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Introduction
Anatomic pathology (AP) and clinical pathology (CP) resi-
dents, fellows, and faculty dedicate countless hours in struc-
tured training environments equipped with textbooks, 
scientific literature, and professional expertise to achieve pro-
ficiency in the histopathologic diagnosis of disease and/or 
interpretation of laboratory data. With the emergence of 
genomics data and clinical data warehouses, laboratory pro-
fessionals are now tasked with managing, interpreting, and 
leveraging data of unprecedented complexity. These complex 
data necessitate that educators rethink the skills and knowl-
edge required for a graduating trainee to practice in the 
“information age” of diagnostic medicine.

Bioinformatics is defined as the management, acquisition, 
manipulation, and presentation of complex biological data sets, 
and clinical informatics is the application of information man-
agement in health care to promote safe, efficient, effective, per-
sonalized, and responsive care. Given the breadth of these 
definitions, it is not surprising that defining aspects germane to 
clinical training is a nontrivial task. In molecular pathology, in 
particular, these definitions are intricately linked; eg, computa-
tional scripts manipulate raw data such that pathologists can 
review and interpret for clinical reporting. Here, we highlight 
the requisite baseline skill set a pathologist should acquire dur-
ing training to remain facile in bioinformatics and still fulfill 
the necessary requirements to graduate from accredited pathol-
ogy training programs. A few key questions, barriers, and pro-
posed solutions to incorporate bioinformatics into general 
residency education will also be discussed.

Informatics Education in Pathology Residency
The American College of Graduate Medical Education 
(ACGME) is a private organization that oversees all accredited 
medical residency training in the United States. Their primary 
role is to standardize program requirements and provide opera-
tional standards for the sponsoring institution, training hospi-
tals, faculty and program directors, program resources, and duty 
hours.1 Also, the ACGME determines educational milestones 
that serve as specialty-specific data to facilitate improvements 
to curricula and resident performance and demonstrate the 
effectiveness of graduate medical education in meeting the 
needs of the public.2 Sponsoring institutions receive funds 
from the federal government to cover the costs of training phy-
sicians, and ACGME-accredited residents’ and fellows’ salaries 
are allocated from these monies. Notably, sponsoring institu-
tions must demonstrate compliance with the ACGME’s edu-
cational recommendations to maintain accreditation and 
receipt of the federal funds.

The American Board of Pathology (ABP) partners with the 
ACGME to ensure that accredited pathology programs pro-
vide their trainees with the necessary requisites to become 
board eligible for the AP, CP, AP/CP, or AP/neuropathology 
(AP/NP) examinations, and all potential ABP examinees must 
complete 36 to 48 months of full-time training in an ACGME-
accredited pathology program. Each trainee must receive at 
least 24 months of AP-only or CP-only training or 18 months 
each of structured AP and CP training. The remaining 
12 months is flexible and may include AP, CP, or research  
rotations (up to 6 months). Furthermore, AP board-eligible 
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examinees must complete at least 50 autopsies by the time the 
application for certification is submitted.3 An example of a 
typical 48-month AP/CP curriculum is provided in Table 1.

For informatics education, the ACGME requires that all 
AP, CP, and combined AP/CP residents gain exposure to clini-
cal informatics during their pathology training. The informat-
ics educational milestones state that a trainee should be able to 
explain, discuss, classify, and apply clinical informatics by par-
ticipating in operational and strategy meetings, troubleshoot-
ing with information technology staff, and applying informatics 
skills to laboratory management and integrative bioinformatics 
(eg, aggregate multiple data sources and multiple data analysis 
services).4,5 As a result of these recommendations, formal clini-
cal informatics rotations have been widely incorporated into 
pathology residency training programs over the past several 
years, and some institutions have implemented clinical infor-
matics fellowship programs to facilitate board certification in 
this subspecialty.

Barriers to Bioinformatics Education
Devising strategies to address bioinformatics education is a 
complex issue, as there are barriers unique to both the specialty 
of pathology and residency training in general that must be 
addressed before bioinformatics can be effectively assimilated 
into routine pathology education. The key barriers are sum-
marized in Figure 1 and discussed in detail here.

The ACGME allows each training program to create and 
implement its own educational content, and this practice inher-
ently leads to discrepant exposure depending on the demands 
of other clinical services, faculty expertise, and departmental 
resources of the individual training programs. Pathology 

Informatics Essentials for Residents (PIER) is an excellent 
educational resource that highlights the importance of clinical 
informatics to the practice of pathology and provides a flexible 
pathology informatics curriculum and instructional framework 
that assist training residents in critical pathology informatics 
knowledge and skills per the ACGME recommended mile-
stones.6 However, for context, clinical informatics represents 
only 1 of the 27 ACGME pathology-specific milestones, and 
although the PIER topics and educational activities are ideal 
for instruction in clinical informatics, true bioinformatics top-
ics comprise only a quarter of the 38 clinical informatics master 
list items. Together, the proposed time allocated to bioinfor-
matics education translates to roughly 0.8% of an entire 
48-month AP/CP residency training or at most 10 days.

The combination of ill-defined educational milestones and 
limited allocated training time has attributed to underdevel-
oped and nonstandardized bioinformatics educational materi-
als for pathology residents. Ideally, the abovementioned 
resources could be supplemented with patient-centered, case-
based learning modules that would allow trainees the opportu-
nity to work through relevant clinical scenarios. Case-based 
materials are widely used for training residents in molecular 
genomic pathology7 and clinical informatics.8 However, we are 
currently unaware of standardized case-based learning materi-
als that are specific to bioinformatics.

Fundamentally, residents “learn their trade” in an appren-
ticeship model under the tutelage of faculty with expertise in 
the practice and science of medicine, and as clinical service 
providers, residents “learn by doing.” For example, in pathology, 
AP residents gross surgical specimens and extensively study 
hematoxylin and eosin slides under the light microscope 

Table 1. A representative 48-month ACGME-accredited AP/CP residency curriculum.

AP RoTATIoNS CP RoTATIoNS oTHER RoTATIoNS

Year 1 Surgical pathology (4 mo)
Medical autopsy (2 mo)

Clinical chemistry (3 mo)
Medical microbiology (3 mo)

 

Year 2 Surgical pathology (3 mo)
Cytopathology (1 mo)
Medical autopsy (1 mo)
Pediatric pathology (1 mo)

Hematopathology (3 mo)
Transfusion medicine (3 mo)

 

Year 3 Surgical pathology (2 mo)
Cytopathology (2 mo)
Dermatopathology (1 mo)
Forensic pathology (1 mo)
Neuropathology (1 mo)
Gastrointestinal pathology (1 mo)
Gynecologic pathology (1 mo)
Genitourinary pathology (1 mo)

Flow cytometry (1 mo)
Molecular pathology (1 mo)

 

Year 4 Surgical pathology (2 mo)
Pulmonary pathology (1 mo)
Soft tissue pathology (1 mo)
Renal pathology (1 mo)
AP elective (1 mo)

Clinical informatics (1 mo)
Laboratory administration (1 mo)
CP elective (1 mo)
CP elective (1 mo)

Research (2 mo)

Total 28 mo 18 mo 2 mo

Abbreviations: AP, anatomic pathology; CP, clinical pathology.
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to formulate independent histopathologic diagnoses that are 
discussed directly with the supervising faculty. Likewise, CP 
residents work with faculty in secondary roles to interpret 
serum protein electrophoresis gels, manage transfusion reac-
tions, or a host of other patient-directed finite tasks. Ultimately, 
this training model dominates almost all medical residency 
education because it seamlessly integrates trainees into patient 
care roles that align with the educational mission of the 
ACGME and the clinical and financial missions of the spon-
soring institutions. As a result, residents staff and manage clini-
cal services preferentially over other educational endeavors.

However, bioinformatics education is ill-suited for the clini-
cal service apprenticeship model. Bioinformatics is not a clinical 
service that residents can receive bioinformatics cases, work up 
those cases, generate clinical reports, discuss and finalize the 
reports with the attending (eg, “sign-out”), bill the patient for 
clinical services, and repeat the process the next day. 
Bioinformatics is a data-based discipline where the scope of 
work is anchored in application projects that may take weeks, 
months, or even years to materialize in any meaningful manner. 
Furthermore, the apprentice model requires experienced faculty 
which may or may not be readily accessible for all pathology 

trainees. Clinical faculty with limited bioinformatics knowl-
edge, experience, or training may not recognize the importance 
of bioinformatics education and are therefore more likely to pri-
oritize educational efforts toward clinical services. It is also 
impractical to assume that 1 or 2 informatics faculty members 
can train all residents in bioinformatics principles, particularly 
given the aforementioned limited time available (10 days).

There are other systematic factors that impede the incor-
poration of bioinformatics education into standard pathol-
ogy curricula. In recent years, medical schools have 
transitioned from traditional discipline-based didactic cur-
ricula to problem-based learning curricula9,10 most of which 
offer limited structured informatics education.11 Furthermore, 
as an unintended consequence, the principles of histopathol-
ogy and laboratory medicine were marginalized to electives 
or abandoned entirely.12,13 Thus, medical school graduates 
not only lack exposure to basic bioinformatics principles but 
also lack exposure to basic principles in pathology which are 
necessary to function as a competent pathology resident. 
Therefore, basic histopathology and laboratory medicine 
principles immediately arise as competing educational needs 
even at the earliest stages of training.

Figure 1. Unique barriers to implement bioinformatics education into pathology residency training programs. Effective bioinformatics education could 

integrate into both anatomic pathology (AP) and clinical pathology (CP) and function to facilitate learning in both disciplines. A few of the most relevant 

barriers are illustrated here. The outer fence represents some of the challenges that are unique to the specialty of pathology. The arrows indicate how 

these challenges manifest at the residency training level and act as barriers (denoted by the inner wall).
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Although the barriers to bioinformatics education are 
apparent, clear solutions to address the barriers are not. Given 
the breadth of diverse information that each resident must 
obtain during his or her limited time, the limited fund of base 
knowledge, and the practical consideration that residents are 
granted 10 days to gain exposure to bioinformatics, important 
questions remain: What core bioinformatics principles does a 
general pathologist need to know? What components are best 
suited for specialized fellowship training? What are successful 
strategies to implementation? By addressing these questions, a 
working curriculum for bioinformatics education in pathology 
residency can be established.

Bioinformatics: What Every Pathologist Needs to 
Know
Each pathologist’s individual practice setting will dictate the 
breadth and depth of bioinformatics acumen required, but 
there are core bioinformatics principles that pervade all prac-
tices of pathology. Foremost of these is data structure, as a 
working knowledge allows for effective communication within 
the health care system. Oftentimes, pathologists are tasked 
with gathering and assimilating laboratory data to answer clin-
ical questions during multidisciplinary discussions. An under-
standing of file formats, data organization, and data storage can 
greatly improve the efficiency of this task, particularly when 
searching for specific elements that are buried within complex 
data sets. As a corollary, understanding data structures facili-
tates collaboration with bioinformaticians such that the data 
organization is optimized for routine query by the end user.

Understanding the components of bioinformatics pipelines 
is also important for any pathologist. Most pathologists, par-
ticularly those in private practice, are medical directors or 
involved in professional oversight of at least 1 clinical labora-
tory. All clinical data that post to a patient’s permanent medical 
record are the medical and legal responsibility of the medical 
director, and clinical laboratories invariably use bioinformatics 
to manage, acquire, manipulate, and/or present the data. 
Therefore, by extension, any bioinformatics used in this process 
are also under the directors’ purview. The pathologist should be 
familiar with each component of the pipeline so that he or she 
can understand the flow of information, optimize and trouble-
shoot as needed, and facilitate technical support for expedited 
resolution of any issues.

Next-generation sequencing (NGS) workflows in the clini-
cal molecular pathology lab are ideally suited to introduce resi-
dents to data structure, file formats, and bioinformatics 
pipelines. Formal recommended strategies for educating resi-
dents in molecular pathology are discussed in detail in several 
recent publications.14,15 However, the details of bioinformatics 
education are varied as some authors have elected to defer to 
other working groups tasked with specifically addressing infor-
matics education in pathology residencies.16 Knowledge of 
how data are generated, processed, and stored provides the 
learner with insight into the complexities, errors, and pitfalls 

inherent to the molecular pathology testing cycle and the ana-
lytic factors that affect turnaround time. Residents can also 
gain exposure to testing parameters such as depth of coverage, 
strand bias, and quality scores, all of which are generated by 
computational means and are relevant in determining the util-
ity of a particular data set.

Perhaps, more importantly, the identification, classification, 
and interpretation of genomic alterations function as practical 
bioinformatics educational material. When classifying an 
oncologic genomic variant, the pathologist is typically the “end 
user” who interacts solely with filtered data (eg, a variant call 
file) to ascertain clinical therapeutic, diagnostic, or prognostic 
significance of the variants.17 Residents should familiarize 
themselves with how data are filtered prior to receipt by the 
end user. Also, residents should understand how queries to 
internal or public databases (eg, COSMIC [Catalogue of 
Somatic Mutations in Cancer]) are performed, what databases 
are available to classify variants as pathogenic, and how data-
bases are populated and curated. Finally, residents should 
understand how bioinformatics assists with medical context. 
This includes, but is not limited to, how data such as patient’s 
history, medical condition, clinical indication, published litera-
ture, and many other factors are presented during the variant 
review process. As a secondary benefit, leveraging bioinformat-
ics for improved patient data review makes excellent resident-
appropriate quality assurance projects.

Genomic data may be uniquely identifiable to an individual 
and are therefore considered personal health information 
(PHI) according to the Health Insurance Portability and 
Accountability Act (HIPAA). It is the responsibility of the 
medical director to physically and electronically safeguard PHI 
regardless if the data are stored on site or in HIPAA-compliant 
secured servers. The HIPAA’s 3-part security rule provides 
standards for technical safeguards (data encryption, controlled 
access, and auditability), physical safeguards (chain of custody, 
workstation restrictions, mobile device management, facility 
security, hardware inventory), and administration safeguards 
(conducting risk assessments, implementation of a risk man-
agement policy, employee training, contingency planning, and 
restricting third-party access). Residents therefore must under-
stand how genomic data are physically, technically, and admin-
istratively protected particularly when third-party software are 
used during data analysis. This list is not exhaustive, and addi-
tional information regarding security rules and implementa-
tion can be reviewed in the following website: https://www.
hhs.gov/hipaa/for-professionals/security/guidance/index.html.

Advanced Training Opportunities in Bioinformatics
Virtually, all graduating residents pursue advanced training in a 
pathology subspecialty (eg, hematopathology, NP, and cytopa-
thology), but few if any informatics topics are listed as 
ACGME-designated milestone learning objectives for subspe-
cialty training programs.2 Even in subspecialties where formal 
bioinformatics educational milestones seem apropos (eg, 

https://www.hhs.gov/hipaa/for-professionals/security/guidance/index.html
https://www.hhs.gov/hipaa/for-professionals/security/guidance/index.html
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molecular genetic pathology and clinical chemistry) the mile-
stones are ill-defined or absent. The absence of milestones 
often leads to inconsistent self-directed learning and few 
opportunities for objective assessment. Considering that in 
2015, only 21 of 653 (3.2%) subspecialty board examinations 
were administered in clinical informatics,18 and it is clear that 
most pathologists do not receive structured advanced training 
in informatics.

Despite the absence of ACGME-defined milestones, fel-
lowship training affords the trainee opportunities for unique, 
subspecialty-focused bioinformatics exposure. It is these 
authors’ opinion that until formal guidelines can be deter-
mined, each fellowship program/institution must tailor the 
bioinformatics learning objectives to the institutional mission, 
bioinformatics needs, and/or the expertise of the faculty and 
fellows. For example, at Baylor College of Medicine during our 
annual program evaluation for the molecular genetic pathology 
fellowship, we identified molecular bioinformatics exposure as 
an educational improvement area. Each fellow is now required 
to oversee the validation of a DNA sequencing, RNA sequenc-
ing, or copy-number assessment pipeline for all current and 
future genomic assays. These objectives were pertinent to the 
clinical mission of the section and combined well with the 
available faculty expertise. Ongoing discussions at the level of 
the ACGME and fellowship directors must continue to har-
monize informatics education across fellowship programs.

It is worth mentioning that although the leveraging of bio-
informatic resources currently centers around the use of NGS 
in somatic and germline testing, a number of other exciting 
modalities are on the horizon such as proteomics, metabo-
lomics, and epigenomics19 that will ultimately integrate into 
clinical testing and management algorithms. Proteomics, in 
particular, which is considered the bridge between genomics 
and biology, has already entered the clinical laboratory via the 
mass spectrophotometric analysis of microbial agents.20 It is 
imperative that subspecialty training programs also strategize 
how to incorporate these modalities and educate trainees given 
the inevitable arrival of these complementary data sets.

Bioinformatics Education: Strategies to 
Implementation
Clearly, apprentice-based bioinformatics education is subopti-
mal, and one should not expect proportional educational yield 
using this method. The absence of extensive in-house expertise 
and the paucity of finite, readily completable tasks require that 
educators prioritize bioinformatics concepts and their applica-
tions. Online content designed by leading bioinformaticians 
covers a range of topics from basic computational principles up 
to BaseSpace and cloud computing coding (Coursera21 offered 
by the University of California San Diego) as well as sequenc-
ing and quality control, NGS and RNA-seq, R scripting, and 
basic principles of UNIX operating systems (available from the 
Boyce Thompson Institute22). The Galaxy Project,23 a joint 
venture from Penn State and Johns Hopkins University, is an 

open-source, Web-based platform for data-intensive biomedi-
cal research that offers tutorials for users interested in learning 
about and developing Web-based data analysis tools. These are 
just a few examples of the myriad of available online resources.

We also highlight the pressing need for the development 
of educational materials. The lack of effective bioinformatics 
educational material is clearly a barrier to effective imple-
mentation (Figure 1), but case studies specifically relating 
bioinformatics to patient care could easily serve as effective 
teaching modalities. As the field continues to grow, a collabo-
rative effort with institutions sharing de-identified training 
materials should be a tangible educational goal. By leveraging 
these resources, bioinformatics principles can be defined and 
discussed in the context of ongoing institutional projects. 
This approach may not necessarily provide comprehensive 
educational content but can provide a framework for how 
bioinformatics is used in clinical practice.

Conclusions
Educating residents in the principles of bioinformatics is a 
daunting challenge alone, and it is made more difficult by the 
lack of formal guidance from regulatory agencies and the 
competing educational needs of each pathology residency. All 
residents should be familiar with data structure, data pipe-
lines, how clinical laboratories manipulate data, and the regu-
lations governing data. Also, a working knowledge of file 
formats is essential to genomics given the intricate associa-
tion with the complex genomic data and its application to the 
diagnosis, prognosis, and predictive clinical management. 
Finally, bioinformatics principles overlap considerably with 
clinical informatics and other pathology disciplines that man-
age, interpret, and use laboratory data routinely. This provides 
ample opportunities for correlative, clinically directed educa-
tion on these rotations.

There are numerous online resources available for those 
interested designing advanced curricula beyond the basic ten-
ants discussed here. Ideally, bioinformatics should be taught in 
a concept-based and case-based format, with an emphasis on 
the applicability to the clinical practice of pathology. Ultimately, 
however, in order for bioinformatics education to firmly inte-
grate into the fabric of resident education, its importance and 
broad application to the practice of pathology must be recog-
nized and given a prominent seat at the education table. The 
stereotype of the traditional diagnostician must be challenged, 
and bioinformatics will be at the forefront of the renaissance.
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