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Abstract

Background Electronic health record (EHR)-based observational studies can rapidly provide real-world data on
vaccine effectiveness (VE), though EHR data may be prone to misclassification and unmeasured confounding.

Methods In VEBIS-EHR, a retrospective multi-country COVID-19 VE cohort study, we examined unmeasured
confounding using a negative control outcome (death not related to COVID-19) and misclassification due to timing
of data extraction. The evaluation spanned two periods (November—-December 2023, January-February 2024),
encompassing up to 18.7 million individuals across six EU/EEA countries. Vaccine confounding-adjusted hazard ratios
(aHRs) were pooled using random-effects meta-analysis.

Results aHRs against non-COVID-19 mortality ranged from 0.35 (95% Cl: 0.28-0.44) to 0.70 (0.66-0.73) when
comparing vaccinated versus unvaccinated. Delaying EHR data extraction modestly increased the capture of outcome
and exposure events, with some variation by vaccination status. Site-level fluctuations in aHRs did not meaningfully
alter the overall pooled VE, suggesting stable estimates despite misclassification related to extraction timing.

Conclusions We observed some evidence of unmeasured confounding when using non-COVID-19 deaths as
a negative outcome, though the specificity of our negative control must be considered. This result may suggest
overestimation of VE, but also the need for further analysis with more specific negative control outcomes and
confounding-adjustment techniques. Addressing such confounding using richer data sources and more refined
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approaches remains critical to ensure accurate, timely VE estimates based on retrospective cohorts constructed
using registry data. Extending the delay between the end of observation and data extraction modestly improves the
completeness of exposure and outcome data, with limited effect on pooled VE estimates.

Keywords Electronic health records, Vaccine effectiveness, Methods, Bias, Evaluation, COVID-19, Healthy-vaccinee

bias, Frailty bias

Background

Electronic health records (EHRs) have increasingly
been used in epidemiological research to provide exten-
sive real-world data for evaluating health interventions,
including in studies estimating vaccine effectiveness (VE)
[1]. EHRs capture routinely-collected clinical data such
as diagnoses, laboratory results, and vaccination events
from real-world healthcare settings, gradually proving
their utility in large-scale observational epidemiological
studies designed to provide timely evidence for public
health policy. This factor was of particular importance
during the COVID-19 pandemic [2-12].

Because EHRs are generally collected for purposes
other than research, studies relying on EHR-derived
data for secondary analysis must account for specific
sources of potential bias—particularly information bias
arising from misclassification of exposures or outcomes
[13, 14]. This makes the original intent of data collection
a key consideration; for example, databases designed for
billing may be unique in their coding practices, which
can render their records less suitable for use in research,
surveillance and monitoring. Another potential source
of misclassification is incomplete or delayed report-
ing of exposures (e.g., vaccination events), outcomes
(e.g., cause of death) and confounders (e.g., comorbid-
ity status) which, if not monitored and adjusted for, may
bias effect estimates drawn from the abstracted data
[15-18].

If adjustment for confounders is inadequate, the esti-
mates may be biased whether data are based on EHR or
not [19]. Investigators relying on the secondary usage of
data from EHRs are not generally able to adapt their data
scope (e.g., to include additional measures from patients)
according to study requirements, which may make accu-
rate effect estimation challenging if data necessary to
perform key confounding bias adjustments are not avail-
able or linkable [20, 21]. Studies aiming to evaluate inter-
ventions using EHRs, including VE studies, must ensure
that the presence and degree of confounding, in particu-
lar unmeasured differences in baseline risks between the
exposed and unexposed, are sufficiently evaluated and
described [22]. Considering these and other limitations,
the internal validity of estimates based on EHR data has
been discussed extensively to date [23, 24].

The focus of the present evaluation is an EHR-based
VE monitoring platform, the VEBIS project (Vaccine
Effectiveness, Burden and Impact Studies) funded by the

European Centre for Disease Prevention and Control
(ECDC) [25]. The VEBIS-EHR study aims to monitor
COVID-19 VE in real time using data from population
EHR across six EU/EEA countries against severe out-
comes of COVID-19 including COVID-19 related hos-
pitalizations and deaths in individuals aged 65 + or other
population subgroups [25-30].

An evaluation of this multi-country monitoring plat-
form was undertaken in June 2024. The present study
concerns the internal validity component of this evalua-
tion, which was designed to detect the presence and mag-
nitude of bias in estimates produced by this monitoring
platform. In order to assess the validity of VE estimates
produced by the system, we evaluated i) unmeasured
confounding in models estimating COVID-19 VE against
COVID-19-related deaths using a negative control out-
come to assess differences in baseline risks in the exposed
versus unexposed, and ii) how the timing of EHR data
extraction affects classification of exposure, outcome and
measured confounders, and any impact thereof on esti-
mates of COVID-19 VE against COVID-19 related hospi-
talisation and death.

Methods

VEBIS-EHR study

VEBIS-EHR is a retrospective multi-site cohort study
(Belgium, Denmark, Italy, Norway, Portugal, and Spain
(Navarre)) that monitors VE of the autumn 2024/25 dose
against COVID-19-related hospitalisation and death.
Detailed methods are published elsewhere [25-30].
Monthly VE estimates use events from rolling 8-week
periods. Each site extracts electronic-health-record
(EHR) data 4—6 weeks after a period ends to allow data-
base consolidation. The methods to estimate VE accord-
ing to the main protocol are briefly detailed below. All
analyses were conducted in R (Version 4.4.0, http://www
.r-project.org).

We analysed two 8-week periods (Nov-Dec 2023 and
Jan-Feb 2024). Eligible individuals were>65 years, resi-
dent in a study area, had completed primary vaccina-
tion>180 days before their national 2023/24 booster
campaign, and had neither vaccination nor documented
infection in the preceding 90 days. The exposure of inter-
est was receipt of an autumn 2023 COVID-19 booster
dose. To account for the lag between vaccination and the
development of protective immunity, person-time during
days 1-14 post-vaccination was excluded.


http://www.r-project.org
http://www.r-project.org
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Outcome events of interest were COVID-19 hospitali-
sation (hospital admission for severe acute respiratory
infection with a positive SARS-CoV-2 test from 14 days
before to 1 day after admission, or a primary COVID-
19 diagnosis) and COVID-19-related death (COVID-19
recorded as cause of death, or unknown cause with death
occurring within 30 days of a positive test).

Six sites extracted individual-level EHR data on expo-
sure, outcomes and demographics, including available
data to adjust for potential confounders. Covariates
for adjustment included age, sex, region, comorbidi-
ties, prior number of booster doses received to date and,
where available, nationality and socioeconomic status
[25]. It was not possible to adjust for health-seeking-
behaviours consistently across study sites due to data
access constraints.

Adjusted hazard ratios (aHRs) with 95% Cls were
estimated by Cox models with time-varying exposure
(14-89, 90-179,>180 days since vaccination) and calen-
dar time as the underlying scale, stratified by age 65-79
vs >80 years. Covariates used to adjust for potential con-
founding were measured at baseline and were included
as strata in Cox models. Site-specific aHRs were pooled
with random-effects meta-analysis (Paule-Mantel), and
heterogeneity quantified by I? [31].

Among adults aged>65 vyears eligible for inclu-
sion in this VEBIS-EHR study, the primary estimand is
the conditional cause-specific hazard ratio, expressed
as VE(f)=1-HR(¢), for COVID-19 hospitalisation (or
COVID-19-related death) comparing being vaccinated
(from day 14 after an autumn-2023 booster, with time-
since-vaccination bands) versus unvaccinated at time ¢.
The estimand is conditional on baseline covariates and
calendar time, with subsequent doses handled by a treat-
ment-policy strategy through time-varying exposure, and
non—COVID-19 death treated as a competing event [32].

Unmeasured confounding using a negative control
outcome

To detect unmeasured confounding in estimates of VE
against COVID-19-related death produced according to
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the above-described methods, we applied the Cox regres-
sion model without pooling to a negative control out-
come defined as death not related to COVID-19 intended
to represent the inverse of the main mortality definition
(COVID-19 not reported in cause of death and no record
of a positive test indicating SARS-CoV-2 infection within
the 30 days preceding death). The study period between
1 November to 25 December 2023, after the start of the
autumn 2023 vaccination campaign, was selected to
include the maximum number of study sites according
to their data access, and included four VEBIS-EHR study
sites which had access to death databases and could adapt
death definitions at the time of the evaluation (Denmark,
Navarra, Norway, and Portugal). Where estimates of aHR
against non-COVID-19-related death meaningfully dif-
fer from the expected threshold of no difference in risk
(aHR =1), including upper 95% confidence intervals that
do not cross this threshold, they should be interpreted as
an indication of unmeasured confounding, as we do not
expect COVID-19 vaccination status to influence the risk
of death unrelated to COVID-19, assuming no substan-
tial degree of misclassification in the negative control
outcomes [33].

Underreporting of outcomes and misclassification of
vaccine status due to delayed recording

In a separate analysis designed to evaluate the impact of
extraction delay on data consolidation, we described the
number of eligible participants and relevant outcome
events (hospitalisations or deaths related to COVID-19)
by vaccination status and study site using three differ-
ent consolidation periods: 4—6 weeks post-observation
period (the ‘usual’ delay [25]), 8—10 weeks post-obser-
vation period (‘intermediate’ delay), and 26-32 weeks
post-observation period (longest’ delay) (Fig. 1). We
calculated aHR for each extraction delay and age group
according to the VEBIS-EHR methods described above,
to assess the impact of these delays on estimates both at
the site and pooled level [25]. The study period selected
was 1 January to 25 February 2024, as it permitted the re-
extraction and analysis of data up to 32 weeks later. All

26-32-weeks
8-10-weeks
8-weeks - >
- > 4-6-weeks
+—>
Event occurrence EHR data entry
Observation Observation Extraction Extraction Extraction
begins ends one two three

Fig. 1 Diagram of data extraction schema illustrating usual (4-6 week), intermediate (8-10 week) and late [26-32] extractions versus healthcare event

occurrence and probable electronic health record data entry period
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six of the VEBIS-EHR study sites (Belgium, Denmark,
Navarra, Norway, Portugal, and Italy) who participated in
the wider evaluation provided data for this analysis.

Results

Unmeasured confounding using a negative control
outcome

Among the four study sites participating in this exer-
cise, there were up to 4.3 million eligible individuals
abstracted from source EHRs who contributed 7.7 mil-
lion person-months at risk throughout the study period.
A total of 8,811 relevant death events were identified, of
which 291 were classified as related versus 8,520 unre-
lated to COVID-19 (Fig. 2). The majority (71%) of all
events occurred among those aged 80 years plus.

The adjusted hazard ratio (aHR) of vaccination for non-
COVID-19 mortality was consistently lower than the null
effect threshold (aHR=1.0) in all study sites, indicating
that vaccinated individuals had a reduced risk of death
unrelated to COVID-19 compared to the unvaccinated
population. Among those aged 65-79 years, aHR ranged
from 0.36 (95% CI: 0.25-0.51) to 0.58 (95% CI: 0.52-0.65),
and from 0.35 (95% CI: 0.28-0.44) to 0.70 (95% CI: 0.66—
0.73) among those aged >80 years-old (Fig. 2). Confidence
intervals (95% CI) for estimates of aHR of vaccination
against non-COVID-19-related death did not cross the
highlighted threshold (aHR) in any study site or age group.

Underreporting of outcomes and misclassification of
vaccine status due to delayed recording

Extracting data 4—6 weeks after the end of the observa-
tion period (25th February 2025) yielded a baseline total
of 18.7 million eligible individuals, among whom 4,389
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relevant COVID-19-related hospitalisations and 793
COVID-19-related deaths were identified and formed
the reference for comparison with later data extractions
(Annex, Tables 1, 2 and 3).

The total number of participants varied slightly with
increasing delays to extraction. Decreases of 1,718 eli-
gible participants (-0.01%), and 6,290 (-0.03%) were
observed, respectively, between the intermediate and lat-
est delay extractions versus the reference extract (Annex,
Table 1). When stratified by vaccination status there
was some evidence of a differential impact, as numbers
of vaccinated individuals increased while unvaccinated
counts declined.

Compared with the reference extraction and pooled
across all study sites, there were an additional 144 (3.28%)
and 148 (3.37%) COVID-19-related hospitalisations,
and an additional 14 (1.77%) and 15 (1.89%) COVID-19
related deaths, respectively, in the intermediate and the
latest extracts (Annex, Tables 2 and 3). When stratified
by vaccination status, delayed extractions generally led
to greater increases in the number of hospitalisations
among vaccinated individuals (up to+8.6%) compared
with unvaccinated individuals (up to+2.1%). Fluctua-
tions in death counts had an opposing pattern, with a
greater degree of increase among those who were unvac-
cinated. Most additional hospitalisations were observed
in Portugal, where reported events increased by over
100% among vaccinated individuals and over 130% in the
unvaccinated cohort in later extracts (Annex, Table 2).
In contrast, increased COVID-19-related deaths were
largely accounted for by Italy, which showed incremental
increases of 2.69% to 4.18% in events recorded at the later
extraction intervals (Annex, Table 3).

Aged 65-79 Aged 80 plus
Study Events aHR (95% CI) Events aHR (95% CI)

Denmark \ i

COVID 49 —— i 0.28 (0.18to 0.44) 80 —— i 0.42 (0.29 to 0.61)

non-COVID 895 > | 0.58 (0.52 to 0.65) 1189 > i 0.60 (0.54 to 0.67)
Navarra i i

COoVID <5 | e 5 0.33 (0.09 to 1.20)

non-COVID 179 —— - 0.36 (0.25t0 0.51) 372 > ; 0.35 (0.28 to 0.44)
Portugal i i

CcoVID 13 — e 0.31 (0.16 t0 0.59) 52 e 0.35 (0.24 to 0.49)

non-COVID 989 > ; 0.51 (0.47 to 0.55) 3627 e ! 0.70 (0.66 to 0.73)
Norway i i

COVID 25 —— I 0.26 (0.16 to 0.42) 67 e i 0.32 (0.24 to 0.44)

non-COVID 411 » i 0.36 (0.32t0 0.41) 858 % i 0.47 (0.43 to 0.51)
5 o5 1 S

Adjusted hazard ratio (aHR) Adjusted hazard ratio (aHR)
Decreased risk in vaccinated | | Increased risk Decreased risk in vaccinated | | Increased risk

Fig. 2 Estimates of confounder-adjusted hazard ratios against COVID-19-related death (COVID) and the negative outcome control (non-COVID) among

those aged 65-79 (left) and 80 plus (right)
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Among individuals aged 65-79 years, the estimated
aHR of vaccination against COVID-19-related hospi-
talisation remained stable across the usual (4—6 weeks),
intermediate (8—10 weeks), and latest (26—-32 weeks)
data extracts for most study sites (Fig. 3). An exception
was observed in Portugal, where vaccine aHR decreased
from 0.56 (95% CI: 0.27-1.17) to 0.4 (95% CIL: 0.23-
0.7) between the usual and intermediate delays, then
remained near this level based on the latest extract. After
pooling estimates from all study sites using a random-
effects model, pooled vaccine aHR slightly decreased
from 0.53 (95% CI: 0.45-0.61) under the usual extrac-
tion to 0.52 (95% CI: 0.45-0.6) based on the intermediate

Events/Person-years
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extract, and further slightly still to 0.51 (95% CI: 0.44—
0.59) based on the latest extract.

Among those >80-years, vaccine aHR against hos-
pitalisation was also generally consistent across data
extracts in most sites (Fig. 4). In Portugal, however,
aHR fluctuated between 0.49 (95% CI: 0.3—-0.78) based
on the usual delay to 0.77 (95% CI: 0.56-1.06) in the
intermediate delay, remaining stable thereafter based
on the latest extract. When pooling estimates from all
study sites, the overall vaccine aHR estimate increased
slightly from 0.63 (95% CI: 0.55-0.71) to 0.65 (95% CIL:
0.58-0.73) in the intermediate extract, remaining stable
thereafter.

Study Vaccinated Unvaccinated Weight aHR (95% CI)

Belgium :

4-6 weeks 9/119,028 12/ 122,299 l 2.7 % 0.45[0.18, 1.14]
L 8-10wks 9/119,038 12/ 122,290 : 25% 0.45[0.18, 1.14]
I, 26-32wks  9/119,083 12/ 122,243 : 2:5% 0.451[0.18, 1.14]

Denmark :

4-6 weeks 61/101,635 25/ 26,368 : 1.8 % 0.88 [0.47, 1.65]
L 8-10wks 61/101,635 25/ 26,368 ] 1.7 % 0.88 [0.47, 1.65]
b 26-32wks 61/101,635 25/ 26,368 i 1.7 % 0.88 [0.47, 1.65]

Italy E

4-6 weeks 84/109,855  1210/1,116,679 —— : 39.8% 0.52[0.41, 0.66]
L 8-10wks 84/109,886  1213/1,116,711 —— E 36.8% 0.52[0.41, 0.66]
b 26-32wks 83/109,813  1212/1,115,797 —— E 36.8% 0.51[0.4, 0.65]

Navarra !

4-6 weeks 27/ 8,063 25/ 5,213 : 5.6 % 0.57[0.33, 1]

L 8-10wks 27/ 8,063 25/ 5213 | 5.2 % 0.57 [0.33, 1]

b 26-32wks 27/ 8,063 20/5 213 5 51% 0.58 [0.33, 1]

Norway E

4-6 weeks 150/ 58,712 230/ 45,789 —— \ 47 % 0.49 [0.39, 0.62]
b 8-10wks 151/ 58,715 233/ 45,783 —x— E 435% 0.49[0.39, 0.62]
L 26-32wks 150/ 58,712 230/ 45,789 —— i 435% 0.49[0.39, 0.62]

Portugal :

4-6 weeks 14/121,705 22/ 102,868 : 3.1% 0.56 [0.27, 1.17]
L 8-10wks 22/121,848 43/ 102,600 s — | 104 % 0.4[0.23, 0.7]

b 26-32wks 22/122,466 43/ 102,088 s s E 104% 0.41[0.23,0.7]

Pooled E

4-6 weeks 345/518,997 1524/1,419,215 —— : 0.53[0.45, 0.61]
L 8-10wks 354/519,184 1551/1,418,964 —— i 0.52 [0.45, 0.6]
b 26-32wks 352/519,772 1547/1,417,497 —— ; 0.51[0.44, 0.59]

T

|
0.5

1
Adjusted hazard ratio (aHR, vacc/unvacc)

Decreasing risk | | Increasing risk

Fig. 3 Estimates of confounder-adjusted hazard ratios against hospitalisation due to COVID-19 stratified by delay group among those aged 65-79
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Study Vaccinated Unvaccinated Weight aHR (95% Cl)

Belgium :

4-6 weeks 9/ 47,107 6/ 31,401 : 0.7 % 0.64 [0.2, 2.03]
L, 8-10wks 9/ 47,118 6/ 31,388 E 0.7 % 0.64 [0.2, 2.03]
b 26-32wks 9/ 47,144 6/ 31,360 : 0.7 % 0.63[0.2, 2.01]

Denmark :

4-6 weeks 89/ 34,715 37/ 7,014 —xéi 55% 0.56 [0.32, 0.97]
L 8-10wks 89/ 34,715 37/ 7,014 ——————— 5.6 % 0.56 [0.32, 0.97]
b 26-32wks 89/ 34,715 37/ 7,014 —)(—-i 55 % 0.56 [0.32, 0.97]

Italy E

4-6 weeks 193/71,290 1680/501,758 —— ; 474 %  0.67 [0.57, 0.79]
L 8-10wks 194/71,331  1682/501,575 —— i 48.8 % 0.67 [0.57,0.79]
L 26-32wks 194/71,354 1683/501,748 —— i 47.8 % 0.67 [0.57,0.79]

Navarra :

4-6 weeks 34/ 4,030 21/ 1,351 —_—— i 7.2% 0.49[0.29, 0.85]
L, 8-10wks 34/ 4,030 21/ 1,351 e 74 % 0.49[0.29, 0.85]
b 26-32wks 34/ 4,030 21/ 1,351 —— i 72 % 0.49[0.29, 0.85]

Norway E

4-6 weeks 167/ 19,270 201/ 13,407 —— : 293 % 0.6[0.48, 0.76]
L, 8-10wks 166/ 19,274 199/ 13,403 —— i 281 % 0.6[0.47,0.76]
b 26-32wks 167/ 19,270 201/ 13,407 —— E 295% 0.6[0.48,0.76]

Portugal :

4-6 weeks 40/ 59,324 43/ 36,956 —— E 10 % 0.49[0.3, 0.78]
L 8-10wks 104/ 59,361 87/ 36,838 —— 9.4 % 0.77 [0.56, 1.06]
L 26-32wks 107/59,507 90/ 36,702 —)%F 9.3 % 0.76 [0.55, 1.05]

Pooled i

4-6 weeks 532/235,736 1988/591,888 >~ : 0.63 [0.55, 0.71]
L 8-10wks 596/235,829 2032/591,572 > i 0.65 [0.58, 0.73]
L 26-32wks 600/236,021 2038/591,582 > : 0.65[0.58, 0.73]

o5 1
[o]

Adjusted hazard rati

(aHR, vacc/unvacc)

Decreasing risk | | Increasing risk

Fig. 4 Estimates of confounder-adjusted hazard ratios against hospitalisation due to COVID-19 stratified by delay group among those aged 80 plus

In the models estimating vaccine aHR against COVID-
19-related death in participants aged 65-79 years, fluc-
tuations were no greater than 0.02 in terms of absolute
aHR, though estimates were often not at all changed,
when compared across the three extracts. As a result,
the pooled estimate for this age group and outcome
remained essentially unchanged (Fig. 5).

For individuals aged 80 years and older, some study
sites reported shifts in vaccine aHR for COVID-19-re-
lated death using longer extraction delays (Fig. 6). In
Italy, estimates of vaccine aHR showed a steady decline
from 0.60 (95% CI: 0.37-0.95) using data extracted with
the usual delay (4—6 weeks), to 0.58 (95% CI: 0.36-0.92)

based on an intermediate delay (8—10 weeks), and finally
to 0.55 (95% CI: 0.35—0.88) based on the data extracted
after the longest delay (26-32 weeks). In contrast,
Navarra reported that vaccine aHRs that remained con-
sistent between the usual and intermediate extracts at
0.53 (95% CI: 0.16-1.77), but which rose slightly in the
latest extraction to 0.58 (95% CI: 0.19-1.77). Because
Italy accounted for 27-30% of the overall pooled esti-
mate weighting, reflecting its large number of events and
person-months, the gradual decrease seen in Italy was
similarly evident at the pooled level. The pooled aHR
estimates for death in this older age group remained
steady in subsequent extractions.
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Study Vaccinated Unvaccinated Weight aHR (95% CI)

Denmark |

4-6 weeks 13/101,635 15/ 26,368 —— E 55.1% 0.18[0.07, 0.48]
L 8-10wks 13/101,635 15/ 26,368 —— E 52.8 % 0.18[0.07, 0.48]
L 26-32wks 13/101,635 15/ 26,368 —— i 54.5% 0.18 [0.07, 0.48]

Italy E

4-6 weeks 8/109,896 106/1,117,849 E 6.2 % 0.72[0.33, 1.55]
L 8-10wks 8/109,928 110/1,117,883 . 6 % 0.71[0.33, 1.54]
L 26-32wks 8/109,855 111/1,116,967 X : 6.2 % 0.71[0.33, 1.54]

Norway :

4-6 weeks 13/ 58,831 18/ 46,064 i 71 % 0.59 [0.25, 1.39]
L 8-10wks 13/ 58,835 19/ 46,058 : 7.3 % 0.58 [0.25, 1.35]
L 26-32wks 13/ 58,831 18/ 46,064 X i 7% 0.59 [0.25, 1.39]

Portugal E

4-6 weeks 19/121,706 33/ 102,869 —_—— E 316 % 0.41[0.21,0.75]
L 8-10wks 19/121,850 34/ 102,603 . p— : 339% 0.38[0.2,0.71]
b 26-32wks 19/122,468 32/ 102,092 —_—— E 323 % 0.39[0.21, 0.74]

Pooled |

4-6 weeks 53/392,068 172/1,293,150 T p— E 0.44 [0.25, 0.76]
b 8-10wks 53/392,247 178/1,292,913 ——— E 0.43 [0.25, 0.74]
L 26-32wks 53/392,789 176/1,291,490 —_—— : 0.43 [0.25, 0.75]

05 :
(o]

Adjusted hazard rati

(aHR, vacc/unvacc)

Decreasing risk | | Increasing risk

Fig. 5 Estimates of confounder-adjusted hazard ratios against death related to COVID-19 stratified by delay group among those aged 65-79

There were no substantial changes in heterogeneity (I%)
between study sites in any of the four models across both
outcomes (hospitalisation or death related to COVID-19)
and age groups (65-79 or 80+). Where estimates at the
study site level fluctuated, there was generally an increase
in the precision of estimates based on data extracted
later, likely due to a greater number of events in these
extracts versus earlier delays.

Discussion

Using a negative control outcome, we found that unmea-
sured confounding may influence VEBIS-EHR’s vaccine
effectiveness (VE) estimates. Although data extraction
timing can affect the completeness of records, especially
for hospitalisations, though these effects appear lim-
ited to certain study sites and do not materially alter the
pooled VE. Our findings are relevant to VEBIS-EHR but
also to other observational, retrospective cohort COVID-
19 VE studies with similar designs and covariates. Such
studies are common, as shown in recent meta-analyses
[34], and therefore the magnitude and direction of bias
we identify are likely to apply more broadly to EHR- and

registry-based COVID-19 VE evaluations that lack direct
measures of health status or health-seeking behaviour. By
quantifying this bias using a negative control outcome,
our work contributes to ongoing efforts to standardise
the assessment of unmeasured confounding in vaccine
effectiveness research.

Our negative control outcome analysis demonstrated
that adjusted hazard ratios for non-COVID-19 mortal-
ity consistently fell below the null, indicating a 30-65%
reduced risk of non-COVID-19 deaths among vaccinated
individuals. This finding suggests a “healthy-vaccinee
effect” and/or the presence of extremely frail individuals
in unvaccinated cohorts [35-41]. Such patterns, previ-
ously noted in influenza studies, imply that individuals
who are severely frail or in end-of-life care often do not
receive vaccinations and may die earlier, thereby arti-
ficially elevating VE estimates if not properly adjusted
[36-39]. Approaches to mitigating this bias include
measuring frailty or health-seeking behaviours more
precisely, restricting cohorts to individuals with better
prognoses, and accounting for baseline mortality risk
[36-38]. Although VEBIS-EHR excludes long-term care



Humphreys et al. BMC Medical Research Methodology (2026) 26:9 Page 8 of 13
Events/Person-years

Study Vaccinated Unvaccinated Weight aHR (95% CI)

Denmark :

4-6 weeks 44/ 34,715 20/ 7,014 : 4.3 % 0.84 [0.38, 1.82]
L 8-10wks 44/ 34,715 20/ 7,014 : 4.3 % 0.84 [0.38, 1.82]
b 26-32wks 44/ 34,715 20/ 7,014 E 41 % 0.84 [0.38, 1.82]

Italy E

4-6 weeks 22/ 71,379 229/503,517 —_—— 26.6 % 0.6[0.37,0.95]
L 8-10wks 22/71,419 234/503,337 —_——— E 28 % 0.58 [0.36, 0.92]
b 26-32wks 22/ 71,443 238/503,506 e 30.2% 0.55[0.35, 0.88]

Navarra E

4-6 weeks 9/ 4,030 5/ 1,351 : 3.4 % 0.53 [0.16, 1.77]
L 8-10wks 9/ 4,030 5/ 1,351 i 34 % 0.53 [0.16, 1.77]
b 26-32wks 9/ 4,030 5/ 1,351 : 3.6 % 0.58 [0.19, 1.73]

Norway E

4-6 weeks 36/ 19,387 46/ 13,679 —_——— 17.3% 0.71[0.43, 1.15]
L 8-10wks 36/ 19,391 46/ 13,675 —x—i— 16.9% 0.7[0.43, 1.15]
b 26-32wks 36/ 19,387 46/ 13,679 ——— 16.3% 0.71[0.43, 1.15]

Portugal E

4-6 weeks 78/ 59,326 78/ 36,959 e E 484 % 0.6[0.43, 0.86]
L 8-10wks 80/ 59,369 79/ 36,844 —— 475 % 0.6[0.42, 0.85]
L 26-32wks 80/ 59,515 78/ 36,709 e Y E 458 % 0.6[0.42, 0.85]

Pooled |

4-6 weeks 189/188,838 378/562,521 —— E 0.64 [0.51, 0.8]
L 8-10wks 191/188,924 384/562,222 —— E 0.63 [0.5, 0.79]
L 26-32wks 191/189,091 387/562,259 e : 0.63 [0.5, 0.79]

T

T
0.5

1
Adjusted hazard ratio (aHR, vacc/unvacc)

Decreasing risk | | Increasing risk

Fig. 6 Estimates of confounder-adjusted hazard ratios against death related to COVID-19 stratified by delay group among those aged 80 plus

residents and adjusts for comorbidities, our results sug-
gest these strategies may not fully capture residual frailty.
Future evaluations will therefore examine end-of-life sta-
tus and health-seeking indicators to address confounding
further.

Another potential explanation is the choice of negative
control outcome. Although we defined non-COVID-19
deaths as having no mention of COVID-19 in the cause
of death and no recent positive test, this may not be
sufficiently specific (e.g., there could be unrecognised
post-COVID-19 complications). Misclassification of
COVID-19 deaths as non-COVID-19 deaths is a plau-
sible concern. If vaccination reduces COVID-19 mortal-
ity, and some COVID-19 deaths are incorrectly classified
as non-COVID-19, then fewer misclassified deaths will
occur among vaccinated individuals, which would tend
to push the hazard ratio for the negative control outcome

modestly below 1. However, simple predictive value cal-
culations indicate that the scale of this bias is limited.
Even with conservative assumptions, for example assum-
ing just 70% of all deaths are truly non-COVID-19 and
that specificity of the non-COVID-19 definition is 0.70,
the positive predictive value for non-COVID-19 death is
around 0.85. Using more realistic European patterns for
2023, with at least 90% of deaths non-COVID-19 and
specificity between 0.80 and 0.90, the positive predictive
value exceeds 0.97 to 0.99, implying that only a very small
fraction of negative control outcome events are misclas-
sified COVID-19 deaths. Under an even more pessimistic
scenario in which 30% of all deaths are due to COVID-
19 and half of those are misclassified, the resulting con-
tamination would shift the negative control outcome
hazard ratio by only about 5-10% below 1 and therefore
cannot account for the much larger apparent protective
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associations that we observe. Empirical estimates of
excess mortality in Europe are consistent with these
calculations, as they show that non-COVID-19 deaths
accounted for at least 70% of total mortality even during
peaks in SARS-CoV-2 circulation and over 90% during
most of 2023. Further, other investigations using highly
specific outcomes (e.g., bone fractures) still report spu-
rious protection estimates [41-43]. This strengthens the
case that unmeasured confounding is not merely an arti-
fact of choosing a less specific negative control outcome.

Addressing unmeasured confounding will likely require
richer data sources, more thorough confounder evalu-
ation, and additional analytic methods. Greater data
sharing, for instance through the European Health Data
Space, could facilitate linking healthcare records with
other sectors, thereby capturing more detailed informa-
tion on health and behaviours [44, 45]. Novel data-engi-
neering approaches, including machine learning tools to
extract relevant details from unstructured text, may also
help identify and exclude individuals who are ineligible
or exceptionally frail, thus improving the validity of VE
estimates.

In examining data extraction timing, we observed that
extending the delay between observation and extraction
modestly increased the number of recorded outcomes in
some study sites, especially Portugal. This suggests that
records initially classified as unvaccinated or without
hospitalisations may later be updated as vaccinated or
hospitalised. Indeed, in Portugal, clinical coding is per-
formed at discharge, which may lead to an increase in
time between event occurrence and recording in regis-
tries. At the time of extraction, thirty days are generally
allowed to have elapsed since the final event that may
have occurred during the period, given the last date of
follow-up. This is designed to allow for consolidation of
data and recording of events, though our findings indi-
cate that this delay is insufficient for some systems, such
as those used in Portugal that rely on discharge coding.
Nevertheless, a balance must be found between delays
that allow for complete data consolidation and those that
permit timely estimation of VE to support policy. In Italy
and Portugal, unvaccinated cohorts shrank in tandem
with increases in vaccinated cohorts, pointing to delayed
vaccination data entry, although this pattern was not
uniform across all sites. Site-specific variability in data
completion implies that local validation and sensitivity
analyses are critical when interpreting EHR-based VE
studies.

Notably, despite these site-level differences, pooled
VE estimates remained stable. This finding supports
the current 4—6-week data extraction window as a rea-
sonable compromise between timeliness and complete-
ness. Shorter windows (e.g., under four weeks) would
likely introduce more misclassification, though we did
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not formally investigate that scenario. Our results have
prompted ongoing analyses within VEBIS-EHR to deter-
mine whether identifiable patterns of delayed reporting
can guide adjustments to VE estimates.

Strengths and limitations

A major strength of our study is its multi-country design,
which uses a common protocol and a large, representa-
tive dataset of routine healthcare interactions from mul-
tiple European nations—enhancing both comparability
and external validity.

However, differences in data entry or coding practices
across sites may limit uniformity, as suggested by our
observations of delayed event reporting. Additionally,
while negative control outcomes can signal unmeasured
confounding, they cannot specify its exact sources. Non-
COVID-19 mortality may also be insufficiently specific
to serve as an ideal control. Our findings are likely to be
impacted by some degree of misclassification, whereby
COVID-19 deaths were misclassified as any other cause.
In theory, this would bias our estimates of VE against
non-COVID-19 mortality below 1, leading to an overes-
timation of the protective association between vaccina-
tion status and non-COVID mortality. That said, a basic
simulation of the impact of such misclassification indi-
cates that this phenomenon may not sufficiently explain
the protected associations reported by the present study.
Even pessimistic assumptions of the specificity of non-
COVID mortality classification (50-70%) fail to simulate
a large enough level of misclassification to explain the
associations presently reported, especially given the low
overall proportion of mortality attributable to COVID-19
during the study period [46].

The inclusion of other negative outcome controls such
as non-COVID hospitalisation outcomes would have
provided a more complete picture of unmeasured con-
founding and the impact of misclassification on mortality
negative outcome control analyses, though data on non-
mortality outcomes not related to COVID-19 were not
sufficiently available across all study sites [47, 48]. Future
analyses should test more-specific negative outcomes
and consider negative exposures, or double negative con-
trol [49] as complementary methods.

The main study methods are limited by the lack of
adjustment for confounding arising from underlying
differences in health and health-seeking behaviours
for those vaccinated versus those who do not vaccinate
during autumn campaigns. This limitation is supported
by the findings of our present study, which indicates
unmeasured confounding. In addition, potential con-
founders were measured at baseline and were not treated
as though they may vary over time. This could have key
implications should a covariate in fact vary from this
baseline measurement during the study period. None
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of the included covariates (age, sex, region, socioeco-
nomic index, and comorbidity status) were expected to
vary substantially over the 8-week period being studied,
however, and so the anticipated impact of this was low.
We explicitly considered whether time-changing con-
founders could be material in our setting. For instance,
immunity from prior infection can evolve over time, but
(i) prior-infection dates were of variable quality across
sites and (ii) we restricted to individuals>90 days since
prior infection to mitigate short-term effects of recent
infection.

Implications for COVID-19 vaccine monitoring and future
research

Near real-time COVID-19 VE monitoring is increas-
ingly valuable for public health decision-making, yet few
multi-country EHR-based systems have been evaluated,
and none, to our knowledge, have investigated how data
extraction timing might affect VE. Our results underscore
the importance of addressing unmeasured confounding in
studies with similar designs and adjusted for similar con-
founders, by better quantifying the degree and direction
of confounding due to underlying differences in the popu-
lations being compared. Our findings add to the current
literature further evidence of the direction and magnitude
of bias evident in observational studies based on EHR data
without sufficient adjustment for underlying health and
health-seeking-behaviours. Efforts to better measure this
bias may require identification of more specific negative
control outcomes, and techniques like negative control
exposures or instrumental variables should be considered

Annex
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[49-53]. Once these sources of bias have been charac-
terised, researchers should seek to expand data linkage
to capture additional health determinants (e.g., health-
seeking behaviours, socio-economic factors) to control for
such bias. Alternative study designs such as self-controlled
case series, which can reduce biases arising from inter-
individual differences in baseline health, and g-methods,
which may better account for time-varying confounding
(e.g., hospital visit count as a proxy for healthcare-seek-
ing-behaviours), also warrant further exploration [54].

As EHR-based monitoring systems mature, more gran-
ular data might become available, allowing enhanced
confounder control and, by extension, more robust VE
estimates. In the interim, the relative stability of pooled
estimates despite delayed reporting is reassuring. A 4—6-
week extraction window appears adequate, although site-
specific patterns of data entry should be closely tracked
and longer delays considered as part of sensitivity analy-
ses—particularly in settings with known reporting lags.

Conclusions

These findings demonstrate that, in VEBIS-EHR, data
extraction timing has a modest influence on classification
of exposures and events but does not compromise pooled
VE estimates. However, negative control outcome analy-
sis revealed notable unmeasured confounding that likely
inflates VE results; although the specificity of the chosen
negative control outcome remains a factor. Future work
should address this confounding through improved data
collection, linkage, and analytic strategies, while remain-
ing alert to site-specific differences in data capture.

Table 1 Total initial and net proportional change in record count stratified by vaccination status and study site calculated using each
subsequent data extraction versus usual delay (4-6 weeks after study end on 25th February, between 24th March and 7th April 2024)

Study site Vaccination status 4-6 weeks (Total eligible 8-10 weeks (Net A, %) 26-32 weeks (Net A, %)
individuals, ref)

Belgium Unvaccinated 1,026,123 —138(—0.01%) —638 (—0.06%)
Vaccinated 1,108,665 147 (0.01%) 616 (0.05%)

Denmark Unvaccinated 222,142 0(-) —1(<0.001%)
Vaccinated 892,706 0() 0()

[taly Unvaccinated 10,897,218 —856 (=0.01%) —5,920 (-0.05%)
Vaccinated 1,296,408 430 (0.03%) 118 (0.01%)

Navarra Unvaccinated 43,598 0() 0()
Vaccinated 80,357 0(-) 0()

Norway Unvaccinated 399,417 —55(-0.01%) 0()
Vaccinated 522,671 54 (0.01%) 0()

Portugal Unvaccinated 969,843 —2557 (-0.26%) —6,839 (—=0.7%)
Vaccinated 1,239,445 1,257 (0.1%) 6,374 (0.51%)

Overall Unvaccinated 13,558,341 —3,606 (—0.03%) —13,398 (—0.1%)
Vaccinated 5,140,252 1,888 (0.04%) 7,108 (0.14%)
All 18,698,593 —1,718 (-0.01%) —6,290 (—0.03%)
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Table 2 Total initial and net proportional change in event (hospitalisations related to COVID-1
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9) count stratified by vaccination status

and study site, calculated using each subsequent data extraction versus usual delay (4-6 weeks after study end on 25th February,
between 24th March and 7th April 2024)

Outcome Site Vaccination status 4-6 weeks (ref) 8-10 weeks (Net A, %) 26-32 weeks (Net A, %)
Hospitalisation due to Belgium Unvaccinated 18 0() 0()
CovID-19 Vaccinated 18 0() 0()
Denmark Unvaccinated 62 0() 0()
Vaccinated 150 0() 0()
[taly Unvaccinated 2,890 5(0.17%) 5(0.17%)
Vaccinated 277 1(0.36%) 0()
Navarra Unvaccinated 46 0() 0()
Vaccinated 61 0() 0()
Norway Unvaccinated 431 1(0.23%) 0()
Vaccinated 317 0() 0()
Portugal Unvaccinated 65 65 (100%) 68 (104.62%)
Vaccinated 54 72 (133.33%) 75 (138.89%)
Overall Unvaccinated 3,512 71 (2.02%) 73 (2.08%)
Vaccinated 877 73 (8.32%) 75 (8.55%)
All 4,389 144 (3.28%) 148 (3.37%)

Table 3 Total initial and net proportional change in event (death related to COVID-19) count stratified by vaccination status and study
site, calculated using each subsequent data extraction versus usual delay (4-6 weeks after study end on 25th February, between 24th

March and 7th April 2024)

Outcome Site Vaccination status Total (ref) 8-10 weeks (Net A, %) 26-32 weeks (Net A, %)
Death related to COVID-19  Belgium Unvaccinated Not reported
Vaccinated Not reported
Denmark Unvaccinated 35 0(-) 0()
Vaccinated 57 0() 0()
Italy Unvaccinated 335 9 (2.69%) 14 (4.18%)
Vaccinated 30 0(-) 0()
Navarra Unvaccinated 5 0() 0@)
Vaccinated 9 0(-) 0()
Norway Unvaccinated 64 1(1.56%) 0()
Vaccinated 49 0() 0()
Portugal Unvaccinated 111 2 (1.8%) —1(=0.9%)
Vaccinated 97 2 (2.06%) 2 (2.06%)
Overall Unvaccinated 551 12 (2.18%) 13 (2.36%)
Vaccinated 242 2 (0.83%) 2 (0.83%)
All 792 14 (1.77%) 15 (1.89%)
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