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A. Personal Statement

A central objective in my research is developing biomarker-based predictive models for infections and their outcomes. If such models can accurately risk stratify patients early in the disease process, this could allow clinicians to better allocate treatment resources and improve outcomes. I have pursued this central objective in several research domains: the diagnosis and treatment of Clostridium difficile infection (CDI); infection from multidrug resistant organisms (MDROs), such as Klebsiella pneumoniae and other Enterobacteriaceae; and how the gut microbiota mediates the onset and course of infections.
I have personally designed and conducted the statistical analysis for several research projects, including multivariable modeling and the application of machine learning algorithms. I also have studied biomarkers and risk-based interventions with antimicrobial stewardship, and I am PI on an ongoing clinical trial and R01-funded quasi-experimental infection prevention study. Thus, I not only have experience leading and working within multidisciplinary teams that include clinicians, nurses, clinical researchers, basic scientists, and bioinformaticians, but I also have technical expertise in study design and analysis. My background in mathematics and biostatistics, clinical experience as an infectious diseases physician, and proficiency with the team-science approach have helped me accomplish my goals.

Ongoing and recently completed projects that I would like to highlight include:

R01HS027431
Rao (PI)
03/01/2020–12/31/2024
Data-Driven Interventions for Reducing C. difficile Incidence

56276
Rao (PI)
03/01/2017–04/30/2021
A comparison of Fidaxomicin and oral Vancomycin for the treatment of Clostridium difficile infection (CDI) in hospitalized patients receiving concomitant antibiotics for the treatment of concurrent systemic infections.

U01AI124255
Young (PI)
03/01/2016–02/28/2021

Systems Biology of Clostridium difficile Infection

OHCVLD13-2018-27558
Rao (PI)
09/30/2018–12/31/2019
Centers for Disease Control and Prevention
Longitudinal impact of prophylactic antibiotic use on the gut microbiota in healthy human populations

B. Positions and Honors
Positions and Employment

2015- Associate Professor, Department of Internal Medicine, Division of Infectious Diseases, University of Michigan; Ann Arbor, Michigan

2013-2015 Clinical Lecturer, Department of Internal Medicine, Division of Infectious Diseases University of Michigan; Ann Arbor, Michigan

2013-2019 Staff Physician, Division of Infectious Diseases, Veterans Affairs Ann Arbor Healthcare System, Ann Arbor, Michigan
2010-2011 Clinical Lecturer, Department of Internal Medicine, Division of General Medicine, University of Michigan; Ann Arbor, Michigan

Other Experience and Professional Memberships

2017 – Society for Healthcare Epidemiology of America
2015 – Anaerobe Society of the Americas
2012 – American Society for Microbiology
2012 – International Society for Infectious Diseases
2011 – Infectious Diseases Society of America
2008 – American College of Physicians
2006 – American Academy of Pediatrics
2002 – American Medical Student Association

Honors
2020 SHEA Top Poster Abstract Award, SHEA Decennial 2020 Meeting, Atlanta, GA
2014 Top clinical abstract and poster, Claude D. Pepper Older Americans Independence Center
2014 Annual Meeting, Bethesda, MD
2012 ASM ICAAC Infectious Disease Fellows Program Awardee
2012 IDWeek Trainee Travel Awardee
2005 Arnold P. Gold Foundation Humanism Honor Society, Member, Inducted 9/2005
1999 Alpha Lambda Delta Honor Society, Nominee
1999 National Society of Collegiate Scholars, Inducted Member
1998 Regents Scholarship, University of Nebraska, Lincoln
1998 National Merit Scholarship Finalist

C. Contributions to Science

Area 1. Executing clinical studies that reveal insights into the epidemiologic, diagnostic, and therapeutic challenges surrounding healthcare-associated infections and antimicrobial stewardship.

With the emergence of the epidemic strain, ribotype 027, the epidemiology of CDI has changed this century, increasing in incidence and severity. New but expensive and/or invasive treatments such as fidaxomicin, diverting loop ileostomy, monoclonal antibodies, and fecal microbiota transplantation (FMT), have complicated decisions around prevention, diagnosis, and management. Additionally, antibiotic exposure is implicated not only in the onset and severity of CDI, but also in the development of resistant microbes. Thus, clinicians and antimicrobial stewardship practitioners would benefit from better tools to guide management decisions. As senior author, I designed and conducted a study showing procalcitonin-guided therapy could reduce antibiotic
exposure in respiratory disease (Ulrich et al. 2019). I designed and conducted a study that included over 1000 patients and demonstrated that ribotype 027 independently associated with complicated CDI, as did concurrent
non-CDI antibiotic use (Rao et al. 2015). As one of the senior authors on two separate studies, I conducted a study on the effect of diagnostic stewardship on the overdiagnosis of CDI, showing how it could reduce inappropriate testing of asymptomatic carriers (Welch et al. 2016; Tran et al. 2020). I also previously conducted studies on other important risk factors in CDI, such as decreased functional status in older adults, the risk of bloodstream infection following CDI, and antibiotic exposure in HIV-infected patients with CDI (see full bibliography). Concurrent antibiotic use is also a risk factor for recurrence; thus, as a PI, I am conducting an industry-funded, investigator-initiated multicenter RCT comparing the risk of recurrence between patients treated with fidaxomicin vs. vancomycin (see Personal Statement).

a. Ulrich RJ, McClung D, Wang BR, Winters S, Flanders SA, Rao K. Introduction of Procalcitonin Testing and Antibiotic Utilization for Acute Exacerbations of Chronic Obstructive Pulmonary Disease. Infect Dis Res Treat. 2019;12:2-7. PMCID: PMC6566468.
b. Rao K, Micic D, Natarajan M, Winters S, Kiel MJ, Walk ST, Santhosh K, Mogle JA, Galecki AT, LeBar W, Higgins P, Young VB, Aronoff DM. Clostridium difficile Ribotype 027: Relationship to Age, Detectability of Toxins A or B in Stool with Rapid Testing, Severe Infection, and Mortality. Clin Infect Dis. 2015; 61(2):233-41. PMCID: PMC4565993.
c. Welch HK, Nagel JL, Patel TS, Gandhi TN, Chen B, De Leon J, Chenoweth CE, Washer LL, Rao K, Eschenauer GA. Effect of an antimicrobial stewardship intervention on outcomes for patients with Clostridium difficile infection. Am J Infect Control. 2016; 44(12):1539-1543. PMCID: PMC6542556.
d. Tran NN, Mills JP, Zimmerman C, Gandhi TN, Tribble AC, Petty LA, Nagel J, Brancaccio A, Scappaticci G, Patel T, Dillman NO, Regal R, Klein KC, Washer L, Marshall VD, Sweeney J, Rao K, Eschenauer GA. Incorporating preauthorization into antimicrobial stewardship pharmacist workflow reduces
Clostridioides difficile and gastrointestinal panel testing. Infect Control Hosp Epidemiol. 2020;41(10):1136-41.

Area 2. Conducting translational research defining the role of biomarkers in the diagnosis and management of healthcare-associated infections.
One of the challenges in the management of CDI is identifying, at the earliest stages of disease, which patients will experience complicated CDI and benefit most from targeted interventions. Given the high cost, invasiveness, and/or undetermined safety profile of certain treatments, better tools to risk stratify patients and allocate limited resources are needed. The central hypothesis of my research is that biomarkers can provide this needed improvement upon current prediction models. I designed and conducted a study that demonstrated for the first time that procalcitonin, a cytokine elevated in bacterial infections, is a predictor of severe CDI (Rao et al. 2013). I also designed and conducted a study that was the first to characterize the systemic inflammatory response to CDI, which identified hepatocyte growth factor as a novel and potentially significant predictor of complicated CDI (Rao et al. 2014). As one of the senior authors, I validated these findings in a separate cohort of patients with both ulcerative colitis and CDI (Reinink et al. 2017). In a “bedside-to-bench” approach, we replicated our findings regarding age, inflammatory response, and CDI with a murine model system, and I guided the overall design and statistical analysis (Abernathy-Close et al. 2020).

a. Rao K, Walk ST, Micic D, Chenoweth E, Deng L, Galecki AT, Jain R, Trivedi I, Yu M, Santhosh K, Ring C, Young VB, Huffnagle GB, Aronoff DM. Procalcitonin Levels Associate with Severity of Clostridium difficile Infection. PLoS One. 2013;8(3):e58265. PMCID: PMC3591407.
b. Rao K, Erb-Downward JR, Walk ST, Micic D, Falkowski N, Santhosh K, Mogle JA, Ring C, Young VB, Huffnagle GB, Aronoff DM. The Systemic Inflammatory Response to Clostridium difficile Infection. PLoS ONE. 2014;9(3):e92578. PMCID: PMC3958555.
c. Reinink AR, Limsrivilai J, Reutemann B, Feierabend T, Briggs E, Rao K, Higgins PDR. Differentiating C. difficile colitis from C. difficile colonization in ulcerative colitis—a role for procalcitonin? Digestion. 2017; 96(4):207-212. PMCID: PMC5899687.
d. Abernathy-Close L, Dieterle MG, Vendrov KC, Bergin IL, Rao K, Young VB. Aging dampens the intestinal innate immune response during severe Clostridioides difficile infection and is associated with altered cytokine levels and granulocyte mobilization. Infect Immun. 2020. PMCID: PMC7240091.

Area 3. Leveraging machine learning to improve the predictive modeling of healthcare-associated infections As noted above, the development of a predictive model for complicated CDI that is effective and portable
would herald a paradigm shift in management. To fully utilize the many important risk factors for CDI that I and others have defined in a generalizable manner, machine learning approaches can be superior to traditional
statistical methods in wrangling complex, multidimensional data. My collaborators and I trained and tested models at two separate academic centers to predict CDI onset among inpatients, utilizing thousands of
variables from the entire electronic medical record (Oh et al. 2018). This model was validated with good performance (AUC >0.8) and we are currently deploying it prospectively as part of our AHRQ-funded R01 to calculate the daily risk of CDI in each patient at our hospital. To tackle severe and complicated CDI, we extended this approach and with machine learning were able to improve significantly upon a model that used only curated features (Li et al. 2018). Machine learning also benefits projects studying biomarkers: using an elastic net machine learning algorithm, I analyzed a multiplex panel of serum inflammatory mediators in patients with CDI to accurately predict severity and distinguish CDI from inflammatory bowel disease flare (Limsrivilai et al. 2018). Finally, as a direct result and the culmination of my five years of investigation into the role of inflammatory mediators as predictors of adverse outcomes from CDI, I designed and supervised a study modeling severe CDI and mortality using a custom panel of inflammatory mediators measured at the time of
diagnosis to predict these outcomes with up to 90% accuracy. We validated these patient-derived models, without modification, in an experimental mouse model of infection, achieving high accuracy—this suggests that murine CDI models remain a relevant avenue to better understand the inflammatory response to CDI (Dieterle et al. 2020).

a. Oh J, Makar M, Fusco C, McCaffrey R, Rao K, Ryan E, Washer L, West LR, Young VB, Guttag J, Hooper DC, Shenoy ES, Wiens J. A generalizable, data-driven approach to predict daily risk of Clostridium difficile infection at two large academic health centers. Infect Control Hosp Epidemiol. 2018
Apr;39(4):425-433. PMCID: PMC6421072.
b. Li BY, Oh J, Young VB, Rao K, Wiens J. Using machine learning and the electronic health record to predict complicated Clostridium difficile infection. OFID. 2019;6(5):ofz186. PMCID: PMC6527086.
c. Limsrivilai J, Rao K, Stidham RW, Govani SM, Waljee AK, Reinink A, Johnson L, Briggs E, Higgins PDR. The systemic inflammatory responses in ulcerative colitis patients and Clostridium difficile infection. Dig Dis Sci. 2018;63(7):1801-1810. PMCID: PMC6015554.
d. Dieterle MG, Putler R, Perry DA, Menon A, Abernathy-Close L, Perlman NS, Penkevich A, Standke A, Keidan M, Vendrov KC, Bergin IL, Young VB, Rao K. Systemic Inflammatory Mediators Are Effective Biomarkers for Predicting Adverse Outcomes in Clostridioides difficile Infection. mBio. 2020;11(3).
PMCID: PMC7403776.

Area 4. Using genomics and molecular epidemiology to model healthcare-associated infections. Even if attributed to specific species through fulfilment of Koch’s postulates, many infections reveal great genetic diversity when observed at the level of the infecting strain. This, in part, modulates the epidemiology, severity, and outcomes from infections, and we need clinical/translational studies to better model the interaction between microbial genetics and disease course. As a co-senior investigator and in my role as a clinical researcher / biostatistician, I collaborated with basic scientists to study invasive Klebsiella pneumoniae infection. We identified prior gut colonization in patients as a major independent risk factor for subsequent invasive disease, and we discovered that specific genetic loci from isolates associate with virulence, which we validated using knock-outs and a murine pneumonia model (Martin et al., 2016 and 2018). I also designed and conducted research that underscored how infection with specific C. difficile strains associates with risk of severe and recurrent infection (Rao et al. 2015 [Area 1] and 2018). As a statistician and one of the senior authors on the project, I modeled how infection with multiple strains at baseline was an independent risk factor for recurrent CDI (Seekatz et al., 2018), which is a novel finding not previously appreciated. 

a. Martin RM, Cao J, Brisse S, Passet V, Wu W, Zhao L, Malani PN, Rao K, Bachman MA. Molecular epidemiology of colonizing and infecting isolates of Klebsiella pneumoniae. mSphere. 2016;1(5).
PMCID: PMC5071533.
b. Martin RM, Cao J, Wu W, Zhao L, Manthei DM, Pirani A, Snitkin E, Malani PN, Rao K, Bachman MA. Identification of Pathogenicity-Associated Loci in Klebsiella pneumoniae from Hospitalized Patients.
mSystems. 2018; 3(3):e00015-18. PMCID: PMC6020474.
c. Rao K, Higgins PDR, Young VB. An Observational Cohort Study of Clostridium difficile Ribotype 027 and Recurrent Infection. mSphere. 2018;3(3). PMCID: PMC5967198.
d. Seekatz AM, Wolfrum E, DeWald CM, Putler RKB, Vendrov KC, Rao K, Young VB. Presence of multiple Clostridium difficile strains at primary infection is associated with development of recurrent disease. Anaerobe. 2018;53:74-81. PMCID: PMC6274632.

Area 5. Defining how the human gut microbiome mediates the onset, severity, and outcomes of infections. While it is known broadly that the human gut microbiome promotes health and resists infection by pathogens, this knowledge has not yet translated into specific, fundamental mechanistic insights resulting in clinically useful, generalizable metrics. I have made contributions to our understanding of the microbiome’s role in infection at various stages from colonization to the eventual outcome of infection. Antibiotic use disrupts the microbiome, allowing for colonization with pathogens such as C. difficile and multi-drug resistant organisms. In a study of Enterobacterales infection which I helped design and analyze, we identified total gut bacterial abundance and domination of the community by Enterobacterales as risk factors for invasive infection (Rao et al. 2020). In a similar role and in collaboration with basic scientists, I designed and conducted the analysis for a study of the microbiome in CDI focusing on drivers of recurrence (Seekatz et al., 2016; PMCIDs:

PMC4847246). Notably, patients with severe disease have distinct microbiome features, patients with recurrences have slower recovery of their gut microbiota following CDI, and patients that underwent successful
fecal transplant for CDI recover important short chain fatty acids and bile acids in their stool. In a study of patients with CDI ±ulcerative colitis, we used baseline microbiota data to predict recurrence with >90% accuracy, and I mentored Allen Lee, MD on the microbiome analyses and modeling required for the project

(Lee et al., 2019). Finally, in collaboration with Lona Mody, MD, a geriatrician, I conducted a study to identify intestinal dominance with Enterococcus as an independent risk factor for acquisition of antibiotic-resistant organisms in nursing home residents, including Gram negative organisms, a little-described finding to-date
(Wang et al. 2020).
a. Rao K, Seekatz A, Bassis C, Sun Y, Mantlo E, Bachman MA. Enterobacterales Infection after Intestinal Dominance in Hospitalized Patients. mSphere. 2020;5(4). PMCID: PMC7376504.
b. Seekatz AM, Rao K, Santhosh K, Young VB. Dynamics of the fecal microbiome in patients with recurrent and nonrecurrent Clostridium difficile infection. Genome Med. 2016;8(1):47. PMCID: PMC4847246.
c. Lee AA, Rao K, Limsrivilai J, Gillilland M, Malamet B, Briggs E, Young VB, Higgins PDR. Temporal Gut Microbial Changes Predict Recurrent Clostridium difficile in Patients with and without Ulcerative Colitis. Inflamm Bowel Dis. 2020;26(11):1748-1758. PMCID: PMC7755141.
d. Wang J, Cassone M, Gibson K, Lansing B, Mody L, Snitkin ES, Rao K. Gut microbiota features on nursing home admission are associated with subsequent acquisition of antibiotic resistant organism colonization. Clin Infect Dis. 2020;ciaa662. PMCID: PMC7819526.

Complete List of Published Work available in My Bibliography:

https://www.ncbi.nlm.nih.gov/myncbi/1V5aGAqdfeS5e/bibliography/public/
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