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Graphical abstract
Table 1 Primary study site hospital admis- Why Is This Important?

sions and infective endocarditis discharges. The parent study was a prospective case-control study designed to acquire novel data to assess an
FACTORS USED TO DETERMINE association between oral hygiene and disease and infective endocarditis (IE). Study enrollment
PEHRST SENSITIVITY VALUES was difficult because of the low incidence of IE in the general population and the highly restrictive

study inclusion criteria.

The authors report the development of a prospective electronic health record screening tool
(PEHRST) and investigate its effectiveness in identifying patients with IE. PEHRST, using
the IE screening criteria, identified 11,944 of 74,345 patients admitted to the hospital.
There were 198 patients discharged during the study period with a confirmed diagnosis of
IE, all of whom had also been identified by PEHRST, resulting in a search tool sensitivity
of 100%.

* Age at admission >17 y. F PEHRST: Prospective To the authors’ knowledge, this report is the first to study the ability of the electronic health record
Electronic Health Record Screening Tool. & CRITERIA: to identify clinical factors felt to be associated with the risk of IE. PEHRST provided an efficient,
blood culture order, echocardiography order, infectious highly sensitive method that greatly reduced the effort required by the study team, and the number

Total adult” hospital admissions 74,345
over 24 mo, No.

Admissions meeting at least 2 of 4 11,944 (16)
PEHRST' screening criteria,” no. (%)

IE discharge diagnosis® patients 198 (100)
previously identified by PEHRST, no. (%)

diseases consult, and cardiovascular  consult. of months needed for enrollment, by eliminating from consideration most (84%) ineligible pa-
§ Considering infective endocarditis International Classifica- tients. The cost savings in reduced resources were substantial and critical to the successful
tion of Diseases, 10th Edition codes I33.0, 133.9, I38, or I39. outcome of the 5-year parent study.

© 2021 Published by Elsevier Inc. on behalf of the American Dental Association. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Abstract https://doi.org/10.1016/j.jfscie.2021.100002

Background. Infective endocarditis (IE) is an uncommon disease, but it is associated with high morbidity and mortality. The low incidence
and varied clinical presentation make identification of these patients recently admitted to hospitals particularly challenging. The authors
designed a prospective electronic health record screening tool (PEHRST) to identify inpatients with IE for a prospective case-control study
designed to determine levels of association between oral hygiene and periodontal disease indexes and IE.

Methods. The authors used PEHRST to identify, soon after admission, patients hospitalized with IE based on the presence of any 2 of the 4
screening criteria: orders for blood culture or echocardiography and completed consultations from infectious diseases or cardiovascular
medicine. They determined the utility of this tool by comparing the prospectively generated PEHRST list of potential inpatients with IE with
a retrospective list of inpatients with IE discharged during the same 2-year period.

(Continued on next page)
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Results. Of the 74,345 patients admitted during the study period, PEHRST identified 11,944 (16%) with at least 2 of the 4 screening criteria.
Retrospective claims data showed that 198 patients were discharged during this time period with an IE diagnosis, all of whom had been
identified by PEHRST (sensitivity = 100%; 95% CI, 98.2% to 100%; specificity = 84%; 95% CI, 83.9% to 84.4%). An analysis of the timing
of the 4 screening criteria indicated that the median days were all within 24 hours of admission.

Conclusions. PEHRST made possible the identification of rare patients with IE soon after hospital admission with high sensitivity, allowing
the parent study to achieve sufficient enrollment of cases for the primary outcome measure.

Key words. Heart valves; bacteremia; blood culture; cardiology; electronic health records; research methodology.

Infective endocarditis (IE) is a disease with low incidence in
the general population, estimated to occur in 3 through 10
cases per 100,000 person years in the United States.'™
Historically, upward of 30% of IE cases have been attrib-
utable to bacterial species gaining entrance to the circulation
through the gingival tissues of the mouth, typically strep-
tococci from bacterial plaque around the teeth.””” Attributing
an anatomic origin for IE based on bacterial species is
problematic, given the diversity of oral bacterial species and
the potential for some of the common oral species to be
found in sites far removed from the oral cavity. Although
the number of IE cases associated with implanted medical
devices and injection drug use has increased, the overall
incidence of IE cases due to oral bacterial species may have
remained stable.”"’

Numerous studies have examined the occurrence of
bacteremia from invasive dental office procedures and
following the routine activities of daily living (eg,
toothbrushing).'”'* Such activities may serve as surrogate
measures for risk of IE. Prior studies suggest a strong
association between specific indexes of oral hygiene (ie,
dental plaque and calculus) and bacteremia from oral
species known to cause IE.”'*'* Although it is likely that
inflammation of the gingival mucosa and the resultant
ulceration from plaque and calculus increase the likeli-
hood and frequency of bactelremia,14 there is no direct
evidence of association with IE. We designed a case-
control study of inpatients with IE and a control group
of outpatients in the hospital echocardiography (EC)
laboratories with cardiac risk factors for IE but without IE.
Identical demographic, medical and dental histories, and
clinical examination information was gathered from case
and control patients such that we could determine the
level of association between oral hygiene and periodontal
diseases and risk of IE.

A critical aspect of enrollment in this clinical study was
identifying case patients as early in their hospitalizations as
possible to avoid exclusion from the study because of urgent
surgical intervention (eg, cardiac valve replacement) or
increased medical compromise and to minimize the impact
of hospitalization and systemic antibiotics used for treatment
of IE on the study outcome measures of oral hygiene and
periodontal disease. Our original intention was to use the
more traditional method of identifying cases in collaboration
with multiple hospital services and laboratories involved in
the care of these patients. It became clear at the outset that

recruitment would be difficult owing to the low incidence of
IE, the highly restrictive study inclusion and exclusion
criteria, and the necessity of maintaining high study visi-
bility with a large number of inpatient services. Given these
complex enrollment issues, we needed a methodology to
screen the electronic health record (EHR) initially for study
patients. Despite many advances in EHR solutions, there is
no out-of-the box approach for IE as there has been for some
clinical diagnoses (eg, sepsis and heart failure). In addition,
the historic pitfalls of using billing and administrative data
as a relatively resource-light method of assessing issues that
demand closer attention where possible or studying issues
where other research methods are infeasible underscored our
desire to focus the research efforts on prospective clinical
data points and a more refined informatics approach.'”

The purpose of this report was to describe the develop-
ment of a prospective EHR screening tool (PEHRST) and to
investigate its effectiveness in identifying patients with IE
soon after admission for possible inclusion in a clinical
study of oral health as a risk factor for developing IE.
Secondary aims included a determination of the extent to
which this tool ensured early identification of potential
participants for enrollment and detection of IE cases for each
of 4 IE screening criteria.

Methods
Study setting and patient populations

The parent investigation, for which PEHRST was devel-
oped, is a 5-year, multicenter, observational, case-control
study. A prestudy power analysis determined the need for
112 IE case patients and 224 control patients to determine
whether measures of poor oral hygiene and periodontal
disease are associated with IE. Participants (>17 years) were
recruited from the primary study site inpatient (case pa-
tients) and outpatient (control patients) facilities.

Screening tool for early identification of case
participants

The Cerner EHR system is used throughout the primary
study site hospitals and care facilities. Using a Cerner
Command Language query in the Cerner Discern Explorer
solution, an expert panel of study investigators, together
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with the Information Service division, developed a
customized PEHRST. A consensus among the study prin-
cipal investigator, the infectious diseases (IDs) specialist,
and cardiologists posited that patients with IE would likely
have at least 2 of the following 4 procedures early in their
hospitalization: blood culture (BC) testing orders, EC
testing orders, ID consultations, and cardiovascular (CV)
consultations. PEHRST was designed to identify in-
dividuals with any 2 of these 4 IE screening criteria, based
on the presumption that it would be sensitive enough to
identify all patients with IE and yet be specific enough to
greatly reduce the effort required to review large numbers
of patients without IE. The query returned a daily report
with specific EHR patient information pertaining to eligi-
bility (eg, age). This report was reviewed by the study site
coordinator, and the medical records of patients suspected
of having IE were further evaluated, and if they appeared
to be eligible, the patient’s medical team was contacted.
Patients were enrolled if they met the modified Duke
criteria for diagnosis of IE'® and a specific list of study
inclusion and exclusion criteria.

Standard IE diagnosis and statistical
considerations

Using PEHRST data outputs for the 24-month parent study
period from January 1, 2017, through December 31, 2018,
we identified individuals who met at least 2 of these 4 1IE
screening criteria. These patients had undergone a pre-
liminary screening for enrollment. To determine the sensi-
tivity for PEHRST, we queried our enterprise data
warehouse to identify patients with discharge International
Classification of Diseases, 10th Edition (ICD-10) code for
IE (ie, 133.0, 133.9, 138, or 139) during the same 24-month
study period for comparison with our list of patients iden-
tified by PEHRST and confirmed to have IE. Sensitivity was
calculated as the proportion of true patients with a positive
screening test.'’ Specificity was determined as the propor-
tion of nondiseased participants with a negative screening
test.'” The exact 95% CI of sensitivity and specificity were
also calculated. In addition, we determined the sensitivity
for each of these 4 screening criteria and the timing for each
during hospitalization. The frequency and percentage of
early detection of IE cases for each of the 4 criteria (BC, EC,
ID, CV) alone or in various combinations were summarized.
Finally, we analyzed these ICD-10 codes to determine the
frequency with which each code was used and where they
appeared in the list of discharge diagnoses. Other descriptive
summary statistics such as frequencies, means, medians, and
percentiles were determined, as appropriate. The analysis
was performed using SAS Enterprise Guide 7.1 (Version
9.4; SAS Institute Inc).

Results

Enrollment for the parent study began in July 2016. During
the 24-month study period investigated, there were 74,345
patients admitted to this enrollment site (Table 1). PEHRST
identified 11,944 patients with at least 2 of the 4 screening
criteria, eliminating 84% of the total number of admitted
patients from further consideration. A retrospective search
of our system billing data revealed that there were 198 pa-
tients discharged during the study period with an ICD-10
discharge diagnosis code for IE. All but 1 of the ICD-10
IE codes were either 133.0 (86.4%) or 138.0 (13.1%).
These codes were recorded as among the top 3 discharge
diagnosis codes for 61% of these patients with IE (Table 1).
All 198 patients had also been identified by PEHRST,
resulting in a search tool sensitivity of 100% (95% CI,
98.2% to 100%) (Table 2). Requiring the presence of 3 of
the 4 screening criteria would have reduced the number of
patients identified by the tool further, from nearly 12,000 to
just under 3,000 (Table 3). However, 28 of the 198 patients
with IE would have been missed, for a sensitivity of 86%.
Requiring all 4 screening criteria to be present would have
decreased the tool’s sensitivity to 38%.

Further analysis of the PEHRST tool indicated that
screening criteria combinations that included BC orders
identified 188 of the 198 (sensitivity = 95%) patients with
IE discharge diagnosis (Table 3). Combinations that
included ID consultation identified 179 (sensitivity = 90%)

Table 1 Primary study site hospital admissions and infective
endocarditis (IE) discharges.

STUDY SITE HOSPITAL ADMISSIONS AND
DISCHARGE DIAGNOSES

Total adult™ hospital admissions over

24 mo (2017-2018), No.

Admissions meeting at least 2 of 4 PEHRST
screening criteria’, No. (%)

IE discharge diagnosis patients previously
identified by PEHRST, No. (%)

IE tertiary International Classification of
Diseases 10th Edition (ICD-10) Discharge
Diagnosis Patients, “Level of discharge
diagnosis

Primary ICD-10 discharge diagnosis, No. (%) 37 (19)
Secondary or tertiary ICD-10 discharge diagnosis, 83 (42)
No. (%)

Subsequent level discharge diagnosis, No. (%) 78 (39)
Total 198

* Age at admission >17 y. ¥ PEHRST (Prospective Electronic Health
Record Screening Tool) criteria: blood culture order, echocardiogra-
phy order, infectious diseases consultation, and cardiovascular
consultation. $ Considering IE ICD-10 codes I133.0, I33.9, 138, or
139.

VALUES
74,345

11,944 (16)

198 (100)
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Table 2 Prospective Electronic Health Record Screening Tool
sensitivity and specificity.

Infective Infective
endocarditis endocarditis
PEHRST tool criteria met present absent Total

Meet at least 2 of
4 tool criteria”

Positive 198 (true 11,746 (false 11,944
positive [TP]) positive [FP])
Negative 0 (false 62,401 (true 62,401
negative negative
[FN]) [TN])
Total 198 74,147 74,345
Infectious diseases
consultation plus any
of 3 tool criteria’
Positive 179 (TP) 3,767 (FP) 3,946
Negative 19 (FN) 70,380 (TN) 70,399
Total 198 74,147 74,345

* Meet at least 2 of 4 tool criteria. Sensitivity = TP/(TP + FN) =
100%, exact 95% CI, 98.2% through 100%. Specificity = TN/(FP +
TN) = 84%, 95% CI, 83.9% through 84.4%. Positive predictive value
(PPV) = TP/(TP + FP) = 0.017; 95% CI, 0.014 through 0.019.
Negative predictive value (NPV) = TN/(TN + FN) = 1.000, 95% CI,
0.999 through 1.000. FP rate = FP/(FP + TN) = 0.158, 95% CI, 0.156
through 0.161. FN rate = FN/(FN + TP) = 0.000, 95% CI, 0.000
through 0.018. Accuracy (ACC) = (TP + TN)/(P + N) = 0.842, 95%
(I, 0.839 through 0.845. Positive likelihood ratio = TP rate/FP rate
= sensitivity/1 — specificity) = 6.312, 95% (I, 6.209 through 6.418.
Negative likelihood ratio = FN rate/TN rate = (1 — sensitivity)/
specificity = 0.000, 95% CI, 0.000 through NaN. { ID consult plus
any of the 3 tool criteria. Sensitivity = TP/(TP + FN) = 90.4%, exact
95% (I, 85.4% through 94.1%. Specificity = TN/(FP + TN) = 94.9%,
95% CI, 94.7% through 95.1%. PPV = TP/(TP + FP) = 0.045, 95% (I,
0.039 through 0.052. NPV = TN/(TN + FN) = 1.000, 95% CI, 0.999
through 1.000. FP rate = FP/(FP + TN) = 0.051, 95% CI, 0.049
through 0.052. FN rate = FN/(FN + TP) = 0.096, 95% CI, 0.059
through 0.146. ACC = (TP + TN)/(P + N) = 0.949, 95% CI, 0.947
through 0.951. Positive likelihood ratio = TP rate/FP rate = sensi-
tivity/(1 — specificity) = 17.795, 95% CI, 16.842 through 18.801.
Negative likelihood ratio = FN rate/TN rate = (1 — sensitivity)/
specificity = 0.10, 95% CI, 0.07 through 0.16.

of these patients, and those that included EC orders identi-
fied 171 (sensitivity = 86%). Combinations that included
the CV consultation identified 93 (sensitivity = 47%) IE
cases. Combinations that included ID consultation showed
the greatest reduction of around 8,000 patients with false-
positive (FP) results identified by PEHRST (sensitivity =
90%, specificity = 95%).

An analysis of the timing of the 4 screening criteria for
patients with IE required a manual review of all 198 records
to ensure accuracy of the diagnoses and to capture the
earliest date of each criteria pertaining to the IE admission of
interest. The median timing for all 4 criteria was within 1
day after admission. Most of the patients (90%) had a BC
order within 1 day after admission, while 90% had an EC

Table 3 Prospective Electronic Health Record Screening Tool

criteria (PEHRST).

Infective
endocarditis

PEHRST diagnosis

patients patients
Screening criteria  (n = 11,944), (n = 198),
combinations no. (%) no. (%)
BC', EC', ID%, CV¥ 421 (3.5) 75 (37.9)
BC, EC, ID 1,369 (11.5) 75 (37.9)
BC, EC, CV 1,012 (8.5) 5 (2.5)
BC, ID, CV 54 (0.5) 4 (2.0)
EC, ID, CV 56 (0.5) 1 (0.5)
BC, EC 3,019 (25.3) 10 (5.1)
BC, ID 1,862 (15.6) 18 (9.1)
BC, CV 202 (1.7) 1 (0.5)
EC, ID 155 (1.3) 2 (1.0)
EC, CV 3,765 (31.5) 3 (1.5)
ID, CV 29 (0.2) 4 (2.0)
All BC combinations 7,939 (66.5) 188 (94.9)
All EC combinations 9,797 (82.0) 171 (86.4)
AlL ID combinations 3,946 (33.0) 179 (90.4)
All CV combinations 5,539 (46.4) 93 (47.0)

PEHRST screening tool criteria timing relative to admission
in infective endocarditis diagnosis patients (d)

Criteria Median  75th percentile 90th percentile
BC 0 0 1
EC 0 1 3
1D 1 2 4
Ccv 0 2 6

* BC, blood culture order. ¥ EC, echocardiography order. % ID, in-
fectious diseases consultation. § CV, cardiovascular consultation.

order within 3 days after admission, and an ID and a CV
consultation within 4 or 6 days (respectively) after admis-
sion (Table 3). Since all 4 search criteria were not present
for every patient, timing analysis was only performed on
patients with dates for all 4 search criteria. The limiting of
the timing analysis to this subpopulation had a negligible
effect on the results noted above.

Discussion

This prospective case-control study was designed to ac-
quire novel data to assess the long-standing opinion that
poor oral hygiene and periodontal diseases are significant
risk factors of IE. The priority for PEHRST was to ensure
early identification of a population of potentially eligible,
hospitalized patients with IE who were rare by virtue of
both the uncommon nature of this highly morbid disease
and the stringent inclusion and exclusion criteria for this
study. Although EHR screening has been successful for
many other diseases, the focus of the current body of
literature has been primarily on identification of patients
for epidemiology studies or clinical management, rather

JADA Foundational Science 1(C) 100002 = http://jadafs.ada.org m 2022
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than the early enrollment of patients into prospective
clinical trials.'®"” To our knowledge, this report is the first
to study the ability of EHR to identify clinical factors felt
to be associated with risk for endocarditis. PEHRST had
100% sensitivity for identifying all 198 potentially eligible
study participants during the 2-year period investigated,
many of whom likely would not have been identified at all
or as early in their hospitalization. PEHRST also reduced
the effort required by the study team by eliminating from
consideration most (84%) ineligible patients, leaving a
manageable number for the study team to screen each day.
In addition, the PEHRST-generated daily report contained
relevant information that further facilitated screening by
allowing for quicker identification of ineligible patients.

Although we cannot determine an accurate financial
impact of this tool on the cost of this parent study, it
reduced the resources required to identify potential cases.
With the PEHRST tool, the study coordinators only
needed to screen 16% of the total number of admitted
patients, reducing the time needed daily to review po-
tential cases to an average of about 90 minutes. We es-
timate that successfully identifying a similar number of
potential cases could not have been achieved in the same
enrollment period, may have required far more study
coordinator time, and an unacceptable number of years of
enrollment. In addition, in the absence of the PEHRST,
identifying cases would have required collaboration with
the many hospital services involved with these patients
and would have resulted in an unacceptable number of
missed cases. For these reasons, the benefits of cost sav-
ings in terms of reduced resources and increased sensi-
tivity in identification of potential cases were substantial.

Although we achieved 100% sensitivity, we did have
a FP outcome in 11,746 patients who required further
screening by study coordinators; most of these cases
were quickly eliminated from further evaluation by
having 1 or more readily identifiable exclusion criteria.
There are many reasons why a patient would meet at
least 2 of the 4 screening criteria but not have IE. For
example, many patients admitted to a hospital with a
fever (whatever the cause) will be scheduled for a BC
and ID consultation (2 of 4 criteria). Similarly, many
patients admitted with cardiac problems (whatever the
cause) will be scheduled for EC and a CV consultation
(2 of 4 criteria), but only a small fraction will ultimately
receive a diagnosis of IE.

In an effort to determine if we could improve tool per-
formance, we examined the impact of eliminating each of
the criteria and changing the threshold from at least 2 of 4,
to at least 3 or more, or all 4 criteria. The modification that
would have most significantly reduced the FP was any
combination that included ID, which would have increased
specificity to 95% but would have reduced sensitivity to the
unacceptable level of 90% and missed 19 IE cases.

There was a strong need to identify the cases early in
their hospitalization to avoid the exclusion criteria and to

minimize the impact of the aspects of hospitalization (eg,
systemic antibiotics) on study outcome measures (eg,
increased dental plaque and gingival inflammation). The
determination of the days between admission and the initi-
ation of the screening criteria necessitated using the first date
for each of these 4 criteria, especially for BC tests which are
often repeated to evaluate antibiotic efficacy, and for
transesophageal EC that may follow a transthoracic EC to
aid diagnosis of IE. This required a retrospective review of
all 198 cases with an IE discharge diagnosis to ensure the
accuracy of the diagnoses and determine the dates for each
of the 4 criteria, and relevant admission dates for patients
with multiple hospitalizations for IE. An analysis of these
dates indicated that the median number of days from
admission for BC and EC orders and CV and ID consulta-
tion reports were all within 1 day.

There were limitations to this study. Patients transferred
from specific hospitals were difficult to identify because BC
and EC results were not fully interoperable between the
transferring hospital EHR and the study site EHR. However,
the authors found that all transferred patients were identified
by the PEHRST tool based on the CV and ID consultations
done soon after admission to the study site hospital. Given
the differences in the usual sequence with which tool criteria
are ordered, patients transferred to the study site hospital
were not used for the timing aspect of our analysis. In
addition, CV and ID consultation notifications were gener-
ated from completed consultations and not from the con-
sultations ordered. The PEHRST ability to identify them as
orders would have likely shortened the time between
admission and identifying these 2 criteria.

The involvement of an informatician was critical in the
development of our computer-assisted screening tool and
accomplishing our primary study objectives to prospectively
explore associations among oral hygiene and periodontal
diseases and IE. Because the use of EHR evolves over time,
alternative methods of identifying IE study patients, such as
by electronic searching for key elements in the EHR to
identify patients with an infected heart valve on echocar-
diogram, should be explored. Our customized PEHRST
provided an efficient and highly sensitive method to identify
a small subpopulation of hospitalized patients with IE for
this prospective study. The cost savings in terms of the time
spent by study coordinators in particular and the greatly
reduced number of months needed to enroll this rare patient
population was critical to a successful outcome of the 5-year
parent study.

Conclusions

The concept on which PEHRST was constructed should be
considered whenever it is necessary to identify potentially
eligible patients for a study where the desired population is
rare relative to the size of the pool of patients from which
study patients are to be selected.
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