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Abstract

Background: Accurate and efficient methods to identify venous thromboembolism

(VTE) events in hospitalized people are needed to support large-scale studies. Validated

computable phenotypes using a specific combination of discrete, searchable elements in

electronic health records to identify VTE and distinguish between hospital-acquired

(HA)–VTE and present-on-admission (POA)–VTE would greatly facilitate the study of

VTE, obviating the need for chart review.

Objectives: To develop and validate computable phenotypes for POA- and HA-VTE in

adults hospitalized for medical reasons.

Methods: The population included admissions to medical services from 2010 to 2019

at an academic medical center. POA-VTE was defined as VTE diagnosed within 24

hours of admission, and HA-VTE as VTE identified more than 24 hours after admission.

Using discharge diagnosis codes, present-on-admission flags, imaging procedures, and

medication administration records, we iteratively developed computable phenotypes

for POA-VTE and HA-VTE. We assessed the performance of the phenotypes using

manual chart review and survey methodology.

Results: Among 62,468 admissions, 2693 had any VTE diagnosis code. Using survey

methodology, 230 records were reviewed to validate the computable phenotypes.

Based on the computable phenotypes, the incidence of POA-VTE was 29.4 per 1000

admissions and that of HA-VTE was 3.6 per 1000 admissions. The POA-VTE comput-

able phenotype had positive predictive value and sensitivity of 88.8% (95% CI, 79.8%-

94.0%) and 99.1% (95% CI, 94.0%- 99.8%), respectively. Corresponding values for the

HA-VTE computable phenotype were 84.2% (95% CI, 60.8%-94.8%) and 72.3% (95%

CI, 40.9%-90.8%).
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Conclusion: We developed computable phenotypes for HA-VTE and POA-VTE with

adequate positive predictive value and sensitivity. This phenotype can be used in

electronic health record data–based research.

K E YWORD S

electronic health records, inpatients, International Classification of Diseases, predictive value of

tests, venous thromboembolism
ectronic health record data to identify clinical events.

red and present-on-admission venous thromboembolism (VTE) are needed.

acquired and present-on-admission VTE.

e studies of VTE in medical patients.
1 | INTRODUCTION

Venous thromboembolism (VTE), including deep venous thrombosis

and pulmonary embolism (PE), occurs in 1 to 2 of every 1000 US

adults annually [1]. Approximately 33% of VTE events are associ-

ated with hospitalization [1]. There is no required reporting of VTE

events in the United States or other nations, and thus, the true

incidence of VTE is unknown [2]. While providing an overview of

incidence, administrative claims data lack specificity for VTE events

and are unable to differentiate VTE that is hospital-acquired (HA;

occurring when someone is hospitalized and not present at

admission) from VTE that is present on admission (POA) [3]. HA-

VTEs are usually provoked events that have different treatment

approaches and recurrence risks after discontinuation of anti-

coagulation [4]. Further, HA-VTEs are potentially preventable, and

their occurrence leads to additional treatments, increased length of

stay, and higher mortality [5,6].

Large electronic health record (EHR) clinical databases have the

potential to inform the practice of medicine. In the United States,

trained medical coders synthesize lengthy hospital records into

accessible diagnosis and procedure codes, with many diagnosis

codes subject to POA reporting [7]. Diagnosis codes combined with

EHR clinical data, which include flowsheets, laboratory tests, im-

aging studies, and medication reconciliation, can be harnessed

to create specific reproducible definitions of clinical events,

called “computable phenotypes.” Once computable phenotypes

for HA-VTE and POA-VTE are developed, the incidence of, risk

factors for, and consequences of VTE can be more precisely

assessed [8–14].

Here we describe the iterative development and validation of

computable phenotypes for POA-VTE and HA-VTE. We hypothesized

that (1) it would be possible to construct a computable phenotype for

POA-VTE and HA-VTE with data available in an EHR and (2) these

computable phenotypes would have high positive and negative pre-

dictive values (PPV and NPV, respectively).
2 | METHODS

2.1 | Population

All people hospitalized at the University of Vermont (UVM) Medical

Center, a 540-bed tertiary acute care hospital in Burlington, Vermont,

United States, between 2010 and 2019 were assessed for eligibility.

All hospital admissions to the medical services (general and family

medicine, cardiology, medical intensive care unit, and hematology/

oncology) were included if the patient spent at least 1 midnight in the

hospital (including observation admissions) and was ≥18 years old.

Hospital day 1 was considered the first calendar day the person was in

the hospital. The UVM Medical Center is the primary (and only)

hospital for Chittenden County, Vermont (�250,000 individuals) and

is a tertiary care hospital for Northwestern Vermont and North-

eastern New York State (�1,000,000 individuals). The UVM Medical

Center uses an Epic Systems Corporation EHR for inpatient care.

Baseline characteristics of the population were assessed using EHR

data known at the time of admission (Table 1). Race was assessed from

that reported in the EHR, with race/ethnicity recorded in a single field.
2.2 | Computable phenotype definitions

VTE was defined as thrombus of the deep veins (either proximal or

distal) of the upper or lower extremities or thrombus in the pulmonary

arteries. POA-VTE was defined as a VTE identified during the first 24

hours of admission, regardless of the primary reason for hospitaliza-

tion, and HA-VTE was defined as a VTE identified after the first 24

hours of an admission. EHR data used to develop the computable

phenotypes included International Classification of Diseases, Ninth or

Tenth Revisions, Clinical Modification (ICD-9/10-CM) discharge codes

with the POA flag, Current Procedure Terminology (CPT) codes

(including the date of the medical service or procedure), as well as

medication administration records (eg, anticoagulant use) [10].



T AB L E 1 Baseline characteristics of hospital admissions.

Admission category Entire cohort

No. of admissions (overall) 62,468

No. of admissions by service (n, %)

General medicine 39,021 (62.5%)

Hematology/oncology 5,053 (8.1%)

Cardiology 14,083 (22.5%)

Pulmonary/critical care 4,311 (6.9%)

Discharge disposition

Alive 60,302 (96.5%)

Deceased 2,166 (3.5%)

Status at admission (n, %)

Inpatient 53,565 (85.7%)

Outpatient observation 8,903 (14.3%)

Demographics

Age (mean, SD) 65.4 (17.5)

Female (n, %) 30,687 (49.1%)

Race/ethnicity (n, %)

White 58,465 (93.6%)

Black 920 (1.5%)

Hispanic 19 (0.03%)

Asian 774 (1.2%)

Native American 396 (0.6%)

Native Hawaiian/Other Pacific Islander 28 (0.04%)

Other/Unknown 1,865 (3.0%)
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Discharge diagnosis codes for VTE were selected based on prior

literature as well as manual review of the ICD-9/10-CM codebooks

[3]. CPT codes for imaging studies commonly used to diagnose or

incidentally diagnose VTE were also required for confirmation of VTE

(Supplementary Tables 1–3). Imaging studies had to correlate to the

site of the diagnosis code (ie, chest imaging was required to diagnose a

PE and lower-extremity imaging was required to identify lower-

extremity deep venous thrombosis).

Medication administration data were used to determine when

anticoagulation treatment was initiated. Anticoagulation was defined

using the following drugs: enoxaparin, dalteparin, fondaparinux, hep-

arin, warfarin, apixaban, edoxaban, rivaroxaban, dabigatran, arga-

troban, bivalirudin, and lepirudin. Supplementary Table 4 defines the

anticoagulation dosing used to qualify as prophylactic or full anti-

coagulation. The definition excluded small doses of anticoagulants

such as those used for line flushes. Inferior vena cava filter placement

was defined using CPT codes (Supplementary Table 3).

Initially, 2 computable phenotypes, 1 for POA-VTE and 1 for

HA-VTE, were empirically defined by the authors based on clinical
knowledge and experience of VTE diagnosis and management. After

initial assessment of performance via manual chart review, the

phenotypes were refined based on patterns of failure. For POA-

VTE, 140 charts were abstracted from 5 groups (defined by

various criteria such as presence of a diagnosis code, POA flag,

anticoagulation, and imaging), as illustrated in Figure 1 and Table 2.

For the HA-VTE computable phenotype, 130 charts were

abstracted from 6 groups, as illustrated in Figure 2 and Table 3.

Twenty admissions without VTE diagnosis codes were reviewed to

assess for NPV.
2.3 | Validation of phenotypes

The computable phenotypes were assessed with blinded physician

chart abstraction (R.T. and N.A.Z.), our gold standard. The charts were

abstracted by reviewing the initial history and physical progress notes,

imaging completed during the hospitalization, and the discharge

summary. The diagnosis of VTE was based on the clinical determina-

tion of the treating clinicians as documented in the clinical record,

unless there was an obvious typographical or syntax error. Ambiguity

in the medical record was discussed and resolved with consensus.

During chart review, each admission was classified into 1 of the 3

following categories: no VTE present, POA-VTE, or HA-VTE. If a POA-

VTE was present, any subsequent VTE during hospitalization was not

considered a HA-VTE.
2.4 | Statistical analyses

The validity of each of the 2 computable phenotypes (POA-VTE and

HA-VTE) was assessed by estimating the sensitivity, specificity, PPV,

and NPV, using chart abstraction as the reference standard. Since

chart abstraction was performed on only a subset of the admissions

for each computable phenotype, inverse probability weighting was

used to estimate computable phenotype performance and certainty of

the estimate [15]. Reviewed admissions were weighted based on the

proportion of charts reviewed across every subcategory defined in the

computable phenotype. There were a total of 5 subcategories for the

POA-VTE phenotype (Table 2) and 6 subcategories for the HA-VTE

phenotype (Table 3).
3 | RESULTS

3.1 | Population characteristics

Table 1 presents the characteristics of the hospitalized population.

From 2010 to 2019, there were a total of 62,468 medical admis-

sions; 39,021 (62.5%) were admitted to general medicine services,

5053 (8.1%) to hematology and/or oncology services, 14,083

(22.5%) to cardiology services, and 4311 (6.9%) to pulmonary/crit-

ical care services. Of the admissions, 8903 (14.3%) were



F I G U R E 1 POA-VT computable

phenotype flow chart. Table 2 columns

correspond to numbers. ICD,

International Classification of Diseases;

IVC, inferior vena cava; POA, present on

admission; VTE, venous

thromboembolism.
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observation status at admission (though could have been upgraded

later). Mean (SD) age at admission was 65.4 ± 17.5 years, 41.9% of

admitted patients were women, and 93.6% were identified as White

persons.
3.2 | Iterative development of the VTE phenotypes

Figures 1 and 2 and Tables 2 and 3 present the results of the iterative

development of the POA-VTE and the HA-VTE phenotypes.
3.2.1 | POA-VTE

For POA-VTE, the computable phenotype definition consisted of pa-

tients with an ICD-9/10-CM discharge diagnosis of VTE, the POA flag
equaling “yes,” and a CPT code for a corresponding site-specific im-

aging study on day 1 of admission. To account for the scenario where

the diagnosis of VTE was established by imaging at an outside hospital

prior to admission, POA-VTE also included those with a POA flag

equaling “yes” and full dose anticoagulation initiated within the first

12 hours of admission or a CPT code for an inferior vena cava filter on

day 1 of admission. Finally, hospital encounters with the VTE diagnosis

POA flag not equaling “yes” but with a CPT code for a corresponding

VTE site-specific imaging study within the first day of admission were

also defined as having POA-VTE.
3.2.2 | HA-VTE

For HA-VTE, the computable phenotype definition consisted of people

with a discharge diagnosis of VTE with the POA flag not equaling “yes”



T AB L E 2 POA-VTE computable phenotype validation.

Population characteristic

A1

No VTE ICD code

A2

POA flag ≠ yes

No imaging

No treatment

A3

POA flag = yes

No imaging

No treatment

A4

POA flag = yes

Imaging or treatment

A5

POA flag ≠ yes

Imaging

POA-VTE computable phenotype

Total population 59,775 522 336 1550 285

No. of charts reviewed 20 9 22 58 31

Proportion of admissions reviewed 0.0003 0.0172 0.0655 0.0374 0.1088

Chart review

No VTE 20 6 21 5 4

HA-VTE 0 3 0 1 1

POA-VTE 0 0 1 52 26

The POA-VTE computable phenotype was validated with chart review. The last 2 columns combined represent the POA-VTE computable phenotype. The

total population number and total number of charts reviewed for each category are listed along with the distribution of charts in the no VTE, POA-VTE, or

HA-VTE following chart review. See Figure 1 for definitions of each column (numbers A1-A5). HA, hospital acquired; ICD, International Classification of

Diseases; POA, present on admission; VTE, venous thromboembolism.
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and a CPT code for a site-specific imaging study completed after

hospital day 1. If there was a CPT imaging code that could diagnose

VTE on day 1 plus on a subsequent day, the case was excluded from

the HA-VTE computable phenotype. There were only 11 patients

falling into this category, and on chart review, 7 of them had a POA-

VTE event, as shown in Table 3. A final rule was that if the imaging
F I GUR E 2 HA-VTE computable phenotype flow chart. Table 3

columns correspond to numbers. HA, hospital acquired; ICD,

International Classification of Diseases; VTE, venous

thromboembolism.
study on day 1 was a chest computed tomography (CT) scan with

contrast, it would not exclude a further diagnosis of an HA-VTE if a

subsequent chest CT with contrast or ventilation perfusion imaging

scan was performed after day 1. CT scans were fairly common on

hospital day 1 and generally provide an accurate indication if a PE is

present at admission [16].

Tables 2 and 3 present the manual chart review validation for

each computable phenotype (POA-VTE or HA-VTE). Of 230 charts, 5

charts with HA-VTE on chart review were misclassified as POA-VTE

using the computable phenotype. A majority of those had multiple

CPT codes representing imaging studies that could diagnose a VTE on

hospital day 1; 1 VTE was incidentally discovered on a nonvascular

ultrasound and, therefore, was not captured by the CPT codes in the

computable phenotype. There were additional examples of miscoding;

eg, an HA-VTE event having an erroneous POA flag and superficial

thrombophlebitis being misclassified as a VTE event due to errors in

clinical documentation and discharge coding. One case misclassified as

an HA-VTE by the computable phenotype involved a high clinical

suspicion followed by multiple imaging studies, but with an ultimate

clinical decision that there was no HA-VTE.
3.3 | Sensitivity and specificity of the computable

phenotypes

Table 4 presents the sensitivity, specificity, NPV, and PPV of the

computable phenotypes. For the POA-VTE phenotype, the sensitivity

was 99.1% (95% CI, 94.0%-99.9%) and the specificity was 99.7% (95%

CI, 99.4%-99.8%). The NPV of the POA-VTE phenotype was 99.9%

(95% CI, 99.8%-99.9%) and the PPV was 88.8% (95% CI, 79.8%-

94.0%). For the HA-VTE phenotype, the sensitivity was 72.3% (95%

CI, 40.9%-90.8%) and the specificity was 99.9% (95% CI, 99.8%-

99.9%). The NPV of the HA-VTE phenotype was 99.8% (95% CI,



T AB L E 3 HA-VTE computable phenotype validation.

Population characteristic

B1

No VTE ICD code

B2

POA flag = yes

B3

POA flag ≠ yes

No imaging

B4

POA flag ≠ yes

Imaging day 1 only

B4

POA flag ≠ yes

Imaging day 1 þ
another day

B5

POA flag ≠ yes

Imaging only after day

1 unless chest scan

HA-VTE computable

phenotype

Total population 59,775 1,886 300 240 40 227

No. of charts reviewed 20 40 20 20 11 19

Proportion of charts

reviewed

0.0003 0.0212 0.0667 0.0833 0.275 0.0837

Chart review

No VTE 20 8 14 6 1 2

POA-VTE 0 31 5 14 7 1

HA-VTE 0 1 1 0 3 16

The HA-VTE computable phenotype was validated with chart review. The total population number and total number of charts reviewed for each category

are listed along with the distribution of charts in the no VTE, POA-VTE, or HA-VTE following chart review. See Figure 2 for the definition of each column

(numbers A1-A5). HA, hospital acquired; ICD, International Classification of Diseases; POA, present on admission; VTE, venous thromboembolism.
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99.6%-99.9%) and the PPV was 84.2% (95% CI, 60.8%-94.8%). The

lower sensitivity was due to 1 failure out of 20 charts reviewed,

reflecting an admission with an incorrect POA flag (Table 3). This

failure triggered a review of 20 additional charts that revealed no

further misclassifications.
3.4 | Event estimates of the computable phenotypes

Based on our computable phenotypes, we estimated that there were

1835 (29.3 per 1000 admissions) POA-VTE events and 227 (3.6 per

1000 admissions) HA-VTE events among the 62,468 admissions in this

study. Using the observed sensitivity and specificity of our definitions,

we estimated that the actual incidence of POA-VTE events was 1644

events (26.3 per 1000 admissions) and that for HA-VTE was 264 (4.2

per 1000 admissions) over the same timeframe.
4 | DISCUSSION

We developed and validated an EHR-based computable phenotype for

HA-VTE and POA-VTE using ICD discharge codes with POA flags,

imaging studies, and hospital-administered medications at an aca-

demic medical center in the United States. Unlike prior efforts [3], our

methods harness the greater detail available in EHR data of hospi-

talized adults and allow better granularity in defining HA vs POA-VTE.

Validated computable phenotypes for VTE will allow clinicians

and researchers to identify VTE events in EHR data in a standardized

and reproducible manner. Extending prior research, we were able to

develop separate computable phenotypes for HA-VTE and POA-VTE.

Most previous algorithms using administrative data focused on pri-

mary discharge codes for inpatient events [3,17,18]. Further, in
administrative data, dates of procedures (recorded as ICD procedure

codes) are noted, but their exact timing and number of procedures can

be problematic, limiting the ability to differentiate POA- and HA-VTE

[3]. It is important to distinguish between POA- and HA-VTE because

HA-VTE is by definition a provoked event and may only warrant a

limited course of anticoagulation, whereas POA-VTE may be provoked

or unprovoked and may warrant longer-term anticoagulation [4]. Prior

efforts to define HA-VTE vs POA-VTE have relied on the position of

the diagnosis codes in hospital discharges [18]. However, this

approach will not distinguish the relatively common clinical event of

an acute VTE co-occurring with other clinical events (ie, broncho-

pneumonia in someone undergoing treatment for cancer and an

incidentally discovered VTE on an admission CT scan) vs occurring

during hospitalization [18].

The VTE computable phenotypes rely on the fact that hospital

billing in the United States employs trained chart coders who review

medical records to report diagnosis codes and POA status. Unfortu-

nately, occasional coding errors and inaccurate or ambiguous clinical

documentation are major reasons why the phenotypes misclassified

VTE events. From a research standpoint, as new treatment ap-

proaches evolve, imaging modalities integrated to clinical practice, and

revisions to ICD coding are developed, the computable phenotypes

will need to be updated [19]. These computable phenotypes may not

readily translate to non-US health systems due to the phenotypes’

reliance on manual coding of hospital records at discharge with POA

reporting.

Our approach has strengths and weaknesses. An important

strength is incorporating clinical practices and readily identifiable

clinical phenotypes into our definitions. Our clinical expertise was

used to develop computable phenotypes that directly reflect how VTE

is diagnosed and treated in hospitalized settings. This helped improve

the definition of POA- and HA-VTE and overcame a known issue with



T AB L E 4 Weighted sensitivity and specificity of POA-VTE and HA-VTE computable phenotypes.

EHR computable phenotype

Chart review POA-VTE

(gold standard)

Chart review HA-VTE

(gold standard)

Yes No Yes No

Yes 1629 206 191 36

No 15 60,249 73 62,168

Sensitivity (95% CI) 99.1% (94.0%-99.9%) 72.3% (40.9%-90.8%)

Specificity (95% CI) 99.7% (99.4%-99.8%) 99.9% (99.8%-99.9%)

Positive predictive value (95% CI) 88.8% (79.8%-94.0%) 84.2% (60.8%-94.8%)

Negative predictive value (95% CI) 99.9% (99.8%-99.9%) 99.9% (99.6%-100.0%)

Values in each confusion matrix were generated using inverse probability weighting on the basis of the number of charts reviewed for each computable

phenotype category shown in Tables 2 and 3 and rounded to the nearest whole number. EHR, electronic health record; HA, hospital acquired; ICD,

International Classification of Diseases; POA, present on admission; VTE, venous thromboembolism.
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reduced specificity of secondary diagnosis codes for VTE [18]. A lim-

itation of this study is the use of data from a single hospital and a

single EHR; results could differ in other hospitals or with other EHRs.

There is variability in the accuracy of discharge coding in the United

States, so the computable phenotypes may not show the same per-

formance when applied in other locations or hospitals. The informa-

tion required for these phenotypes may not be available in some

EHRs, and the medication administration formats are not standard-

ized. Nevertheless, because coding forms a basis for remuneration and

quality metrics, there is a strong incentive for payers and hospitals to

ensure accurate coding, and documenting medication administration is

a key element of patient care in hospitalization [20]. While we only

reviewed 20 charts without VTE diagnosis codes, prior data from the

Centers for Medicare and Medicaid Services as well as from prior

work at UVM Medical Center confirm the high sensitivity of diagnosis

codes for identifying HA-VTE [21,22].

To conclude, we developed and validated computable phenotypes

for HA-VTE and POA-VTE using discharge diagnosis codes, CPT

codes, and medication administration data found within EHR data.

These phenotypes solely refer to the timing of a VTE event during a

hospitalization; a POA-VTE could be a provoked event triggered by a

hospitalization. These phenotypes, which require external validation

at different clinical sites, may facilitate further research on VTE in

hospitalized patients.
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