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Enhancing Evidence Generation by Linking 
Randomized Clinical Trials to Real-World Data: 
The INVESTED-Medicare Linkage Study
Hanseul Cho1,2,† , HoJin Shin1,3,† , Mehdi Najafzadeh4 , Brian Claggett5 , Janinne Ortega-Montiel1,2 , 
Jun Liu1, Julie M. Paik1,2,6 , Narlina F. Lalani7 , Marie C. Bradley8 , John Concato9 ,  
Scott D. Solomon5 , Orly Vardeny10  and Elisabetta Patorno1,2,*

Real-world evidence (RWE) derived from real-world data (RWD) can complement randomized controlled trials 
(RCTs), yet the validity of RWD relative to RCT data remains insufficiently characterized. We obtained post hoc 
consent and linked individual participant data from the US-based INVESTED trial (2016–2019) with Medicare 
fee-for-service claims (2012–2020) to validate demographic factors, baseline characteristics (using 183-, 365-, 
and 730-day lookback periods) and outcomes, and to assess post-trial events. Among 5260 trial participants, 
126 were enrolled and eligible for linkage. Among 115 participants with demographic information available from 
Medicare enrollment files, agreement between RCT- and RWD-based demographic factors was high: only one major 
age discrepancy, 100% agreement for sex, and an overall agreement of 0.89 for race. Participants with Medicare 
claims data (n = 65) were older and more likely to be White compared with the overall RCT population. For the 
365-day lookback period, baseline comorbidities showed high sensitivity (median 0.80) and specificity (0.89), 
as did medication use (sensitivity 1.00, specificity 0.88). Lengthening the lookback period to 730 days increased 
sensitivity but decreased specificity, whereas shortening to 183 days decreased sensitivity but increased specificity. 
Clinical outcomes showed high specificity (0.88–0.94) but low sensitivity (0.18–0.50). Among those with Medicare 
coverage beyond the trial end date (n = 45), 22% experienced cardiopulmonary, 18% cardiovascular, and 7% heart 
failure (HF) hospitalizations, highlighting the value of RWD for extending RCT evidence. Proactive planning of future 
RCT-RWD linkage initiatives can improve the efficiency of linkage studies, leading to more actionable results.

Received March 3, 2026; accepted August 12, 2026. doi:10.1002/cpt.70457

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
	; Real-world evidence (RWE) derived from real-world data 

(RWD), such as claims data, can complement randomized con-
trolled trials (RCTs), but the concordance of claims-based pa-
tient characteristics and outcomes with trial data remains largely 
unknown. Linking RCT data with RWD provides an opportu-
nity to evaluate how well RWD captures patient characteristics 
and outcomes and whether it can extend trial follow-up.
WHAT QUESTION DID THIS STUDY ADDRESS?
	;How accurately do US Medicare fee-for-service claims cap-

ture demographic factors, baseline comorbidities, medication 
use, and clinical outcomes compared with linked INVESTED 
trial data? How many participants experienced outcomes after 
trial follow-up ended? What are the key challenges in RCT-
RWD linkage studies?
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
	; Claims data showed high agreement with trial data for de-

mographic factors and generally high sensitivity and specificity 

for baseline comorbidities and medication use. Longer lookback 
periods increased sensitivity but decreased specificity. Clinical 
outcomes showed high specificity but low sensitivity. RWD also 
captured outcomes after trial follow-up. We identified key link-
age challenges and propose future directions.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
	; These findings support claims data for patient charac-

terization and suggest tailoring lookback periods to balance 
sensitivity and specificity. High outcome specificity suggests 
relative risk measures may reasonably reflect true effects under 
nondifferential misclassification, whereas absolute risk differ-
ences may be biased toward the null. Capturing post-trial out-
comes highlights RWD’s value for extending RCT evidence. 
Proactive linkage planning can improve efficiency, accuracy, 
and actionability.
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Randomized controlled trials (RCTs) are considered the reference 
standard for evaluating the efficacy and safety of medical interven-
tions, with randomization balancing confounders and minimizing 
channeling bias.1,2 Nonetheless, RCTs cannot address all questions 
arising from clinical practice due to feasibility and resource con-
straints, ethical considerations when withholding potentially ben-
eficial treatments, and limitations on timely evidence generation for 
urgent decisions.1,3 Moreover, RCTs often have strict eligibility cri-
teria and controlled settings that limit their applicability to broader 
patient populations, and their follow-up durations may be insuffi-
cient for robust assessment of long-term or rare outcomes.1,2

Real-world evidence (RWE), which leverages real-world data 
(RWD) generated by routine healthcare operations, such as admin-
istrative claims,1 can complement RCTs by addressing questions 
such as comparative effectiveness in diverse populations, head-to-
head comparisons between treatments, long-term safety in routine 
practice, treatment effects in excluded subgroups, and outcomes 
emerging only with extended follow-up or widespread use.3,4 RWD 
can fill these knowledge gaps expeditiously and at relatively lower 
cost without exposing patients to experimental interventions.3 The 
integration of RWD with RCT findings is gaining recognition for 
enhancing regulatory and clinical decision-making.4 Despite its 
potential, the capacity of RWD to accurately capture patient char-
acteristics and outcomes, when compared directly with RCT data, 
remains largely unexplored.5 Linking RCT data with RWD pres-
ents a unique opportunity to evaluate RWD’s potential to comple-
ment RCT findings and bridge the gap between controlled trial 
environments and real-world clinical practice.5

In this study, we aimed to link individual participant data 
from the Influenza Vaccine to Effectively Stop Cardio Thoracic 
Events and Decompensated Heart Failure (INVESTED) trial 
with their US Medicare fee-for-service claims data to (1) vali-
date baseline participant characteristics and outcomes measured 
in claims data against those captured through primary data 
collection in the trial,6,7 and (2) assess the capability of RWD 
to extend the observation period of INVESTED trial partici-
pants by capturing RWD-measured outcomes occurring after 
the trial follow-up end date. Additionally, we aimed to share our 
experiences in conducting an RCT-RWD linkage, highlighting 
anticipated challenges and providing insights to enhance the ef-
ficiency of the process.

MATERIALS AND METHODS
Data source and study population

RCT. The INVESTED trial was a pragmatic, randomized, double-blind, 
active comparator study conducted across 157 centers in the United States 

and Canada over three influenza seasons (2016–2017 to 2018–2019).6,7 
It investigated whether a high-dose trivalent influenza vaccine compared 
with a standard-dose quadrivalent influenza vaccine could reduce the 
incidence of all-cause death or cardiopulmonary hospitalization in high-
risk participants with cardiovascular disease.6,7 Eligible participants had 
a history of hospitalization for myocardial infarction (MI) or heart fail-
ure (HF) and at least one of the following additional risk factors: aged 
≥ 65 years, current or prior left ventricular ejection fraction < 40%, diabe-
tes, body mass index ≥ 30 kg/m2, chronic kidney disease, ischemic stroke, 
peripheral artery disease, current tobacco use, or a hospitalization for MI 
or HF prior to the index hospitalization.6,7 Excluded participants had 
a known allergy, hypersensitivity (anaphylaxis), or Guillain-Barré syn-
drome related to the influenza vaccine; severe allergy to egg protein; life 
expectancy < 9 months; prior influenza vaccination during the enrolling 
season; acute infection requiring antibiotics within 14 days of randomiza-
tion; fever within 7 days before randomization; pregnancy; or lactation.6,7

RWD. We used US fee-for-service Medicare data from 2012 through 
2020. US fee-for-service Medicare is a federal health insurance program 
that covers beneficiaries aged 65 years and older, as well as patients under 
65 years with disabilities or end-stage renal disease.8 This database in-
cludes individual-level longitudinal information on demographic factors, 
diagnoses, procedures, and outpatient prescription dispensings that are 
recorded during the billing of routine healthcare encounters.8 We had ac-
cess to 100% Medicare fee-for-service beneficiaries enrolled in Parts A, B, 
or D who received a diagnosis of HF from 2012 to 2020 and a diagnosis 
of MI from 2013 to 2018. Specifically, we had access to information on 
inpatient hospitalizations, outpatient facility encounters, and physician/
professional service claims (with associated ICD-9/10-CM diagnosis and 
CPT/HCPCS procedure codes) via Parts A and B, and outpatient pre-
scription dispensings via Part D.

Construction of the study cohort

Consenting. Following the completion of the INVESTED trial on July 
31, 2019, INVESTED US sites interested in participating in this linkage 
study obtained approval from their respective Institutional Review Boards 
for this supplementary investigation. INVESTED trial participants from 
these US sites were included in this supplementary study if they consented 
to link their trial data with Medicare claims data. Consent was collected 
by each site between November 2021 and November 2022. Subsequently, 
each site collected the Medicare Beneficiary Identifiers (MBIs) of each 
INVESTED participant who consented to be part of the linkage study.

Linkage. Among the participants who consented to the supplementary 
study, those who provided a complete MBI became eligible for linkage 
with Medicare fee-for-service claims data previously acquired by the study 
investigators. The encrypted list of MBIs was sent to the Research Data 
Assistance Center (ResDAC), a contractor for the Centers for Medicare 
& Medicaid Services (CMS) that assists researchers with CMS data.8,9 
ResDAC crosswalked the MBIs with encrypted Beneficiary Identifiers 
(BENE_IDs), unique identification numbers assigned to each Medicare 
beneficiary. The resulting crosswalk file was used to identify the trial par-
ticipants in the Medicare claims data.

1Division of Pharmacoepidemiology and Pharmacoeconomics, Department of Medicine, Brigham and Women’s Hospital and Harvard Medical 
School, Boston, Massachusetts, USA; 2Division of General Internal Medicine & Health Services Research, Department of Medicine, David Geffen 
School of Medicine at UCLA, Los Angeles, California, USA; 3Johnson & Johnson Innovative Medicine, Titusville, New Jersey, USA; 4UCB, Cambridge, 
Massachusetts, USA; 5Cardiovascular Division, Department of Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston, 
Massachusetts, USA; 6Division of Nephrology, Department of Medicine, David Geffen School of Medicine at UCLA, Los Angeles, California, USA; 7VA 
Health Care System, Minneapolis, Minnesota, USA; 8Office of Medical Policy, Center for Drug Evaluation and Research, Food and Drug Administration, 
Silver Spring, Maryland, USA; 9Department of Medicine, Yale University School of Medicine, New Haven, Connecticut, USA; 10Department of 
Medicine, University of Minnesota, Minneapolis, Minnesota, USA. *Correspondence: Elisabetta Patorno (epatorno@mednet.ucla.edu)
†These authors contributed equally as co-first authors.
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Study variables

Baseline participant characteristics. Definitions of baseline charac-
teristics, including demographic factors, such as age, sex, and race, eligi-
bility risk factors, comorbidities, and medications, are detailed in Table 
S1. For validation purposes, we focused on INVESTED trial variables 
measurable in claims data, excluding the New York Heart Association 
(NYHA) functional classification, left ventricular ejection fraction, and 
body mass index.7 These variables were therefore only reported as trial-
derived descriptive characteristics and were not included in the claims-
based validation analyses. In the linked Medicare claims, we defined 
variables analogous to those in the INVESTED trial data using ICD-
9/10-CM diagnosis and CPT/HCPCS procedure codes and Part D pre-
scription dispensing records. Each of these sources was assessed during 
183, 365 (primary), and 730 days before or on the participant’s cohort-
entry (trial start) date.7 These timeframes were selected as they are 
commonly used to measure baseline information in RWD studies.5,10,11 
For eligibility, the INVESTED trial required a hospitalization for MI 
within the 12 months before the baseline visit or a hospitalization for 
HF within the 24 months before baseline. These windows correspond 
to our RWD lookback windows (365 days for MI and 730 days for HF). 
Participant-specific trial start and end dates were obtained from the trial 
data, and all lookback and post-trial follow-up windows were anchored to 
these dates. Age was calculated from the Medicare date of birth as of the 
trial start date. In the linked Medicare claims, all demographic data were 
complete, and the absence of claims for comorbidities and medications 
was interpreted as the absence of such comorbidities and medications. 
Therefore, there were no missing values for these baseline characteristics. 
Among participants included in our study, the INVESTED trial data 
were complete for all study variables used in the analysis.

Outcomes. All-cause mortality was not considered, as all participants 
had to be alive to provide consent for this linkage study. Outcomes in-
cluded cardiopulmonary hospitalization, cardiovascular hospitalization, 
and HF hospitalization.6,7 Cardiopulmonary hospitalization was defined 
as either cardiovascular hospitalization or pulmonary hospitalization.6,7 
Cardiovascular hospitalization was defined as hospitalization with a primary 
diagnosis of acute MI, unstable angina, cardiac dysrhythmias, HF, stroke, or 
transient ischemic attack.6,7 Pulmonary hospitalization was defined as hospi-
talization with a primary diagnosis of pneumonia, influenza, asthma, chronic 
obstructive pulmonary disease, acute respiratory failure, or pulmonary em-
bolism.7 HF hospitalization was defined as hospitalization with a primary 
diagnosis of HF. Outcomes were defined using validated ICD-9/10-CM 
diagnosis and procedural code algorithms based on inpatient primary diag-
nosis codes and were aligned with definitions used in the INVESTED trial 
(Table S2).11–22 Outcome validation was conducted among linked partici-
pants who had Medicare Part A coverage on their outcome event date, or on 
the trial end date for event-free participants. To confirm that a claims event 
represented the same hospitalization as the trial-adjudicated event, a claims 
hospitalization was counted as a match only when its date fell within 10 days 
of the trial event date.

Statistical analysis
Descriptive statistics were used to compare the distributions of baseline 
characteristics among trial participants enrolled in the United States, 
those who consented to participate in this supplementary study, and 
those who were linked with their Medicare claims data. Binary and cat-
egorical variables were summarized using frequencies and percentages; 
continuous variables were summarized using means and standard devia-
tions (SD).23,24 Standardized mean differences (SMD) were used to com-
pare the distributions of baseline characteristics.23,24 Values greater than 
0.1 are typically considered indicative of meaningful differences.23,24

We used various performance metrics to validate claims-measured 
variables against trial-reported information. Each performance metric 

was computed only among participants with information available in the 
Medicare enrollment file (demographic factors) or continuous enroll-
ment in the relevant Medicare Part(s) (comorbidities, medications and 
outcomes) over the lookback or follow-up window applicable to that 
metric, anchored to each participant’s randomization date. For binary 
and categorical variables, we estimated sensitivity, specificity, positive 
predictive value (PPV), negative predictive value (NPV), and overall 
agreement (OA) with exact 95% binomial confidence intervals (CIs) 
using 2 × 2 tables, with the trial data as the reference standard (Figure 
S1).25,26 Performance metrics were calculated by restricting compari-
sons to participants enrolled in relevant parts of the Medicare program: 
demographic factors (enrollment), comorbidities (Parts A and B), 
medication dispensing (Part D), and outcomes (Part A).8,27 Statistical 
comparisons of sensitivity and specificity between different lookback 
periods (183 vs. 365 days and 365 vs. 730 days) were performed using the 
two-sided Wilcoxon signed-rank test for paired data.28 Finally, among 
those with Medicare Part A data available after the trial follow-up end 
date, we assessed the number of participants who experienced RWD-
measured outcomes after the conclusion of the trial follow-up period. 
All analyses were performed using R version 4.0.2.

Ethics approval and data sharing
We used de-identified person-level linked data for this analysis. The 
study was approved by the Mass General Brigham Institutional Review 
Board (IRB number 2020P003767) before data analysis, and licensing 
agreements were in place. Requests to reproduce findings in our data ana-
lytics environment will be considered. We used anonymized participant-
level INVESTED trial data, governed by the trial’s data-use agreements 
and not available for redistribution. Medicare claims data are governed 
by CMS Data Use Agreements and may not be made available for shar-
ing. Aggregate study outputs can be made available upon reasonable re-
quest and IRB approval.

RESULTS
Cohort construction
Among the 5260 participants in the INVESTED trial, 1676 were 
excluded as they were from 39 Canadian sites. Additionally, 2526 
participants were excluded because 94 US study sites declined par-
ticipation in this linkage study, and 847 participants from 24 US 
participating sites were excluded due to participant declinations, 
death before consent, or inability to reach by phone. A total of 
211 participants from these 24 US sites consented to the linkage 
study. However, 85 participants were further excluded for vari-
ous reasons, including not providing MBIs, providing incorrect 
or incomplete MBIs, being enrolled in health insurance other 
than Medicare fee-for-service, and duplicate entries. Ultimately, 
among the 211 participants, 126 (59.7%) were eligible for link-
age and were included for a crosswalk between MBIs and BENE 
IDs. Among these, 115 had demographic information, including 
age, sex, and race, from the Medicare enrollment files, and 65 had 
Medicare claims. Of those with claims, 45 had Part A coverage 
for time periods from the trial follow-up end date through 2020 
for evaluation of outcomes occurring after the trial follow-up pe-
riod; 28 had Part D coverage for at least 183 days before trial ran-
domization (26 for 365 days and 25 for 730 days) for validation of 
claims-measured baseline medication use; and 34 had Parts A and 
B coverage for at least 183 days before trial randomization (30 for 
365 days and 27 for 730 days) for validation of claims-measured 
baseline comorbidities. Figure 1 provides a complete description 
of the cohort flow leading to the final sample sizes.
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The number of participants contributing to each analysis varied 
according to the source of data (trial vs. claims data), the Medicare 
enrollment/coverage, and the health plan continuous enrollment re-
quirements for that specific analysis: Table 1 describes baseline char-
acteristics of trial participants and is based on trial-collected data, 
whereas Tables 2–4 assess agreement between trial and claims data 
and are based on both trial and claims data. The source of data (trial 
vs. claims data), required Medicare enrollment/coverage, applicable 
time window for information measurement, and size of the specific 
analytic subset for every table/analysis are summarized in Table S3.

Demographics and baseline participant characteristics
Compared with the broader US trial participants (Cohort A), 
those who consented for linkage (Cohort B) were more likely to be 
recent enrollees, older (SMD = 0.34), and White (SMD = 0.42). 
They also were more likely to have no or mild symptoms according 
to the NYHA functional classification (Table 1). Compared with 
the broader US trial participants (Cohort A), those with linked 
Medicare claims (Cohort C) were less likely to be from Veterans 
Affairs sites (SMD = 0.24), more likely to be older (SMD = 0.58), 
and more likely to have no or mild symptoms according to the 
NYHA functional classification.

Validation of demographic information
Agreement between claims-measured and trial-reported demo-
graphic factors was high. Among 115 individuals with demo-
graphic data from Medicare enrollment files, we noted 100% 
match for sex and only one major discrepancy in age. Racial classi-
fication (non-White, 6.7%) showed a sensitivity of 1.00 and speci-
ficity of 0.88 (Table 2).

Validation of baseline comorbidities and medication use
Compared with trial measures, medical history including risk fac-
tors and comorbidities measured 365 days before or on cohort entry 
had a median sensitivity of 0.80 (Q1: 0.63, Q3: 1.00) and a median 
specificity of 0.89 (0.81, 0.96) (Tables 3, S4, and S5). Baseline 
medication use measured over the same period had a median sen-
sitivity of 1.00 (0.92, 1.00) and a median specificity of 0.88 (0.73, 
0.96) (Table S6). Using a two-sided Wilcoxon signed-rank test, 
we observed that extending the lookback window consistently im-
proved sensitivity but reduced specificity. Sensitivity significantly 
increased when expanding the window from 183 days to 365 days 
(P < 0.001) and further increased when expanding from 365 days 
to 730 days (P = 0.009). Conversely, specificity was significantly 
lower at 365 days compared to 183 days (P < 0.001) and decreased 
further at 730 days compared to 365 days (P < 0.001).

Validation of outcomes
Outcomes generally showed low sensitivity but high specificity for 
cardiopulmonary hospitalization (sensitivity, 0.23 (95% CI, 0.05, 
0.54); specificity, 0.88 (0.68, 0.97)), cardiovascular hospitalization 
(0.18 (0.02, 0.52); 0.88 (0.70, 0.98)), and HF hospitalization (0.50 
(0.01, 0.99); 0.94 (0.81, 0.99); Table 4). Broadening the cardio-
pulmonary hospitalization definition from the primary discharge 
diagnosis position to any diagnosis position markedly increased sen-
sitivity (from 0.23 (0.05, 0.54) to 0.62 (0.32, 0.86)), but at the cost 
of specificity (from 0.88 (0.68, 0.97) to 0.67 (0.45, 0.84); Table S7).

Outcomes captured beyond trial follow-up
We identified 45 individuals with Medicare Part A data after 
the trial follow-up end date. Among these individuals, 10 (22%) 

Figure 1  Study cohort flow diagram. Part A, B, and D each refer to Medicare hospital insurance, Medicare medical insurance, and Medicare 
prescription drug coverage, respectively. BENE ID, Beneficiary Identification Number; FFS, fee-for-service; MBI, Medicare Beneficiary Identifier.

ARTICLE
 15326535, 0, D

ow
nloaded from

 https://ascpt.onlinelibrary.w
iley.com

/doi/10.1002/cpt.70457 by U
niversity O

f C
alifornia, L

os A
ngeles, W

iley O
nline L

ibrary on [07/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 0 NUMBER 0 | Month 2026 5

Table 1  Baseline characteristics of US trial participants (Cohort A), eligible for linkage (Cohort B), and with linked claims 
(Cohort C) based on data from the INVESTED trial

Baseline characteristicsa

US participants

Participants 
eligible for 

linkage
Standardized 

difference

Participants with 
linked Medicare 

claims
Standardized 

difference

(Cohort A, 
N = 3584)

(Cohort B, 
N = 126)

(Cohort  
A vs. B)

(Cohort C,  
N = 65)

(Cohort  
A vs. C)

Demographic factors

Age, years 64.84 (12.95) 68.68 (8.95) 0.34 71.11 (8.05) 0.58

Sex

Male 2586 (72.2) 89 (70.6) 0.04 43 (66.2) 0.13

Female 998 (27.8) 37 (29.4) 0.04 22 (33.8) 0.13

Race

White 2640 (73.7) 113 (89.7) 0.42 60 (92.3) 0.51

Non-White 944 (26.3) 13 (10.3) 0.42 5 (7.7) 0.51

Ethnicity

Hispanic/Latino 533 (14.9) 29 (23.0) 0.21 20 (30.8) 0.39

Non-Hispanic/Latino 3051 (85.1) 97 (77.0) 0.21 45 (69.2) 0.39

Enrollment year

2016 344 (9.6) 6 (4.8) 0.19 2 (3.1) 0.27

2017 1798 (50.2) 55 (43.7) 0.13 26 (40.0) 0.21

2018 1442 (40.2) 65 (51.6) 0.23 37 (56.9) 0.34

Enrollment siteb

Veterans Affairs site 1086 (30.3) 46 (36.5) 0.13 13 (20.0) 0.24

New York Heart Association Functional Classification (NYHA)c

NYHA I 382 (14.9) 24 (25.5) 0.27 14 (30.4) 0.38

NYHA II 1284 (50.2) 54 (57.4) 0.14 28 (60.9) 0.22

NYHA III 799 (31.2) 16 (17.0) 0.34 4 (8.7) 0.59

NYHA IV 93 (3.6) 0 (0.0) NA 0 (0.0) NA

Medical history related to eligibility criteria

Hospitalization for HF in past 24 months 2687 (74.9) 96 (76.2) 0.03 47 (72.3) 0.06

Hospitalization for MI in past 12 months 897 (25.0) 30 (23.8) 0.03 18 (27.7) 0.06

Age ≥ 65 years 1928 (53.9) 91 (72.2) 0.39 53 (81.5) 0.62

Current BMI ≥ 30 kg/m2 1879 (52.6) 70 (55.6) 0.06 36 (55.4) 0.06

Current or past LVEF < 40% 1673 (46.8) 52 (41.3) 0.11 29 (44.6) 0.04

Diagnosis of type 1 or type 2 diabetes 1391 (38.9) 51 (40.5) 0.03 29 (44.6) 0.12

History of chronic kidney disease 1213 (33.9) 40 (31.7) 0.05 19 (29.2) 0.10

Current tobacco smoker 646 (18.1) 17 (13.5) 0.13 6 (9.2) 0.26

History of ischemic stroke 332 (9.3) 14 (11.1) 0.06 6 (9.2) 0

History of peripheral artery disease 166 (4.6) 7 (5.6) 0.05 3 (4.6) 0

Other medical history

Hypertension 2868 (80.0) 104 (82.5) 0.06 54 (83.1) 0.08

Dyslipidemia 2402 (67.0) 104 (82.5) 0.36 54 (83.1) 0.38

Percutaneous coronary intervention 1244 (34.7) 42 (33.3) 0.03 28 (43.1) 0.17

Atrial fibrillation 1320 (36.8) 48 (38.1) 0.03 24 (36.9) 0.00

Coronary artery bypass grafting 704 (19.6) 35 (27.8) 0.19 21 (32.3) 0.29

Chronic obstructive pulmonary disease 775 (21.6) 28 (22.2) 0.01 13 (20.0) 0.04

Implantable cardioverter-defibrillator 834 (23.3) 26 (20.6) 0.06 14 (21.5) 0.04

Asthma 435 (12.1) 14 (11.1) 0.03 4 (6.2) 0.21

 (Continued)
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experienced RWD-measured cardiopulmonary hospitalizations, 
eight individuals (18%) experienced cardiovascular hospitaliza-
tions, and three individuals (7%) experienced HF hospitalizations 
after the trial follow-up end date. Median post-trial follow-up du-
ration was 519 days (IQR 366–534; range 31–875).

DISCUSSION
Our study provides important insights into the integration of 
RWD with RCT data, highlighting both the potential and limita-
tions of claims data as a complementary resource to enhance regu-
latory decision-making and clinical research. We observed a high 
level of agreement between claims-measured and trial-reported 
demographic variables, baseline comorbidities, and medication 
use, with sensitivity and specificity varying according to the look-
back periods used for covariate measurement. We also observed 
high specificity of claims-based measurements to capture clinical 
outcomes, together with low sensitivity. RWD captured a sub-
stantial number of outcomes occurring after the end of the trial 

follow-up period. These findings underscore the need for careful 
interpretation of RWD-based studies, in light of the opportuni-
ties and challenges it provides.

Validation results
The high agreement between claims-measured and trial-reported 
demographic variables (sex, age, and race) confirms the reliability 
of claims data for capturing these characteristics. Although race 
and ethnicity in the trial data were self-reported, race and ethnic-
ity in Medicare enrollment files were derived from original Social 
Security Administration self-reported variables with historically 
limited categories and have been further modified using the RTI 
race code, which applies an imputation algorithm.29–32 Future 
linkage studies should further characterize how self-reported race 
and ethnicity collected in trials diverge from race and ethnicity 
measures recorded in claims data and other RWD, and use these 
findings to inform strategies for improving the accuracy of race 
and ethnicity classification in RWD-based research.

Baseline characteristicsa

US participants

Participants 
eligible for 

linkage
Standardized 

difference

Participants with 
linked Medicare 

claims
Standardized 

difference

(Cohort A, 
N = 3584)

(Cohort B, 
N = 126)

(Cohort  
A vs. B)

(Cohort C,  
N = 65)

(Cohort  
A vs. C)

Maintenance medications for those with MI as index event

Statins 817 (91.1) 28 (93.3) 0.08 17 (94.4) 0.13

Aspirin 808 (90.1) 24 (80.0) 0.29 15 (83.3) 0.20

Beta-blockers 793 (88.4) 24 (80.0) 0.23 14 (77.8) 0.29

Maintenance medications for those with HF as index event

Beta-blockers 2241 (83.7) 89 (92.7) 0.28 44 (93.6) 0.32

Diuretics 2136 (79.8) 80 (83.3) 0.09 35 (74.5) 0.13

ACEi or ARB or ARNI 1756 (65.6) 68 (70.8) 0.11 32 (68.1) 0.05

Mineralocorticoid receptor antagonist 852 (31.8) 26 (27.1) 0.10 11 (23.4) 0.19

Digoxin 266 (9.9) 12 (12.5) 0.08 7 (14.9) 0.15

ACEi, angiotensin-converting enzyme inhibitors; ARB, angiotensin II receptor blockers; ARNI, angiotensin receptor–neprilysin inhibitor; BMI, body mass index; HF, 
heart failure; LVEF, left ventricular ejection fraction; MI, myocardial infarction; NYHA, New York Heart Association.
aMean (standard deviation) for continuous variables, number of participants (percentage among whole cohort) for categorical or binary variables. All 
characteristics are drawn from the INVESTED trial data. Cohort A, full trial population; Cohort B, participants eligible for linkage (consented, with a complete 
beneficiary identifier; N = 126); Cohort C, linked participants with at least one Medicare claim during 2012–2020 (N = 65). bINVESTED enrolled participants at 
157 sites across the United States and Canada, organized into Veterans Affairs, Canadian, other US non–Veterans Affairs, and PCORnet performance networks; 
enrolling sites were generally cardiology specialty clinics. cProportion among individuals with available data.

Table 1  (Continued)

Table 2  Validation of RWD-measured demographic information against RCT-reported information

Prevalence Overall agreement Sensitivity Specificity PPV NPV

Age 112 out of 115 are consistent; 1 person with a > 10 year discrepancy, 2 people with 1 year difference in age

Sex (male) 73.0% male 1.00 1.00 1.00 1.00 1.00

(0.97, 1.00) (0.96, 1.00) (0.89, 1.00) (0.96, 1.00) (0.89, 1.00)

Race (non-white) 6.7% non-white 0.89 1.00 0.88 0.41 1.00

(0.81, 0.94) (0.66, 1.00) (0.80, 0.93) (0.21, 0.64) (0.96, 1.00)

Analysis restricted to the 115 linked participants with demographic information available in the Medicare enrollment files. NPV, negative predictive value; PPV, 
positive predictive value.
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Baseline medication use showed high sensitivity and specificity, 
consistent with the expected accuracy of claims data in capturing 
medication dispensings for billing purposes. However, baseline co-
morbidities measured 365 days before or on cohort entry showed 
moderate to high sensitivity, suggesting that claims-measured co-
morbidities may not always correctly estimate disease burden.18 
Varying measurement periods indicated that a shorter period of 
183 days yielded lower sensitivity but higher specificity, whereas 
a longer period of 730 days showed higher sensitivity but lower 
specificity.

The findings regarding outcome measures are particularly 
noteworthy. Although claims data showed high specificity for 
cardiopulmonary, cardiovascular, and HF hospitalizations, the 
low sensitivity indicates that claims data could often underreport 
certain health outcomes, which is consistent with findings from 
previous research.18 The high specificity of claims-based out-
come ascertainment and the correspondingly low false positive 
rate support the validity of relative-effect measures, conditional 
on nondifferential outcome misclassification.33,34 In particular, 
when specificity is near perfect and sensitivity is nondifferential 
across treatment groups, relative risk measures remain approxi-
mately unbiased, although absolute risk differences are biased 
toward the null.33,34 Accordingly, findings from claims-based 
studies should be interpreted with the understanding that rela-
tive measures may reasonably reflect true associations, whereas 
absolute risk differences are likely to underestimate the true 
magnitude of risk.33 Several established approaches can mitigate 
outcome under-ascertainment: composite outcome definitions 
that increase sensitivity; supplementation of claims with elec-
tronic health record, registry, or laboratory data; quantitative 
bias-analysis methods that correct estimates under an explicit 
misclassification model35–37; and refinement and re-validation of 
claims-based algorithms in the target population. Future linkage 
studies could evaluate how these approaches improve outcome 
ascertainment.

The PPV for outcomes was modest, indicating that a meaning-
ful proportion of events recorded in claims were not confirmed in 
the trial data. One potential reason behind this discordance is that 
claims may capture clinically genuine events arising in routine care 
that did not meet the trial’s adjudicated endpoint definitions or 
were not ascertained at the trial’s scheduled study contacts. This 
discordance warrants further investigation in future linkage stud-
ies, for example with corroboration through linkage of adminis-
trative claims with electronic health records, and may also indicate 

that claims could complement trial data by capturing events occur-
ring outside trial ascertainment.

The validation metrics reported here should be interpreted in 
light of the trade-offs imposed by the claims-based definitions we 
applied. Multiple algorithmic definitions can be used to define 
comorbidities and outcomes—with variations in the diagnostic, 
procedural, and medication codes included, the diagnosis position 
considered (e.g., primary vs. any-listed), the care settings included 
(e.g., inpatient vs. outpatient), and the number of qualifying en-
counters required (e.g., any vs. at least two encounters)—and each 
choice trades off sensitivity, specificity, and PPV. For example, ex-
panding the cardiopulmonary hospitalization definition from the 
primary discharge-diagnosis position to any diagnosis position 
identified many events that had previously been classified as false 
negatives, thereby substantially improving sensitivity, while reduc-
ing specificity.

Considering these trade-offs, the choice of lookback win-
dow and algorithmic definition for variables should be tailored 
to the analytic objective and the prevalence and chronicity of 
the condition of interest. Higher-specificity definitions may be 
preferable when false positives are most consequential, such as 
for outcomes used to estimate causal effects or criteria used to 
define cohort eligibility, whereas higher-sensitivity definitions 
may be preferable when missed events are most consequential, 
such as for safety-signal screening.38–41 Longer measurement 
periods or algorithms with greater sensitivity may also be pref-
erable for confounding adjustment in causal-inference analyses, 
because residual confounding from incompletely captured co-
variates may pose greater concern than the modest misclassifica-
tion introduced by a small number of false positive comorbidity 
flags.38–41

Long-term follow-up via RCT-RWD linkage
The observation that 22% of 45 linked participants with post-trial 
Medicare Part A coverage experienced cardiopulmonary hospi-
talizations after the conclusion of the active trial highlights the 
critical value of RWD for extending follow-up periods of trial par-
ticipants. This finding aligns with a recent scoping review, which 
identified post-trial long-term follow-up as the most frequent use 
case for RCT-RWD linkage, accounting for 31% of identified 
studies.5 Linking clinical trials to routinely collected data sources 
enables the capture of patient trajectories and outcomes beyond 
the temporal and resource constraints of traditional trial designs.5 
Post-trial outcomes captured in claims should be interpreted with 

Table 4  Validation of RWD-measured outcomes against RCT-reported outcomes

Outcome
Overall 

agreement Sensitivity Specificity PPV NPV

Cardiopulmonary hospitalizations 0.65 (0.47, 0.80) 0.23 (0.05, 0.54) 0.88 (0.68, 0.97) 0.50 (0.12, 0.88) 0.68 (0.49, 0.83)

Cardiovascular hospitalizations 0.68 (0.50, 0.82) 0.18 (0.02, 0.52) 0.88 (0.70, 0.98) 0.40 (0.05, 0.85) 0.72 (0.53, 0.86)

Heart failure hospitalizations 0.92 (0.78, 0.98) 0.50 (0.01, 0.99) 0.94 (0.81, 0.99) 0.33 (0.01, 0.91) 0.97 (0.85, 1.00)

Analysis restricted to linked participants with Medicare Part A who had Medicare Part A coverage on their outcome event date, or the trial end date for event-
free participants. FN, false negative; FP, false positive; NPV, negative predictive value; PPV, positive predictive value; TN, true negative; TP, true positive; RCT, 
randomized controlled trial; RWD, real-world data.
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caution, given the high specificity but modest PPV of claims-based 
outcome ascertainment.

Challenges and future directions

Operational challenges. This study faced several operational 
challenges that highlighted the complexities of conducting a 
supplementary investigation beyond the scope of the main trial. 
Because linkage activities were initiated after completion of the 
main trial, re-engaging study sites and re-contacting participants 
were challenging. Substantial attrition occurred through multiple 
stages, including site non-participation, participant declinations, 
and unsuccessful linkage attempts. Sites were often less responsive 
or available once the primary research activities of the main trial 
concluded, making it difficult to coordinate additional study-
related tasks. The shift in focus away from the main trial objectives 
led to delays and complications in executing supplementary 
study activities. Obtaining re-consent from participants after 
the conclusion of the main trial was particularly challenging. 
Participants were often unreachable at the provided phone 
numbers, a situation exacerbated by the concomitant COVID-19 
pandemic. The INVESTED trial enrolled high-risk participants 
with cardiovascular disease; consequently, many participants may 
have passed away by the time investigators attempted to recontact 
them for re-consent. The requirement for participants to survive 
until the time of re-consent precluded our ability to validate all-
cause mortality and may have affected the observed performance 
of claims-based measures for other outcomes, as participants who 
survived could have had different health profiles and healthcare 
utilization patterns compared with those who were deceased.42

Scope and completeness of claims data. The study’s linkage was 
limited to trial participants enrolled in fee-for-service Medicare 
insurance. Those who had Medicare Advantage or other health 
insurance coverage were excluded, potentially limiting the 
generalizability of the findings. Even when trial participants 
were successfully linked to their fee-for-service Medicare claims, 
insurance coverage was often incomplete. Periods with limited 
Medicare coverage—in which participants were enrolled for only 
part of the relevant lookback or follow-up window or for only a 
subset of the Medicare Parts (A, B, or D)—impact the completeness 
of the claims data, and thus the size of the analytic subsets available 
for analysis. Additionally, post-trial outcome capture is bounded 
by the December 2020 administrative end of the available claims 
data and by each participant’s Medicare coverage span; events after 
this date are unobservable, and participants whose coverage began 
later in the post-trial period contribute less observation time.

Selection and generalizability of the linked cohort. These post-trial 
linkage processes introduced selection into the linked cohort. 
The linked cohort differed systematically from the broader 
trial population, being older, more likely to be White, and less 
likely to be from Veterans Affairs sites. Generalizability of our 
validation findings to the full INVESTED population and 
other populations warrants caution, as differences in insurance 
continuity, enrollment churn, healthcare utilization, and coding 

patterns may affect validation metrics.43,44 Both RCT and linked 
RWD populations in this study substantially under-represent 
historically minoritized racial and ethnic groups. This under-
representation restricts the applicability of our validation metrics 
to more diverse populations. Larger linked cohorts are needed to 
evaluate validation metrics within sociodemographic subgroups 
defined by race and ethnicity, age, and sex, so that the accuracy 
of claims-based ascertainment can be characterized across diverse 
populations.

Proactive planning for linkage. These challenges underscore the 
need for proactive planning in RCT-RWD linkage studies.5 Re-
consenting participants years after trial completion poses ethical 
and operational challenges and is best avoided by planning linkage 
from trial inception. We recommend that future clinical trials 
considering the use of linked RCT-RWD infrastructure: (1) plan 
for linkage at the trial design stage and incorporate consent for 
secondary use of trial data for linkage to RWD into the initial 
informed-consent process, or at least initiate linkage before study 
close, to avoid the challenges of re-consenting participants or re-
engaging trial study sites; (2) collect and verify, at initial consent 
or as early as possible, the identifiers needed for deterministic 
linkage or linkage based on tokenization45—such as participant 
names, dates of birth, insurance information, or national 
identifiers—so that participants can be linked from the analytic 
index date forward and identifier errors can be corrected while the 
trial is active; and (3) consider a diverse range of RWD sources—
including Medicare fee-for-service and Medicare Advantage, 
Medicaid, commercial insurance claims, electronic health records, 
disease registries, laboratory data, and the National Death 
Index—to increase coverage, granularity, and the likelihood of 
successful linkage, thereby increasing the linked sample size and 
enhancing the robustness of study findings. By addressing these 
issues, researchers can improve the efficiency and accuracy of 
RCT-RWD linkage studies, leading to more actionable results.

Limitations
Several limitations should be considered when interpreting these 
findings. The small validation cohort produced wide confidence 
intervals and limited statistical precision for several validation 
metrics, especially those for low-prevalence variables or sparse 
endpoints; therefore, these estimates should be interpreted with 
caution and confirmed in substantially larger linked cohorts. In ad-
dition, although we used trial-reported outcomes as the reference 
standard, some clinical events identified in claims data might have 
actually occurred but were not captured in the trial process.46,47 
Therefore, some claims-based outcomes classified as false posi-
tives may have represented clinically genuine events, highlighting 
the potential value of RCT-RWD linkage for improving outcome 
ascertainment in traditional clinical trials. In the INVESTED 
trial, outcomes were adjudicated by a blinded Clinical Endpoints 
Committee, whereas claims-measured outcomes were identified 
using diagnostic and procedural codes. These inherent differ-
ences in outcome ascertainment may have introduced outcome 
misclassification. Although we used previously validated claims-
based outcome definitions, careful evaluation of the alignment 
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between claims-based coding systems (e.g., ICD codes) and the 
classification systems used in the trial is important when assessing 
the validity of claims-derived outcomes. Despite these limitations, 
our study provides valuable empirical evidence on the validity of 
claims-based measures and practical insights for conducting RCT-
RWD linkage studies.

CONCLUSION
Linking RCT data with RWD, such as administrative claims, 
can enhance evidence generation by extending follow-up for 
long-term safety and effectiveness outcomes among trial partici-
pants and by augmenting trial data with RWD, offering a prom-
ising avenue to inform medication approval and label updates, 
including secondary indications. Our study provides a valida-
tion framework—quantifying sensitivity, specificity, and predic-
tive values of claims-based covariates and outcomes against an 
adjudicated trial reference—that can guide future RCT-RWD 
linkage studies to investigate potential measurement challenges, 
identify calibration needs, and interpret findings accordingly. 
We found that claims data accurately captured demographic fac-
tors and baseline medication use, while claims-measured clini-
cal outcomes showed high specificity but overall low sensitivity 
compared with trial-reported information. RWD also captured 
a substantial number of outcomes occurring after the trial fol-
low-up end date, highlighting the value of RWD for extending 
the observation period of trial participants. These results need 
to be interpreted in light of the limited and selected study pop-
ulation and the operational challenges faced in conducting the 
RCT-RWD linkage. Proactive planning of future RCT-RWD 
linkage studies with a more refined and efficient approach, as 
outlined in the current investigation, can improve linkage ef-
ficiency, measurement validity, and interpretability, ultimately 
leading to more actionable evidence.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).
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