team co-investigators at Cleveland Clinic recently published research by 
the multi-institutional team partners at Cleveland Clinic in the Journal 
of the American Heart Association (JAHA) and PLoS Medicine has 
shown that cardiovascular disease outcomes in cancer survivors can be 
predicted using machine learning techniques [28,31]. Working 
together, the collective team can produce translational research that is 
more innovative, generalizable, and impactful than they could working 
as individual researchers or institutions in isolation. 

In addition to the team funding PI and co-PIs, the team funding co- 
investigators include the Chief Research Informatics Officer at the 
MCW CTSI. He leads the development of applied clinical research 
informatics for MCW system's clinicians, researchers and faculty. His 
team supports biomedical informatics multi-institutional collaborations 
across CTSI hubs. Another team funding co-investigator is an expert in 
cardio-oncology research and bioinformatics. She provides consultation 
on the collection and export of data from F&MCW databases for future 
artificial intelligence algorithm computations. A third team funding co- 
investigator is an Associate Professor of Biostatistics. He has research 

expertise in the application of artificial intelligence and machine 
learning to pertinent biostatistical questions. He assists with the devel
opment and execution of methods for team research proposals and 
guides data analyses. A UWM team funding co-investigator is an Asso
ciate Professor of Health Informatics and Administration and the Di
rector of the Health Informatics graduate training program. His 
expertise is in health data science and predictive analysis for health 
outcomes using clinical data, such as modeling events in clinical trials 
and using clinical notes to predict disease. A Cleveland Clinic co- 
investigator is a lead author on a machine learning (artificial intelli
gence) publication in cardio-oncology with the team [31]. He developed 
and validated a cardio-oncology artificial intelligence algorithm to 
predict mortality and CVD outcomes in cancer survivors using the 
electronic health record, and the algorithm will be adapted and oper
ationalized regionally in SE WI through the collaborative multi- 
institutional team efforts. A Mayo Clinic team funding co-investigator/ 
consultant is an expert in the application of artificial intelligence in 
cardiology with ensuring health equity in algorithm training and 
predictions. 

3.5. Team building 

The research team includes clinicians, translational scientists, pop
ulation scientists, data scientists, computer scientists, community 
engagement specialists, and patient advocates, among others with a 
commitment to the team building process. To build the cohesive part
nership, the team is pursuing together the external team development 
course through MCW CTSI (funded by MCW CTSI mini-grants). The 
team is also dedicating portions of team meetings to team science 
journal/book clubs to continue to discuss and apply team science prin
ciples [32,33]. All of the team's funding principal investigators routinely 
work and publish in teams throughout their research career using team 
science principles. 

3.6. Team personnel 

Together, the individuals in the team's project manager (provided by 
the SE WI CTSI) and research program manager (provided by the 
F&MCW Clinical Trials Office) roles work closely together with the 
weekly core team members to coordinate project components by 
tracking progress, managing deadlines and milestone targets, and 
facilitating communication among multiple project members and sites, 
including management of weekly and monthly team meetings, minutes, 
and action items. They assist with team reports and assessments, and 
data entry and analysis. Additionally, they help with the creation of the 
project's final report, outlining outcomes and planned submissions for 
external funding. Their positions help ensure the project team meets the 
appropriate milestones for the project's timeline. Both also assist in grant 
application creation, including tasks such as obtaining supplemental 
documents from appropriate investigators (i.e., NIH biosketches, Letters 
of Support, etc.), helping compile budgetary information, and ensuring 
all required components are in proper format for timely submission. 
Individual team members help with manuscript preparation and publi
cation arrangement (i.e., proper formatting, submission, and payment 
coordination). The team members in the data analyst/scientist roles 
assist with advanced data management. They query, pull, map, format, 
validate, and confirm data from the CRDW. They also mine, clean, 
interpret, and validate structured and unstructured data from electronic 
medical records and other databases to ensure accurate, complete, and 
uniform data to produce actionable insights. They help acquire data 
from various sources and maintain project databases, with assurance of 
statistical quality and efficiency. They organize and analyze large 
amounts of data, using software specifically designed for the tasks. The 
data team members are using to varying extents high-performance 
supercomputing clusters at F&MCW, MSOE, and Cleveland Clinic. 
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3.7. Team funding 

Initial team funding by the National Institutes of Health has sup
ported the team to identify the epidemiological study population and 
build custom deidentified data extracts from the CRDW housed at 
F&MCW. The resultant database will serve as input for artificial intel
ligence algorithms developed and run at team partner institutions. The 
team also plans to seek additional future federal and foundation or so
ciety extramural funding. Extramural funding will support expansion of 
team efforts using machine learning for predictive analytics in the 
electronic health record to prevent cardiovascular disease in cancer 
patients and survivors. The long-term goal of the project is to build 
automated systems within the electronic health records to facilitate 
clinicians' identifying and mitigating the risk of cardiovascular events 
among cancer patients. 

3.8. CTSI team support 

The team leverages CTSI support in the following ways. The CTSI 
CRDW at F&MCW has been used to identify and extract the deidentified 
epidemiological cohort with study-specific variables for this population. 
Patient data may be stored in the CTSI REDCap database. A CTSI Project 
Manager coordinates project components and keeps the team milestones 
on track. In addition to the machine learning biostatistician on the team, 
the team has the opportunity if needed to apply for CTSI Biostatistics, 
Epidemiology and Research Design Mini-Grants, through which the 
team has access to additional limited assistance with data analysis plans, 
sample size calculations, short preliminary analyses related to study 
design, consultation for project aims and study design, and preliminary 
data analysis and interpretation of findings. The team also works closely 
with members of other related teams hosted by the SE WI CTSI. Further, 
CTSI mini-grants are being obtained for the team science course. 

Fig. 3. Epidemiological cohort database flowchart.  
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3.9. Team performance 

Indicators of successful team performance include the number of 
publications and their impact factors, the number of citations and the 
relative citation ratio, the degree to which research teams are cross- 
disciplinary, the number of scientific presentations and variety of 
discipline-based venues; and the number and diversity of trainees [34]. 
The team so far is substantially cross-disciplinary (Figs. 1 and 2), in
volves approximately 10 trainees (medical residents and medical and 
undergraduate/graduate students), and has led to an institutional pre
sentation for a federally funded program, with additional novel publi
cations in the works. 

3.10. Epidemiological cohort 

3.10.1. Demographics 
So far, the collaborative teamwork has been underway for 18 months 

throughout the COVID-19 pandemic. IRB approval for building the pa
tient cohort has been granted, with the IRB approval process for immi
nent prospective portions of the study currently ongoing. The team has 
prepared deidentified data for ~5000 cancer survivors and has gener
ated domain-specific data analyses for this population from the CRDW 
(Fig. 1, Table 1). In the longitudinal cohort (n = 4626) spanning 
2000–2020, there were 2343 (51%) men, 2283 (49%) women, 3600 
(78%) Caucasians, 834 (18%) African Americans, 77 (2%) Hispanics, 66 
(1%) other races/ethnicities, and 51 (1%) unknown, with overall age 
range 18–90 years old (Fig. 3). Among Caucasians, 1876 (52%) were 
males and 1724 (48%) were females. Among African Americans, 376 
(45%) were males and 456 (55%) were females. Among Hispanics, 36 
(1%) were males and 41 (1%) were females. Among other races/eth
nicities, 28 (42%) were males and 38 (58%) were females. Among those 
of unknown race/ethnicity, 27 (53%) were males and 24 (47%) were 
females. The majority of cancers represented were breast cancer (502, 
11%), lung cancer (711, 16%), hematologic cancers (744, 16%), and 
prostate cancer (401, 9%). Among those with breast cancer, 8 (2%) of 
the entire cohort were men and 494 (98%) were women. Among those 
with lung cancer 329 (46%) were men and 382 (54%) were women. 
Among those with hematologic cancers, 418 (56%) were men and 334 
(44%) were women. 

3.10.2. Cardiovascular outcomes and comorbidities 
Prior to cancer diagnosis in the overall cohort (n = 4626), 2253 

(49%) individuals had baseline systolic or diastolic heart failure, 459 
(10%) individuals had baseline cardiomyopathy, 1027 (22%) in
dividuals had baseline atrial fibrillation, 2037 (44%) individuals had 
baseline coronary artery disease, 924 (20%) individuals had a baseline 
history of ischemic or hemorrhagic stroke, 1265 (27%) individuals had 
baseline peripheral artery disease, 1092 (24%) individuals had baseline 
diabetes mellitus, 3567 (77%) individuals had baseline hypertension, 
2788 (60%) individuals had baseline hyperlipidemia (Table 1). Over the 
years after cancer diagnosis in the cohort, 573 (13%) individuals 
developed new systolic or diastolic heart failure, 352 (8%) individuals 
developed new cardiomyopathy, 487 (11%) individuals developed new 
atrial fibrillation, 632 (14%) individuals developed new coronary artery 
disease, 387 (8%) individuals experienced an ischemic or hemorrhagic 
stroke, 602 (13%) individuals developed new peripheral artery disease, 
351 (8%) individuals developed new diabetes mellitus, 420 (9%) in
dividuals developed new hypertension, 485 (11%) individuals devel
oped new hyperlipidemia (Table 1). 

3.10.3. Cancer therapies 
In the overall cohort (n = 4626), 1845 (40%) individuals were 

treated with any pharmacologic cancer therapy, 980 (21%) with alky
lating agents, 412 (9%) with various antibodies, 57 (1%) with HER2 
agents, with antineoplastic antibodies (anthracyclines), 655 (14%) with 
endocrine therapies, 275 (6%) with enzyme inhibitors, 667 (14%) with 

mitotic inhibitors, and 1032 (22%) with other cancer drug classes 
(Table 2). Among those treated with any pharmacologic cancer therapy, 
961 (52%) were men and 884 (48%) were women. Among those treated 
with alkylating agents, 447 (46%) were men and 533 (54%) were 
women. Among those treated with various antibodies, 224 (54%) were 
men and 191 (46%) were women. Among those treated with HER2 
agents, 9 (16%) were men and 48 (84%) were women. Among those 
treated with endocrine therapies, 231 (35%) were men and 424 (65%) 
were women. Among those treated with enzyme inhibitors, 133 (48%) 
were men and 142 (52%) were women. Among those treated with 
mitotic inhibitors, 282 (42%) were men and 385 (58%) were women. 
Among those treated with other cancer agents, 567 (55%) were men and 
465 (45%) were women. In the available cohort (n = 2300; 2015–2020) 
from the MOSAIQ Radiation Oncology database, 564 (25%) individuals 
received radiation therapy, of whom 275 (49%) were men, and of whom 
289 (51%) were women. 

3.10.4. Impact of cancer therapies on cardiovascular outcomes 
In our preliminary analyses, the types of cancer therapies received in 

the cohort determined the development of cardiovascular outcomes 
(Table 2). As anticipated, the development of cardiomyopathy was 
particularly statistically significant for those treated with any cancer 
therapy, antibodies (including trastuzumab), and enzyme inhibitors 
(such as the tyrosine kinase inhibitor imatinib), as well as mitotic in
hibitors (such as paclitaxel which is usually administered with anthra
cycline therapy for breast cancer). There was a trend towards the 
development of cardiomyopathy in those treated with antineoplastic 
antibiotics (anthracyclines), as well as those treated with mitotic in
hibitors (such as paclitaxel which is usually administered with anthra
cycline therapy for breast cancer). Of note, the development of 
cardiomegaly was particularly statistically significant for those treated 
with any cancer therapy, antineoplastic antibiotics (anthracyclines) and 
mitotic inhibitors (such as paclitaxel which is usually administered with 
anthracycline therapy for breast cancer), as well as alkylating agents, 
antibodies (including trastuzumab), antimetabolites, endocrine therapy, 
and enzyme inhibitors (such as the tyrosine kinase inhibitor imatinib). 
The development of atrial fibrillation was significant in those treated 
with any cancer therapy, with a trend towards significance in those 
treated with enzyme inhibitors (such as the tyrosine kinase inhibitor 
imatinib or ibrutinib). 

4. Discussion 

Clinicians, researchers, and individuals with diverse scientific 
backgrounds and complementary interdisciplinary perspectives with a 
rich and wide knowledge base have been brought together to establish a 
team of Cardio-Oncology Artificial Intelligence and Precision (CAIP) 
research investigators (Figs. 1 and 2, Table 3). The group is composed of 
members with expertise in wide-ranging disciplines. The team members 
bring key research skills allowing the team to approach the overall 
problem of cardiovascular health among cancer patients in new and 
innovative ways. Team principles evident in the group include a high 
diversity of membership, deep knowledge integration, and geographic 
dispersion of team members [32,33], as well as high task interdepen
dence. The members of the team work together and depend on each 
other to complete tasks. Individual tasks contribute to the larger goal of 
the team and the project. The weekly meetings promote this aspect. As is 
typical in other successful interdisciplinary teams [35], the team in
cludes research and data scientists, statisticians, clinicians, entrepre
neurs, and trainees – with many individuals wearing more than one of 
these hats. 

Team project steps are foundational for subsequently building clin
ical decision aids based on the artificial intelligence algorithm and other 
machine learning predictive analytics, regionally. The team has created 
a database of ~5000 cancer survivors, with laboratory, physiology, 
demographics, outcomes, medications, imaging, and medical history 
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information relevant to cardiovascular risk ascertainment in cancer 
survivors. This information is consistent with the data needed for input 
to the artificial intelligence algorithm published by our multi- 
institutional team members [27,28]. While the findings from initial 
analyses are provided here, more granular analyses are ongoing, 
including testing for interactions and adjusting for age and other po
tential confounders. Working closely with the machine learning 
biostatistician, the data team members will collectively apply the arti
ficial intelligence algorithms to F&MCW patient data to ultimately build 
a clinical decision aid for physicians to use with patients to help prevent 
cardiovascular disease in cancer survivors. The primary long-term goal 
of team projects is to complete the creation and integration of clinical 
decision aids in electronic health records for use by cardiologists, on
cologists, and other clinicians to improve outcomes for cardio-oncology 
patients using artificial intelligence models for more accurate predic
tion. As feedback from clinician users will be incorporated into future 
iterations of the clinical decision aids, this interdisciplinary clinical and 
translational research will thrive in the learning health system in this 
illustrative “bedside to bench to bedside” approach. 

Another goal being achieved by the team is building a stronger 
medical tech community in SE WI, regarding artificial intelligence and 
data science. Expertise from CTSI member institutions in SE WI in the 
team has been combined to create a bridge between the use of high- 
performance supercomputing clusters at MCW and MSOE. This allows 

for running algorithms and analyses on secure patient data in controlled 
environments by the team in this newly developed informatics com
munity in SE WI. The supercomputers are instrumental in accurately 
reproducing output of the artificial intelligence algorithm prediction 
models for outcomes of cancer patients with cardiovascular disease. 
Leveraging the state-of-the-art, high-performance supercomputing cen
ter at MSOE facilitates one of MSOE's strategic initiatives of exceptional 
learning and discovery. Partnering with the CTSI and other member 
institutions in SE WI on this community-engaged health informatics 
project embodies the MSOE strategic plan's byline, being Extraordinary 
Together [36]. 

An additional goal successfully being accomplished by the team is 
expanding collaborative research in advanced medical machine learning 
applications among MCW, MSOE, and UWM, combining strengths in 
medicine, advanced computing, and facilities, and strong PhD research 
programs at UWM in electrical engineering, computer sciences, and 
health sciences. The collaborative team will continue conducting 
research activities that will lead to future extramural grant funding and 
ultimately to tangible clinical improvements. The multi-institutional 
team will continue to integrate research into clinical workflows of the 
health systems, analyze data from electronic health records, and 
advance the applications of research-related information technology. 

The team has parsed initial information regarding racial and ethnic 
minorities in the database of ~5000 cancer survivors. The existing and 
future models are built on databases that include African American 
cancer survivors. Application of these algorithms to data from diverse 
patient populations will hopefully continuously provide output to help 
assess and address health disparities in Milwaukee. Motivated by the 
core location in SE WI, team studies on subpopulations from among the 
established epidemiological cohort of ~5000 will intentionally over
sample ethnic and racial minorities among the population, particularly 
African Americans, given the prevalence of related cardiovascular 
health disparities in cancer survivors [15–19]. Indeed, research pro
posals in the team will purposefully recruit sufficient representatives 
from this high-risk population to draw statistically significant conclu
sions and examine the ability of this approach to improve disparities 
research in cardio-oncology. This is the first of many collaborative team 
publications for the dissemination of findings to the broader medical and 
scientific community. With the publication of each collaborative study, 

Table 2 
Frequency of new development of cardiovascular outcomes over 20 years of follow-up in the epidemiological cohort (n = 4626).  

New cardiovascular 
diagnosis 

Any 
N 
(%;p)a 

Alk 
N 
(%;p) 

Ab 
N 
(%;p) 

Antib 
N 
(%;p) 

Antim 
N 
(%;p) 

Endo 
N 
(%;p) 

Enz 
N 
(%;p) 

Mit 
N 
(%;p) 

Other 
N 
(%;p) 

Atrial Fibrillation 224 
(12; 0.004) 

111 
(11; 0.359) 

46 
(12; 0.373) 

60 
(12; 0.406) 

79 
(11; 0.417) 

69 
(11; 0.995) 

41 
(15; 0.015) 

81 
(12; 0.142) 

83 
(12; 0.292) 

Coronary Artery Disease 267 
(15; 0.192) 

136 
(14; 0.825) 

58 
(15; 0.441) 

83 
(16; 0.097) 

101 
(15; 0.448) 

105 
(16; 
0.0568) 

47 
(17; 0.088) 

94 
(14; 0.726) 

100 
(14; 0.759) 

Cardiomegaly 254 
(14; 0.0001) 

145 
(15; 
0.0004) 

65 
(17; 0.0008) 

89 
(17; 
<0.0001) 

110 
(16; 
0.0001) 

101 
(16; 
0.0009) 

47 
(17; 0.0031) 

109 
(16; 
<0.0001) 

100 
(14; 0.026) 

Cardiomyopathy 190 
(10; 
<0.0001) 

104 
(11; 
0.0001) 

53 
(14; 
<0.0001) 

59 
(11; 0.006) 

70 
(10; 0.007) 

61 
(9; 0.0759) 

51 
(19; 
<0.0001) 

65 
(10; 0.0245) 

85 
(12; 
0.0001) 

Heart Failure 281 
(15; 
<0.0001) 

155 
(16; 
0.0002) 

71 
(18; 0.0002) 

83 
(16; 0.008) 

114 
(17; 
0.0004) 

111 
(17; 
0.0001) 

58 
(21; 
<0.0001) 

105 
(16; 0.0045) 

100 
(14; 0.149) 

Peripheral Artery Disease 2594 
(14; 0.092) 

134 
(14; 0.489) 

60 
(16; 0.134) 

68 
(13; 0.935) 

94 
(14; 0.640) 

114 
(17; 
0.0003) 

35 
(13; 0.884) 

101 
(15; 0.077) 

74 
(10; 0.023) 

Stroke 166 
(9; 0.206) 

89 
(9; 0.362) 

41 
(11; 0.102) 

58 
(11; 0.0135) 

70 
(10; 0.074) 

69 
(11; 0.031) 

26 
(10; 0.501) 

69 
(10; 0.046) 

65 
(9; 0.431) 

Ab: Antibodies; Alk: Alkylating agents; Antib: Antineoplastic antibodies (anthracyclines); Antim: Antimetabolites; Endo: Endocrine therapies; Enz: Enzyme inhibitors; 
Mitotic Inhibitors; Other: Other pharmacologic cancer therapies. 

a Percentage of individuals treated with cancer therapy who developed cardiovascular outcome or comorbidity after cancer diagnosis; compared to individuals 
treated with cancer therapy who did not develop cardiovascular outcome or comorbidity after cancer diagnosis; bold indicates statistical significance using a p- 
value<0.005, due to multiple comparisons. 

Table 3 
Main components of multi-institutional interdisciplinary team development for 
collaborative pursuit of artificial intelligence and other health informatics tools 
in cardio-oncology.  

Component Key considerations 

Group Members Interdisciplinary, multi-institutional, diverse expertise, different 
stages of training and career 

Meeting 
Structure 

One large group vs. smaller workgroups, open communication vs. 
hierarchical (within workgroups) 

Ground Rules Respect for diversity in perspectives & training, multiple formats 
for exchanging ideas 

Data 
Management 

Methodology needed for data sharing, pooling patient cohorts, 
and testing algorithms  
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the team will advance the establishment of this multi-institutional 
center for high-performance computing informatics to protect the 
hearts of cancer survivors, especially for racial and ethnic minorities. 
Publication of these findings could be ground-breaking for furthering 
efforts at applying artificial intelligence algorithms for optimal person
alized patient care in cardio-oncology. The epidemiological cohort 
published by our team can serve as an external validation cohort for 
cross-institution collaborations and consortia. In the Cardiology 
Oncology Innovation Network (COIN; CardioOncCOIN.Org), for 
example, providing this large sample size for collaborating institutions 
in this consortium can advance applications of artificial intelligence and 
other health informatics methodologies to overcome current limitations 
in Cardio-Oncology regarding small sample sizes in this specialized field. 

Lessons learned in the team building process include the following. 
Team building is necessary to build a foundation for successfully 
applying the artificial intelligence algorithms in cardio-oncology. 
Highly organized and well-structured team meetings help streamline 
and clarify team goals, vision, and output. Frequent participation and 
engagement by all team members in team communications, whether in 
the large group meeting and/or in the meetings of smaller teamlets, 
promotes unified forward in a singular direction. A variety of perspec
tives on the team is essential to help sort out obstacles and surmount or 
navigate roadblocks. Various backgrounds, experience, and expertise 
among team members informs the best ways in which to take on and 
eliminate these obstacles. Understanding differences among institutions 
regarding access to resources and managing of data and so on help 
generalize these practices for groups performing team science. It is key 
that the team as a whole creates and adheres to timelines and milestones 
in order to advance and make timely and meaningful progress together. 
This is especially important when the team has funding which requires 
periodic reports to the sponsoring group such as the National Institutes 
of Health to keep track of the utilization of funds and achievement of 
deliverables and milestone goals. Some team meetings are in the format 
of workshops as needed, to enhance the development, training, and 
knowledge acquisition and translation of the collective team relevant to 
the selected projects. Teaching of the team across education levels and 
areas of expertise from multiple team members over the course of the 
team's tenure together can be useful to share knowledge among the 
group, so that team members can better understand and participate in 
discussions of esoteric or specialized topics that are needed for the 
research projects together. Challenges from previous literature that have 
also been noted and overcome include scheduling conflicts for meetings 
albeit virtual, managing multiple points of view, enhancing project 
management, and addressing “language barriers” across disciplines 
[37–39]. In conclusion, interdisciplinary barriers have been overcome 
and a multi-institutional team has been established, bringing the disci
plines and skills required to implement artificial intelligence algorithms 
in clinical decision aid for cardio-oncology that will ultimately be inte
grated into the electronic health records to promote health equity and 
improve health outcomes in individuals with cancer. 
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