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The COVID-19 pandemic disrupted lives in many ways across countries, cultures and age groups. 
Those years brought not only infectious risks but also a series of factors undermining the mental 
health of our youth. 

In an attempt to mitigate the spread of the virus, lockdowns, quarantine measures, and school closures 
were implemented, at various levels, worldwide. At the time, these measures were deemed necessary to 
safeguard public health. However, the impact of these actions on the younger generation has been profound, 
and in some cases, damaging to their psychological health and development. A large amount of concerning 
information has been emerging regarding the delayed effects of COVID isolation and school closures on 
today’s young people, encompassing mental health, socialization access and skills, academic performance, and 

suicide. Compounding these issues are the recent 
deregulation of cannabis, its ease of access, and 
increased use among teenagers. This perspective 
aims to provide an overview of these impacts, 
paying special attention to the role of COVID 
isolation and cannabis use in youth suicide. Post 
hoc analyses questioning the necessity of school 
closures are tempting, but fraught with difficulty. 
What is clear, however, is that resources supporting 
youth mental health were insufficient to prevent 
the consequences of the pandemic isolation, and 
that insufficiency persists today. 

A Tsunami of Concern: 
The Lasting Impacts of COVID Isolation and 

School Closures on Youth Mental Health

by Erick Messias, MD, PhD, Leticia Ugarte, MD, Enoch Azasu, PhD & Andrew J. White, MD
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Mental Health: The Silent Pandemic
The mental health of young people is an issue 

of ongoing and accelerating concern. The isolation 
brought about by the pandemic has contributed 
to a mental health crisis among the youth which 
is now echoing years after schools have reopened. 
Many studies and reports suggest that isolation and 
loneliness are associated with increased depression 
and anxiety prevalence among youth.1 A large 
survey of the UK population showed that clinically 
significant levels of mental distress rose from 18.9% 
in 2018–19 to 27.3% in April 2020, one month into 
UK lockdown. The same survey found increases were 
greatest in 18 to 34 year-olds, women, and people 
living with young children.2 It is essential to consider 
the long-term consequences of this mental health 
crisis, which could persist long after the pandemic 
ends.

Declining Socialization Skills: 
The Lost Art of Connection

Another concerning aspect of COVID isolation 
and school closures is the impact on the acquisition 
and development of basic socialization skills. Human 
interaction is fundamental for the development 
of these skills and the abrupt interruption of in-
person socialization opportunities may have long 
lasting detrimental consequences. Young children 
and adolescents need to learn these essential social 
skills through peer interaction, which includes 
understanding social cues, working on ‘in-the-
moment’ conflict resolution, and witnessing and 
fostering empathy.

Isolation during the pandemic deprived 
children of these crucial learning experiences. Social 
isolation has also been association with numerous 
negative outcomes across the lifespan including 
depression, poor sleep quality, impaired executive 
function, accelerated cognitive decline, unfavorable 

cardiovascular function, impaired immunity, altered 
hypothalamic pituitary-adrenocortical activity, a 
pro-inflammatory gene expression profile, and earlier 
mortality.3

Furthermore, the timing of the pandemic came 
about just as studies started to link evidence between 
increased screen time with negative developmental 
and psychological outcomes. While technology can 
be a valuable tool for staying connected, excessive 
screen time can have adverse effects on social and 
psychological development and has been shown to 
be associated with lower psychological well-being, 
including less curiosity, lower self-control, more 
distractibility, more difficulty making friends, less 
emotional stability, being more difficult to care 
for, and inability to finish tasks.4 It is essential to 
strike a balance between the use of technology for 
socialization on one hand, and in-person interaction 
on the other.

Scholastic Challenges: 
The Impact on Learning

One of the most visible impacts of COVID 
isolation and school closures is the disruption of 
education. The abrupt shift to remote learning 
challenged students, parents, and educators alike. 
It exposed the digital divide, where not all students 
had access to the necessary technology and internet 
connectivity for effective online learning. This digital 
divide disproportionately affected vulnerable and 
marginalized communities, exacerbating educational 
inequalities.5

Studies have shown that prolonged school 
closures can lead to learning loss, particularly in core 
subjects such as math and reading.6  Examining US 
household search activity for online learning resources 
during the pandemic closures revealed that areas 
of the country with higher income, better internet 
access and fewer rural schools saw substantially larger 
increases in search intensity.7

It is crucial to prioritize the mental and emotional 
well-being of young people, not only during the 

pandemic but also in its aftermath. 
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One aspect to consider is the link between 
remote learning and academic performance. 
Many students have struggled to adapt to 
remote learning, and the impact on academic 
achievement has been disproportionately higher 
among minority students, students in low-income 
communities, and children who speak English as 
a second language. Furthermore, math learning 
scores are more likely to be affected than language 
and arts scores by pandemic changes.8

The disruption of traditional learning 
environments has also had an impact on students’ 
motivation and engagement. Surveys among 
college students have documented a significant 
decrease in motivation in the context of online 
educational options during the pandemic.9,10

This decreased motivation could have long-term 
consequences on educational attainment and 
career prospects.

COVID Isolation and Youth Suicide: 
A Disturbing Connection

Perhaps one of the most alarming 
consequences of COVID isolation among young 
people is the potential link to increased suicide 
rates. The isolation, stress and uncertainty brought 
about by the pandemic have created a perfect 
storm for mental health crises, and suicide is an 
extreme manifestation of these challenges.

Data from the first year of the pandemic 
showed that male youth, aged 5 to 12 years, 
and 18 to 24 years, non-Hispanic AI/AN youth, 
Black youth, and youth who died by firearms, 
experienced significantly more suicides than 
expected.11 Further analyses of the suicide cases 
show that youth who were impacted by COVID 
experienced significantly more isolation, school 
problems, depression, and anxiety disorder 
diagnoses.12
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These trends are deeply concerning and require 
urgent attention from policymakers, healthcare 
providers, and educators.

Cannabis Use and Youth Mental Health: 
A Complex Relationship

The role of cannabis use in youth mental 
health during COVID isolation is a complex and 
controversial topic. Cannabis is one of the most 
commonly used psychoactive substances among 
young people, and its potential role in exacerbating 
mental health issues should not be ignored.13

While some studies have suggested a link 
between cannabis use and an increased risk of mental 
health problems, including depression and anxiety,13

the relationship between cannabis use and suicide 
is less clear. It is wise to approach this topic with 
caution and rely on evidence-based research. A large 
population-based Finnish study found an association 
between youth cannabis use and self-harm later in life 
but not with suicide.14 A US epidemiological survey 
of adolescents found cannabis use associated with 
higher odds of depression and depression severity, 
and depression and cannabis use was independently 
associated with higher odds of suicide attempt.15

Another large study looking at youth ages 10 to 24 
with mood disorders found that cannabis use is a risk 
marker for self-harm, all-cause mortality, death by 
unintentional overdose and homicide.16

Finally, a meta-analysis of studies looking at 
adolescent (18 and younger ) cannabis use and young 
adult (18 to 34) mental health outcomes concluded 
with a warning that high prevalence of adolescents 
consuming cannabis generates a large number of 
young people who could develop depression and 
suicidality attributable to cannabis.17 These results 
should alert us to the possibility of long term 
consequences of adolescent cannabis use. 

The Importance of a Holistic Approach 
to Youth Mental Health

Addressing the multifaceted impact of COVID 
isolation and school closures on youth mental health 
requires a multiprong approach. Policymakers, 
educators, parents, and healthcare providers must 
collaborate to provide comprehensive support to 
mitigate the negative consequences of these many 
factors.

1. Mental Health Services
Access to mental health services must be 

prioritized. Schools can play a crucial role in 
identifying and addressing mental health issues among 
students, but parents, providers and friends may 
all need to play a part. Telehealth services can also 
improve access to mental health support, particularly 
in underserved communities and studies have shown 
good acceptability both by parents18 and youth, but 
reliable and well distributed technology infrastructure 
is not present.19 A complicating factor is the shortage 
of mental health care providers.  Recognizing this 
issue, the American Board of Pediatrics and the 
American Psychiatric Association, among others, have 
called for policies to increase the number of physicians 
‘in training’ pursuing fields focusing on youth mental 
health. The shortage of providers, however, is an 
enormous problem not likely to be solved solely with 
an increase in psychiatrists, and other strategies are 
being put forth. These include shifting the skill sets of 
today’s pediatricians, adding more focus and attention 
to mental health topics, rotations, lectures, and skills 
that they learn during their residency training years, 
so that they are better equipped to handle these issues 
in their primary care offices. Downstream changes 
in compensation, workflow and career satisfaction, 
however, may influence these plans. 

2. Socialization Opportunities
Schools should prioritize opportunities for 

socialization and emotional development. Social 
and emotional learning (SEL) programs can help 
students develop essential skills for building healthy 
relationships and address social withdrawal and 
anxiety.20

3. Academic Support
Academic support should be augmented, and 

interventions should be implemented to address 
learning gaps caused by school closures. Individualized 
learning plans, small group learning sessions, and 
tutoring programs can be effective in helping students 
catch up. This is particularly important for low-
income students but may be more challenging in 
school districts with budgetary restraints. 

4. Digital Equity
Efforts to bridge the digital divide are essential 

to ensure all students have access to online learning 
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resources. This includes providing devices and internet 
connectivity to underserved communities.21

5. Substance Use Prevention
Substance use prevention programs should be 

integrated into school curricula. It is essential to 
educate students about the risks associated with 
cannabis and other drugs and to provide resources 
for those struggling with substance use. One example 
of such a program is the School-based Prevention 
Intervention and Resources Initiative (SPIRIT) 
supported by the Missouri Department of Mental 
Health’s (DMH) Division of Behavioral Health 
(DBH). 

6. Community Engagement
Community-based organizations and local 

governments can play a vital role in providing 
extracurricular activities and support services for 
young people. These programs can help combat 
social isolation along with providing a sense of 
belonging.22  Expansion of such services with an 
increased emphasis on participation may yield 
tremendous benefits to our youth.

Conclusion
The tsunami of bad news following the years of 

COVID isolation and school closures on the mental 
health of young people is a call to action. The mental 
health challenges, declining socialization skills, 
academic setbacks, and increased suicide rates are 
alarming trends that demand our collective attention 
and response. While this paper does not provide new 
scientific research, it highlights the existing body of 
knowledge and emphasizes the need for evidence-
based interventions and comprehensive support for 
young people.

Addressing these challenges requires a 
collaborative effort from policymakers, educators, 
healthcare providers, parents, and communities. It is 
crucial to prioritize the mental and emotional well-
being of young people, not only during the pandemic 
but also in its aftermath. By taking proactive 
measures to support our youth, we can mitigate the 
long-term consequences of this crisis and build a 
more resilient and mentally healthy generation to 
inherit a better and happier world.
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Introduction
Locum tenens physician employment arrangements 

have their supporters and their detractors.  Some deride 
them as a potential “error-producing condition,”1 yet 
others laud them as an option to reduce or ameliorate 
physician “burnout,” low patient satisfaction, and 
disparities in health care access.2

Many views are anecdotal or provided by locum 
tenens staffing companies.  Empirical literature 
is limited and often methodologically weak.3

Nonetheless, consideration of the seismic shifts in 
the delivery of healthcare in the last quarter-century 
in the US requires recognition of the substantial and 
increasing role that locum tenens physician coverage 
plays in both community and hospital-based healthcare 
today.  Those considering a locum tenens experience 
during their medical career might benefit from 
the advice of Malcolm Gladwell: “Truly successful 
decision-making relies on a balance between deliberate 
and instinctive thinking.” Whether you are considering 
hiring locum tenens physicians within your practice or 
seeking such employment yourself, what follows aspires 
to assist you as you make your deliberations.

Historical Context
Merriam-Webster defines locum tenens as “one 

filling an office for a time or temporarily taking the 
place of another.”4 Locum tenens became a healthcare 
delivery model in the 1970s initially to address rural 
physician burnout in Utah.  With funding from the 
Robert Wood Johnson Foundation, the Health System 
Research Institute at the University of Utah College of 
Medicine created a network of physicians who covered 
rural practices while the rural physicians accessed 
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continuing education.  One of the two physician 
founders of locum tenens, Alan Kronhaus, recounted 
that the scheduling of his locum tenens shifts allowed 
him to nurture mutual passions of patient care and 
skiing, with six-month stints of each.5

While features of the original model persist, 
locum tenens as a healthcare delivery model has 
grown and advanced dramatically in ensuing 
decades.  The Wall Street Journal reported in 2023 
that 50,000 doctors, or 7% of the US physician 
workforce not including foreign medical-school 
graduates, currently practice medicine via temporary 
assignments.6 Nearly 10,000 physician locum tenens
jobs are listed with one agency alone, with specialties 
ranging from family practice, emergency medicine 
and hospital medicine to transplant surgery, 
interventional radiology and hospice and palliative 
care.7 As reported by Staffing Industry Analysts in 
“Largest Healthcare Staffing Firms in the US: 2019 
Update,” 49 staffing firms generated at least $50 
million each in US healthcare staffing revenue in 
2018.  Together, these firms generated an estimated 
$12.7 billion in revenue and comprised 75% of the 
market.8

Characteristics of the 
Locum Tenens Workforce

A 2017 survey of 897 locum tenens physicians 
was performed by Staff Care for the purpose 
of characterizing their physician workforce. 
Approximately 60% were medical specialists.9  Close 
to half, 48%, were 61 years or older and three-quarters 
were 51 years or older.  Sixty-five percent had been in 
practice for at least 21 years.  Nine of ten physicians 
surveyed had worked in permanent practice at some 
point during their careers. As illustrated in Figure 1, 
the age ranges of locum tenens physicians responding 
to a staffing company survey has varied little over the 
last decade.  Approximately half of those surveyed 
reported that they began working as a locum tenens
physician during the middle of their careers, while 
36% started taking locum tenens positions after retiring 
from permanent practice.  The most common factors 
influencing respondents’ decisions about which locum 
tenens positions to take were location (89%), pay rate 
(67%), length of assignment (60%), and patient load 
(38%).10  See Figure 1.11,12

Formed as a response to standardize locum tenens
services, the National Association of Locum Tenens 
Organizations, NALTO, was established in 2001 to 

Figure 1. Age Ranges of Locum Tenens Physicians: 2012-202111, 12
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both create and enforce strong industry standards for 
the profession, stressing honesty, objectivity, integrity, 
and competency.  Best practice guidelines primarily 
address contractual expectations, dispute resolution, 
and documentation of communications rather than 
delving into potentially controversial matters regarding 
clinical practice.  As NALTO’s Board of Directors are 
affiliated primarily with staffing organizations and lack 
physician representation, development of organizations 
promoting the interests and perspectives of locum 
tenens physicians is warranted.13

Quality of Locum Tenens Care
Few studies exist to support or refute the quality 

of care delivered by physicians working in locum 
tenens positions.  Some have attributed prescribing 
errors to locum tenens staff,14 ascribed in part to a lack 
of familiarity among locum tenens physicians with 
local teams, processes, practices, and guidelines. In 
England, locum tenens physicians are more likely to be 
the subject of complaints, more likely to have those 
complaints subsequently investigated and more likely 
to receive sanctions, although the reasons behind 
such complaints are neither well-documented nor 
understood.15  The General Medical Council reviewing 
such complaints concluded: “Doctors who act solely 
as locums or work for locum agencies have a greater 
risk of being complained about, and complaints 
about them are more likely to reach the threshold for 
a full investigation. A wider discussion is essential 
to understand the root causes of this and to explore 
whether further professional and workplace support for 
locums can reduce the risk to patients.”16

An assessment of the quality and cost of 
neurosurgical care between locum tenens and non-locum 
tenens neurosurgeons in the US reviewed 2005-2011 
Medicare claims data and found no difference in 
short-term complication rates, lengths of stay, or 
costs between locum tenens and non-locum tenens
neurosurgeons.17

A 2020 prospective cohort study compared 
treatment by 22 employed hospitalists and 24 locum 
tenens hospitalists at Promedica Toledo Hospital in 
Ohio.  Primary outcome was adjusted length-of-stay 
and secondary outcomes were hospital cost, inpatient 
mortality, 30-day all-cause readmission, and 30-day 
mortality.  Patients treated by locum tenens hospitalists 
had one-day shorter length-of-stay and $1,339 
decreased hospital costs but no statistically significant 
difference in mortality or readmissions.18

In another large retrospective study, researchers at 

Harvard University, Columbia University, UCLA and 
the National Bureau of Economic Research analyzed 
national Medicare data to characterize locum tenens
physicians’ patterns, quality and costs of care relative 
to non-locum tenens physicians. Randomizing a sample 
of 1,818,873 Medicare fee-for-service beneficiaries 
hospitalized and treated by a general internist during 
2009-2014, 38,475 of them (2.1%) received care 
from a locum tenens physician. In addition, 9.3% 
(4,123/44,520) of general internists were temporarily 
covered by a locum tenens physician at some point. The 
primary outcome was 30-day mortality.  Secondary 
outcomes included inpatient Medicare Part B spending, 
length-of-stay, and 30-day readmissions.  In this 
retrospective cohort analysis, there was no significant 
difference in 30-day mortality among patients treated 
by locum tenens physicians compared with those treated 
by non–locum tenens physicians (8.83% vs 8.70%).  
Regarding secondary outcomes, patients treated by locum 
tenens physicians had significantly higher adjusted total 
Part B charges ($1,836 vs $1,712), longer length-of-
stay, (5.64 days vs 5.21 days), and significantly lower 
readmission rates (22.80% vs 23.83%) than patients 
treated by non–locum tenens physicians.19

Based on our review of the literature, data with 
which to compare quality indictors between locum 
tenens and non-locum tenens physicians is limited and 
conflicting. Further, results may differ based on the 
specialty of care.  Do results in general internal medicine 
translate to emergency medicine, anesthesiology, or 
critical care? The use of locum tenens, at a minimum, 
may impact patient outcomes, nursing and other 
healthcare team members’ satisfaction and wellbeing, 
hospital financial margins, and the community mission 
of hospitals. Studies to better inform decisions regarding 
the use of locum tenens are needed. Aside from mortality 
data and cost analyses, comparison of the satisfaction 
of patients, nurses, other physicians, and all healthcare 
team members who works side-by-side with locum 
tenens physicians is warranted.  Finally, additional data is 
needed to inform physicians as to the pros and cons of 
locum tenens work at various stages of one’s career. 

Pros and Cons of Locum Tenens
From a physician perspective, potential benefits 

of locum tenens work could include greater scheduling 
flexibility, reduced administrative burdens, enhanced 
pay, and opportunity for social and cultural experiences 
in multiple locales.  Disadvantages include the 
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need to secure hospital credentials for each facility 
of employment and a state medical license for 
assignments outside one’s primary state of practice.  
In addition, credentialling for clinical privileges at 
many hospitals requires a detailed chronology of prior 
work experiences, possibly supported by identification 
of professional references for care rendered.  The 
“paper trail” of locum tenens positions could become 
progressively cumbersome depending on the number 
and duration of assignments.

As independent contractors, locum tenens
physicians are responsible for filing their own taxes 
and securing those “fringe” benefits typically provided 
by an employer, including life insurance, disability, 
health insurance, and retirement plans.20  Some locum 
tenens physicians choose to incorporate to reduce 
taxation and limit liability. While the hourly wage 
might be higher for locum tenens work, the Bureau of 
Labor Statistics reports that total benefits for employed 
workers in the ninetieth wage percentile constitute 
37% of their total compensation, a factor to deliberate 
when considering high locum tenens pay sans benefits.21

Professional liability insurance, whether claims with 
a tail or occurrence, traditionally is the responsibility 
of the locum tenens company.  Should “tail” coverage 
become problematic, costs could be prohibitive.  
Simply acquiring retrospective “tail” coverage as an 
independent contractor might be unfeasible.  Paid 
vacation, sick, personal, and holiday leave are not 
provided. While anecdotal, some physicians pursuing 
locum tenens work during the COVID pandemic 
found themselves unemployed once staffing needs were 
reduced, facing long stretches of unplanned and unpaid 
sabbatical.

Recommendation for Locum Tenens
If considering contracting physicians for temporary 

clinical coverage, locum tenens remains a viable option.  
Both the physician workforce and the corporations 
arranging and securing such coverage have improved 
substantially over the last half-century.  While empiric 
evidence evaluating locum tenens is limited, two cohort 
studies noted above identified no significant difference 
in 30-day mortality between care provided by locum 
tenens and non-locum tenens physicians.  

If contemplating ongoing work as a locum tenens
physician, we believe the role remains best suited for 
those later in their career when approaching retirement, 
as a post-retirement clinical activity or perhaps as a 
sabbatical earlier in one’s career.  While the professional 

benefits secured through traditional employment 
ultimately can be established by an independent 
contractor pursuing full-time locum tenens work, the 
hassles of doing so can be substantial.  In addition, the 
financial impact of unexpected unemployment, whether 
from an injury, illness, or pandemic, can be devastating.  
Many recognize such drawbacks. While media reports 
suggest “gig work” has become increasingly popular 
among younger physicians,22 survey results of practicing 
locum physicians suggest otherwise.23,24

Lifestyle benefits of locum tenens employment 
certainly exist for younger physicians desiring clinical 
practice without an ongoing commitment to a locale, 
schedule, colleagues, hospital, or patient population. This 
must be weighed against the advantages of a less itinerant 
practice, which include not only the employment 
benefits packages noted above, but also the satisfaction 
of enduring relationships with patients and colleagues, a 
sense of building and maintaining a core clinical practice, 
and the opportunity to branch out in other medical 
pursuits such as health policy, education, and research.  
While most of this manuscript’s authors have grayed to 
some degree, all readily recall early career frustrations: 
a sense of under-appreciation, lack of fulfillment, few 
options for advancement, and ultimately, self-doubt.  Not 
limited to the practice of medicine, others have noted 
that “No one is immune from frustration, but the savviest 
people understand it’s an essential part of success.”25 Most 
of us who have chosen the more traditional path for our 
medical career have successfully pursued a diversity of 
interests beyond our core clinical practice.  Given time, 
opportunity eventually knocks, sometimes repeatedly.  

References
1. Dean B, Schachter M, Vincent C, Barber N. Causes of prescribing errors in 
hospital inpatients: a prospective study. Lancet. 2002 Apr 20;359(9315):1373-
8. doi: 10.1016/S0140-6736(02)08350-2. PMID: 11978334.
2. A prologue to locum tenens, locumstory.com, CHG Healthcare, accessed 
June 21, 2023, https://locumstory.com/story
3.  Ferguson J, Walshe K. The quality and safety of locum doctors: 
a narrative review. J R Soc Med. 2019 Nov;112(11):462-471. doi: 
10.1177/0141076819877539. PMID: 31710823; PMCID: PMC6851536.
4.  “Locum tenens.” Merriam-Webster.com, 2023. https://www.merriam-
webster.com. ( June 23, 2023).
5. A history of locum tenens: the origins of a new approach to healthcare. 
CompHealth. A CHG Company. August 13, 2017. https://comphealth.com/
resources/the-origin-of-locum-tenens
6. Tarrant, Gretchen. Burned Out, Doctors Turn to Temp Work: A growing 
group of physicians are ditching medicine’s traditional career path and hitting 
the road as temporary doctors-for-hire.” The Wall Street Journal. [New York, 
NY], June 6, 2023.
7. Jobs. CompHealth. A CHG Company. Accessed June 21, 2023. https://
comphealth.com/jobs/physician
8. Healthcare Staffing Report: October 10, 2019. Largest US Healthcare 
Staffing Firms List Includes 49 Firms: SIA. Staffing Industry Analysts. 
October 9, 2019. https://www2.staffingindustry.com/Editorial/Healthcare-



Missouri Medicine | September/October 2023 | 120:5 | 337

PERSPECTIVE

MM

Staffing-Report/Archive-Healthcare-Staffing-Report/2019/Oct.-10-
2019/Largest-US-healthcare-staffing-firms-list-includes-49-firms-
SIA#:~:text=October%209%2C%202019&text=AMN%20Healthcare%20
Services%20Inc.,the%20fourth%20quarter%20of%202017.
9. White Paper Series: Locum Tenens and the Emerging Shortage of Medical 
Specialists. Staff Care. An AMN Healthcare Company. Accessed June 22, 
2013. https://www.staffcare.com/siteassets/resources/thought-leadership/
white-paper-locum-tenens-and-emerging-shortage-of-medical-specialists.pdf
10. Blumenthal, DM, Tsugawa Y, Olenski AR, Jena AB. Substitute Doctors 
Are Becoming More Common. What Do We Know About their Quality of 
Care? Harvard Business Review. 2017 
11. 2017 Survey of Temporary Physician Staffing Rents. Staff Care. An 
AMN Healthcare Company.  Accessed June 23, 2023. https://www.staffcare.
com/siteassets/resources/thought-leadership/2017-survey-temporary-
physician-staffing-trends.pdf
12. 2021 Survey of Locum Tenens Physicians and Advanced Practitioners. 
Staff Care. An AMN Healthcare Company. Accessed June 23, 2023. https://
www.amnhealthcare.com/amn-insights/physician/surveys/
13. Best Practice Guidelines. NALTO. The National Association of Locum 
Tenens Organizations. Accessed June 22, 2023. https://www.nalto.org/best-
practice-guidelines/
14. Dean B, Schachter M, Vincent C, Barber N. Causes of prescribing 
errors in hospital inpatients: a prospective study. Lancet. 2002 Apr 
20;359(9315):1373-8. doi: 10.1016/S0140-6736(02)08350-2. PMID: 
11978334.
15. Ferguson J, Walshe K. The quality and safety of locum doctors: 
a narrative review. J R Soc Med. 2019 Nov;112(11):462-471. doi: 
10.1177/0141076819877539. PMID: 31710823; PMCID: PMC6851536.
16.  General Medical Council. What Our Data Tells Us about Locum 
Doctors. Manchester: General Medical Council, 2018.
17.  Chiu RG, Nunna RS, Siddiqui N, Khalid SI, Behbahani M, Mehta 
AI. Locum Tenens Neurosurgery in the United States: A Medicare Claims 
Analysis of Outcomes, Complications, and Cost of Care. World Neurosurg. 
2020 Oct;142:e210-e214. doi: 10.1016/j.wneu.2020.06.169. Epub 2020 
Jun 27. PMID: 32599195.
18. Mustafa Ali MK, Sabha MM, Mustafa SK, Banifadel M, Ghazaleh 
S, Aburayyan KM, Ghanim MT, Awad MT, Gekonde DN, Ambati AR, 
Ramahi A, Elzanaty AM, Nesheiwat Z, Shastri PM, Al-Sarie M, McGready 
J. Hospitalization and Post-hospitalization Outcomes Among Teaching 
Internal Medicine, Employed Hospitalist, and Locum Tenens Hospitalist 
Services in a Tertiary Center: a Prospective Cohort Study. J Gen Intern Med. 
2021 Oct;36(10):3040-3051. doi: 10.1007/s11606-020-06578-4. Epub 
2021 Jan 25. PMID: 33495887; PMCID: PMC7832420.
19.  Blumenthal DM, Olenski AR, Tsugawa Y, Jena AB. Association 
Between Treatment by Locum Tenens Internal Medicine Physicians and 
30-Day Mortality Among Hospitalized Medicare Beneficiaries. JAMA.
2017;318(21):2119–2129. doi:10.1001/jama.2017.17925
20.  The pros and cons of locum tenens. Weatherby Healthcare. A CHG 
Company. Accessed June 23, 2023. https://weatherbyhealthcare.com/blog/
pros-and-cons-of-locum-tenens
21. Employer Costs for Employee Compensation – March 2023. Bureau of 
Labor Statistics. U.S. Department of Labor. June 16, 2023.  https://www.
bls.gov/news.release/pdf/ecec.pdf
22.  Tarrant, Gretchen. Burned Out, Doctors Turn to Temp Work: A 
growing group of physicians are ditching medicine’s traditional career path 
and hitting the road as temporary doctors-for-hire.” The Wall Street Journal. 
[New York, NY], June 6, 2023.
23. 2017 Survey of Temporary Physician Staffing Rents. Staff Care. An 
AMN Healthcare Company.  Accessed June 23, 2023. https://www.staffcare.
com/siteassets/resources/thought-leadership/2017-survey-temporary-
physician-staffing-trends.pdf
24.  2021 Survey of Locum Tenens Physicians and Advanced Practitioners. 
Staff Care. An AMN Healthcare Company. Accessed June 23, 2023. https://
www.amnhealthcare.com/amn-insights/physician/surveys/
25. Blaschka, A. (September 9, 2022). 4 Sneaky Ways Frustration Can 
Help You make Career Progress. Forbes. https://www.forbes.com/sites/
amyblaschka/2022/09/09/4-sneaky-ways-frustration-can-help-you-make-
career-progress/?sh=6a21f972be6e



338 | 120:5 | September/October 2023 | Missouri Medicine

PERSPECTIVE: INSPIRING LIVES & CAREERS

Community Practice to Academe: 
A Road Less Traveled
by David A. Fleming, MD

David A. Fleming, MD, MA, MACP, 
FRCP (London), is Professor and 
Chair Emeritus of the Department 
of Medicine at the University of 
Missouri (MU) School of Medicine.  
He is also the founding Director and 
now Senior Scholar of the Center for 
Health Ethics at MU, where he has 
served on faculty since 1980. Dr. 
Fleming is also a Missouri Medicine 
Contributing Editor.

The decision was made after 20 years in private 
practice, but the transition began long before. 
The lure of academia was very strong in my 

year as Chief Resident, where I enjoyed opportunities 
to teach, publish, and stretch my wings in leadership. 
That year was a heady time, spawning a deep sense 
of professional accomplishment and contribution. 
For many residency programs, including internal 
medicine, Chief Resident status is a significant 
predictor of moving seamlessly into an academic 
career post residency.1,2 But my professional future was 
preordained for a very different trajectory.  

Like many, my commitment to medicine began as 
a young lad and that focus of intensity never wavered. 
Knowing the challenges of getting there, I made a 
personal commitment that if accepted to medical 
school, I would become a primary care physician and 
return to the hometown that had given me so much 
in my formative years. I grew up in a small rural 
community with existential challenges like many small 
towns, desperately striving to have and hold a good 
hospital staffed by good and committed health care 
professionals. When I returned home post residency 
a new hospital and clinic were being built. The 
future for primary and specialty care abounded with 
opportunities to grow and better serve that region of 

our state. In a few years the small internal medicine 
group we had formed was well intrenched, growing, 
and thriving. Like many small group practices, 
however, unintended change was inevitable.

As in many professions, physicians seek change 
from time to time.  And for various reasons, often 
financial, some academic physicians chose to leave for 
private practice. Clinician educators are particularly 
vulnerable to the lure. This is often a consequence of 
dissatisfaction due to academic institutions demanding 
clinical productivity while failing to recognize and 
reward clinical and teaching excellence.3 Lack of 
professional and advancement opportunities, salary 
concerns, and personal/family reasons are often cited.4

There has also been a significant shift in recent years 
of physicians, both academic and private, seeking the 
security of contracted employment with large groups 
or institutions. Analysis by the American Medical 
Association shows that more than half of patient care 
physicians are now contracted with corporate entities 
outside of physician-owned medical practices like 
ours.5

Historically, it has seemed less likely that 
physicians well entrenched in private practice would 
transition to the rarified world of academia. Indeed, 
when starting out, the thought of leaving my private 
practice to go anywhere else was unimaginable. 
In recent years, however, most academic medical 
centers have been increasing their faculties by adding 
community physicians (85%).6 This blending process 
has not been an easy task. When placed in the same 
practice plan, efforts to synergize the divergent 
cultures of academic and community physicians 
often have significant challenges, including allocation 
of clinical effort; education expectations (training 
medical students, residents and/or other clinical 
providers); remuneration (contracting); and to whom 
and how to fairly allocate academic rank and status 
(which promotion track and who is expected to go 
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to whose office for meetings). Of note, fewer than 
50% of community physicians brought into academic 
medical practices are given academic titles, further 
widening the cultural divide.

My opportunity came 15 years into a thriving 
practice and, yes, there were challenges. I had 
maintained an adjunct faculty position with my 
medical school, attended weekly medicine grand 
rounds, and enjoyed having medical students and 
other learners with me on a regular basis.  My patients 
came to expect and enjoyed having learners at the 
bedside. At the time we had a strong, visionary, and 
charismatic school of medicine dean whose goal was 
to develop a robust statewide network of community 
clinics to improve access to quality health care, 
enhance learning opportunities, and advance the 
academic and service missions of the school. This 
dean strove to enhance his core faculty by attracting 
experienced clinician educators who brought both 

wisdom and knowledge, and who knew the rigors and 
joys of true community practice, a rare commodity 
in the academic community. As part of the university 
community practice our small group maintained its 
community presence but with enhanced opportunities 
to teach and pursue other academic goals if desired. A 
perfect fit, or so it seemed.

The University Community Practice was a large 
group of like-minded colleagues and friends.  We 
were a convivial and seasoned group of committed 
physicians from around the state and became the 
largest “department” in the medical school. But few 
were seen as peers in the “real” academic departments. 
The community physicians, though clearly impactful 
for patients and learners, were typically not seen as 
incorporate to the tightly woven academic fiber of 
university physicians who had paid their dues and bore 
the scars from climbing the ladder to attain rank and 
status. In later years, as the ROI waned, the university 
divested itself of community clinics and physicians.

Clockwise from top left: Dr. Fleming receiving his Fellowship in the Royal College of Physicians (London); as 
President of the American College of Physicians; and alongside his wife, Karen Edison, MD, who is Professor 
and Chair Emerita of the Department of Dermatology, Founding Director of the Center for Health Policy, 
and Senior Medical Director for the Missouri Telehealth Network at MU.
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Though most of my community-based 
colleagues ultimately parted ways I stayed on, finding 
opportunities to grow academically while maintaining 
my practice and persona as a community physician. 
The traditional faculty (mostly tenure track) often 
found my nontraditional presence disconcerting, 
even those who knew me well. The clinical faculty 
(nontenure track) primarily involved in clinical care 
and teaching, seemed much more welcoming and 
eager to share both clinical and the teaching loads, 
though still cautious of my intentions as an “outsider” 
who had yet to earn his academic spurs.  It took time 
and effort to garner trust and open doors but open 
they did with most faculty. Eventually, I found greater 
opportunities to teach, pursue research, and assume 
leadership roles, both at home and nationally. 

Five years into my transition I was accepted for 
a two-year Health and Human Services research 
fellowship on the East Coast. On completion, I was 
recruited back, this time by a new vice chancellor 
and dean, both equally visionary and eager to garner 
leadership potential and innovation. With their 
support I was enabled to develop an academic center 
that remains a mainstay of clinical and scholarly 
excellence. After several years and many turns in the 
road, professionally, I returned to my academic home 
feeling more comfortable in my academic skin, but 
still guided by core values of community practice that 
define and sustain me as a physician.

My life took one final turn in the last decade 
of my career when as Center Director and Chair of 
Medicine, I was elected President of the American 
College of Physicians. Indeed, these years were very 
busy and demanding, but it was in that epoch time 
that I sensed faculty, especially of my own department, 
finally closing the loop of awareness in seeing added 
value when community physicians such as myself 
become full members of the academic community.

My way has been atypical, circuitous, fulfilling, 
and at times heartbreaking—and was spawned not 
insignificantly by a healthy mixture of tenacity 
and luck in the choices made.  But opening those 
doors also required the presence of rare leaders 
who, springing from the inevitable revolving door 
of academic leadership, “get it” as to the value of 
inclusion and acceptance. In the end, success in my 
case was fostered by a few open-minded individuals 

among the many who have little understanding of 
community practice, what we do, or what we have to 
offer.

Many years ago, as a senior resident presenting 
during morning report, I was called out by my chair 
(who a few years later joined me in private practice) 
for using pejorative terminology when referring to a 
patient’s “Local Doc”. To this man, one I revered and 
feared, I gave a firm response that I was raised by local 
docs and one day would be a “Local Doc” caring for 
patients and at times referring them to this medical 
center. 

As I reflect on a career sequentially immersed in 
two professional cultures, I see similarities between 
the “Ivory Tower” bias that many in private practice 
have toward academic physicians and the “Local Doc” 
bias that many academic physicians have toward 
community physicians. Having lived and worked 
in both, I must admit to having similar feelings 
in both roles from time to time.  However, I have 
always known in my heart that my colleagues in both 
tribes are knowledgeable, skilled, and caring.  Most 
importantly we all share a universal grounding of 
commitment to our profession and the welfare of 
patients. 

When planned and executed well, academic-
community partnerships can lead to true integration 
with physicians in both cultures working together to 
improve the health of their community at large. For 
me, it’s been an amazing ride and if I had it all to do 
over again…I wouldn’t change a thing!
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High Flyers
Whiteman Air Force base, located in Knob Noster, 

Missouri, is home to the Northrup Grumman B-2 
Spirit, also known as the Stealth bomber. Each day 
these bombers fly sorties around the globe. The B-2 
Stealth bomber pilots don’t take-off to high altitude 
flights without a co-pilot, and although they may refuel 
in-flight, they need to intermittently land for plane 
maintenance and for restorative sleep.

The medical profession has also flown to new 
heights. We have immediate access to the latest 
medical research, the latest medical technology, 
and instantaneous communication with our peers. 
Despite these advances, we cannot stay up in this 
rarified air for perpetuity. We, the high-flying 
physicians, need to take a lesson from the high-
flying pilots and intermittently get grounded for 
maintenance and rest. 

Put on Your Own Oxygen Mask First
Before every passenger airline flight departs, 

the flight attendants provide passengers with a list 
of safety information to be utilized in the event of 
an in-flight emergency. One of the instructions is 
“put on your own oxygen mask first, before you 
try to help others.”

The airline industry’s candid approach of 
promoting passengers to help themselves first is 
honest, practical, and … a breath of fresh air. 

MSMA:
Your Oxygen Mask

by Lancer G. Gates, DO
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Contrast this candid approach with the altruistic 
approach taken by many public health officials during 
the recent pandemic that mandated individuals wear 
masks to first and foremost protect other members of 
the public, rather than to first and foremost protect 
themselves.

Most medical students are blessed with an 
abundance of altruism. Following training, many 
physicians take their altruism to another level, aptly 
called “the Nurture Effect.” The nurture effect is the 
observation that “people who take care of others on 
a regular basis are generally less likely to take care of 
themselves.”1

It is time to acknowledge that we are not 
superhuman, and that we cannot take care of others 
if we don’t take care of ourselves. We need to put on 
our own oxygen mask first. Our oxygen mask is our 
MSMA. 

The air in airplanes’ oxygen masks contains a 
mixture of gases including oxygen, nitrogen, water 
vapor, argon, and carbon dioxide. The air in MSMA’s 
oxygen mask contains a mixture of advocacy and 
networking which when inhaled together provide 
humors of wellness.

Securely Fasten Your Seatbelt
Flight attendants also request that you securely 

fasten your seatbelt. If we are going to free ourselves 
from “the Nurture Effect” then we need to strap 
ourselves into a daily selfcare routine which includes 
elements of physical activity, stretching, spirituality, 
meditation, and nutrition. We can incorporate a few 
of these during our workday, e.g. taking the stairs, 
and eating nutritious meals; and we can do others at 
home with our families. If there is any time left, then 
we can cultivate our other pursuits. 

Shut Off All Personal Electronic Devices
Many primary care physicians experience a 

layover of their workday as they spend time each 
night documenting in their patient’s electronic 
medical records (aptly called “pajama time”). During 
take-offs and landings passengers accept that the 
airline industry doesn’t tolerate airwave interference. 
During our workday If we have fewer interruptions 
then we will be in a better position to complete our 
medical records before we leave work, prior to the 
weekends, and prior to our vacations.

 During our vacations and our time away from 
work we need to unplug; and patients, colleagues, and 
administrators just need to accept that we are not to 
be interrupted. 

Take Care of Your Co-Pilots
Pilots look out for the welfare of their co-pilots. 

We need to apply the “Golden Rule”2 and treat our 
fellow physicians the way that we would like to be 
treated. Following each patient encounter while the 
details are fresh in our minds, we should complete 
our documentation. This practice will improve the 
quality of the documentation, and provide our 
colleagues with timely access to our assessments 
and recommendations. We should avoid consulting 
physicians on weekends and holidays for non-
emergent medical issues. We should respect our fellow 
physicians’ vacations and days off-work by calling 
their office or referencing their schedule before we 
attempt to contact them on their personal devices. 
We should address as many patient issues as possible 
before we sign out for the weekend or leave for 
vacation. We should plan ahead and try our best to 
limit the number of patients that we handoff to our 
colleagues. 

We should make scheduling equity our goal 
because shared experiences lead to camaraderie. 
We, the experienced physicians, should avoid the 
temptation of legacy scheduling, whereby we opt out 
of night and weekend call because we have “paid our 
dues.” Likewise, the younger generation of physicians 
should understand that work-life balance isn’t a 
concept reserved for their generation, thereby leaving 
the older generation of physicians to work more and 
longer shifts because “they are used to working all the 
time.” Physician compensation formulas that account 
for any scheduling inequities due to work-life choice 
diversity within a physician group can significantly 
decrease compensation animosity. 

Hospital and medical practice administrators 
should limit the administrative burden for their 
physicians. Recently the Joint Commission and 
Centers for Medicare and Medicaid approved that 
physician recredentialing in hospitals may be done 
every three years rather than every two years. 

The MSMA advocates for a sustainable physician 
practice environment in Missouri. If the DEA only 
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requires recredentialing every three years, then why 
does the Missouri BNDD require recredentialing 
every year? Similarly, why can’t the Missouri Board 
of Healing Arts recredential physicians every three 
years rather than every year? If these two Missouri 
government agencies were to make these changes and 
thereby cut their annual workload by two-thirds, they 
might be able to license new physicians more quickly. 
This would provide relief for Missouri physicians who 
are overwhelmed in their practice, and just waiting for 
new physicians to get credentialed.  

MSMA also advocates for Missouri solutions to 
federal problems. Earlier this year Missouri passed 
SB 106, a $2.3M State funded GME program which 
increases the number of primary care residency 
positions in Missouri.

Rely on Your Co-Pilots & Ground Crew
Pilots entrust the lives of their passengers with 

their co-pilots. We entrust the care of our patients 
with our physician colleagues. Primary Care 
physicians rely on Emergency Medicine physicians 
to triage, evaluate, and stabilize their unstable 
patients. Emergency Medicine physicians rely on 
Hospitalists to assume the care of patients that require 
hospital admission. Hospitalists rely on Primary 
Care physicians to provide outpatient care for their 
patients following hospitalization. All Primary Care 
physicians, Emergency Medicine physicians, and 
Hospitalists rely on the expertise of highly trained 
Consultants.

If we can entrust the care of our patients with 
our physician colleagues, then we can surely share 
our professional and non-patient related practice 
responsibilities with them. We need to get beyond 
the days of giving more and more responsibilities to 
the same physicians because they have the requisite 
knowledge and experience. Professional and non-
clinical responsibilities are like a glass brimming with 
water. If we add a drop of water to this glass, then a 
drop of water will surely spill out. Whenever we take 
on a new professional role or responsibility, we should 
give up one of our other roles or responsibilities. For 
example, if we take on a new committee assignment, 
then we should hand over one of our other committee 
assignments to a physician that is new to practice. 
As younger physicians take on more roles and 

responsibilities, they too will gain knowledge and 
experience, and they will grow professionally.  

We also need to rely on our ground crew, our 
families. One of my former physician partners 
likened weekend hospital rounding to mowing the 
yard. Well, we can’t be mowing our yard at home 
if we are mowing the yard at the hospital, so teach 
a family member how to mow the yard or contract 
it out. We should also outsource some of our 
other domestic responsibilities to family members. 
There will be a learning curve and we will need to 
provide grace while our family members acquire 
the skills that we have honed over the years. 

Know Where the Exits Are Located
Flight attendants also point out the locations 

of all of the exits. All MSMA members are 
provided with a “parachute” if they are facing 
a personal or professional crisis. The Missouri 
Physicians Health Program has been operating for 
decades and provides professional and confidential 
services for our colleagues who are facing an 
emergency landing.

Ground Control is Clear for Take-Off
Pilots are required to log their flight hours, 

and these hours are limited by the federal aviation 
association. We should encourage our practice 
administrators to limit the duration of our shifts 
and to not assign post-call responsibilities. We 
should encourage our practice administrators 
to solicit all the physicians in our groups for 
their time-off requests so that they can be 
incorporated into the practice schedule (holiday 
time-off requests need to be shared equally by the 
physicians over the years). We should encourage 
our practice administrators to develop a protocol 
for backup physician coverage in the event of a 
high patient census or if a physician is unable to 
perform his/her shift. Finally, we should encourage 
our practice administrators to limit the number 
of meetings that require in-person physician 
attendance, and instead hold these meetings 
virtually. 

Occasionally our physician colleagues will 
retire or transition to another professional 
opportunity. We should encourage our practice 
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administrators to replace these physicians with 
physicians, not with physician extenders. The 
passenger airline industry doesn’t replace pilots with 
flight attendants. 

Flying First Class
Fly “First Class” with MSMA and your 

complimentary MSMA oxygen mask. Your 
membership in this exclusive club costs only $450 
per year for active members, $300 for physicians 
in their second year in practice, and $75 for retired 
physicians. You may elect for auto-renewal to avoid 
annual dues statements. Physicians in their first year 
of practice, fellows, residents, and students fly for free. 

Upgrades 
I encourage you to upgrade your MSMA 

experience by contributing to the Missouri Medicine 
Political Action Committee (MMPAC) which 
enhances your advocacy efforts. You may also 
contribute to the annual MSMA Alliance Holiday 
Sharing Card, a fundraiser for the Missouri State 
Medical Foundation which provides scholarships 
to students attending medical school in Missouri. 
Finally, you can upgrade your spouse’s experience with 
a membership in the MSMA Alliance, a venue where 

they can share their challenges and joys with other 
physician spouses.

Enjoy Flights to Your Preferred 
MSMA Destinations!

Each year the MSMA holds events for its 
members. Please consider booking your reservations 
for these upcoming events: the Advocacy Training 
Workshop on October 14, 2023, at the Courtyard 
by Marriott in Jefferson City; the Physician Wellness 
Seminar co-hosted by MAOPS and MSMA on 
October 20-22, 2023, at Margaritaville, Lake of the 
Ozarks; our Physician Advocacy Day on March 4, 
2024, at the Capitol in Jefferson City; and the MSMA 
Annual Convention on April 5-7, 2024, at the 
Renaissance Airport Hotel in St. Louis. If you don’t 
like to travel then tune into the monthly “Fireside 
Chats” held every third Wednesday of every month 
from 7:00 p.m. - 8:00 p.m. Book your flights at www.
msma.org/events. Many are free or discounted with 
your MSMA membership.
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Lessons Learned:
Avoiding Risks When Using Social Media

by Michaeli Hennessy, JD, Julianne Story, JD & Pete Enko, JD

Julianne Story, JD (left), Labor and Employment Partner; Peter Enko, 
JD (center), Healthcare Regulatory & Compliance Counseling 
Partner; and Michaeli Hennessy, JD (right), Labor and Employment 

this article.  Husch Blackwell represents a full spectrum of healthcare 
providers and other businesses in developing compliance strategies, 
preliminary enforcement measures, employment concerns, and 

litigation matters.  The information contained in this article should not be construed as legal advice or a legal opinion on 

Social media is an increasingly common resource for people to learn about medical care and their health 
conditions. Patients can find healthcare professionals actively posting on Twitter, Facebook, Instagram, 
TikTok, and other social media platforms, offering their expertise, debating policies and practices, 

promoting patient care and education, and raising awareness of new health-related developments. With this 
wealth of resources readily accessible to patients, it is not surprising that a study has revealed that one in 
five Americans turn to TikTok before calling their own doctor.1 To ensure that information being shared via 
social media is doing the general public and the practitioner good, however, attention should be paid to a few 
regulatory and industry recommendations, which if not followed, can lead to costly legal problems.
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Pay Attention to HIPAA Pitfalls
It should go without saying that healthcare 

professionals must comply with privacy and security 
requirements of the Health Insurance Portability and 
Accountability Act of 1996 (“HIPAA”),2 as modified by 
the Health Information Technology for Economic and 
Clinical Health Act,3 if they are using and disclosing 
protected health information on their social media 
platforms. 

Unfortunately, many providers are unaware of 
how broadly the term “protected health information” 
can be construed. Under HIPAA, protected health 
information encompasses any individually identifiable 
health information, which relates to a particular patient.4
Consequently, in addition to details of a patient’s past, 
present or future treatment, all names, photos, and other 
tidbits about a patient (including things like tattoos) 
should be kept off a practitioner’s social media unless 
they have first obtained a valid authorization from the 
patient. Among other things, such authorization must 
meaningfully describe the information the provider 
intends to use and disclose and their reasoning for doing 
so.5 That said, healthcare professionals on social media 
should also know that HIPAA does not restrict the use 
or disclosure of “de-identified” health information, 
which  “neither identifies nor provides a reasonable basis 
to identify an individual.”6 To de-identify information, 
the healthcare provider can either receive a formal 
determination by a statistician or, more commonly, 
remove all specifics related to the individual, including 
their family history, household members, employer 
information, and any other recognizable depictions.7

As a dental practice in Texas found out not too 
long ago, express patient authorization is a standard 
that cannot be ignored, no matter the situation.8  In 
responding to a patient’s negative Yelp review, the 
dental practice disclosed the patient’s last name and 
details of the patient’s health condition.9 The Office of 
Civil Rights (“OCR”) of the Department of Health 

and Human Services (the federal agency which oversees 
HIPAA) issued the dental practice a fine of $10,000 for 
the unconsented disclosure of the patient’s protected 
health information.10 Similarly, in June 2023, the OCR 
fined a New Jersey healthcare provider $30,000 for 
impermissibly disclosing patient information, including 
the patient’s mental health diagnosis and subsequent 
treatment, while responding to the patient’s negative 
online review.11  And, in neighboring Rhode Island, 
the Department of Health Board of Medical Licensure 
and Discipline (the “Board”) fined a physician $500 
and required attendance at a confidentiality course 
for revealing personal identifiable information about 
her patients on Facebook.12  According to the Board, 
the physician described the patients’ injuries with 
such depth, that the patients could be identified by 
unauthorized third parties.13

These civil fines, though serious in nature, do not 
come close to the maximum permissible amounts. There 
are four tiers to the sanctions available under HIPAA, 
each of which ratchets up with increasing levels of 
culpability (Table 1).

Additionally, criminal penalties can come into 
play if a person knowingly obtains and discloses 
protected health information in violation of HIPAA’s 
requirements.14

These examples underscore the importance 
of understanding where HIPAA protected health 
information begins and ends and the perils of failing 
to obtain appropriate authorization. To combat 
HIPAA risks associated with their use of social media, 
it is critical that healthcare providers implement 
policies, which discourage all types of specific patient 
references and spell out procedures for obtaining valid 
authorizations. In addition, training on what is and is 
not permitted under HIPAA should be rolled out across 
the entire practice—even to those personnel who are not 
typically interacting with patients and their information. 
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Counter the Spread of Medical 
Misinformation

One of the benefits and banes of social media is that 
it offers the rapid dissemination and consumption of 
information. But the on-demand nature of social media 
also gives rise to concerns of accuracy, credibility, and 
reliability—concerns which are often neglected before 
information is published but can lead to significant 
liability exposure when they are called out afterwards. 

The COVID-19 pandemic magnified the problem 
of medical misinformation on social media. One 
study found that nearly eight in ten adults heard of 
or consumed medical misinformation related to the 
pandemic.15 One chiropractor notably found himself 
faced with a federal lawsuit resulting from his failure 
to verify the accuracy of the content he promoted on 
social media. During the pandemic, the chiropractor 
marketed vitamin D and zinc products, claiming they 
were more effective at treating COVID than vaccines.16

Shortly thereafter, the Federal Trade Commission sued 
the chiropractor for violating the COVID Consumer 
Protection Act of 2021.17 Finding that the chiropractor 
engaged in deceptive advertising, a federal judge ordered 
him to pay an $80,000 fine and permanently restrained 
him from promoting his products as ones that prevented, 
treated, or reduced the severity of COVID.18

An important takeaway from this enforcement 
action is that medical misinformation has the power to 
negatively impact the general public, the reputations 
of individual practitioners and the larger healthcare 
community. As such, providers must be diligent in 
ensuring that all their healthcare-related social media 
posts contain scientifically accurate content. 

Many social media users have built lucrative online 
careers. For healthcare professionals, social media 
stardom and paid marketing campaigns carry risks and 
must be thoroughly considered and vetted.

As a current case in point, a licensed nurse 
practitioner specializing in dermatology gained notoriety 
as a social media influencer by posting skincare and 
beauty content.19 Achieving popularity, the nurse 
practitioner began offering virtual consultations and 
announced a “Skincare Expert Course,” which provided 
lessons to healthcare providers and skincare enthusiasts 
about acne, healthcare routines, and dermatology 
principles used to treat patients.20 The nurse practitioner’s 
employer terminated her employment, finding that she 
breached her employment contract by competing with 
the employer’s business and overall “hurting the field [of 

dermatology] more broadly by sidestepping having to refer 
to a dermatologist altogether.”21

As this situation shows, when using social media, 
healthcare professionals must consider not only their ethical 
and regulatory compliance obligations, but also the duties 
owed to their employers and the profession at large. 

Develop and Maintain Social Media Policies
As a nursing facility in Winston-Salem recently learned 

the hard way, social media policies provide an effective 
tool to address unprofessional online conduct. The nursing 
facility employed a nurse who regularly posted about her 
job on TikTok,22 amassing a following of more than 38,000 
active viewers.23 In one video, the nurse is seen holding a 
pill bottle, with an overlay caption stating, “me making 
sure all my patients sleep all night cause they kept me up 
last night.”24  Other videos included purported jokes of 
lying about vital signs and unplugging a patient’s ventilator 
to charge her phone.25 The nurse claimed that her TikTok 
videos were merely “just dark humor.”26  While none of the 
videos identified patients or disclosed any patient health 
information, the nursing facility nonetheless terminated 
the nurse’s employment for violating the company’s code 
of conduct and harming society’s perception of the nursing 
profession.   

To sidestep these lapses in behavior, healthcare 
employers should develop and maintain up-to-date polices 
that acknowledge the importance of social media, but 
also contain clear statements regarding the entity’s culture 
and expectations for professionalism. Such policies should 
also specify the types of information that can and cannot 
be shared on social media and identify those who are 
authorized to post on behalf of an employer—making clear 
that employee posts reflect the personal opinions of the 
employee and not the employer. Finally, any social media 
policy should comply with the National Labor Relations 
Act,27 which gives employees the right to join together 
to improve their working conditions. This “right to join” 
includes activities occurring in cyberspace, such as on 
Facebook, Twitter, Instagram, or even TikTok.28 In this 
way, regardless of whether they are represented by a union, 
employees have the legal right to engage in discussion 
with each other about their pay, benefits, and working 
conditions with coworkers on social media and any policy 
must not have a chilling effect on such protected activities.   

Once drafted, the employer should provide the social 
media policy to all employees, obtain employees’ express 
acknowledgement and agreement to comply, and ensure 
employee understanding through robust and regular 
trainings. 



348 | 120:5 | September/October 2023 | Missouri Medicine

MEDICAL | LEGAL

Conclusion
Deployed wisely, social media can greatly benefit 

access to and delivery of healthcare by creating 
connections, offering on-demand information, and 
promoting innovation. To achieve these aims, however, 
physicians and their employers must manage the risks 
social media poses by establishing policies and training 
programs, which assure patient confidentiality and 
safety and foster professional online presences that 
enhance the reputations of individuals and the industry 
alike.
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Future of AI in Medicine: 
New Opportunities & Challenges

Artificial intelligence (AI) is an ever-advancing domain 
with the immense capacity to revolutionize numerous 
facets of human life. The advancement of AI and Natural 
Language Processing (NLP) has given rise to innovative tools 
that can aid in this endeavor. Among them is ChatGPT, 
developed by OpenAI, Inc. in California, which is a large 
language model that generates human-like text based on 
given prompts. In the conversation between Dr. Hagan and 
ChatGPT regarding the potential role of AI in medicine, 
ChatGPT exhibits remarkable intellect and provides a 
comprehensive discussion on the advantages and drawbacks 
that AI technology brings to patient care and medical 
education.1 This dialogue offers an insightful exploration 
into the promise and potential perils that come hand in hand 
with integrating AI into the field of medicine. ChatGPT 
explains how AI algorithms can improve patient care and 
outcome by quickly and accurately analyzing medical images, 
helping doctors detect diseases, and developing appropriate 
treatment plans with cost reduction.1 However, alongside 
these benefits, during the conversation, ChatGPT doesn’t 
overlook the concerns and dangers associated with the use 
of AI in medicine. It empathizes with Dr. Hagan’s concern 
about plagiarism facilitated by AI systems, acknowledging 
the potential for individuals to exploit AI-generated content 
without detection.1

AI’s potential to provide unique perspectives through 
instantaneous data retrieval from vast datasets greatly 
benefits researchers. Writing a research paper is a technical 
undertaking for students and researchers, demanding 
meticulous organization of substantial data and proper 
formatting. Large language models can generate extensive 
amounts of coherent and grammatically accurate text, closely 
emulating human writing style and language patterns. As 
a result, AI and NLP can rapidly produce research paper 
paragraphs or even entire sections that are challenging to 
distinguish from human-written content. It significantly 
saves researchers and students valuable time during the 
writing process and streamlines the peer review procedure. 
One of the main advantages brought up by ChatGPT is 
the potential for AI to enhance medical education and the 
effectiveness of AI in analyzing vast amounts of data in the 
research fields.2,3  Despite significant advancements, Natural 
Language Processing (NLP) lacks the innate understanding 
of humans.4 AI-based models are not immune to errors 
and can misinterpret context; these models might even 
fabricate entirely fictional research, complete with imaginary 
study subjects and fabricated statistics in extreme cases.2,4

AI-generated plagiarism is a significant issue. To protect 
intellectual property rights, legal frameworks must adapt 
to address AI-generated content, establishing ownership 
regulations and liability attribution.2,5 AI lacks the criteria 
for traditional authorship, such as making substantial 
contributions and being accountable for accuracy and 
integrity.2,3 Properly acknowledging AI’s role, comprehensive 
discussions about authorship policies without compromising 
human authors’ credibility are urgent in the current era.3,5

AI algorithms learn from training data, and if that data 
contains biases, AI can amplify and perpetuate these biases, 
skewing research results. Addressing bias in AI is vital and 
requires meticulous data selection, ongoing monitoring for 
biases, and using fairness-aware algorithms to mitigate bias. 
Natural Language Processing (NLP) systems lack human 
comprehension capabilities and might easily overlook 
crucial contextual details. To address this challenge, some 
counterbalancing AI detector tools have been developed to 
distinguish between human-generated and AI-generated text. 4
While these tools provide a certain level of mitigation, a cause 
for concern arises with the availability of online paraphrasing 
tools, which can be employed to evade detection.

AI is a powerful tool that holds enormous potential 
to enhance patient care, medical education, research, 
diagnosis, treatment, and cost reduction. To combat AI-
related misconduct, it is fundamental to establish robust 
and transparent mechanisms to detect and address pressing 
issues like plagiarism, fabrication, or falsification. Human 
oversight and ethical guidelines are essential to ensure that 
AI complements rather than replaces medical professionals’ 
expertise and intellectual rigor to ensure its responsible 
utilization for the betterment of healthcare.
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NEW MSMA MEMBERS!
* = Medical Student                                                                                                                 ** = Resident/Fellow

Jacob (J.J) Adler*

Evangelina Analitis*

Meher Arora*

Maxwell Barffour, PhD*

Jaime Befeler*

Taryn Bissing*

Brittany Bonty*

Jonathan Bingham, DO – Family Practice**

Hannah Boehler, DO – Family Practice**

Danim Bryson, DO – Family Practice**

Erica Casey, MD – Family Practice**

Michael Chen, MD – Pediatrics**

Demi Dawkins, MD – Neurological Surgery - Kansas City

Daniel Dooling, MD – Pediatrics**

Mason Farris, DO – Family Practice**

Charles Hurth, DO – Internal Medicine - St. Louis

Marlon Marquino, MD – Family Practice – St. Louis

Janette McVey, MD – Anesthesiology – Columbia

Melissa Medley, DO – Family Practice**

Johnna Ridley, MD, PhD – OB/GYN – Lebanon

Cerena Stinogel, DO – Family Practice**

Kyle Stoneking, MD – Neurology**

Jonathan Buehne*

Dominic Caputa*

Beau Chandler*

Donald Chow*

William Chung*

Rohan (DericK) Cutiha*

Aleiyah Jymie Dapog*

Colleen Drangines*

Katelyn Elsendrath*

Amir Fanaei*

Caroline Farroll*

Sahita Gandra*

Jacob Gibson*

Celia Goldberg*

Meghan Gorniak*

Alexxis Gutierrez*

Samantha Harrington*

Julia Hickman*

Lourdes Hindi*

Stephanie Huang*

Caroline Hughes*

Jessica Huitsing*

Rashini Jayawardena*

Kamakshi Katwala*

Daniel Ko*

Elizabeth Kramer*

Diva Krothapalli*

Varoon Kumar*

Morgan Martin*

Esra Maududi*

 Karan Modi*

D’Angeleau Newsome*

Thi Nguyen*

Louise Nienkoetter Hirose*

Jack Ojile*

Mary Okematti*

Regan Orr*

Alexis Ortega*

Meha Pandya*

Connor Parrish*

Amisha Paul*

Hanna Pawlowski*

Sujitha Peramsetty*

Diana Pfeiffer*

Kaitlyn Portell*

Luke Rohde*

Olivia Rose*

Jasleen Sekhon*

Zalah Shah*

Kim Strege*

Edward (Eddie) Valdez*

Matthew Whalen*

Robert Wilson*

Jordyn Wray*

Molly Wynveen* 

Errata
In the July/August 2023 Missouri Medicine, 

120:4, there are two errata. 
1. In the Medical-Legal article titled: “Stop, 

Collaborate, and Listen: Missouri Requirements 
Regarding Collaboration With and Supervision of 
Advanced Practice Nurses” by Christina B. Moore, 
JD and Sydney Miller, JD, the correct wording on 
page 255 should be: In other words, the physician had 
the duty to supervise and could not rely on inaction as a 
defense. 

2. In the Science of Medicine article titled: “In 
the Household Income and Parental Educational 
Level Affect Post-Operative Opioid Usage in Pediatric 
Orthopaedic Patients” by Michael A. Ewing MD, 
Lauren N. Livesay, BS, James L. Cook, DVM, PhD, 
Emily V. Leary, PhD, Daniel G. Hoernschemeyer, 
MD, and Sumit K. Gupta, MD, an author is missing 
from the author list and about the author information 
and should include Tyler Swearingin, BS, University of 
Missouri - Columbia School of Medicine. MM
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“For the Furtherance of Research”
The Second Century of Biochemistry 

and Molecular Biology 
at Saint Louis University School of Medicine

by Joel C. Eissenberg, PhD, Christine K. Jacobs, MD & Enrico Di Cera, MD

On the occasion of the department’s 100th

anniversary, we summarize highlights of the 
department’s first century, and then focus on 

a vision of the future of Biochemistry and Molecular 
Biology and the ways in which the department is 
positioning itself to help lead the future of biomedical 
research.

The First Century of Biochemistry and 
Molecular Biology at Saint Louis University

The Saint Louis University Department of 
Biochemistry was the brainchild of Hanau Loeb, MD, 
an outstanding physician and visionary Dean who 
understood the value of basic sciences for the future of 
medical research and education. He recruited Edward 
Doisy, MD, then a young Associate Professor in the 
department of Biological Chemistry at Washington 
University in St. Louis, to become the first chairman 
of the newly founded department of biochemistry 

at Saint Louis University. Loeb’s decision was the 
Zeitenwende of biomedical research in the School of 
Medicine. Dr. Doisy rapidly established a national 
and international reputation for the department 
first with the discovery of estrogens and then with 
the synthesis of vitamin K that earned him the 
Nobel Prize in Physiology or Medicine in 1943. 
Notably, he patented the process for purification 
of conjugated estrogen from pregnant mare urine 
and donated the proceeds to Saint Louis University 
“for the furtherance of research, particularly in the
Department of Biochemistry.” The department was 
named after Dr. Doisy in 1955 in recognition of 
his generosity. Dr. Doisy’s successor, Robert Olson, 
MD, continued a tradition of excellence in metabolic 
biochemistry while also hiring the first molecular 
biologists in the department. International prestige 
of the department grew further with William S. 
Sly, MD, a member of the National Academy of 
Sciences and the department’s third chairman, 
who greatly expanded the department’s cadre of 
molecular biologists. The current chair, Enrico Di 
Cera, MD, is a Fellow of the American Association 
for the Advancement of Sciences and a structural 
enzymologist. 

Technology for the Future
Cutting edge research requires cutting edge tools 

and technology. The last couple of decades have 
seen a major investment in infrastructure to keep 

Enrico Di Cera, MD, (pictured), is the 
Alice A. Doisy professor and Chair of 
the Department of Biochemistry and 
Molecular Biology. Joel Eissenberg, 
PhD, is Professor, and Christine K. 
Jacobs, MD, is Vice President of 
Medical Affairs and Dean of the 
School of Medicine. All are at Saint 
Louis University, St. Louis, Missouri. 



352 | 120:5 | September/October 2023 | Missouri Medicine

SCIENCE OF MEDICINE | FEATURE SERIES

“The frontiers in structural biology include mapping 
the entire conformational landscape, 

and getting away from the static view of the molecule.”
- Henry Chapman, Professor of Physics, University of Hamburg

the department at the forefront of transformational 
research. The department houses its own full-service 
genomics core facility that provides investigators with 
whole genome analysis, supported by an in-house 
bioinformatics facility that offers complete analysis 
of high-throughput expression data, including gene 
ontology enrichment analysis. It also offers next-
generation genomic sequence assembly with access 
to the department’s high performance-computing 
cluster. 

The department has established a significant 
footprint for structural biology in the region.

A state-of-the-art X-ray crystallographic facility 
houses two X-ray generators and imagers, as well 
as robotic instrumentation for the preparation, 
screening and imaging of crystals. A confocal 
microscope supports FLIM-FRET, Intensity FRET, 
and Anisotropy imaging. The department is the 
only location in the state that houses an Electronic 
Paramagnetic Resonance (EPR) Facility to measure 
protein dynamics and interactions at the atomic 
scale. A collaboration with the Washington 
University Center for Cellular Imaging gives faculty 
at Saint Louis University access to cryo-EM.

A Focus on Structural Biology
There is something powerful and elegant about 

structural biology. Visualizing the catalytic site of an 
enzyme not only unlocks the atomic secrets of the 
catalytic mechanism, but offers a detailed molecular 
target for drugs that can control that mechanism.  
For decades, the key to solving macromolecular 
structures at the atomic level was X-ray 
crystallography.  which provides the highest 
resolution picture of molecules ranging from 
short peptides and nucleic acids up to complex 
macromolecular machines like the ribosome, the 
platform for protein biosynthesis. To date, well over 

100,000 protein structures alone have been solved 
using X-ray crystallography. But this technology 
rests on the ability to form crystals of highly purified 
molecules, which remains something of an art.

Recently, advances in electron microscopy 
(EM), coupled with computational image analysis, 
has begun to supplant X-ray crystallography. Single 
particle cryo-EM avoids the need for crystallization 
by spreading purified molecules on a grid and 
imaging thousands of individual molecules in 
random orientations. Computer software aligns and 
classifies the images into consensus structures that 
approach the resolution of X-ray crystallographic 
structures without the necessity of crystal formation.

The promise of structural biology in medicine 
has also been greatly aided by the revolution in 
computer speed and memory that now permits 
so-called “in silico” screening of drug libraries using 
virtual docking algorithms that lower the cost and 
time to identify candidate drugs for novel targets.

The Second Century of the Department
While space doesn’t permit a summary of all the 

diverse and impactful research in the department, 
this issue of Missouri Medicine highlights several 
examples. 

Research in the laboratory of Reza Dastvan, 
PhD, combines Electron Paramagnetic Resonance 
restraint-assisted modeling with structural studies 
to define the conformational rearrangements 
triggering extracellular release of the creatine kinase 
and sphingosine kinase isoforms as key therapeutic 
targets in various neoplastic, cardiovascular and 
neurodegenerative diseases. The laboratory of 
Kyle McCommis, PhD, focuses on mitochondrial 
metabolism and its role in human disease. 
In particular, his research explores the role of 
mitochondrial metabolism in heart failure and in the 
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role of hepatic stellate cell activation in liver fibrosis. 
The lab of Nicola Pozzi, PhD, studies the dynamics of 
proteins involved in Antiphospholipid Syndrome, such 
as thiol-oxidoreductases, complement and clotting 
factors. The laboratory of Gabriel Dai, PhD, combines 
cutting-edge biophysical and biochemical techniques 
to understand how ion channels are controlled by 
membrane voltages, the binding of intracellular ligands 
and the dynamics of cellular lipids. These mechanisms 
are important for neuropathic pain, epilepsy, 
Alzheimer’s disease, and cardiac arrhythmia. The lab 
of Yuna Ayala, PhD, investigates the cellular function 

William S. Sly, M.D., was chair of the 
Edward A. Doisy Deparment of Biochemistry 
and Molecular Biology from 1984 until 2010. He 
achieved international distinction for his work on 
lysosomal storage diseases.

In 1973, Dr. Sly 
described a novel human 
mucopolysaccharidosis, MPS 
VII (also called Sly Syndrome),
caused by a defect in cellular 

-glucuronidase activity. He 
subsequently undertook a series 
of investigations to understand 
the molecular basis for this 
disorder.  In the course of this 
work, Dr. Sly’s group cloned 
the human -glucuronidase 
gene, characterized the causative 
mutations in Sly Syndrome 
patients, defined a glycoprotein recognition 
system for trafficking of lysosomal hydrolases 
and cloned and characterized the human IGFII/
Mannose 6-P receptor implicated in lysosomal 
enzyme trafficking. The studies led to seminal 
discoveries on the trafficking of cellular proteins 
to the lysosome, including the role of mannose 
6-phosphate residues in protein targeting. In 
recognition of his discoveries, Dr. Sly was elected to 
the National Academy of Sciences in 1989. 

Sly Syndrome Named After Doisy Chair
Working with collaborators at the Jackson 

Labs, Dr. Sly characterized the mouse model of 
Sly Syndrome and used this model to evaluate 
the effects of enzyme therapy, bone marrow 

transplantation and gene therapy. 
He devised a novel approach to 
overcome one of the difficulties 
of using animal model systems 
to study enzyme replacement by 
developing an immunotolerant 
transgenic mouse. 

Dr. Sly’s research on 
delivering lysosomal enzymes 
across the blood-brain barrier 
in the mouse model led to 
the discovery of a previously 
unknown mechanism for protein 
entry into the central nervous 
system. These studies opened 

new approaches to the challenge of delivering a 
therapeutic enzyme to the brain to treat various 
lysosomal storage diseases.

This decades-long journey culminated in 2015 
in a publication reporting the first treatment for Sly 
syndrome, Mepsevii, developed by Ultragenyx and 
now approved by the FDA and in Europe. Mepsevii 
is a recombinant form of the -glucuronidase 
enzyme designed to treat non-neurological 
symptoms of the disease.

and molecular structure of RNA binding proteins, 
such as TDP-43, to understand basic mechanisms of 
RNA processing and pathogenesis of neurodegenerative 
disorders like amyotrophic lateral sclerosis (Lou 
Gehrig’s disease) and frontotemporal lobar 
degeneration. The goal of the lab of Edwin Antony, 
PhD, is to build quantitative models of enzyme activity 
to understand how enzymes that orchestrate specific 
DNA repair and recombination processes recognize 
DNA damage and coordinate its repair, and how 
ATP is used by two oxidoreductases, Nitrogenase and 
DPOR, to orchestrate substrate reduction. MM
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Metabolic Drivers and Rescuers 
of Heart Failure
by Rachel C. Weiss, Thiago N. Menezes, PhD & Kyle S. McCommis, PhD

Rachel C. Weiss, Thiago N. Menezes, 
PhD & Kyle S. McCommis, PhD 
(pictured), are in the Edward A. 
Doisy Department of Biochemistry & 
Molecular Biology, Saint Louis University 
School of Medicine, St. Louis, Missouri.

Abstract
Cardiac hypertrophy and 

heart failure involve a number 
of metabolic alterations. 
Human genetic mutations 
and murine genetic deficiency 
models of metabolic enzymes or 
transporters largely suggest that 
these alterations in metabolism 
are maladaptive and contribute 
to the cardiac remodeling and 
dysfunction. Here, we discuss 
insights into metabolic alterations 
identified in cardiac hypertrophy 
and failure, as well as dietary 
and pharmacologic therapies 
that counteract these metabolic 
alterations and have been shown 
to significantly improve heart 
failure.

Introduction
As the end stage of 

virtually all forms of chronic 
cardiac pathologies, including 
hypertension, myocardial 
infarction, and valvular disease 
among others, heart failure affects 
an estimated 6.7 million adults 
in the US alone.1 Despite existing 
treatments predominantly aimed 
at the neurohumoral systems 
regulating fluid volume and blood 
pressure, outcomes and five-year 
survival rates have not significantly 
improved in decades.1 Better 

understanding of the molecular 
processes driving heart failure 
are sorely needed to develop 
improved therapies. Due to the 
metabolic alterations described 
below, targeting these changes in 
cardiac metabolism is increasingly 
considered an attractive therapeutic 
modality.

The heart requires a continuous 
supply of chemical energy due 
to its constant contractile work. 
While the preferred fuel source 
is fatty acids, the normal adult 
myocardium is metabolically 
flexible and can metabolize 
alternative fuels, such as glucose, 
lactate, amino acids, and ketone 
bodies in proportion to their 
delivery.2 The vast majority of 
high-energy adenosine triphosphate 
(ATP) produced in the heart arises 
from mitochondrial oxidative 
metabolism, with only ~5% of 
ATP produced by glycolysis. The 
majority of cardiac ATP (60-
70%) is used in myosin ATP 
hydrolysis to fuel contraction, 
while the remaining ATP is used 
for enzymatic reactions and 
various ion pumps, particularly 
the sarcoplasmic reticulum Ca2+-
ATPase pump (SERCA) to regulate 
cytoplasmic Ca2+ concentrations. 
Phosphocreatine (PCr) also plays 
an important role in buffering 
the high-energy phosphates in 

Both preclinical animal 
models and human 
data strongly suggest 
a connection between 
altered myocardial 
metabolism and heart 
failure.
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the heart, with (PCr) concentrations ~1.5-fold higher 
than ATP concentrations.3 Due to extremely high 
ATP hydrolysis rates and relatively low PCr and ATP 
pool sizes, constant ATP generation is required so that 
high-energy phosphate pools are not depleted within 
a matter of seconds.4 The principal cardiac metabolic 
pathways and how they are altered in hypertrophy and 
heart failure are summarized in Figure 1.

Altered Metabolism in Hypertrophy and 
Heart Failure 

Decreased Fat Oxidation and Overall 
Oxidative Capacity

In both human heart failure patients and animal 
models of hypertrophy/failure, one of the most 
consistent metabolic findings is a reduction in cardiac 
fatty acid uptake and oxidation.5-7 This decrease in fat 
oxidation is due, at least in part, to a transcriptional 
downregulation of fat oxidation enzymes and 
transporters, and other mitochondrial enzymes.6,8-10

As the heart normally relies on fat oxidation for the 
majority of ATP synthesis, unsurprisingly, failing 
human hearts contain significantly decreased ATP 
and PCr levels.3 Patients with fatty acid oxidation 
disorders as well as mouse models of cardiac fat 
oxidation enzyme/transporter deficiency can 
develop cardiomyopathy,11-14 suggesting that loss 
of fat oxidation directly contributes to heart failure 
pathology.

Alterations in Glycolysis and Glucose Oxidation
Changes in glucose metabolism are less consistent 

and may depend not only on the etiology but also the 
stage/severity of heart failure. In general, many studies 
observe increased glucose uptake and glycolysis in 
hypertrophy and heart failure.4,7 Glucose oxidation 
can be decreased, or unchanged in the failing heart, 
although unchanged glucose oxidation despite 
increased glycolytic flux represents a prominent 
mismatch between glucose utilization and oxidation.15

In relation to this mismatch, we and others recently 
described spontaneous heart failure development in 
mice with cardiac deletion of either mitochondrial 
pyruvate carrier (MPC) subunit.16-18

Glucose uptake in the heart is mediated by 
glucose transporters 1 and 4, and phosphorylation by 
hexokinase into glucose 6-phosphate (G6P) prevents 
the molecule from being transported back outside of 

the cell. G6P can be used in glycolysis, or enter several 
“accessory” metabolic pathways, including conversion 
to glycogen or the pentose phosphate pathway.2 More 
recently, studies seem to suggest that this increase 
in glucose utilization and flux through accessory 
glucose pathways is critical to providing the anabolic 
building blocks that drive hypertrophic growth.19,20

For example, flux through the pentose phosphate 
pathway may drive the synthesis of nucleotides, 
proteins, and lipids required for pathologic growth 
of the heart. Additionally, these studies show that 
accumulation of G6P can lead to increased protein 
synthesis via activation of the mammalian target of 
rapamycin (mTOR), the master regulator of anabolic 
cellular processes.19 Interestingly, increasing cardiac fat 
oxidation was sufficient to decrease glucose utilization 

Figure 1. The principal cardiac metabolic pathways and 
how they are altered in hypertrophy and heart failure.
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and improve hypertrophic protein synthesis.20 It has 
also been described that these glucose utilization 
changes precede pathologic remodeling,21 suggesting 
that preventing these metabolic changes may prevent 
the development of pathological hypertrophy.

Glycogen has not been extensively studied in 
hypertrophied/failing hearts. With increased glucose 
uptake and decreased glucose oxidation, one would 
expect glycogen stores to increase, as we have found 
in failing mitochondrial pyruvate carrier-deficient 
hearts.16,17 Indeed, G6P is an allosteric activator of 
glycogen synthase, the rate-limiting step of glycogen 
formation.22 Interestingly, in hypertrophied hearts, 
it has been suggested that glycolysis is increased 
from exogenous glucose, but glycogenolysis remains 
normal.23 Typically, glycogen stores are very low in 
cardiomyocytes, and it is well-established that glycogen 
storage diseases are associated with cardiac hypertrophy 
and cardiomyopathy.24 One potential mechanism for 
cardiac glycogen accumulation affecting hypertrophic 
growth would be that glycogen can sequester and 
inhibit the activation of the energy sensor adenosine 
monophosphate-activated protein kinase (AMPK),25

leading to mTOR activation and anabolic growth. 
More work is required in this area and is one of the 
current research focuses of our laboratory.

Ketone Body Metabolism in Heart Failure
A number of recent studies have suggested that 

failing hearts increase ketone body utilization.26,27

In the normal, mostly postprandial state, circulating 
ketone body concentrations are low and therefore 
cardiac ketone metabolism is limited. However, 
both animal models and human heart failure 
patients are known to have increased plasma ketone 
concentrations,28,29 and cardiac ketone extraction and 
oxidation is increased.30,31 It should be noted that the 
degree of ketosis associates with the extent of cardiac 
dysfunction and neurohumoral activation,28,32 and 
therefore the degree of ketosis also insinuates increased 
risk of cardiovascular events and death.33 That said, 
mice with cardiac deficiency of ketone oxidation 
enzymes display worsened heart failure,34,35 while mice 
overexpressing the ketolytic enzyme -hydroxybutyrate 
dehydrogenase 1 are protected against heart failure 
from pressure overload.36 As failing hearts display 
decreased oxidation of fatty acids and glucose, and 
increased metabolism of ketone bodies, there is great 
excitement for enhancing ketone body metabolism to 
treat heart failure as described in more as follows.

Nutritional and Pharmacologic Therapies 
Targeting Altered Metabolism in Heart 
Failure 

Ketogenic Diet and Ketone Supplements
There are two main ways to chronically elevate 

ketosis or blood ketone body concentrations. The 
first route is via consumption of a high fat—low 
carbohydrate “ketogenic” diet, which mimics the 
fasting condition and provides the liver with excess 
fatty acids that get converted to the ketone bodies 
acetoacetate and predominantly -hydroxybutyrate. 
Recently, we and others successfully prevented or 
reversed murine heart failure from mitochondrial 
pyruvate carrier deficiency,16,17 and others described 
improved cardiac remodeling in models of hypertension 
or aortic constriction pressure-overload by feeding a 
ketogenic diet.34,37-39 However, it has become apparent 
that in the setting of a ketogenic diet (or fasting), the 
heart downregulates the enzymatic machinery for 
metabolizing ketone bodies, and significantly enhances 
fat oxidation.16,17,40 Thus, there is little evidence to 
suggest that improvements in heart failure with a 
ketogenic diet are driven by ketone metabolism. In 
support of this, it should be noted that mice with 
cardiac deletion of carnitine palmitoyltransferase 2 
and defective fat oxidation develop heart failure that 
is not rescued by a ketogenic diet.13 Due to the severe 
carbohydrate restriction involved with a ketogenic 
diet, glycemia and insulinemia levels are decreased, 
likely leading to significantly reduced cardiac glucose 
metabolism. Therefore, in our opinion a ketogenic diet 
improves heart failure by both limiting flux through 
the glucose utilization pathways that appear to drive 
hypertrophic growth, as well as reinvigorating cardiac 
fat uptake and oxidation.

The second mechanism to increase ketosis, 
apart from modulating dietary fat content, involves 
consumption of ketone salt or ketone ester supplements 
commonly referred to as “nutritional ketosis”. These 
supplements have been tested in a handful of studies, 
which largely suggest improvements in heart failure 
or cardiac function.41-44 Acute three-hour ketone body 
infusions have also been shown to improve cardiac 
hemodynamics in human heart failure patients.44

However, it is difficult to extrapolate findings from 
acute infusions to the settings of chronic ketosis. 
Indeed, acute ketone infusion is known to decrease 
cardiac glucose uptake and improve myocardial blood 
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flow.45 Therefore, even though ketone supplements do 
not involve modulation of other dietary factors, further 
study is required to investigate whether improvements 
in heart failure are due to ketone metabolism vs other 
factors. Of note, a search of clinicaltrials.gov currently 
identifies over 50 studies investigating the effects of 
increased ketosis by either ketone supplements or 
ketogenic diet on cardiac outcomes.

SGLT2 Inhibitors
A recent revolution in heart failure 

pharmacotherapy involves a drug that was originally 
designed to decrease glycemia in diabetic subjects. 
Sodium glucose transporter 2 (SGLT2) inhibitors 
prevent the renal reabsorption of glucose and can 
therefore force hundreds of grams of glucose to be 
excreted in urine daily. One of the most profound 
findings from SGLT2 inhibitor trials is the striking 
decrease in heart failure outcomes and mortality in 
both diabetic and non-diabetic subjects.46 The chronic 
excretion of glucose lowers glycemia and insulinemia 
and thus increases fatty acid utilization and enhances 
ketosis to a degree. However, several animal studies 
of heart failure suggest that the improvements with 
SGLT2 inhibitors are not dependent on enhanced 
cardiac ketone metabolism.47-49 Conversely, SGLT2 
inhibitors significantly increase myocardial fat uptake 
and severely decrease glucose uptake.50 Therefore, like 
a ketogenic diet, SGLT2 inhibitors may improve heart 
failure via a combination of enhancing cardiac fat 
oxidation and limiting excessive glucose flux. However, 
SGLT2 inhibitors also produce other effects that may 
significantly contribute to the cardiovascular benefits, 
such as blood volume and pressure control due to 
osmotic diuresis and natriuresis, as well as inducing 
moderate weight loss.

Conclusion
Both preclinical animal models and human 

data strongly suggest a connection between altered 
myocardial metabolism and heart failure. A decrease 
in oxidative capacity, particularly of fatty acids is most 
likely responsible for the decrease in cardiac energetics 
of failing hearts. Conversely, the enhanced flux through 
glucose pathways that generate anabolic building 
blocks appear to help drive pathologic cardiac growth. 
Existing data from ketogenic diet as well as SGLT2 
inhibitors suggests that heart failure is improved 

likely through a combination of enhancing cardiac fat 
oxidation and decreasing excessive glucose flux. More 
work is required to uncover the specific mechanisms 
of these interventions. Additionally, these dietary 
or pharmacologic therapies will require increased 
testing in different forms of heart failure, such as 
ischemic versus non-ischemic, systolic versus diastolic 
dysfunction, etc.
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Abstract 
Antiphospholipid syndrome 

(APS) is an autoimmune 
condition affecting young 
patients, primarily women, 
negatively impacting their 
quality of life. APS is under-
recognized and underdiagnosed 
and can have devastating 
results if untreated, mainly due 
to uncontrolled thrombosis. 
Research in the past decades 
has led to several breakthroughs 
with important implications 
for clinical practice. Here, 
we summarize the state of 
APS diagnosis, treatment, 
pathophysiology, and research 
directions that hold promise 
for advancing diagnosis and 
treatment. 

The Current Atate of APS 
Diagnosis and Treatment

Antiphospholipid syndrome 
(APS) is a life-threatening 
autoimmune disease defined by 
the presence of antiphospholipid 
antibodies, correlating with a 
hypercoagulable state that often 
manifests as thrombosis of arteries 
and veins in young patients, 
including obstetric complications 
such as miscarriage. It is associated 

with a 50-80% increased mortality 
compared with the general 
population, with the mean age of 
death in one study being 59 years.1

The prevalence of APS in 
the United States is estimated 
to be 40-50 in 100,000, while 
the incidence of new diagnoses 
is approximately two cases per 
100,000.2 While APS can occur 
as a primary disease, most APS 
patients concurrently carry other 
autoimmune diseases like Systemic 
Lupus Erythematosus (SLE), which 
is implicated in approximately 
35% of cases.1,2 Thus, APS patients 
are generally referred to and cared 
for by rheumatologists, although 
hematologists and obstetricians/
gynecologists are also involved in 
the management of APS patients. 

Clinical Manifestations
APS manifestations can be 

grouped into three primary types:
1) Thrombotic APS, which 

involves arterial or venous 
thrombosis with persistence of 
antiphospholipid antibodies for 
>12 weeks;

2) Obstetric APS, which 
includes patients with pregnancy 
morbidity (spontaneous abortion 
after 10 weeks, prematurity due to 
severe preeclampsia or placental 
insufficiency, or multiple early 

Antiphospholipid 
syndrome  is a 
life-threatening 
autoimmune disease 
resulting in thrombosis 
of arteries and veins 
in young patients and 
obstetric complications 
such as miscarriage, 
stillbirth, and 
preeclampsia. 
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pregnancy losses in addition to 
persistence of antiphospholipid 
antibodies for >12 weeks); and

3) Catastrophic APS, which 
is a life-threatening form of APS 
involving small and large vessel 
occlusions that affect multiple 
organs and occurs simultaneously 
and rapidly. Catastrophic APS is 
rare, accounting for <1% of APS 
cases. 

The most common presenting 
site of thrombosis in APS is deep 
veins of the lower extremities. 
Arterial thromboses, while less 
common, are potentially life or 
limb-threatening; these include 
ischemic stroke (the most common 
of the arterial complications), 
myocardial infarction, renal artery 
thrombosis, and limb ischemia.3,4

In addition to the hallmark 
thrombotic manifestations, 
non-thrombotic clinical manifestations such as 
thrombocytopenia, livedo reticularis, cardiac valve 
abnormalities, and cognitive and kidney dysfunction 
are common clinical features.5

Diagnosis
Diagnosis of APS should be suspected when 

one or more unprovoked thrombotic events occur 
in young patients (<50 years of age) with no 
apparent cardiovascular risk factors, in patients 
with cardiovascular risk factors in which thrombosis 
occurs at unusual sites, or in any case of unexplained 
pregnancy morbidity6 (Figure 1). Non-thrombotic 
clinical manifestations described above, or the 
presence of SLE should also increase suspicion.

In addition to a history of at least one clinical 
event, diagnosis requires the persistent presence of one 
or more types of antiphospholipid antibodies at least 
12 weeks apart. In fact, antiphospholipid antibodies 
can appear during infections,7 but those are usually 
transient and/or different from those traditionally 
detected in thrombotic APS patients, as our studies 
have recently shown in the case of COVID-19.8

Three types of laboratory tests have clinical 
significance and are part of the International 

Classification Criteria9 (Figure 1): lupus 
anticoagulant, anticardiolipin antibodies (aCL), and 
anti- 2-glycoprotein I antibodies (a 2GPI). 

Lupus anticoagulant is a functional test that 
detects all antiphospholipid antibodies. As such, 
lupus anticoagulant positivity is regarded as the most 
important risk factor for APS-related thrombotic 
events. Detection of lupus anticoagulant typically 
involves two functional coagulation assays that 
measure the ability of antiphospholipid antibodies 
to prolong the phospholipid dependent clotting 
time: diluted Russell viper venom time (dRVVT) 
and the activated partial thromboplastin time 
(aPTT). An individual is considered positive for 
lupus anticoagulant if at least one of these tests is 
positive. Positivity for lupus anticoagulant should 
be interpreted with caution, since elevated levels 
of acute-phase reactants and anticoagulant therapy 
interfere with the test results. 

Unlike lupus anticoagulant, aCL and a 2GPI 
measure a subset of antiphospholipid antibodies. 
These antibodies target the negatively charged 
phospholipid cardiolipin (aCL) and the protein 
cofactor 2 glycoprotein I (a 2GPI), respectively. 
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However, it is important to keep in mind that 
since 2GPI binds to cardiolipin, and detection 
of aCL occurs in the presence of 2GPI, there is a 
significant overlap between these two groups, and 
concerns remain about differences and similarities. 
Anticardiolipin antibodies and a 2GPI are measured 
by solid  phase immunoassays, in which cardiolipin 
or 2 glycoprotein I are coated onto plastic plates and 
patients’ plasma serves as a source of autoantibodies.10

In this case, the presence of either IgG or IgM 
isotypes is considered diagnostic, although IgG 
antibodies have more clinical relevance than IgM. 

Since antiphospholipid antibodies are a 
heterogeneous group of autoantibodies with 
overlapping but not identical characteristics, there are 
other factors to consider when making a diagnosis. 
The risk associated with vascular complications is 
likely to depend on the patient’s presentation and 
specific antiphospholipid antibody profile11. Patients 
with more than one positive test, particularly those 
positive for lupus anticoagulant aCL, and a 2GPI, 
show the strongest association with thromboses 
(Figure 1). These patients, commonly referred to as 
“triple-positive,” are categorized as having a high-risk 
antiphospholipid antibody profile12, and are managed 
more aggressively. 

Treatment
Since the biggest concern in APS patients is 

vascular thromboses, treatment consists of strategies 
to lower thrombotic risk. However, since clinical 
manifestations are diverse and laboratory testing 
takes up to 12 weeks to confirm the presence of 
antiphospholipid antibodies, management of 
suspected APS patients remains challenging. Three 
major scenarios can be envisioned: 1) patients with 
persistently positive antiphospholipid antibodies who 
have not had a clinical thrombotic event; 2) patients 
with acute thromboses in which APS is suspected; and 
3) patients with a definite APS diagnosis.

Primary thrombosis prophylaxis should be 
considered for patients with persistently positive 
antiphospholipid antibodies who have not had 
a clinical thrombotic event. However, whether 
or not it is appropriate to treat these individuals 
prophylactically is a clinical decision dependent 
on patient factors such as presence of systemic 
rheumatic disease like SLE, history of obstetric 

APS, triple positivity, as well as the additional risk 
factors for thrombosis (major surgery, estrogen 
use, hyperlipidemia, tobacco use).6 In general, the 
use of antiplatelets or anticoagulation for primary 
prevention in patients without prior thrombosis is not 
recommended in the US, although some international 
agencies have recently endorsed the use of low-dose 
aspirin for subjects with a high-risk profile, defined 
as persistently positive for lupus anticoagulant or 
with triple positive status, or both.13 In the context of 
primary thrombosis prophylaxis, statins may also be 
considered in antiphospholipid-positive patients with 
additional cardiovascular risks factors,13,14 whereas 
hydroxychloroquine may be considered among 
antiphospholipid-positive patients with underlying 
systemic autoimmune diseases such as SLE.13

For acute thromboses in suspected APS, 
therapeutic interventions and anticoagulation are 
initiated prior to confirmatory testing for a diagnosis 
of APS since most patients will not have been tested 
for antiphospholipid antibodies previously, and the 
diagnosis will only be confirmed with a positive 
follow-up test for antiphospholipid antibodies 12 
weeks after the initial event.9 Acute thromboses 
(MI, PE, ischemic stroke, limb ischemia) should be 
promptly managed according to current guidelines for 
the respective diagnoses. Long-term anticoagulation 
may be considered for other prothrombotic 
conditions, as well as for a probable diagnosis of APS, 
while confirmatory testing is pending. Currently, 
warfarin is preferred over direct oral anticoagulants 
(DOACs) such as dabigatran, rivaroxaban, and 
apixaban for non-pregnant patients where APS is 
likely.6,13 Patient factors that increase the likelihood 
of APS and support the use of warfarin include a 
high-risk antiphospholipid antibody profile, arterial 
rather than venous thrombosis, presence of systemic 
rheumatic diseases such as SLE, or prior history of 
obstetric morbidity or APS during pregnancy. Patient 
factors that suggest a lower likelihood of APS and 
promote the use of a DOAC include thrombotic 
events during an acute viral infection (which can 
transiently elevate antiphospholipid antibodies), 
venous thromboembolism after surgery or prolonged 
immobility, or arterial thrombosis in the presence of 
atherosclerosis.15 Heparin and its derivatives, such 
as fondaparinux, are recommended for use during 
pregnancy due to warfarin’s teratogenic effects. 
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Dabigatran, rivaroxaban, and apixaban remain 
contraindicated in pregnancy and for use in the 
post-partum nursing mother. After birth, warfarin, 
heparin, and fondaparinux are safe for breastfeeding 
mothers.16

After the initial three- to six-month treatment 
phase following an acute thrombotic event, testing 
positive for antiphospholipid antibodies at 12 
weeks is diagnostic of APS and determines the need 
for secondary thrombosis prophylaxis. Current 
therapeutic recommendations for patients with only 
venous thrombosis include warfarin with a goal INR 
of 2-3.17 For patients with arterial thromboembolism, 
warfarin therapy with a target INR of 2-3 plus aspirin 
is indicated.18 Current guidelines do not recommend 
DOACs in these patients with APS, as studies have 
demonstrated inferiority when compared to warfarin 
therapy.19-22 However, this remains a matter of debate. 
For now, DOACs may be considered only in select 
patients who are at low risk for recurrent thrombotic 
events or who cannot tolerate warfarin or the required 
monitoring. For most patients with an unprovoked 
thrombotic event and laboratory evidence of 
persistent antiphospholipid antibodies, lifelong 
anticoagulation is recommended due to the lifelong 
morbidity and risk of mortality associated with 
recurrent thrombosis.23 A high-risk antiphospholipid 
antibody profile remains one of the greatest risk 
factors for recurrent thrombosis. Conversely, cessation 
of anticoagulation therapy may be considered in 
patients with low or normal repeat antiphospholipid 
antibody titers. 

Antiphospholipid Antibodies 

Etiology of Antiphospholipid Antibodies
Antiphospholipid antibodies are a heterogeneous 

group of antibodies.7 Most bind to phospholipid-
binding proteins, like 2-glycoprotein I,24 but some 
bind directly to neutral and anionic phospholipids 
that are exposed on cell surfaces, like cardiolipin25

and lysobisphosphatidic acid.26  Several hypotheses 
have been advanced to explain their existence and 
heterogeneity. A theory is that antiphospholipid 
antibodies are natural antibodies generated by B1 
lymphocytes. At low concentrations, they might 
contribute to the normal hemostatic balance 
present in healthy individuals,27 bridging the time 

needed by adaptive immunity to develop specific 
antibodies. However, upregulation of their plasma 
levels and subsequent antigen-driven maturation 
would transform them from potentially protective 
to pathogenic. Mechanisms leading to their 
upregulation and maturation are unclear, but clinical 
observations show a relationship between the presence 
of antiphospholipid antibodies and infections, 
suggesting there are structural similarities between 
proteins expressed by pathogens and autoantigens, a 
concept known as molecular mimicry. Recent work 
showing that persistent immune reactivation from gut 
microbiota28 results in antiphospholipid antibodies 
reinforces this relationship and extends this concept 
from pathogens to commensal bacteria. However, 
other correlations beyond molecular mimicry exist, as 
antiphospholipid antibodies have also been found in 
many types of malignancy and after treatment with 
certain drugs.

Pathophysiology of APS
Since antiphospholipid antibodies are persistently 

present but thrombotic events occur only occasionally, 
a “two-hit” model has been proposed to explain 
thrombotic complications in APS patients.7 This 
model argues that the presence of antiphospholipid 
antibodies (“first hit”) is necessary but not sufficient 
to trigger thrombosis; a secondary insult (“the second 
hit”) is required. Mechanisms for the “second hit” 
include activation of endovascular and immune cells 
via surface adhesion molecules and cytokines and 
the release of cellular debris to induce inflammation 
and the response of neutrophils and platelets. Such 
a pro-inflammatory state significantly increases the 
risk of developing thrombosis in individuals exposed 
to infection, surgery, or acute endovascular injury 
but also in individuals with subclinical chronic 
inflammation and stasis. 

Although the precise mechanism by which 
antiphospholipid antibodies tip the hemostatic 
balance toward a procoagulant state remains 
incompletely understood, studies have captured 
the activation of endothelial cells29,30 monocytes31

and neutrophils32 by a 2GPI antibodies, causing 
expression of tissue factor and adhesion molecules, 
which are known activators of platelet aggregation 
and the coagulation cascade. Elevated complement 
activity was also measured in thrombotic APS 
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patients, with recent studies suggesting a possible 
link between 2GPI and mannose-binding lectin.33

Finally, neutrophils may play an additional role by 
releasing neutrophil extracellular traps (NETs), which 
are webs of chromatin and bactericidal proteins,34 in 
response to a 2GPI antibodies.35 These NETs could, 
in turn, contribute to an inflammatory response that 
could induce thrombosis. Furthermore, as recently 
shown in catastrophic APS, mutations in complement 
regulatory genes, hence a predisposed genetic 
background, might play a key role.36

Molecular Targets
Many antigens of antiphospholipid antibodies 

have been proposed over the years, but biochemical 
validation for several of them remains elusive. Also, 
little evidence exists regarding how antiphospholipid 
antibodies interact with their targets, even those 
that have been known for decades. Coagulation 
and complement factors like complement factor H, 
complement factor I, prothrombin, annexin A5 and 
endothelial protein C receptor are likely to play a 
role; however, the most studied of them all is beta-2 
glycoprotein I ( 2GPI), a circulating phospholipid-
binding glycoprotein with an unknown physiological 
role.37

2GPI features 5 domains arranged like beads 
on a string, the last of which is a positively charged 
domain that interacts with negatively charged 
phospholipids on cell membranes. Because of its 
string-like structure, it is a flexible protein. Various 
studies have captured evidence of J-shaped (open), 
S-twisted, and O-shaped (closed) conformations, 
each of which could have different roles in APS 
pathology.38-40 A schematic of the J conformation 
obtained by X-ray crystallography, which is the only 
conformation so far captured at atomic resolution, 
is shown in Figure 2. There remains controversy 
regarding the conformational changes that induce the 
disease; one hypothesis postulates a switch from the O 
to the J conformation upon membrane binding, thus 
exposing a cryptic binding site for antiphospholipid 
antibodies in domain one (DI), ultimately inducing 
the coagulation cascade and causing thrombosis.39

Another hypothesis supported by our recent 
studies40,41 describes the prevalence of J-shaped form 
in solution, which then binds to anionic membranes 
allowing for the locally increased binding affinity of 

antiphospholipid antibodies. Since, in our studies, the 
interaction between antiphospholipid antibodies and 

2GPI can occur in solution, as it does not require 
large-scale conformational changes of the antigen, 
these results provide new ideas on how to develop 
technologies for blocking antigen-autoantibody 
interaction and accumulation on cell membranes, 
thus reducing downstream effects of antiphospholipid 
antibodies.

Future Directions and Challenges 

What’s New in APS Diagnosis? 
The heterogeneity of clinical presentation and 

antiphospholipid antibodies make a timely and 
accurate diagnosis of APS challenging for clinicians. 
Identifying patients at higher risk for severe APS 
and vascular events also often requires multiple tests, 
including a 2GPI, anti-cardiolipin antibodies, and 
the lupus anticoagulant, all of which are included 
in the international criteria. However, these are not 

Figure 2. Structural model of the J-elongated form 
of beta-2 glycoprotein I ( 2GPI) bound to the cell 
membrane. 2GPI is comprised of 5 domains (DI-DV) 
organized to form a J-shape conformation. Sugars 
(glycans) occupy the waist of the molecule, forming 
a molecular belt providing physical separation 
between DI and DV. Domain V (DV) interacts with 
the negatively charged cell membranes, composed 
of phospholipids (blue). 
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diagnostic criteria, and it is left to the physician to 
interpret the clinical picture and laboratory data as 
a whole. This leads to a lack of standardization in 
testing obtained and diagnosis.  

Standardization of how the test themselves 
are conducted in the lab is an important area 
of improvement.10,42 In fact, guidelines on 
how antiphospholipid antibody testing should 
be conducted across different laboratories are 
continuously being updated. Of the three diagnostics 
tests, lupus anticoagulant is potentially the most 
predictive but also the most puzzling to interpret for 
physicians because of the many confounding factors 
that can falsify the test. The name itself is paradoxical 
since “lupus anticoagulant” stands for the functional 
ability of certain types of antiphospholipid antibodies 
to prolong, in vitro, phospholipid dependent clotting 
time. However, in vivo, these antibodies result in a 
hypercoagulable state. While new conditions and 
new reagents are constantly being tested to improve 
reproducibility and minimize false positive and 
negative results, immunologic assays might one day 
replace this test. 

Emerging diagnostic tools accessible to 
physicians that have shown utility in identifying APS 
patients but have yet to be commented on in the 
classification criteria include anti-domain I antibodies 
(a subgroup of a 2GPI antibodies with proven 
pathogenic potential43,44) and anti-phosphatidylserine/
prothrombin antibodies (shown to be associated 
with thrombotic APS45 and triple-positivity46,47). IgA 
a 2GPI antibodies also correlate with APS symptoms, 
especially in lupus patients, but no strong evidence 
for the diagnostic value in thrombotic or obstetric 
clinical events exists.10 Currently, these tests serve as 
supplemental evidence to consolidate diagnosis in 
patients with conflicting antiphospholipid antibody 
profiles. 

Diagnostic tools that are not yet commercially 
available but are under development by different 
groups focus on newly engineered proteins48 and 
carefully designed peptide libraries.49 The goal of 
these tests is twofold. First, to define in greater detail 
the characteristics of circulating antiphospholipid 
antibodies in each individual. This will likely result 
in more accurate risk stratification and better clinical 
decisions. Second, to control the chemical and 
conformational properties of the antigens. This will 

likely improve standardization between different 
laboratories as well as the interpretation of results. A 
novel ELISA assay in which the antigen conformation 
and orientation are well-defined and density is tunable 
provides a proof of concept for this new diagnostic 
approach.48 This assay was developed recently in our 
laboratory and is accessible to interested investigators.

What’s New in treatment? 
The mainstay of APS treatment remains 

anticoagulation, most often with warfarin. However, 
several existing drugs are under investigation. 

Hydroxychloroquine is routinely used in 
the treatment of lupus and has shown reduction 
in the risk of thrombosis in thrombotic APS 
and asymptomatic carriers of antiphospholipid 
antibodies.50 However, there remains a need for 
multicenter clinical trials assessing the efficacy of this 
treatment outside of APS patients with SLE.

Rituximab is often used to treat other systemic 
rheumatic diseases, with evidence that rituximab 
can reduce antibody titers in several antibody-
mediated autoimmune conditions. It can be used in 
antiphospholipid antibody-positive APS patients.51

However, insufficient data recommends routine 
use of rituximab in thrombotic APS. One study 
utilizing Rituxumab for treatment of 19 APS 
patients with noncriteria manifestations found that 
rituximab was safe and particularly effective for skin 
manifestations. However, rituximab had no effect on 
antiphospholipid antibody levels in this study.

Eculizumab is a monoclonal antibody that 
is active against the complement system and has 
been used in refractory APS and catastrophic APS, 
with most case reports describing favorable clinical 
responses. The evidence is, however, limited to case 
series with a handful of patients, and it remains 
unclear how early eculizumab must be given in the 
clinical course to be effective.52

There are also investigations for non-preapproved 
therapies that have shown promising results in 
preclinical studies. One such therapy is redirecting T 
cells to selectively kill anti- 2GPI antibody-producing 
B cells using chimeric autoantigen-TCRs (CATCRs), 
allowing T cells to bind autoantigen-specific B-cell 
receptors (BCRs) and induce selective cell death. 
Other B-cell therapies include monoclonal antibodies 
to B-cell activating factor (BAFF), which has been 
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shown to exist at higher levels in many types of 
autoimmune diseases, including APS.53

Pathways to disrupt neutrophilic involvement 
in APS thrombosis are also being plied.54

Neutrophil extracellular traps (NETs) have 
recently received increasing attention as drivers 
of thromboinflammation in APS. One proposed 
regulatory mechanism of NETosis involves surface 
adenosine A2A receptors, which are abundant on 
the surface of neutrophils and act as a brake on 
inflammation.55 Two FDA-approved medications 
with antineutrophil properties, defibrotide and 
dipyridamole, have antineutrophilic properties and 
a protective effect against endothelial activation by 
agonism via different mechanisms with adenosine 
receptors. Finally, knockout of KLF2, a transcription 
factor critical for organization of the neutrophil’s actin 
cytoskeleton, resulted in a neutralizing effect of the 
cells’ adhesive properties and, thereby, thrombogenic 
activity in both arterial and venous vascular beds56. 
This selective modulation of immune cell activity 
could become a powerful therapy for APS as well as 
other procoagulant states.

Conclusion
APS is a life-threatening autoimmune disease 

resulting in thrombosis of arteries and veins 
in young patients and obstetric complications 
such as miscarriage, stillbirth, and preeclampsia. 
Epidemiologic and treatment center data specific 
to Missouri’s population is currently unavailable, 
underscoring the need for continued investigation 
of this disease in our state. APS is mediated by 
the binding of antiphospholipid antibodies to 
lipids and proteins like 2GPI that interact with 
cell membranes, resulting in the activation of the 
complement and coagulation cascades. Diagnosis of 
this disease can be difficult due to great heterogeneity 
in molecular hallmarks of the disease, and the need 
for follow-up testing after an acute thrombosis. The 
International Classification for laboratory evidence of 
antiphospholipid antibodies provides helpful insight 
to physicians looking to diagnose APS, but fails to 
bridge the gap between the molecular basis of the 
disease and patient factors such as presentation and 
comorbidities when determining the overall risk of 
thrombosis recurrence. The current treatment of APS 

is non-specific, limited to anticoagulation to prevent 
thrombosis and improve pregnancy outcomes. Over 
the last three decades, advancement in basic science 
technologies has made the study of the underlying 
molecular mechanisms of the disease more tractable. 
Elucidating the molecular drivers of the disease using 
integrated multi-omics approaches and defining 
interactions between antigens and antibodies 
are exciting new avenues in APS research. Basic 
knowledge to emerge from these studies will open 
the door to more specific and targeted diagnostic and 
therapeutic approaches.
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Abstract 
Charged ions and ion channels 

play a critical role in regulating 
the electrical activities of excitable 
cells. This review discusses 
the principles of ion channel 
regulation in the time domain, as 
well as the diseases that can arise 
from channel dysfunction and 
disturbances in ionic balance. Ion 
channel signaling is a dynamic 
process that is essential for various 
physiological functions, including 
pain sensation, motor control, and 
the body’s response to stress, such 
as fight-or-flight response. 

Introduction
Ion channels are membrane 

proteins that create subnanometer-
diameter pores that allow specific 
ions to permeate the cell membrane.1

More than 300 types of ion channel 
genes have been identified in the 
human genome, and dysfunctions 
in these channels, known as 
channelopathies, are implicated in 
a wide range of diseases. They are 
also an important drug target, with 
numerous therapeutics designed to 
modulate their activity. Channel 
regulation is mediated by a wide 
range of physiological stimuli, 
including transmembrane voltage, 
temperature, neurotransmitters, 
and mechanical force. Recent 
research has revealed that membrane 
lipids and lipid-bilayer structures 
also play a key role in modulating 
channel function and electrical 

excitability, allowing for fine-tuning 
of channel activity during complex 
physiological responses.

The Roles of Ion Channels: 
from Nerve Impulses to 
Cystic Fibrosis

Ionic fluxes from voltage-
activated sodium (Na+) and 
potassium (K+) channels establish 
the rise and fall of action potentials, 
commonly referred to as “nerve 
impulses” or “spikes” (Figure 
1). These impulses are crucial to 
nearly all physiological processes. 
They underlie the transmission 
of information between neurons, 
allowing us to perceive the 
world around us, and to think. 
Furthermore, ion channels are 
essential to the function of other 
excitable cells, such as muscle cells. 
In muscle cells, action potentials are 
responsible for the contraction of 
muscles, allowing us to move and 
exert force. 

Apart from the channels that 
shape nerve impulses, there are 
other channels that are well-known 
to medical doctors. These channels 
include the renal outer medullary 
K+ channel (ROMK) that secretes 
potassium in the collecting duct 
system of the kidney, the cystic 
fibrosis transmembrane conductance 
regulator (CFTR) chloride channels 
that controls epithelial mucus 
transport in the lung, the calcium-
activated K+ channels that are 
important for lacrimal or salivary 

Ion channels are 
precisely organized 
and play a crucial role 
in dynamic signaling, 
which is often unique 
to the animal kingdom. 
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secretion, and the voltage-activated calcium (Ca2+) 
channels that regulate the release of hormones from 
endocrine cells. Mutations in these channels can result 
in serious diseases such as cystic fibrosis.

Understanding the molecular and structural 
mechanisms of ion channels has led to the development 
of treatments for many channel-related diseases. Cystic 
fibrosis, a life-threatening disease caused by congenital 
CFTR mutations, is one such condition affecting more 
than 80,000 people globally. It is characterized by the 
buildup of sticky mucus, lung infection, and lung 
damage. With gene therapies targeting CFTR, this 
disease is now mostly treatable.

Ion Channels Process Different 
Sensory Signals

Ion channels are crucial for processing sensory 
information, including pH, osmolarity, pressure, and 
temperature. Most ion channels have evolved the ability 
to respond to multiple external stimuli. One example is 
the transient receptor potential (TRP) channels, whose 
name is derived from a mutant strain of the fruit fly 
Drosophila that loses sustained light response in their 
photoreceptors. TRP channels can be activated by 
temperature, voltage, and lipids, as well as capsaicin, 
menthol, and cannabidiol (CBD). Particularly, capsaicin 
is a compound found in chili peppers and is known 
to activate the TRPV1 channel. It is used as a topical 
analgesic for the treatment of neuropathic pain (Figure 
2). In addition, nabiximols (Sativex) is an oromucosal 
spray that contains CBD and activates the TRPV1 
channel. It is approved for the treatment of multiple 
sclerosis-related spasticity and neuropathic pain.

Ion channels achieve their multimodal property 
through different protein domain evolution or 
modification. It has been proposed that TRP channels 
lost some voltage-sensing amino acids and gained 
hydrophobic/hydrophilic ones elsewhere, which 
conferred temperature sensitivity on TRP channels.2

The exact molecular mechanism of the TRP thermo-
sensing remains debatable. In general, channels are 
most often found to be dually activated by voltage 
and ligand. This multimodal feature of ion channels 
greatly diversifies the mechanism whereby they could 
be intricately and dynamically modulated to control 
cellular excitability. Furthermore, because of this 
feature and the measurable channel activity at ultra-
high temporal resolution (through on-line patch-clamp 
electrophysiology), ion channels have become one of 
the favored macromolecules by protein biochemists to 
study protein allostery, ligand-binding mechanisms and 
protein thermodynamics. 

Multimodal properties partially explain why the 
same channel could be therapeutic targets for seemingly 
different diseases or channelopathies. For example, 
not only has the TRPV1 channel been a therapeutic 
target to treat pain, but also to atopic dermatitis, 
overactive bladder, and cluster headaches. Moreover, the 
hyperpolarization-activated cyclic nucleotide (HCN)-
gated channel, sometimes referred to as “pacemaker 
channel,” is dually regulated by voltage and ligand. 
Congenital mutations of HCN channels lead to 
epilepsy, chronic pain and heart diseases such as cardiac 
arrhythmia.3 Recent research suggests that HCN2 
channels expressed in small nociceptor neurons of the 
dorsal root ganglion (DRG) can be targeted for treating 
neuropathic pain.4

Nearly All Second Messengers 
Regulate Ion Channels

Our body requires signaling molecules, also 
known as messengers, to function properly. While ion 
channels respond to more than a thousand forms of 

Figure 1. Simulated action potentials generated 
using the Hodgkin-Huxley model. Different amounts 
of current were applied to stimulate trains of action 
potentials with varying frequencies. The current 
stimulus ranged from low to high (5 pA, 10 pA, and 
20 pA from top to bottom), and the parameters 
used were based on action potential of the squid 
giant axon and obtained from the Handbook 
of Physiology - the Nervous System, Chapter 4, 
authored by Bertil Hille (1977).
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first messengers such as extracellular neurotransmitters, 
odorants, hormones, and pheromones, only a few 
intracellular second messengers are commonly 
used in mammalian cells, resulting in a significant 
convergence in signal transduction. The second 
messengers utilized in mammalian cells include cyclic 
adenosine monophosphate (cAMP), cyclic guanosine 
monophosphate (cGMP), inositol 1,4,5-triphosphate 
(IP3), phosphoinositides, diacylglycerol (DAG), 
G-protein  subunits, and cationic Ca2+, Mg2+, and Na+

ions.
Medical drugs have been developed to 

manipulate second-messenger systems. For instance, 
phosphodiesterase (PDE) inhibitors such as sildenafil 
(Viagra) can increase the levels of cAMP or cGMP by 
inhibiting the breakdown of these second messengers 
by phosphodiesterase enzymes.5 Furthermore, almost all 
of the second messengers can regulate specific channels 
through direct binding. For example, cationic Ca2+

and Na+ ions bind to and potentiate Slowpoke family 
voltage-activated K+ channels, which are widely expressed 
in the nervous system.1,6 The increase in intracellular 
concentration of second messengers often requires rapid 
action. Ca2+ and Na+ can enter cells through cation 
channels such as voltage-gated Ca2+ channels, Na+

channels, or TRP channels, diffuse quickly, and reach 
their effectors within microseconds, perfectly meeting 
the requirements of fast signal transduction. 

In contrast, other second messengers generally 
relay to their effectors in signaling cascades within 

seconds to minutes, which is slower than the cationic 
second messengers. In some cases, the level of second 
messengers decreases in the cell to deactivate downstream 
channels. For instance, decreasing the level of cGMP 
turns off cyclic nucleotide-gated (CNG) channels to 
achieve phototransduction in the retina, while decreasing 
signaling phosphoinositides (particularly the key lipid 
phosphatidylinositol 4,5-bisphosphate PI(4,5)P2) 
upon the activation of Gq/11-type G protein-coupled 
receptors (GPCRs) closes K+ and Ca2+ channels. From 
an evolutionary perspective, the “reduction of second 
messengers” strategy, using PDE or phospholipases (PLC), 
does not require direct consumption of ATP, making it 
more energy-efficient.

Mood disorders are often associated with disturbances 
in the second messenger system, particularly the 
phosphoinositide-based system. The “inositol depletion 
hypothesis” has been proposed to provide a mechanistic 
understanding of mood disorders, especially bipolar 
disorder and depression. This hypothesis is partly 
supported by the mood-stabilizing agent lithium, which 
specifically inhibits inositol recycling. Recent findings have 
further underscored the medical importance of inositol. 
For example, supplementing myo-inositols can increase 
cellular phosphoinositide levels, potentiate various types of 
K+ channels, and reduce the hyperexcitability of neurons.7

Inositol was not previously considered an essential nutrient 
as it can be synthesized from glucose. However, recent 
studies have shown that certain individuals, particularly 
those with insulin resistance and diabetes, may develop 
inositol deficiencies. This deficiency may be related to 
the connection between diabetes and mood disorders, 
commonly referred to as “diabetes mood swings.” 
For pancreatic -cells under insulin resistance, low 
cellular glucose levels may lead to low myo-inositol and 
phosphoinositide levels, which can suppress ATP-sensitive 
potassium (KATP) channels,8 leading to a vicious cycle of 
high insulin secretion. Inositol may have broad health 
benefits beyond its currently accepted role in treating 
polycystic ovary syndrome, a common comorbidity of 
insulin resistance. Further research is needed to establish 
the connection between phosphoinositide-based second 
messengers, ion channels, and mood disorders.

Fast and Slow G Protein-Dependent Signaling 
Pathways Regulate Ion Channels

When compared to the immediate effects on ion 
channels caused by voltage, temperature, and mechanical 
force, or by ligand binding to ionotropic receptors, GPCR- 
and G protein-mediated signaling pathways to channels are 

Figure 2. Schematic cartoon showing the multimodal 
activation of TRPV1 channels by both heat and capsaicin 
binding. Membrane lipid PI(4,5)P2 binds to TRPV1 channels 
directly.
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generally slower. The channel conformational change 
is typically the only rate-limiting factor for these 
immediate effects. The G protein-dependent signaling 
has significant interest to medical researchers since 
GPCR is the largest family of proteins that are targeted 
by FDA-approved therapeutic drugs. Among the G 
protein-dependent pathways, the relatively fast pathway 
is mediated by the G-protein  subunits released 
by Gi/o-coupled GPCR (i being inhibiting adenylyl 
cyclases) in a membrane-delimited and pertussis 
toxin-sensitive manner9,10 (Figure 3). The type of 
channel activated by  subunits is called the G-protein 
activated inwardly rectifying K+ channel, GIRK10. It 
only takes one to five seconds from the application of 
GPCR agonist to observe a peak of GIRK current in 
live-cell in-vitro systems;7 this process can be as fast as a 
few hundred milliseconds. GIRK channel is also called 
IKAch channel because vagal nerve stimulation releases 
acetylcholine (Ach) to reduce heart rate by activating 
IKAch. It was thought that this fast diffusion-limited 
signaling is partially due to the overabundance of G i/o
subunits relative to other G  subunits. The GIRK 
channel is not alone; G  subunits regulate voltage-
gated Ca2+ channels and TRPM3 channels via a similar 
mechanism.11,12

Scientists have also discovered a slower G protein-
dependent signaling pathway in the sympathetic 
neurons of the superior cervical ganglion (SCG) that 

helps our bodies deal with stress. This pathway is 
mediated by the activation of Gq/11-coupled GPCR 
and the subsequent recruitment of phospholipase 
C to hydrolyze PI(4,5)P2 (Figure 3). It is pertussis 
toxin insensitive and is about five-fold slower than 
the G  subunit-mediated pathway in vitro.7,13

During this process, IP3 and DAG are generated, 
both of which have downstream channels as their 
effectors. One physiological significance of the 
PLC/PI(4,5)P2 pathway, which has been a popular 
area of focus for the past two decades, is its role in 
regulating over 100 types of ion channels. These 
channels are directly controlled by PI(4,5)P2 as their 
ligand, and include HCN, TRP, inward rectifiers, 
and many other voltage-gated channels.13,14 In most 
cases, when PI(4,5)P2 is hydrolyzed, the channel 
activities subside.7 Furthermore, regarding the 
Gs-coupled GPCR pathway (e.g., -adrenergic 
receptors, and s being stimulating adenylyl 
cyclases), cAMP levels are elevated with similar 
kinetics (~20 to 50 s), and the effect can be more 
sustainable. Importantly, the modulation of HCN 
pacemaker channels through cAMP is crucial 
for the sympathetic regulation of the heartbeat. 
Collectively, the varied kinetics of G protein-
dependent regulation of ion channels ensures that 
the cellular excitability can be modulated with high 
spatiotemporal precision.

Figure 3. Fast and slow G protein-dependent signaling pathways for modulating ion channels. Activation of the Gi/o-coupled 

hand, activation of the Gq-coupled M1 muscarinic acetylcholine receptors activates PLC, which hydrolyzes membrane lipid 
PI(4,5)P2, an essential activator of GIRK channels.
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Mobilizing Local Ca2+ Is the Goal for Channel 
Signaling

Adequate calcium intake is essential for the 
proper functioning of muscles, nerves, and the heart. 
Because of the 20,000-fold concentration gradient 
of extracellular (2 mM) versus intracellular (resting 
100 nM) Ca2+ levels, Ca2+ is ideally suited to be a 
sensitive and dynamic signaling messenger. Ca2+ is 
essential for achieving many crucial physiological 
functions, for example, the release of neurotransmitter 
vesicles at presynaptic terminals in the brain and 
the excitation-contraction coupling for cardiac and 
skeletal muscle contraction.1 Cells often use local 
Ca2+ release to achieve fast signaling. In other words, 
Ca2+ does not need to travel far to produce a signaling 
effect. Besides voltage-activated Ca2+ channels, 
nonselective cation channels like TRPV channels, 
and neuronal NMDA glutamate receptors serve the 
role of permitting Ca2+ entry into cells.1 In addition, 
IP3 receptors and ryanodine receptors (also known 
as the ionotropic receptor of caffeine) mobilize Ca2+

from the intracellular endoplasmic reticulum ER (and 
sarcoplasmic reticulum, SR) Ca2+ store. The release of 
Ca2+ from IP3 receptors upon the activation of Gq/11-
type GPCRs coincide temporally with the hydrolysis 
of plasma membrane PI(4,5)P2 and the rise of IP3.
Nevertheless, Ca2+ release from the ER could also 
exhibit prolonged oscillation due to feedback regulation 
of IP3 receptors by local Ca2+. Furthermore, immune 

cells, like cytotoxic T cells, do not use voltage-activated 
Ca2+ channels, but rather use Ca2+ release-activated 
Ca2+ (CRAC) channels15 identified as Orai channels to 
allow the influx of extracellular Ca2+. Orai activation is 
initiated by its direct interaction with the ER-residing 
protein STIM, which senses the low Ca2+ level in 
the ER store of calcium.15 Therefore, this process is 
also called the store-operated Ca2+ entry (SOCE) and 
happens with a timescale of ~ 50 seconds. Elevated 
cytosolic free Ca2+ ions are regulated by Ca2+-binding 
proteins like calmodulin and buffered by calbindin/
parvalbumin in neurons. Ca2+ ions can also undergo 
the mitochondrial Ca2+ uptake quickly (less than 
100 s) by mitochondrial calcium uniporter (MCU).1

Other intracellular Ca2+ stores such as endosomes and 
lysosomes can release local Ca2+ through TRPML and 
TRPM2 channels. Besides IP3, notable Ca2+-mobilizing 
second messengers include ADP-ribose (ADPR) 
and nicotinic acid adenine dinucleotide phosphate 
(NAADP). ADPR is an agonist of Ca2+-permeable 
TRPM2 channels whereas the ionotropic receptor of 
NAADP remains uncertain.

There are many diseases linked to Ca2+-permeable 
channels and imbalances in Ca2+ homeostasis (Table 
1). Alzheimer’s and Parkinson’s disease, along with 
other neurodegenerative diseases, are believed to 
be connected to alterations in calcium signaling, 
even though the pathophysiological mechanisms are 
not yet well understood. The major element in the 
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Alzheimer’s -secretase protein complex presenilin-1 
was proposed as an ER Ca2+-leak channel, but it could 
instead function as a Ca2+-leak enhancer by alternative 
mechanisms. In general, Ca2+ signaling through 
glutamate receptors are important for synaptic plasticity, 
learning and memory. Furthermore, mutations 
in TRPML (ML being mucolipin) are associated 
with a type of neurodevelopmental disorder called 
mucolipidosis, whereas mutations in TRPM (M being 
melastatin) are associated with hypomagnesemia and 
melanoma. Moreover, mutations in genes encoding the 
Orai/STIM CRAC system are linked to autoimmune 
diseases, myopathy, and muscular hypotonia15. 

Mechanical Force Activates Ion Channels
A new frontier in drug discovery involves 

targeting newly characterized channels that detect 
lipid membrane curvature and deformation caused 
by changes of cell shape. These channels, known as 
mechanosensitive channels, produce rapid and often 
transient currents when subjected to mechanical force 
applied to the cell membrane. The discovery of human 
mechanosensitive channels, referred to as “Piezo,” 
represents an exciting new avenue for investigating the 
mechanism underlying the dynamic impact of the lipid 
bilayer on ion channels.16 The opening of Piezo channels 
is directly coupled to a change in the membrane 
curvature caused by mechanical force, happening within 
a few milliseconds after a mechanical stimulus.17 These 
channels are not only necessary for touch sensation 
but also act as sensors for red blood cell volume, 
morphological changes of endothelial cells in blood 
vessels, pressure in pancreatic ducts, and stretching 
of the bladder wall. The physiological significance of 
these findings is profound, and many diseases caused 
by dysfunctional mechano-transduction are associated 
with mutations in Piezo genes. Furthermore, hair cells 
in the inner ear also use mechanical force through the 
tip-links between hair bundles to gate a type of channel 
called TMC (transmembrane channel-like protein), 
whose identity had been a persistent mystery in auditory 
research.18 The latest research suggests that TMC’s 
multiple auxiliary subunits, particularly TMIE, lipids, 
and lipid membrane thickness could all contribute to 
achieve the opening of TMC channels19. Besides Piezo 
and TMC, channels like the volume-activated chloride 
channel, TRPN and the K2P (TREK subtype) channel 
are other reported mechano-sensors.20

In addition, the dynamic heterogeneity of the 
lipid-bilayer membrane regulates ion channels. 
Particularly, membrane nanodomains (often less than 
250 nm in size) enriched with sphingomyelin (SM) 
and cholesterol create membrane compartmentalization 
to gather molecules for effective signaling.21 These 
organized nanodomains, previously called “lipid 
rafts,” could rearrange and coalesce under certain 
pathophysiological conditions, e.g., inflammation, 
neuropathy and age-related neurodegeneration. 
Furthermore, drugs that target cholesterols such 
as statin could change these domains. In general, 
many more types of channels could be sensitive to 
membrane deformation and stretching, considering 
that transmembrane helices tend to rearrange 
differently depending on the membrane thickness and 
curvature. It remains elusive how the lipid disposition 
of membrane nanodomains as well as the line tension 
at the boundary of different lipid domains could affect 
the mechano-sensitivity of ion channels.

Blood Flow and Blood Coagulation Factors 
Regulate Ion Channels in the Brain

The blood flow in the brain is tightly coupled to 
neuronal activity, as it supplies oxygen and nutrients 
to neurons. This coupling, so-called “neurovascular 
coupling,” involves a variety of ion channels. One fast 
pathway is that extracellular K+ ions, released from 
astrocytes in response to neuronal activity, act like first 
messengers to dilate blood vessels (less than a minute) 
in the brain and increase cerebral blood flow.22 This 
effect is achieved by a swift rise in K+ levels, causing 
the removal of the blockage of inwardly rectifying 
Kir channels by intracellular magnesium (Mg2+) and 
polyamines.22 It is worth noting that Mg2+ also blocks 
NMDA glutamate receptors. Therefore, K+ and 
Mg2+ act as signaling ions that dynamically modulate 
cellular excitability in the brain. The potentiation of 
inwardly rectifying channels by K+, particularly in 
endothelium cells of blood vessels, provides a positive 
feedback mechanism to supply more blood to more 
active brain regions. Interestingly, because of the 
dependence of Kir channels on PI(4,5)P2, this effect 
is also sensitive to the Gq/11-coupled GPCR-mediated 
PI(4,5)P2 dynamics. Furthermore, molecules in the 
blood-coagulation system, particularly thrombin, 
regulate voltage-gated ion channels in the brain. 
Blood coagulation factors released from broken 
blood vessels (hemorrhage), often caused by stroke 
and brain trauma, could induce epileptic seizures.23

Similar to the potentiation of cardiac voltage-gated Na+
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channels by thrombin24, neuronal Na+ channels are 
also potentiated by thrombin.23 These results suggest 
that thrombin, a protein that itself is allosterically 
activated by Na+ binding,25 can rapidly potentiate Na+

channels and cause epileptic seizures that are associated 
with intracerebral hemorrhage.23 The exact molecular 
mechanism underlying the thrombin potentiation 
of ion channels is uncertain. Essentially, the effect of 
blood supply to the brain can impact the excitability of 
neurons through ion-channel mechanisms, leading to 
significant physiological consequences.

Conclusion
Since Hodgkin and Huxley’s discovery of the 

separate Na+ and K+ conductance in nerve action 
potentials in the 1950s, the study of ion channels has 
advanced significantly. As of 2023, multiple high-
resolution protein structures exist for nearly all channel 
subfamilies in various states. Ion channels are precisely 
organized and play a crucial role in dynamic signaling, 
which is often unique to the animal kingdom. Despite 
these advancements, significant questions remain 
regarding the signaling complexes formed by ion 
channels in native membranes, their conformational 
dynamics during physiological adaptation, allostery 
of the multimodal protein regulation, and how they 
interact with other molecules such as membrane lipids.
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Abstract
RNA-binding proteins, in 

particular TDP-43, are key players 
in neurodegenerative disorders, 
mainly amyotrophic lateral sclerosis 
and frontotemporal dementia. 
We aim to elucidate how TDP-43 
dysfunction alters cell metabolism 
and to identify mechanisms 
linked to aberrant behavior. We 
find that RNA binding plays a 
key role in maintaining TDP-43 
homeostasis and in controlling 
cellular organization, two processes 
of essential importance to TDP-
43 pathology. This research will 
provide insight into pathogenesis 
and help develop therapeutic 
interventions.

Neurodegeneration
Investigation of RNA-binding 

protein biology has surged 
because of its connection to 
neurodegeneration. In particular, 
the RNA-binding protein TDP-
43, or TAR DNA binding protein, 
is a key player in neurotoxicity 
associated with two devastating 
neurodegenerative disorders, 
amyotrophic lateral sclerosis (ALS) 
and frontotemporal dementia 
(FTD). ALS and FTD are viewed 
as a disease spectrum for which 
little therapeutic intervention 
and diagnostic tools are available. 
The accumulation of TDP-43 

aggregates in the cytoplasm 
of neurons and glial cells, 
accompanied by decreased TDP-
43 activity, are hallmark features 
of these disorders.1 In addition 
to its key role in ALS and FTD, 
TDP-43 is also implicated in 
other neurodegenerative diseases. 
TDP-43 pathology is observed in 
approximately half of Alzheimer’s 
disease (AD) cases,2-6 chronic 
traumatic encephalopathy (CTE)7

and multisystem proteinopathy 
(MSP).8 Importantly, the 
prevalence of TDP-43 pathology 
is widespread in Limbic-
predominant Age-related TDP-
43 Encephalopathy (LATE), an 
AD-like disorder affecting the 
oldest population.9 TDP-43 
mutations are causative of 2-5% of 
familial ALS. However, TDP-43 
aggregates with or without TDP-
43 mutations accumulate in almost 
all ALS patients.

Following the discovery of 
TDP-43 pathology in ALS and 
FTD, the list of RNA-associated 
proteins shown to aggregate and 
found to have disease-linked 
mutations has steadily increased, 
underscoring the importance of 
RNA metabolism and of RNA-
binding protein function in 
disease. This class of proteins 
is now recognized to undergo 
assembly processes that may 
increase their susceptibility 

previously uncovered 
regulatory factors 
will highlight new 
mechanisms in 
fundamental biological 
processes and 
innovative strategies 
for therapy against 
neurodegenerative 
disease.
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to aggregation. RNA-binding proteins linked to 
ALS/FTD, including TDP-43, undergo a process 
termed liquid-liquid phase separation (LLPS) or 
biomolecular condensation. LLPS mediates the 
formation of membraneless organelles in eukaryotic 
and prokaryotic cells through an assembly process/
condensation that generates a dense phase in 
equilibrium with a more dilute phase. This 
mechanism underlies the biogenesis, function 
and cellular organization of RNA and protein 
components in ribonucleoprotein (RNP) granules.10

Importantly, aberrant LLPS results in condensates 
that are less dynamic and acquire solid-like properties 
leading to the accumulation of irreversible aggregates. 
Therefore, uncovering the mechanisms that control 
LLPS will contribute to developing potential 
therapeutic tools for the associated neurodegenerative 
disorders.

Accumulation of intracellular, cytoplasmic 
TDP-43 aggregates correlates with the loss of normal 
nuclear localization of the protein,1,11 suggesting 
that pathology also results from a loss of TDP-43 
function (Figure 1). The mechanisms by which 
TDP-43 aggregates are linked to decreased nuclear 
localization are unknown. One prevalent idea is that 
accumulation of the cytoplasmic TDP-43 inclusions 
sequesters nuclear protein. This is supported by 
the ability of TDP-43 aggregates to spread through 
prion-like mechanisms, as shown in vitro and in cell-
based models.12 Moreover, treatment of a neuronal-
like model with exogenous pre-formed aggregates 
seeds cytoplasmic inclusions, resulting in loss of 
nuclear TDP-43.13 The consequences of decreased 
nuclear TDP-43 in disease were demonstrated by 
Liu et al., whereby FTD cells with lower nuclear 

TDP-43 accumulate widespread 
changes in gene expression, 
including alterations in many 
TDP-43-regulated transcripts.14

TDP-43 is highly conserved 
among higher eukaryotes and 
its loss is deleterious and lethal 
in cells and in multiple in vivo 
models.15-18 19,20 21-24 TDP-43 
expression is also essential in 
neurons, as demonstrated by the 
toxicity and cell death caused by 

TDP-43 knockdown.20,25 Altogether, these findings 
underscore the urgency to prevent or reverse TDP-
43 aggregate accumulation because of its potential 
intrinsic toxicity and also because of the importance 
of restoring TDP-43 nuclear function. 

Solubility and Condensation
One of the major interests in our lab is to 

elucidate the mechanism(s) of TDP-43 aggregation, 
including identifying structures of intermediates 
that participate in this process, which remain 
largely unknown. Using purified full-length 
TDP-43, we showed that TDP-43 assembles into 
misfolded oligomeric species during the early phase 
of aggregation.12 These oligomeric aggregates are 
different from soluble, functional TDP-43 higher 
order assemblies. The oligomeric aggregates represent 
misfolded species whose accumulation is irreversible 
and resistant to denaturing conditions. Ordered 
oligomerization upon misfolding of proteins linked 
to neurodegeneration has been previously observed. 
These oligomers, such as in the case of alpha-
synuclein and tau, precede the larger species detected 
as inclusions in pathology.26-29 These aggregate species 
are believed to drive neurodegeneration because 
they are capable of seeding prion-like conversion 
and show greater cytotoxicity compared to larger 
aggregates. In the case of TDP-43, we similarly 
observed that oligomeric species seed de novo 
aggregation in human cells and are necessary for 
the formation of larger TDP-43 aggregates.12 In 
our efforts to determine the mechanism of TDP-43 
aggregate formation, we discovered that the RNA 
recognition motifs (RRMs) (Figure 2) are crucial 

Figure 1. Cytoplasmic TDP-43 aggregates 
and loss of nuclear localization are 
characteristic features of pathology in TDP-
43 proteinopathies. Immunohistochemistry 
of ALS spinal cord motor neurons showing 
aberrant cytoplasmic TDP-43 mislocalization, 
corresponding to loss of nuclear protein 
detection (arrow). Compare this to normal 
TDP-43 staining predominantly in the nucleus 

Dickson (Mayo Clinic, Jacksonville).
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in triggering protein misfolding. Furthermore, we 
found that GU-rich RNA molecules specifically, 
which bind TDP-43 with high affinity, potently 
inhibit TDP-43 aggregation. This is observed 
using purified protein as well as in human cells. 
These findings were unexpected, as most of the 
aggregation-prone function had been previously 
focused on the disordered C-terminal tail of TDP-
43. We also demonstrated that GU-rich RNA 
increases the liquid/dynamic properties of TDP-
43 condensates that form through LLPS.30 Our 
results help explain how RNA-binding proteins 
that are prone to aggregation maintain solubility 
under physiological conditions. Additionally, these 
findings help explain why TDP-43 accumulation in 
the cytoplasm, where RNA is less abundant relative 
to the nucleus, increases TDP-43 aggregation 
propensity. These findings point to a crucial and 
previously unrecognized role of RNA binding in 
preventing the misfolding of partner proteins. One 

of our primary goals is to understand how specific 
RNA binding increases the liquid properties of 
TDP-43 condensates and inhibits aggregation. We 
will harness this information to develop strategies 
in preventing and decreasing TDP-43 pathology.

Nuclear-Cytoplasmic Distribution
TDP-43 binds to hundreds of coding and 

non-coding RNA transcripts identified in human 
cells and mouse brain and these interactions 
control RNA processing and gene expression.31,32

TDP-43 modulates multiple RNA processing 
mechanisms, although its most well-established 
function is regulation of RNA splicing and 
polyadenylation.31,33,34 The majority of TDP-43 
targets are composed of long GU-rich sequences 
and GU dinucleotide repeats.31,35,36 Based on 
previous biochemical and structural data,37,38

this sequence composition suggests that these 
transcripts accommodate multiple TDP-43 
molecules. Such complexes are likely to form 
condensates according to our recent work. We 
demonstrated that GU-repeat RNA promotes 
TDP-43 LLPS in a sequence and length-dependent 
manner, whereby increasing the number of binding 
sites strongly induces TDP-43 condensation.30

These RNA-bound condensates form through 
multivalent interactions that also require TDP-43 
N-terminal domain (NTD) oligomerization and 
assembly of the low complexity C-terminal domain 
(CTD). Therefore, our results predict that TDP-43 
association with many of its RNA targets involves, 
and may depend on, condensate formation. 
Consistent with this idea data from our lab and 
others indicate that RNA-mediated TDP-43 
condensation is key in controlling RNA processing 
function.39,40

TDP-43 is predominantly localized in the 
nucleus of normal cells, although it shuttles 
continuously between nuclear and cytoplasmic 
compartments.41 As earlier discussed, the 
distribution of TDP-43 between these 
compartments is important in maintaining TDP-
43 proteostasis and preventing aggregation. 
Specifically, increased cytoplasmic accumulation 
is linked to TDP-43 aggregation and neuronal 

Figure 2. TDP-43 binds with strong preference 
to GU-rich RNA. TDP-43 is organized into three 
independently folded regions: N-terminal 
domain (NTD) and two RNA recognition motifs 
(RRMs). The mostly disordered C-terminal region 
is referred to as low complexity domain (LCD) or 
prion-like domain (PLD). The solution structure of 
RRM1 and 2 bound to GU-rich RNA was solved 

contacts.8
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cell death, as seen in cell and in vivo models.42,43

Cytoplasmic TDP-43 is more susceptible to 
proteotoxic conditions, such as inhibition of 
degradation pathways and seeding with pre-formed 
TDP-43 aggregates.12,44,45 The effect of increased 
cytoplasmic TDP-43 pathology, accompanied 
by the loss of nuclear localization in disease,1,11

is recapitulated in a mouse model overexpressing 
cytoplasmic human TDP-43 in neurons.46 These 
mice show strong neurotoxicity and shortened 
lifespan. The significance of TDP-43 nuclear-
cytoplasmic trafficking in pathogenesis is further 
underscored by evidence that nuclear pore/receptor 
factors are disrupted in ALS-FTD patients with 
TDP-43 pathology.47,48 In addition, impaired nuclear 
import is observed in the most common inherited 
mutation in ALS and FTD patients, caused by 
C9Orf72 hexanucleotide repeat expansion.49-52 These 
alterations disrupt the cellular dynamics of RNA-
binding proteins and may at least partially explain 
the accumulation of cytoplasmic TDP-43 pathology 
linked to the C9Orf72 mutation. The collection of 

these findings strongly suggests that abnormally 
elevated TDP-43 concentration in the cytoplasm 
promotes TDP-43 pathology through enhanced 
aggregation and loss of function. 

Despite its importance, the regulation of 
TDP-43 nuclear import, nuclear retention and 
export remain ill-defined. Improved understanding 
of the control of TDP-43 nucleo/cytoplasmic 
dynamics will provide new avenues to restore 
TDP-43 cellular proteostasis as a potential 
therapeutic approach (Figure 3). A classic basic 
bipartite nuclear localization signal (NLS) in 
the linker region between the NTD and RRM1 
mediates TDP-43 nuclear import53. The NLS 
binds the nuclear-import receptor importin 
(karyopherin )54. Importin  and karyopherin 

1 not only mediate TDP-43 nuclear import, 
but also act as chaperones and are able to prevent 
aggregation of purified TDP-43.55 This suggests 
that nuclear transport receptor binding to TDP-43 
is a protective mechanism preventing unfavorable 
interactions and perhaps masking sensitive TDP-43 
regions until its import to the nucleus. Curiously, 
the NLS may be only partially responsible for 
TDP-43 nuclear import, as significant levels of 
nuclear TDP-43 are observed despite disruption 
of the signal in various cell models and transgenic 
mice.41,44,56-58 The partial nuclear localization 
of the TDP-43 NLS-defective mutant is also 
observed upon knockdown of endogenous TDP-
43, indicating that NLS-deficient TDP-43 is 
not imported to the nucleus through association 
with endogenous TDP-43.58 This suggests the 
existence of an additional nuclear import signal. 
Alternatively, considering that the molecular 
mass of a single TDP-43 molecule is at the limit 
size for passive trafficking through the nuclear 
pore, it is possible that a portion of TDP-43 
molecules passively diffuses through the pore, as 
suggested.58-60 In this case, active nuclear import 
may be necessary to transport higher order TDP-
43 assemblies, including RNA and protein-bound 
complexes. A nuclear export signal (NES) proposed 
to bind the export factor exportin 1 (XPO1/
CRM1) was previously mapped to RRM2, using 
sequence comparison.53 However, this idea has 
been revised based on evidence from multiple 

Figure 3. Regulation of TDP-43 nuclear-cytoplasmic 

we postulate that TDP-43 nuclear import and exit 
are regulated by active and passive mechanisms 

RNA binding largely contributes to nuclear retention 
through the formation of large ribonucleoprotein 
assemblies. 
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groups showing that the putative NES is not 
required for nuclear exit and does not significantly 
bind the nuclear export protein exportin 1 
(XPO1).58,61 Instead, TDP-43 seems to undergo 
passive nuclear egress that is size-dependent.58,60

We previously found that transcription inhibition, 
or disruption of RNA-binding function 
significantly promotes TDP-43 nuclear exit.41

This and more recent evidence,62 including our 
work,63 support the intriguing model that RNA 
interactions are capable of modulating TDP-43 
nuclear-cytoplasmic trafficking. According to this 
idea, recruitment of TDP-43 to nuclear RNA 
transcripts composed of multiple binding sites 
generates large macromolecular assemblies that are 
unable to passively go through the nuclear pore. 
In agreement with this hypothesis, addition of 
high levels of GU-repeat RNA ((GU)6), a short 
oligonucleotide predicted to bind one molecule 
of the protein, increases cytoplasmic TDP-43.62

This result suggests that (GU)6 competes with 
nuclear transcripts for TDP-43 binding and 
increases the pool of monomeric protein passively 
diffusing through the nuclear pore.  Interestingly, 
the majority of long non-coding RNAs (lncRNAs) 
express nuclear retention signals usually encoded 
by internal transposable elements, which promote 
nuclear localization64 (reviewed in65). Deletion of 
a transposable element in lncRNA Malat1, which 
directly binds TDP-43, promotes TDP-43 export 
to the cytoplasm and increases the formation 
of TDP-43 inclusions in this compartment.6. 
Therefore, it is possible that TDP-43 association 
with nascent RNA and recruitment to RNA 
molecules with nuclear retention properties (e.g., 
lncRNAs) maintain high nuclear TDP-43 levels.67. 
Altogether, these findings provide strong evidence 
that RNA binding, through the formation of 
higher order macromolecular complexes, e.g., 
RNP assemblies, plays a critical role in controlling 
nuclear-cytoplasmic TDP-43 distribution. We are 
currently investigating how factors controlling 
RNP complex biogenesis modulate TDP-43 
nuclear-cytoplasmic trafficking. The identification 
of previously uncovered regulatory factors will 
highlight new mechanisms in fundamental 
biological processes and innovative strategies for 
therapy against neurodegenerative disease.
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Abstract
Dietary fiber (DF) is an 

essential, albeit under-consumed, 
component in the North 
American diet. DF is thought 
to have anti-inflammatory 
disease-modifying effects via 
DF-related gut microbiota 
degradation products called 
short chain fatty acids. Thus far 
studies have shown the greatest 
associations between DF intake 
and risk reduction in obesity, 
improved weight loss outcomes, 
and risk reduction of cardio-
vascular disease (CVD). There 
is weak evidence associating 
DF intake and inflammatory 
bowel disease (IBD) risk, IBD 
remission, reduced risk of 
Crohn’s disease (CD flares, and 
no evidence showing any benefit 
towards ulcerative colitis (UC) 
specifically. Evidence on DF 
intake and the risk reduction of 
colorectal cancer (CRC) has been 
equivocal. Studies were limited 
by a lack of randomization or 
in controlling fiber types and 
sources. Based on the current 
beneficial associations of DF on 
obesity management and CVD, 
counseling patients to increase 
DF intake may be a cost-effective 
measure to decrease the burden 
of chronic disease.

Introduction
Dietary fiber (DF) is an 

essential part of a healthy 
human diet. It is associated with 
diversification of  gut microbiota 
and is thought to play a role in 
various pathological conditions.1

The average American DF intake 
ranges between 11.8g-19.8g, 
while the daily intake 
recommendation is 25-35grams. 
The gut microbiome plays an 
important role in degrading 
dietary fiber into short-chain 
fatty acids (SCFAs) which have 
several anti-inflammatory effects 
associated with modifying 
various chronic diseases. Many 
studies have shown an association 
between increased DF intake and 
reduced risk of cardiovascular 
disease and obesity. There is also 
some weak evidence indicating 
that DF intake is associated with 
reduced risk of development of 
inflammatory bowel disease and 
the risk of Crohn’s disease flares. 
This  review aims to discuss the 
current understanding of DF and 
the role it may play in obesity, 
cardio-vascular disease (CVD), 
colorectal cancer (CRC), and 
inflammatory bowel disease 
(IBD). 

There are numerous 
definitions of DF based on 

Current studies have 
shown the greatest 
associations between 

and risk reduction in 
obesity and cardio-
vasular disease.
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factors such as the size of the 
carbohydrate polymer, solubility, 
and the location of fermentation 
in the gut. According to the Codex 
Alimentarius Commission, which 
is a collection of internationally 
adopted food standards, DF 
includes carbohydrate polymers 
with ten or more monomeric 
units that are neither digested 
nor absorbed by the endogenous 
enzymes of the small intestine of 
the human gastrointestinal system.2 

The definition of the United States 
Food and Drug Administration 
(FDA) differs slightly and also 
includes carbohydrates of three 
to nine units.3 DF can also be 
classified based on factors such as 
their primary food source, chemical 
structure, water solubility, viscosity, 
and fermentability. Commonly, 
based on its water solubility, DF 
is classified as insoluble fiber (IF) 
or soluble fiber (SF; Figure 1).4

The solubility of fiber influences 
its physiological role as described 
further below.

Main Food Sources 
of Dietary Fiber

Edible fiber includes fiber naturally found in 
food, as well as those synthetically or enzymatically 
produced. Most edible DF is found in natural 
sources. Both SF and IF can be found in legumes, 
vegetables, nuts/seeds, fruits, and synthetically 
in cereals (Figure 1).5 Insoluble fiber can bypass 
digestion in the small intestine and are fermented by 
specialized microorganisms. They are usually found 
in cereals, legumes, ripe fruits, and green bananas 
(Figure 1).5

Current Fiber Recommendations 
and Intake

The FDA recommends 28g of dietary fiber per 
day for a 2000 kcal/day diet.6 The American Dietetic 
Association recommends 14g/1,000 kcal or 25g 

for adult women and 38g for adult men.7 These 
recommendations are based on studies showing 
associations with the protective effects of DF against 
cardiovascular disease.7 Recommendations vary in 
children and the elderly based on age. Infants below 
the age of six months who are exclusively breastfed 
do not require additional DF intake. Adequate data 
is not available for infants from the age of 7-12 
months. After the age of two years, adequate DF 
intake is equal to or greater than their age, plus 5g/
day. In the elderly, lower values of 14g/1000 kcal are 
recommended.7

The average daily DF intake in the US is lower 
than recommended. According to the National 
Health and Nutrition Examination Survey’s most 
recent 2017-2018 report on DF intake by Americans, 
the fiber intake in males ranges from 12.4-19.8g 

further based on the ability to change the viscosity of chyme: the partially 
digested food materials and digestive secretions during digestion. Note that 
“resistant” refers to products that can resist breakdown during digestion.
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on average and lower in females from 11.8-16g.8

This reported intake is several grams lower than 
the recommended daily intake. In comparison, the 
European Food Safety Authorization reports an 
average daily DF intake of 16-29g for an adult.9 This 
is a notable increase in the average consumption of 
fiber relative to the US. 

Normal Digestive Physiology and 
Pathology

The digestive physiology of DF is dependent on 

the fiber type, location within the small and 
large intestines, and specific gut microbiota. 
DF, while thought to be resistant to absorption, 
does indeed undergo some chemical and 
structural changes in the gastrointestinal 
system, such as hydrolysis. Solubility has been 
shown to have an association with hydrolysis, 
with increasing resistance to hydrolysis seen 
with decreasing water solubility.1 IF is resistant 
to hydrolysis in the small intestine due to its 
hydrophobic and crystalline structure formed 
by hydrogen bonds. This results in a bulking 
effect, as it can bypass the small intestine with 
minimal breakdown.1 DF that is resistant to 
breakdown in the small intestine undergoes 
fermentation by the gut microbiome of the 
large intestine. The by-products produced 
through fermentation provide energy that is 
required by gut microbes to survive and grow.5 

This plays a vital role in the diversification of 
the gut microbiota and further aids in fecal 
bulking.1 Some studies indicate that the effect 
of DF on the diversification of gut microbiota 
may play a role in disease development and 
progression.10,11

DF undergoes anaerobic fermentation 
by the gut microbiome to be degraded into 
products known as short-chain fatty acids 
(SCFAs) including butyrate, propionic acid, 
and acetic acid.  SCFAs have several effects 
including anti-inflammatory actions through 
the inhibition of cytokines, activation of 
dendritic cells that are involved in anti-viral 
mechanisms, epithelial barrier protection, 
boosting IgA secretions, and mucus 
production.10, 11 The microbes of the gut play a 

crucial role in the metabolism of DF, which in turn 
likely contribute to their associated protective role in 
chronic inflammatory conditions (Figure 2).10, 11 We 
further describe the role of dietary fiber in chronic 
disease below.

Obesity
Obesity has become a pandemic worldwide due 

to the increasing availability of calorie-dense food 
and simple carbohydrates. There is a growing body 
of research showing the association between DF and 

Figure 2. DF fermentation byproducts, protons (H+), 
carbon dioxide (CO2), methane, and lactate, aid in the 

prostaglandins that produce mucus membranes and provide 
epithelial barrier protection. Inhibition of toll-like receptor 
4 (TLR4) downregulates nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkB) to attenuate the 

1(IL-1), IL-6, and tumor necrosis factor-alpha (TNF- ). Inhibition 
of the activation of neutrophils and eosinophils prevents 
further cytokine activation and proliferation of B and T cells.
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obesity. Existing literature suggests a protective effect 
of high DF intake on ideal body weight through 
the generation of SCFAs.12 Some hypothesized 
mechanisms to explain the obesity modulating effects 
of SCFA include that they provide extra sources of 
energy, suppress insulin-mediated fat accumulation 
via G-protein coupled receptor-43 expressed in the 
intestinal epithelium, immune cells, and adipocytes, 
regulate fasting-induced adipose factor, and regulate 
leptin secretion via free fatty acid receptor 3.13, 14, 15

In a 12-week, single-center, double-blind, 
placebo-controlled trial, 53 adults who had 
overweight or obesity were randomly assigned to a 
pea fiber (PF) or a control diet.16 Pea fiber intake 
significantly altered the types of fecal SCFAs and bile 
acid (BA) levels. The PF group was found to have 
higher acetate levels and reduced isovalerate, cholate, 
deoxycholate, and total BA content. Although 
the exact mechanism of action and role of these 
metabolite changes are unclear, these SCFAs and BAs 
may be involved in obesity by acting on signaling 
pathways, gut epithelium barrier function, and 
inhibition of proinflammatory cytokine production.16

The correlation of PF consumption, and DF 
in general, with alterations in the gut microbe 
metabolites may be a possible mechanism involved in 
the obesity modulating effects of DF.

Several studies have examined the role of DF on 
weight management outcomes. A prospective study 
with a sample size of 120,877 non-obese individuals 
observed an inverse correlation between long-term 
weight gain and intake of DF.17 In another study, 
children between the ages of 7–12 years old with 
overweight or obesity were randomly assigned to 
receive either oligofructose-enriched inulin or a 
maltodextrin placebo once daily for 16 weeks. 
Oligofructose enriched inulin is a mixture of non-
digestible carbohydrates, containing oligosaccharide 
and inulin, both of which are fermentable plant 
fructan DF. Reduced fat mass was observed in the 
inulin group, suggesting that increased intake of 
DF may have beneficial effects on obesity.18 More 
recently, the RESOLVE study initiated a two-
phase experimental protocol to examine the role 
of lifestyle modifications on weight loss outcomes. 
Phase one consisted of a three-week intervention 
in diet, exercise, and education under a controlled 

environment with close supervision. This was 
followed by a second phase wherein participants 
maintained these lifestyle changes under distant 
supervision for 12 months. It was found that 
fiber intake was the only nutritional variable that 
systematically predicted a significant reduction in 
health indicators like weight, central fat, and body 
mass index (BMI).19 

A limitation of the RESOLVE study was the 
second phase of distant supervision, which was not 
in a controlled setting. The above studies were also 
limited by varying DF sources and types, limiting 
generalizability. For example, some studies have 
examined individual fiber types, such as inulin, 18

others with a pea fiber source,16 and the RESOLVE 
study examined generalized DF content. 19 With the 
plethora of the types and sources of DF, it is unclear 
whether certain DF types or sources have the same 
obesity modulating effects.

From the above limited studies, DF intake has 
been associated with reduced obesity and improved 
weight loss outcomes. Gut microbe-related DF 
degradation products, such as SCFAs and BAs are 
thought to be the physiological drivers in these 
obesity modulating effects. Further studies that 
include randomization are required to further 
elucidate whether individual fiber types or sources 
play an obesity modulating role.

Cardio-Vascular Disease
Coronary artery disease (CAD) is the leading 

cause of mortality worldwide. Its etiology is 
a culmination of factors involving lifestyle, 
environment, and genetics. Diet has been widely 
regarded as a modifiable risk factor for the prevention 
of CVD. A high fiber intake may modify risk 
factors that can contribute to atherosclerotic disease 
including dyslipidemia, obesity, hypertension, and 
diabetes.20,21 Current evidence suggests an inverse 
relationship between CVD and intake of DF. The 
Pooling Project of Cohort Studies on Diet and 
Coronary Disease pooled data across 10 prospective 
cohort studies. This study found a significant inverse 
relationship between DF intake and the risk of 
CAD.22 There was a dose-response relationship for 
every 10g/day increase in DF intake, with a 14% 
reduction in risk of all coronary events, and a 27% 
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reduction in the risk of coronary mortality.22 This 
association was independent of age, sex, CVD risk 
factors such as BMI and hypertension, lifestyle 
factors such as smoking and physical activity, and 
other dietary factors such as energy and fat intake.22 

Another meta-analysis analyzed the effects of 10g/
day increment increases of DF and found a pooled 
relative risk of 0.91 for CVD.23 A meta-analysis of 
19 studies indicated that an increased intake of total 
fiber, IF, and fiber from cereals, vegetables, and fruits 
lowered the risk of CVD and coronary heart disease 
(CHD).24 There was a reduction of risk with each 
increase of 7g/day in total fiber intake, with relative 
risks of 0.91 for both CVD and CHD.24

There are several limitations to the studies 
associating DF to CVD risk. Given that intake of 
DF was not randomized, causality is difficult to 
establish. The definition of DF and the definition 
and measurement of specific fiber sources such as 
cereal fiber, vegetable fiber, and whole grains were 
not standardized. For example, Pereira et al. found 
significant associations between cereal and fruit DF 
intake in reducing CVD risk, however non-significant 
findings were associated with vegetable fiber intake.22

Further studies controlling for fiber type and source 
may be warranted. Many of the studies also failed to 
control other dietary variables including vitamins, 
minerals, and beta-carotene. Considering there is 
some evidence for the contribution of these nutrients 
in decreasing CVD risk, failing to control for 
them can potentially impact findings.25 Finally, the 
influence of socioeconomic factors remains unclear 
as most studies were in a predominantly Caucasian 
population in the US and Europe. Given that the 
food trends and sources of fiber intake are different in 
different ethnicities and races, the relationship needs 
to be adjusted for these factors as well.25

From the above studies, DF intake has been 
associated with a reduction in the risk of CVD. 
Currently, the consensus on the amount and type of 
fiber has yet to be reached, but as described above, an 
increase in 7-10g/day was associated with a reduction 
in CVD risk. These studies are limited by a lack of 
randomization, control for DF types and sources, 
control of various socioeconomic factors, and control 
for other dietary nutrients that impact CVD. Further 
studies are required to better elucidate the long-term 
effects of DF on CVD risk. 

Colorectal Cancer
Colorectal cancer (CRC) is one of the leading 

causes of cancer deaths in the world. The recent 
intense screening measures have reduced the 
incidence, but CRC remains the third leading cause 
of cancer in men and women.26 Understanding the 
preventative factors of CRC may help to reduce its 
disease burden. Some components of DF such as 
wheat bran and phytic acid (inositol hexaphosphate) 
were found to have chemo-preventive properties 
against colon carcinogenesis.27

The evidence on the protective effects of DF 
intake on CRC has been inconsistent due to evidence 
being mostly observational. Case-control studies were 
generally affirmative but most observational cohort 
studies challenged an association of DF to CRC. 28, 

29 In a large prospective study, the NIH-AARP Diet 
and Health Study, analysis of half a million adults 
for five years found no association between total DF 
intake and CRC. However, an inverse association 
was observed between the intake of fiber from grains 
and CRC.26 Another study conducted with a 15-year 
follow-up period showed a significant decrease in the 
incidence of CRC with the intake of whole wheat.30

A similar association was not seen when looking 
at the incidence of CRC with overall increased DF 
intake.30 Current studies investigating the role of DF 
in the development of CRC have been equivocal, and 
further studies are required to elucidate whether DF 
has long-term effects in decreasing the risk for CRC.  

The incidence of IBD has been increasing over 
recent decades.31 IBD is comprised of CD and 
ulcerative colitis (UC). Currently, the mainstay 
treatments for patients with IBD have been biologics 
to arrest progression and maintain remission. 
Modifiable factors such as DF intake have been 
investigated to prevent the development and 
progression of IBD. The potential role of DF lies in 
the production of SCFAs. SCFAs such as butyrate 
has been shown to regulate cytokines involved in 
intestinal inflammation such as IL-10, IFN , and 
IL-1 .32, 33 In a study comparing women in the 
highest quantile of fiber intake and women in the 
lowest quantile of fiber intake, a 40% decrease in 
risk of CD development was found.33 The benefit 
was highest with fiber derived from fruits. However, 
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a significant association was not seen in the risk of 
UC development. Similarly, another study found DF 
to be protective against CD.34 Data from a systemic 
review showed that adults with IBD consume 
significantly less DF compared to healthy adults, and 
the presence of an inverse association between DF 
intake and the risk of CD.31

Beyond the risk of developing IBD, studies 
have also shown a decreased risk of CD flares with 
fiber intake.35 A small study found a lower rate of 
treatment failure for the psyllium plus mesalamine 
group versus only mesalamine (28% versus 35%).36 

This association was not seen with UC.
While these studies show some beneficial 

association between high fiber intake and IBD, 
the impact on causality is yet to be understood. 
Significant associations between DF were only shown 
with CD, whereas no associations with UC were 
found. The effects on IBD remission have been varied 
and require further investigation. 

Clinical Strategies to Improve 
Dietary Fiber Intake

The intake of DF is limited in the average 
Western diet. In a clinical setting, a comprehensive 
approach toward disease management includes 
counseling patients on dietary modification, an 
important part of preventative medicine (Table 1). 
Advising patients to increase overall DF intake is an 
easy, cost-effective, and low-harm measure, and may 
aid in the holistic management of obesity, CVD, and 
other chronic diseases. Counselling should include 
investigating the dietary components of a patient’s 
average meal. Resources regarding fiber-rich food via 
print materials, links to websites, along with resources 
on the beneficial effects of DF can be provided to 
patients. Dietary Guidelines for Americans have 

Table 1. Practical Approach to Counselling on Dietary Fiber Intake

diseases and decreased gut health  

Americans website 
Provide examples of recommended portion sizes

information 
about food 
sources that 
are rich in DF 
along with 
recommended 
portion 
sizes, and the 
information 
is detailed 
yet simple to 

understand.37 Simple behavioral measures such as 
replacing processed food snacks with small servings 
of fruits, eating vegetables or salads, and reading food 
labels may be beneficial.

Conclusion
Current studies have shown the greatest 

associations between DF intake and risk reduction 
in obesity and CVD. There is some weak evidence 
through observational studies indicating that 
DF intake is associated with a reduced risk of 
development of IBD and the risk of CD flares.  
Associations with CRC were equivocal. See Table 2 
for a summary of the studies noted in this review. 
Based on the current findings associating DF 
intake with reduced risk for obesity and CAD, 
counselling patients and providing patients with 
educational resources to increase DF intake may 
provide long-term benefits. Studies were limited by 
a lack of randomization or in controlling fiber types 
and sources. Further investigation is needed into 
understanding the role of DF in the development of 
chronic diseases and their implication for treatment.
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A Review of the Role of Robotics in 
Surgery: To DaVinci and Beyond!
by Patrick Probst, MD

Abstract
Since its inception in 1985, 

robotic surgery has evolved into 
a mainstream surgical approach 
that has become virtually 
synonymous with minimally 
invasive surgery (MIS) and 
adopted across several specialties 
offering decreased patient 
morbidity and improved post-
operative outcomes.  This article 
discusses the current role of 
robotics in MIS and its varied 
applications, prevalence in the 
community and the future of the 
field. 

Background
Advancements in surgery tend 

to occur within one of several 
broad categories – cost reduction, 
improved patient satisfaction, and 
improvement in clinical outcomes. 
Historically, progress was achieved 
by individuals altering surgical 
technique or implementing lessons 
accrued from their own post-
operative experiences into intra-
operative decision making. While 
this granular improvement is vital 
and continues in modern surgery, 
paradigm shifts in the foundation 
of surgical principles and 
instrumentation have accelerated 
the evolution of modern surgical 
medicine. 

Numerous significant shifts 
in surgery have occurred in 
the past few decades including 

the introduction of endoscopic 
equipment for not only diagnostic 
but therapeutic management of 
disease. Since the dissemination 
of laparoscopy, surgeons have 
continued to explore less invasive 
approaches now in the form of 
robotic assisted surgery.

It is the natural progression for 
the evolution of surgery to push 
the degree of invasiveness towards 
the extreme of the spectrum over 
time in order to improve patient 
satisfaction and clinical outcomes. 
The typical hindrance of such 
innovation is related to cost. 

However, with modern 
advancements in optics, mechanics, 
energy, computing power, and 
more, this progression and 
adaptation into everyday practice 
is occurring at an ever-increasing 
speed. Robotic surgery continues 
to be at the forefront of MIS 
innovation given its ability to 
minimize human error and increase 
surgical precision and operative 
standardization. But, it is important 
to define what constitutes robotic 
surgery. Currently, “robotic surgery” 
is often used synonymously with 
the most widely recognizable robot, 
the DaVinci surgical system. This 
platform by Intuitive consists of 
three components that allow the 
surgeon to indirectly control robotic 
arms that grasp, transect, coagulate, 
staple, clip and suture. While this 
master-slave or passive apparatus 
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Kansas City Urology Care in North 
Kansas City, Missouri. 

With new systems and 
applications routinely 
coming to market, 
it continues to be 
an exciting avenue 
for new research 
and development 
as well as improving 
the patient care 
experience. 
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that allows for telesurgery remains the most popular 
globally, other surgical robots can be classified into 
two other categories: supervisory-controlled, and 
shared control.1

Supervisory-controlled systems allow pre-
operative planning with robotic execution under 
close supervision, such as with aquablation of the 
prostate in urology. Shared-control systems allow 
the surgeon and robot to function simultaneously, 
such as with spine and arthroplasty robots in 
neurosurgery and orthopedics.1 This article will 
highlight the current role of robotic systems in 
minimally invasive surgery.

Robotic-Assisted Laparoscopic Surgery 

DaVinci Laparoscopy
The DaVinci robotic surgical platform (Intuitive 

surgical Inc., Sunnyvale, CA, USA) was first made 
commercially available in 2001. It has subsequently 
undergone three iterations and its most modern 
format is the DaVinci Xi. Since its inception, this 
platform has been widely adopted and now used 
in over 10 million cases over two decades, in five 
specialties and grown to dominate the robotic 

assisted laparoscopic (RAL) market (Image 1).2

At least 85% of prostatectomies are performed 
robotically and the number of hysterectomies 
performed robotically has increased by 300% 
over the last decade.3,4 In comparison to open 
surgery, use of the DaVinci robot has shown 
significant improvement in clinical outcomes often 
demonstrating less blood loss, a shorter length of 
stay and less opioid consumption as supported 
by numerous multi-specialty reports in the 
literature.5,6,7,8

These well-described clinical benefits and rapid 
adoption by a growing number of surgeons ensures 
that, for the foreseeable future, the DaVinci robot 
will continue to be a mainstay in the minimally 
invasive surgical management of oncologic and 
reconstructive pathologies in cardiothoracic surgery, 
general surgery, urology and gynecology. In fact, 
multiple medical specialties now incorporate 
training modules and robotic skills courses into their 
curriculum and require residents to have robotic 
platform specific training in order to graduate. 

However, the original DaVinci patents have now 
expired and significant robotic system development 
and competition is expected, particularly in 
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regards to novel technology, reduced cost and size 
reduction.9 Current DaVinci platforms do not utilize 
haptic feedback, the experience of touch by applying 
resistance to the user, or biometric integration such 
as eye tracking cameras or head tracking robotic 
arms that can better replicate a traditional open 
surgical environment.10 Additionally, the sizable 
physical footprint of the DaVinci robot tower, 
arms and console has proven restrictive in its 
implementation as well as the significant cost of 
the system, as the Xi still costs approximately $1.5 
million per system.11 With the expected increase 
in number of robotic laparoscopic cases over the 
next decade, numerous companies have entered and 
expanded the market (Table 1).  

Laparo-endoscopic Single-site Surgery (LESS)
The SinglePort (SP) system, created in 2018, is 

Intuitive’s venture into the LESS space. Through a 
2.5cm incision, a solitary port releases 1 camera and 
3 robotic arms which are controlled from the console 
by the surgeon similar to the Xi. This approach 
allows for better cosmetic outcomes – a single 
incision, quicker patient recovery, and similar optics 
and dexterity of the instruments. Clinical adoption 
has continued to increase. Between 2020 and 2021, 
there has been a 56% increase in the number of SP 
robotic systems nationwide. 

Few companies thus far have 
made a meaningful impact in 
the LESS space. However, the 
STRAS system, version 2 (iCUBE, 
Strasbourg, France) is a flexible 
endoscopic system capable of single 
port intraluminal surgery.  Although 
still in preclinical development, 
its main advantage over current 
LESS platforms is its significantly 
smaller size and the option for 
table mounting arms. The Single 
Port Orifice Robotic Technology 
(SPORT) Surgical System (Titan 
Medical Inc., Toronto, Canada) 
also uses a 2.5cm incision to deliver 
two articulating instruments and 
a camera for LESS. It is pending 
FDA approval but has demonstrated 
success in a single port partial 

nephrectomy in animal models.11

Non-Laparoscopic Robotic Surgical 
Platforms

Surgery (NOTES)
Robotic NOTES is an exciting area of research 

and advancement in MIS. The NeoGuide Endoscopy 
System (Intuitive Surgical Inc., Sunnyvale, CA) and 
the Invendoscopy E210 System (Ambu, ballerup, 
Denmark) are flexible self-propelling colonoscopes 
that have had FDA approval since 2006 and 2016, 
respectively.12,13 The lightweight systems are easier 
to manipulate and apply less force to the colon wall 
to reduce the colonic looping phenomena that is 
responsible for the majority of post-operative pain. 
Similarly, the Flex Robotic system (Medrobotics 
Corp., Raynham, MA, USA) is a robotic platform 
intended to increase accessibility to deep organs.  Its 
current indications include transoral procedures 
and recent feasibility studies demonstrate a role for 
rectal cancer resection.14 This platform has had FDA 
approval since 2015. 

Although these systems are segregated into their 
own unique approaches, their enhanced visualization 
has spurred ongoing research to assess the potential 
to combine NOTES, LESS and other laparoscopic 
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robotic approaches for more diverse and complex 
surgical applications.

Bronchoscopy Platforms
Bronchoscopy and transthoracic needle 

aspiration are the two main approaches for 
diagnostic biopsy of peripheral lung lesions. 
However, the diagnostic yield of bronchoscopy 
ranges from 67-84% compared to 92% in needle 
aspiration due to “getting lost” in the peripheral 
airways.15,16 The addition of robotic guidance 
systems, Monarch platform by Aurius health in 
2018 and Ion Endoluminal System by Intuitive 
Surgical in 2019, has the potential to increase yields 
close to 95% and increase the ability to localize and 
precisely puncture peripheral nodules.17,18 These 
systems increase structural support with a locking 
outer sheath but have an inner flexible controllable 
bronchoscope with electromagnetic navigation 
guidance and continuous visualization. This allows 
for 4-way adjustable angulation to reach farther 
than conventional bronchoscopy, prevent accidental 
displacement during sampling, and visualize and 
tamponade bleeding.19 As this technology expands, 
there is the potential for adding ablative therapies 
for the treatment of oligometastatic or inoperable 
peripheral lung tumors.20

Ureteroscopy Platforms
Ergonomic deficiencies during stone 

manipulation, laser disintegration, surgeon fatigue, 
exposure to radiation during fluoroscopy and the 
need for assistance while performing ureteroscopy 
has led to the development of robotic ureteroscopes. 
The first clinical application of robotic ureteroscopy 
(URS) was introduced in 2008 by Desai and 
colleagues with the Sensei-Magellan system.21 Since 
that time the Avicenna Roboflex system, introduced 
in 2013, has been the only system that remains 
in clinical use.22 The surgeon sits at the console 
controlling a flexible arm that can rotate, advance, 
retract and deflect as well as manipulate irrigation, 
lasers and stone baskets. Treatment times, safety 
profiles, and three-month stone free rates were 
similar to conventional URS.23 As these systems 
develop, the ability to have tactile feedback from the 

tip of the ureteroscope, 3D positioning and memory 
to find stones based off of pre-operative imaging, 
and adaptive intelligent control of the laser settings 
as the stone is being fragmented could allow for 
further utility and offset the higher cost of using a 
robotic system.22

Aquablation
Aquablation (AA) is the newest robotic platform 

being used in the field of urology. It is a surgeon-
planned, ultrasound-guided, robotically executed 
technique to resect prostate tissue athermally using 
a high velocity water jet.24 It is approved for use in 
men with benign prostatic hyperplasia with 30-150g 
prostates with or without a median lobe. 

The AA system, developed by Procept, uses a 
transrectal ultrasound to visualize the prostate. The 
proprietary software is then used to map the prostate 
dimensions and the anatomic areas of the median 
lobe, transitional zone and peri-verumontanum 
tissue (Image 2, 3). A robotically controlled 
transurethral waterjet is then programmed by the 
surgeon to resect a specific amount of prostate tissue 
in a precise location, up to 0.25mm at a time. The 
robotic system is then activated by the surgeon 
and the pre-determined tissue is removed within 
minutes. 

This has quickly gained popularity in the 
urologic community given its short learning curve, 
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use of common urologic skills (transrectal ultrasound 
and rigid cystoscopy), short operative times, wider 
range of patient inclusion and encouraging clinical 
outcomes. There is a 6% incidence of restarting 
medications or requiring surgical retreatments 
compared to 12.3% with the gold standard TURP, 
preservation of sexual function and a 50% reduction 
in retrograde ejaculation compared to alternative 
surgical approaches for BPH.25,26 Due to these 
advantages, the number of AA systems has increased 
by 52% over the last 9 months. 

Robotic Arm-assisted Arthroplasty
The success of knee and hip arthroplasty 

relies on surgeons’ technical ability to achieve 
optimal position and alignment of the prosthesis.27

Computer-assistance with navigation allows 
for pre-planning and real-time intra-operative 
feedback while the robotic arm stabilizes and 
optimizes positioning of the prosthesis and surgical 
instruments. ROBODOC (Integrated surgical 
systems, Davis, CA, USA), introduced in 1992, 
was an active system independently performing the 
osteotomy and only allowed for the surgeon to start 

and stop the procedure. 
A semi-active system, such as RIO by MAKO 

Surgical Corp., is now the most widely used 
system in modern orthopedics. Using a pre-
operative extremity CT scan, a 3D model with 
pre-programmed boundaries is created that limits 
the range of movement of the surgical instruments 
controlled by the robotic arm.28,29 All actions, such 
as reaming and osteotomy, are performed according 
to pre-operative planning, but the final manipulation 
depends on surgeon execution.

Compared to traditional total hip arthroplasty, 
the MAKO system can reduce varus and valgus 
deformities of the femoral prosthesis, restore the 
offset, and more accurately position the acetabular 
cup prosthesis in the safety zone.30,31,32,33 Although 
several studies report the benefit for less intra-
operative blood loss, low complication rate and 
shorter hospital stay with robotic systems, the 
literature doesn’t report a significant difference in 
short-term clinical efficacy through the Harris hip 
score or other scoring systems.33,34

The FDA has approved MAKO and NAVIO 
surgical robots for uni-compartmental/total knee 
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arthroplasty (UKA/TKA) as well. These systems 
employ visual, tactile and auditory feedback to 
improve surgical efficiency and achieve a more 
precise osteotomy alignment.35

Over the last decade, use of robotic systems 
for UKA has more than doubled in certain 
regions of the US due to the definite and 
repeatable evidence of improved femoral and 
tibial prosthetic positioning accuracy by 3 and 
3.4 times, respectively.36,37 Additionally, soft 
tissue balance improves and the joint dynamics 
of the knee have better function and greater 
longevity.35

Patients report superior pain scores at 2 
months and functional scores at 3 months 
when compared with traditional approaches.38

Continued long-term, prospective and 
randomized-controlled trials are needed to 
further study the use of MAKO in TKA patients.

Spine Robot Platforms
The Mazor robotic platform (Medtronic 

Navigation, Louisville, CO, USA; Medtronic 
Spine, Memphis, TN, USA) was first FDA 
approved in 2004 and is currently one of the 
most popular systems in the world for spinal 
pedicle screw placement. The initial system, 
SpineAssist, had a patient-mounted track 
that used pre-operative or intra-operative CT 
imaging to plan hardware trajectory. The current 
model, Mazor X Stealth Edition, released in 
2019, no longer requires a patient-mounted 
track, has faster computing speed, the vertebral 
bodies can be registered individually, and an 
optic camera allows for self-detection of the 
robot to avoid intra-operative collisions. 

ExcelsiusGPS (Globus Medical, Inc., 
Audubon, PA, USA) was the first spine robot 
with a fully integrated navigation platform, 
real-time instrument tracking and pedicle 
screw placement without guidewires. Similar 
to the Mazor X Stealth Edition, intra-operative 
fluoroscopic imaging can be merged with pre-
operative CT scans (Image 3).

These robotic systems aid in maintaining 
a fixed working angle to reduce inaccuracies 
and tremors by the surgeon and thus allow for 
more consistent, safe and improved patient 

outcomes. While, studies demonstrate a high 
accuracy rate of robotic assisted pedicle screw 
placement (91-98%) comparisons with traditional 
approaches have not shown an overwhelming 
improvement in accuracy.39,40,41,42 A recent meta-
analysis has demonstrated decreased screw revision 
risk when using robotic-assisted and navigated 
screw placement over free-hand techniques.43

Additionally, robotic assistance can reduce the 
risk of proximal facet joint violation, compared to 
freehand techniques, which can minimize the risk 
of adjacent segment disease.44,45,46

Limitations to robotic spinal surgery include 
cost, lack of diverse indications for its use, 
increased operative times and lack of direct 
evidence of benefit. In fact, several database 
studies report increased risk of re-operation, 30 
day readmission rate and complication rate with 
robotic assistance in lumbar spinal fusion.47,48

While the technology continues to improve, more 
research is needed to increase the implementation 
of robotics in spine surgery. 

The Future
Two on-going areas of intense research 

include robotic telesurgery and micro-robotics. 
The new 5G network deployed by telecom 
companies worldwide offers rapid communication 
and the potential for telesurgery in order to 
reduce health care costs and improve patient 
access to quality care. Studies have determined 
that a lag time <400ms is imperceptible to the 
surgeon and this can be achieved using 5G 
networks. Telesurgery has been performed in 
China, Germany, Italy and Spain with promising 
results. Remote nephrectomy was safely 
performed without complication and conversion 
with a median distance of 187km between 
surgeon and patient. The median round trip delay 
was 26ms and total delay was 200ms.49,50 Over 
time, the extent and feasibility of telesurgery will 
continue to be tested. This is promising for use 
on aircraft carriers, for future space travel and 
in underserved areas worldwide. As of this year, 
however, a radical cystectomy was performed 
remotely from a distance of nearly 3000km with 
an average total delay lag time of 254ms.51
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Investigative micro-robotic prototypes are 
freely mobile capsule endoscopes that offer a variety 
of diagnostic, targeted drug delivery and surgical 
applications.52 One such robot is a millimeter in 
size and has been, in porcine models, directed with 
extracorporeal magnets to apply a single functional 
nitinol clip and stop colonic bleeding following 
biopsy.53

Research is ongoing around four categories 
specific to micro-robotics: contained propulsion, 
miniaturized functionality, accurate telemanipulation 
and consistent visualization.2

Propulsion can be achieved externally via 
electromagnetic fields or ultrasonographic energy 
while internally driven systems are more restricted 
as they require chemical reactions for motion and a 
separate navigational source.9,54 Several studies have 
demonstrated proof-of-concept for cutting, grasping 
and ablation on the micro-scale.55 There is also early 
promise with phototaxis of polysterene beads and 
magnetically directed chrome spheres using MRI for 
telemanipulation. Finally, studies have demonstrated 
the ability for live-tracking of ferromagnetically 
labeled microalgae to model microbots in rats, X-ray 
angiography tracking of a radio-dense robot in the 
aorta of a rabbit, and US tracking of a magnetically-
labeled robot through muscle tissue in a chicken 
model.56,57,58,59

The age of microbots is clearly in its infancy. 
However, as further research is performed to 
address safety to the patient and operator, cost 
and accessibility, creation of 3D tracking and 
the potential role of fluorescence, significant 
advancements could create another major paradigm 
shift in minimally invasive surgery. 

Conclusion
Robotic technology has created a unique 

paradigm shift in the surgical care of the patient 
beginning several decades ago. With new systems 
and applications routinely coming to market, it 
continues to be an exciting avenue for new research 
and development as well as improving the patient 
care experience. As advancements in computer 
processing, optics, mechanics and haptic feedback 
continue to rapidly progress, robotic surgery has 
cemented its role in modern surgical medicine 

and its near universal adoption across surgical and 
medical specialties offers promise to continue to 
improve medical care around the world.
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