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The recombinant herpes zoster (shingles) vaccine may reduce risks of
cardiovascular disease. However, existing studies have compared vaccine

recipients with non-recipients and, thus, are susceptible to confounding.
To mitigate these biases, we conducted a natural experiment created by
therapid transition from the live attenuated to the recombinant shingles
vaccine in the United States. We compared incidences of a composite
cardiovascular endpoint (ischemic heart disease, heart failure or ischemic
stroke) among adults aged >60 years vaccinated immediately before versus
immediately after this transition. The recombinant vaccine was associated
with a 9% decrease in cardiovascular burden over 7 years (restricted mean
timelost (RMTL) ratio = 0.91, 95% confidence interval (CI): 0.88-0.95).

The association attenuated over time and was significant for ischemic heart
disease (10% decrease in burden; RMTL ratio = 0.90, 95% CI: 0.87-0.94)

and heart failure (12% decrease in burden; RMTL ratio = 0.88, 95% CI:
0.83-0.93) in both sexes and ischemic stroke in males (12% decrease; RMTL
ratio = 0.88,95% Cl: 0.78-0.98). An association was also seen for atrial
fibrillation (7% decrease in burden; RMTL = 0.93, 95% CI: 0.88-0.98) but

not other cardiac, peripheral and cerebrovascular outcomes. Results were
consistentin secondary analyses. These results justify clinical trials and
mechanistic studies to investigate potential cardioprotective effects of

shingles vaccines.

Herpes zoster (shingles) is a painful condition caused by reactivation
of latent varicella-zoster virus (that causes chickenpox)'. Shingles vac-
cinationis recommended in many countries to mitigate the deleterious
consequences of the infection in older adults.

There hasbeenrecentinterestin the possibility that the recombi-
nant shingles vaccine may reduce the risk of cardiovascular disease’™*.
However, existing studies have relied on comparisons between
vaccinated and unvaccinated individuals. This design is prone to
‘healthy-vaccinee’ bias because people who choose to get vaccinated

differ systematically from those who choose not to in ways that are
not measured inthe dataand cannot be accounted for in the analysis.

Here we used a natural experiment arising from the rapid uptake
of the recombinant vaccine and the concurrent discontinuation of
thelive attenuated vaccine after October 2017 (Fig. 1a). Because there
is no obvious reason for systematic differences between people who
were vaccinated on either side of this time cutoff, this design mitigates
biases that affect conventional cohort studies. By comparing cohorts
ofindividuals who have both chosen to be vaccinated against shingles
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Fig.1| Association between recombinant shingles vaccine and risk of
cardiovascular outcomes within7 years of vaccination. a, Proportion (in %)
ofvaccine typereceived, showing the step change that occurred in October
2017. The exposure windows used in the primary analysis are shown in gray.

b, Kaplan—-Meier curves of the cumulative incidence for the cardiovascular
composite endpoint within 7 years of vaccination between those vaccinated

in April-September 2017 (predominantly live vaccine) and those vaccinated

in April-September 2018 (predominantly recombinant vaccine) (n = 36,460 in
each cohort). Shaded areas represent 95% Cls of the cumulative incidence. Solid
lines show the Kaplan—-Meier estimate of the cumulative incidence (the measure
of center). Between-cohort differences were assessed using the RMTL ratio

0.93 (0.85-1.02)
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withatwo-sided z-test (survRM2 R package), without adjustment for multiple
comparisons. ¢, Temporal evolution of risk for the individual components of the
composite cardiovascular endpoint after shingles vaccination in 2018 compared
to 2017—differences in cumulative incidence over time (top panel) and piecewise
constant hazard ratios (HRs) for the first and last 3.5 years of follow-up (bottom
panels) (n=36,460 in each cohort). In the top panel, the line shows the difference
inKaplan—-Meier cumulative incidence between cohorts (the measure of center)
and the shaded band its 95% CI; in the bottom panels, points show the piecewise
constant HR (the measure of center) and error barsits 95% Cl. P values are two-
sided. Apr, April; IHD, ischemic heart disease; Sep, September.

(with the live vaccine serving as a control given its lack of association
with cardiovascular outcomes®), this study design also eliminates the
healthy-vaccinee bias. Using a similar design, we previously provided
evidence that recombinant shingles vaccination may lower the risk
of dementia®.

We compared cardiovascular outcomes among adults >60 years
of age vaccinated against shingles within the 6 months preceding the
transition from live to recombinant shingles vaccination (1 April to 30
September 2017) and the same period (to eliminate seasonal effects’)

ayear later (1Aprilto 30 September 2018) when the recombinant shin-
gles vaccine was predominantly used (Fig. 1a). Our primary outcome
was a composite cardiovascular endpoint comprising ischemic heart
disease, ischemic stroke and heart failure. We used propensity score
matching to further control for drifts in the characteristics of the
vaccinated population.

Atotal of 36,460 individuals who received their shingles vaccine
between April and September 2018 (93.5% received the recombinant
vaccine) were propensity score matched to 36,460 individuals who
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Table 1| Summary of results

n RMTL ratio (95% CI) Pvalue
Primary outcomes
Cardiovascular composite endpoint 36,460 0.91(0.88-0.95) 3.2x1077
Females 20,056 0.90 (0.86-0.95) 0.00012
Males 16,300 0.92(0.88-0.97) 3.2x10™
Ischemic heart disease 36,460 0.90 (0.87-0.94) 6.0x1077
Females 20,056 0.91(0.85-0.96) 0.00012
Males 16,300 0.92(0.88-0.97) 0.002
Heart failure 36,460 0.88 (0.83-0.93) 7.4x107°
Females 20,056 0.84 (0.77-0.97) 1.4x107°
Males 16,300 0.91(0.84-0.98) 0.01
Ischemic stroke 36,460 0.95 (0.87-1.03) 0.18
Females 20,056 0.92 (0.82-1.03) 0.16
Males 16,300 0.88(0.78-0.98) 0.02
Secondary outcomes
Atrial fibrillation 36,460 0.93 (0.88-0.98) 0.0072
STEMI 36,460 0.88 (0.75-1.04) 0.13
Myocarditis 36,460 0.97 (0.56-1.69) 0.92
Peripheral arterial disease 36,460 1.07 (0.78-1.47) 0.67
Transient ischemic attack 36,460 0.95 (0.86-1.06) 0.35
Hemorrhagic stroke 36,460 1.08 (0.93-1.25) 0.33
Sensitivity analyses
Composite negative control outcome 36,460 1.07 (0.97-117) 0.16
Composite endpoint or death 36,460 0.92 (0.89-0.95) 9.5x107
Shingles (positive control) 36,460 0.73 (0.65-0.82) 5.2x10®
Aligned follow-up 36,460 0.92 (0.89-0.96) 1.9x107°
Follow-up restricted to before the COVID-19 pandemic 36,460 0.89 (0.82-0.97) 0.0068
Testing secular trend in cardiovascular endpoint 360,753 1.01(0.99-1.03) 0.48
Alternative covariates ascertainment window
1year 35,340 0.94 (0.92-0.97) 7.5x10°®
2years 35,193 0.94 (0.91-0.96) 3.9x10°
Syears 35,314 0.94 (0.92-0.97) 91x107®
10years 35,226 0.94 (0.92-0.97) 61x107°®
Competing risk analysis, AJ-RMTL ratios
Cardiovascular composite endpoint 36,460 0.90 (0.87-0.93) 8.4x107°
Non-cardiovascular death 36,460 1.00 (0.91-114) 0.86

n, number of individuals in each cohort after matching. The P values correspond to the z-test defined in the survRM2 package in R. All P values are two-sided. Note that the sample size for
males and females does not add up to the total sample size because the latter includes people with unknown sex and because, for sex-stratified analyses, matching is achieved in each sex

category independently.

received their shingles vaccine between April and September 2017
(98.6% received the live vaccine) (Supplementary Table 1).
Individuals in the group who predominantly received the recom-
binant vaccine were at a lower risk of cardiovascular events over the
next 7 years than those in the group who predominantly received the
live vaccine: RMTLratio = 0.91,95% Cl: 0.88-0.95, P < 0.001, translating
into 9% more time lived diagnosis free (Fig. 1b and Table 1). The E value
was 1.42, indicating that an unmeasured confounder would need to be
1.42times more commonin those vaccinated in2017 than in those vac-
cinated in 2018 and to be associated with a1.42-fold increased risk of
cardiovascular outcomes after matching for all other covariates to have
achance to explainaway our finding. The association was found to hold
in both females and males (Table 1 and Extended Data Fig. 1) with no
moderation by sex (permutation test: P=0.53; Supplementary Table 2).

Those who predominantly received the recombinant shingles vac-
cine had lower incidences of the composite of cardiovascular events or
death, ischemic heart disease and heart failure, with males also having
alowerrisk ofischemic stroke (Table1and Extended DataFig. 2). Those
who predominantly received the recombinant vaccine were also at a
lower risk of atrial fibrillation but not myocarditis, peripheral arterial
disease, hemorrhagic stroke or transient ischemic attack; association
with ST-elevation myocardial infarction (STEMI) was of similar magni-
tude as for ischemic heart disease and heart failure but did not reach
statistical significance (Table 1and Extended Data Fig. 3).

The association remained similar when accounting for death asa
competing risk (and there was no association with non-cardiovascular
death; Table1and Supplementary Table 3); when the follow-up period
was entirely before the COVID-19 pandemic (Supplementary Table 4);
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when the amount of follow-up time was matched between cohorts
(Supplementary Table 5); and when different time windows were used
to ascertain covariates (Table 1). In the year before vaccination, the
two cohorts did not differ in preventive healthcare use or in the risk of
cardiovascular events (Supplementary Table 6). Likewise, there was
no significant difference between cohorts during follow-up in terms
of preventive health indicators (Supplementary Table 7). As expected,
individuals who predominantly received the recombinant vaccine were
atalower risk of shingles and asimilar risk of negative control outcome
than those who predominantly received the live vaccine (Table 1 and
Extended Data Fig. 4). There was no sign that secular trends in diag-
nostic rates confounded the results: those who received the tetanus,
diphtheria and pertussis (TDaP) vaccine in April-September 2018
hadaverysimilar risk of recorded cardiovascular events as those who
received it during the same monthsin2017 (Table 1).

The protective association against ischemic heart disease and
heart failure was found to be present in the first half of follow-up (as
seenin Fig. 1c by hazard ratios below 1and anincreasing difference in
cumulative incidences) before attenuatingin the second half (as seen
inFig.1cbyhazard ratios that are nolonger significant and plateauing
differences in cumulative incidence). The recombinant shingles vac-
cinewasalso associated with alower risk of the primary endpoint and
each of its components, when compared to the influenza and TDaP
vaccines (Extended DataFig. 5and Supplementary Table 8), although
this was based on conventional matched cohort comparisons thatare
more prone to bias. This might explain their greater effect sizes than
those seenin the primary analysis.

The observed reduction of risk is clinically meaningful: if con-
firmed in clinical trials, a 0.8% absolute difference in cumulative inci-
dences of ischemic heart disease and heart failure among adults over
60 years of age would translate into hundreds of thousands of cases
prevented in the United States alone.

The stronger association observed forischemic heart disease and
heart failure than for ischemic stroke may indicate a cardiac-specific
pattern. This would be notable given that both strokes and ischemic
heart disease often result fromischemicinjury tothe vascular endothe-
lium. One possible explanation is that structural and molecular dif-
ferences between the cerebral and coronary arteries®, including their
responses toimmune perturbation’, modulate the effect of the recom-
binant shingles vaccine on vascular health. Alternatively, the null find-
ing for strokes may reflect limited statistical power, asischemic strokes
occur 2—-4 times less frequently than ischemic heart disease or heart
failure in this age group (Extended Data Fig. 2). Consistent with this
interpretation, an association was observed among males, in whom
stroke event rates were 15% higher.

Myocarditis canfollow viral infections and vaccination and can be
misdiagnosed as ischemic heart disease'®. However, the lack of associa-
tion with myocarditis and the association of similar magnitude with
STEMI (although not reaching statistical significance) suggests that
ischemic heart disease does not represent misdiagnosed myocardi-
tis. Thereis a bidirectional association between atrial fibrillation and
ischemicheart disease’. The protective association of the recombinant
vaccine with atrial fibrillation s, therefore, not surprising and serves as
anadditional validation of our findings. Further studies should try and
elicit whether the protective association against ischemic heart disease
ismediated by protectionagainst atrial fibrillation (which could explain
the lack of association with peripheral arterial disease) or vice versa.

Thebiological mechanisms underlying these observations remain
tobe clarified experimentally. Although prevention of shingles might
partly explain the association (given the association between shingles
and cardiovascular risk? and the greater efficacy of the recombinant
vaccine), this explanation appears unlikely for three reasons. First, the
absolute difference in shingles cases between vaccines was less than
0.5% at mid-follow-up (Extended Data Fig. 4a), compared to a 1.5%
reductioninischemic heart disease (Fig.1c).Second, protection would

be expected to emerge gradually as shingles cases accumulate in the
comparator group rather than showing the early divergence observed
here. Third, anatural experiment of live attenuated shingles vaccina-
tion compared to no vaccination did not show reduced risks of heart
disease or stroke’. Amore plausible explanation s that the recombinant
vaccine may induce immune and endothelial changes that could be
cardioprotective. For instance, the ASO1adjuvant it contains triggers
sustained epigenetic and functional reprogramming of monocytes,
including reduced interleukin 6 (IL-6) responses to Toll-like recep-
tor activation®, and IL-6 inhibition is causally associated with lower
cardiovascular risk™. Such immune changes might be time limited,
consistent with the attenuation of the association in the second half
of the follow-up and supporting studies investigating the effects of
repeated vaccination at regular intervals.

This study has several limitations beyond those inherent to elec-
tronic health record (EHR) research (for example, unvalidated diag-
noses and limited socioeconomic and lifestyle data). First, we did not
assesstheimpact of multiple vaccine doses, as this wasincompatible
with a natural experiment design. For the same reason, we did not
compare therecombinantvaccine withnovaccine, instead assuming
that the live vaccine had no cardiovascular effect (based on another
natural experiment®). If the live vaccine provides some cardiovascu-
lar protection, then our results would be underestimates of the true
protective association of the recombinant vaccine. Second, outcomes
were defined using recorded diagnoses, so undiagnosed cases were
not captured. However, if similarly distributed between cohorts, this
would not bias primary comparisons. Third, although our study is a
natural experiment (in that treatment allocation is probabilistic and
dependent on an external factor®) and thus less prone to bias than
conventional cohort studies, it does not imply that associations are
causal. Causality requires additional assumptions (outlined in the
Methods alongside supporting evidence and discussion of remain-
ing uncertainties). In particular, although population drifts in meas-
ured characteristics (for example, age) were adjusted for, changesin
unmeasured characteristics cannot be excluded. Such unmeasured
confoundersare plausible given that the transition fromthe live to the
recombinant vaccine followed updated recommendations from the
Advisory Committee on Immunization Practices, which might have
influenced who got vaccinated. Early divergence of Kaplan—Meier
curves, while biologically plausible, can be asign of unmeasured con-
founding (although later convergence of these curves isincompatible
with ongoinginfluence of time-invariant confounders). However, the
absence of association with a negative control outcome, the lack of
difference in clinical trajectories in the year before vaccination, the
similaritiesin preventive healthcare use during follow-up and the simi-
lar risk of non-cardiovascular death provide support for an absence
of overt unmeasured confounders. Furthermore, confounding by
secular trends is unlikely given the analysis comparing TDaP vaccine
recipients in the two time windows.

Insummary, receiving the recombinant shingles vaccine is associ-
ated withareducedrisk of cardiovascular events compared to the live
attenuated vaccine. Given the global burden of cardiovascular disease,
these findings, if confirmed in clinical trials and mechanistic studies,
would have importantimplications for public health.
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Methods

Study design and data source

We used EHR data from the TriNetX US Collaborative Network cover-
ing approximately 60 healthcare organizations (HCOs) and including
data from more than 100 million patients'® . Available data include
demographics, diagnoses and medications. This study complies with
Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines and the Guidelines for Accurate and Transparent
Health Estimates Reporting (GATHER) statement.

Acquisition of data, quality control and other procedures. Some
descriptions of the TriNetX platform and its data quality proceduresin
thissectionare adapted from our previous studies that used the same
network®'. These studies provide more detail on how the network
operates and how data flow from HCOs to the network. The available
data modalities include demographics (encoded to HL7 v.3 adminis-
trative standards), diagnoses (International Classification of Diseases,
10th Revision, Clinical Modification (ICD-10-CM)), procedures (Inter-
national Classification of Diseases, 10th Revision, Procedure Coding
System (ICD-10-PCS) or Current Procedural Terminology (CPT)) and
measurements (Logical Observation Identifiers Names and Codes
(LOINC)).Atypical HCO contributes approximately 9 years of historical
data, occasionally extending to 15 years.

Mortality data. Mortality is ascertained from the EHR, which reliably
recordsin-hospital deaths and captures some deaths occurring outside
hospital; for asubset of patients, coverage of out-of-hospital deathsis
improved by linkage to third-party sources (the Social Security Admin-
istration, private obituary records and private claims data).

Ethics

TriNetX’s networks are compliant with the Health Insurance Portability
and Accountability Act (HIPAA), the US federal law that protects the
privacy and security of healthcare data. TriNetX is certified to the ISO
27001:2013 standard. All data accessible through the platform are dei-
dentified in accordance with the HIPAA Privacy Rule (§164.514(b)(1) and
§164.514(a)), with deidentification certified by a qualified statistical
expert.Onthebasis of this expert determination, TriNetX is exempt from
institutional review board (IRB) oversight. Participating HCOs supply data
under Business Associate Agreements and warrant that they hold the
rightsand approvals required todo so, on conditionthat the contributing
organizations remain unidentified and that the data are used solely for
research. Keeping theidentity of participating HCOs fromthe researchers
using the dataalso contributes to complying with legal frameworks and
ethical guidelines guarding against data reidentification. Because this
study used only deidentified data, IRB approval and informed consent
were not required, and no IRB protocol number applies.

Assumptions for causal inference

Our study design can be formalized within an instrumental-variable frame-
work, in which vaccination timing serves as an instrument for vaccine
type. The five identifying assumptions of this framework for causal infer-
ence, together with the supporting evidence we provide, are as follows:

Relevance (assumption 1). Compliance with the instrument was very
high:98.6% of individualsinthe April-September 2017 cohortreceived
the live shingles vaccine, and 93.5% of those in the April-September
2018 cohortreceived the recombinant shingles vaccine (Fig.1a). Under
intention-to-treat reasoning, this imperfect compliance dilutes the
treatment contrast and biases the estimated associations toward the
null rather than producing spurious associations®.

Exchangeability (assumption 2). Although differencesin age between
cohorts were present before matching, they likely result from gradual
drift in the demographics of people receiving the shingles vaccine.

Indeed, there has been a gradual increase in the age of people being
vaccinated against shingles, and this preceded the transition from the
live to the recombinant shingles vaccine.” This supports the assump-
tion of conditional exchangeability.

After 1:1 propensity score matching, all covariates achieved
standardized mean differences <0.1 (Supplementary Table 1). The
matched cohorts entering the primary analysis are, therefore, well
balanced on all observed sociodemographic, comorbidity and
medication characteristics, supporting the observed component of
conditional exchangeability.

Re-running propensity score matching with baseline covariates
captured over different time windows (1, 2, 5 and 10 years before
vaccination) yielded an RMTL ratio of 0.94 across all four windows
(Table 1). The primary association is, therefore, consistent across
the specification of covariate capture, indicating that it is not
driven by cumulative state matching that could mask differential
pre-vaccination trajectories.

Thetwo cohortsbehaved similarly in their preventive healthcare
use before vaccination in terms of preventive health indicators. Simi-
larly, the primary cardiovascular composite endpoint itself was null
inthe year before vaccination (RMTL ratio = 0.99, 95% CI: 0.92-1.06).

Although the above evidence supports exchangeability on
observed dimensions, the influence of several unmeasured factors can-
notbe ruled out. Propensity score matching can only achieve balance
of measured covariates, and the analysis of secular trends comparing
TDaP vaccine recipients does not establish exchangeability between
shingles vaccine cohorts. Socioeconomic status (education, income,
occupation, neighborhood deprivation) is not captured in EHR data,
and lifestyle factors (smoking, diet, alcohol use) are only indirectly
and imperfectly captured through related clinical variables (obesity,
diabetes, substance use disorder, etc.). If they systematically differ
between cohorts after matching, such unmeasured confounders may
violate the exchangeability assumption.

Exclusion restriction (assumption 3). Comparing TDaP recipients
vaccinated in the same calendar windows (April-September 2017
versus April-September 2018) showed no period effect on cardio-
vascular outcomes (RMTL ratio =1.01, 95% CI: 0.99-1.03; Table 1).
Because TDaP underwentno formulation change between these years,
this rules out broad calendar time trends in cardiovascular diagnos-
tic practice and intensity, healthcare delivery or background risk as
alternative explanations.

The prespecified composite negative control outcome also sup-
ports the exclusionrestriction. Because these conditions almost always
require healthcare contact but have no suspected link to vaccination, a
difference between cohorts would have indicated alternative pathways
from vaccination timing to outcomes through generalized differences
indiagnosticintensity or healthcare engagement;its null result, there-
fore, argues against such pathways. Likewise, cohorts were similar in
their preventive healthcare use during the follow-up.

Restricting follow-up to before March 2020 yielded the same
results. This rules out the possibility that our findings can be solely
explained by pandemic-related changesin cardiovascular care seeking,
which would have hit the two cohorts at different stages of follow-up
because they were vaccinated 1 year apart.

Monotonicity (assumption 4). A defier in this study would be anindi-
vidual who would have selected the recombinant shingles vaccine in
the April-September 2017 cohort if it had been available but actively
refused itinthe April-September 2018 cohort. The 6.5% of the April—
September 2018 cohort whoreceived the live shingles vaccine despite
the recombinant vaccine availability are more likely to be ‘never-takers’
(individuals with a consistent preference for the live vaccine (for exam-
ple, owing to single-dose preference or lower reactogenicity)) rather
than defiers, because the same preferences would have led them to
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receive the live vaccine in 2017 as well. Defier behavior requires the
implausible preference pattern of selecting the recombinant vaccine
specifically when it is unavailable but rejecting it once available, for
whichnorealistic clinical or behavioral mechanism exists. Monotonic-
ity is, therefore, plausible by design.

Stable unit treatment value assumption (assumption 5). Cardio-
vascular outcomes are individual-level events that do not transmit
betweenpeople, so vaccinating oneindividual does not affect another’s
cardiovascularrisk. Both vaccines are well-defined biological products:
thelive attenuated vaccine and the recombinant vaccine are both FDA
approved with consistent manufacturing during the study period, and
noreformulations or sub-versions occurred within the cohort windows.

Cohorts and exposures

Cohortsincluded allindividuals who received their first shingles vac-
cine dose at the age of 60 or older between 1 April and 30 September
2018 (primary cohort) and between 1 April and 30 September 2017
(comparator cohort).

Participants were excluded if they had a diagnosis of hemato-
logical malignancy orimmune deficiency recorded on or before their
first singles vaccination, as these are relative contraindications for
different vaccine types that would break the assumption behind the
natural experiment:

« Malignant neoplasms of lymphoid, hematopoietic and related
tissue (C81-C96)

» Monocytic leukemia (C93)

» Leukemia of unspecified cell type (C95)

» Lymphoid leukemia (C91)

« Other unspecified malignant neoplasms of lymphoid, hemat-
opoietic and related tissue (C96)

* Myeloid leukemia (C92)

« Other leukemia of specified cell type (C94)

« Certain disorders involving the immune mechanism (D80-D89)

« HIVdisease (B20)

For the same reason, we also excluded participants receiving
treatments that affect their immune system within 1 year before the
first singles vaccination, including:

» Immunosuppressants (Anatomical Therapeutic Chemical (ATC)
code LO4)

« Corticosteroids (ATC code RO1AD)

« Chemotherapy (TriNetX-curated codelist 1002)

 Radiation oncology treatment (CPT code 1010843)

Covariates

Evidence from the National Health Interview Survey” indicates a grad-
ual change in the demographic characteristics of individuals receiving
shingles vaccination over time, withincreasing coverage among older
(=70 years) compared to younger (60-69 years) adults preceding the
transition from live to recombinant vaccines. If unadjusted for, these
drifts in the vaccinated population characteristics would affect our
effect estimates when comparing people vaccinated in two different
calendar periods. Cohorts were, therefore, matched for 83 covariates,
including sociodemographic factors, diagnoses, history of herpes
infection, history of influenza vaccination and cardiovascular medica-
tions. All covariates (with ICD-10 codes for comorbidities) are listed in
Supplementary Table 1. Covariates were selected as follows. All avail-
able sociodemographic factors were selected. These include age, sex
(asrecordedintheindividual’s EHR), ethnicity, race and marital status.
Ageisreported as meanand standard deviation but was matched using
2-year bins (60-61, 62-63, ...) up to age 95; those 95 and older were
grouped together. This provides tighter control on age than using it
asacontinuous variable.

Allbroad ICD-10 categories of comorbidities were thenincluded to
balance comorbidity profiles between cohorts and because anindirect
link with cardiovascular outcomes can be posited for most comorbidity
profiles. Somebroad ICD-10 categories were further brokendowninto
their most prevalent constituents. This includes ‘Neoplasms’ (ICD-10
codes C00-D49), which was deemed too heterogeneous (because
itincludes both benign and malignant neoplasms); cardiovascular
diseases (100-199); psychiatric disorders (F1I0-F59); and endocrine,
nutritional and metabolic disorders (EO0O-E89), because they were
deemed too heterogeneous and because they contain specific risk
factors for cardiovascular outcomes, such as overweight and obesity,
diabetes and thyroid disorders. In addition, prior herpes infections
(both herpes simplex and herpes zoster) were included as covariates.
Some factors affecting health and healthcare use (ICD-10 Z codes) were
also included when they differed substantially between unmatched
cohorts. Finally, to capture proxies of vaccine hesitancy, history of
influenza vaccination (recommended every year for all adults in the
United States) was included.

Adjustment for these covariates seeks to achieve conditional
exchangeability of the cohorts. Notably, it cannot achieve exchange-
ability if there are unmeasured confounders.

Outcomes

The primary outcome was diagnosticincidence of acomposite cardio-
vascular endpoint comprising ischemic heart disease (ICD-10 codes
120-25), ischemic stroke (ICD-10 code 163) and heart failure (ICD-10
code 150) during a follow-up from 1 day to 7 years after vaccination.
These wereselected asthey were found to be associated withthe recom-
binant shingles vaccine in prior observation studies’* and are often
combined in clinical trials of cardiovascular interventions™.

Because after 1:1 matching both cohorts are restricted to indi-
viduals who had a match in the other cohort, the estimand is best
interpreted asthe average treatment effectin the overlap population,
inanintention-to-treatapproach where treatmentallocation depends
onvaccination timing.

Secondary outcomesincluded atrial fibrillation (ICD-10 code 148);
myocarditis (frequently misdiagnosed as ischemic heart disease; ICD-
10 codes109.0,101.2,140, 141, 151.4,B33.22 and D86.85); STEMI (ICD-10
codes 121.0-3), which is less likely to be a misdiagnosed myocarditis;
peripheral arterial disease (to test for associations with atherosclerosis
beyond the heart; ICD-10 codes 174.2 and 174.3); transient ischemic
attack (ICD-10 codes G45.0, G45.1, G45.2, G45.3 and G45.9); hemor-
rhagic stroke (ICD-10 codes 160, 161 and 162); herpes zoster (shingles)
infection (ICD-10 code B02); the composite of the primary endpoint
or death; and a composite negative control outcome of any acutely
painful condition as in our previous study®.

We also report each component of the composite primary end-
point separately. Although one component (for example, heart fail-
ure) could be acomplication of another (for example, ischemic heart
disease) occurring in the same follow-up, this could not be ascertained
inthe data.

Definition of negative control outcome

Negative control outcomes are not typically associated with the pri-
mary outcome of interest and almost invariably require medical atten-
tion. We used a negative control composite outcome as defined in a
previous publication®, as follows:

« Acute pancreatitis (ICD-10 code K85)

» Appendicitis (K35)

« Acute cholecystitis (K81.0)

» Adhesive capsulitis of the shoulder (M75.0)
+ Trigeminal neuralgia (G50.0)

The negative control outcome was then defined as the composite
outcome of a first diagnosis of any of these outcomes.
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Statistical analyses

Propensity score matching at a1:1ratio with a calliper of 0.1 was used
to match cohorts on covariates. Characteristics with a standardized
mean difference between cohorts of less than 0.1 were considered
well matched?. The propensity score was calculated using a logistic
regression (implemented by the function LogisticRegression of the
scikit-learn package in Python 3.7) including each of the covariates
mentioned above. To eliminate the influence of ordering of records, the
record orderinthe covariate matrix was randomized before matching.
The matchingitself was performed using numpy 1.21.5in Python 3.7.

The cumulative incidence of each outcome was estimated using
the Kaplan—-Meier estimator. Because we anticipated the proportional
hazard assumption to be violated with such long follow-ups, differ-
ences between cohorts were summarized with the RMTL ratio via the
survRM2 package (v.1.0.4)**?%, The RMTL ratio represents how much
more time, on average, an individual has lived with the outcome dur-
ing the follow-up period*?®. Cls were estimated using a parametric
approach as defined in the survRM2 package in R*.

The E value was calculated to ascertain the sensitivity of the pri-
mary outcome to unmeasured confounders (using EValue package
v.4.1.4). Given the absence of formulation of the E value for RMTL
ratios, we used the E value formula for relative risks given that ratios of
cumulative incidence can be interpreted as approximations of RMTL
ratios: if the cumulative incidence functions are proportional to each
other between cohorts (Fi(t) = R X Fy(t)), the RMTL ratio is equal to
the proportionality constant (R). The £ value represents how strongly
an unmeasured confounder would need to be associated with both
the exposure and the outcome, after adjusting for all measured con-
founders, to have a chance to explain away the association (that is,
in a worst-case scenario where the prevalence of the unmeasured
confounder maximizes its bias).

We calculated the difference in cumulativeincidence as a function
of time of follow-up by subtraction of the Kaplan—Meier curves. In
addition, we calculated piecewise constant hazard ratios for the first
half (1 day-3.5 years) and the second half (3.5-7 years) of follow-up.

Moderation by sex was tested using a permutationtest, with1,000
permutations as follows. The RMTL ratios between those vaccinatedin
2018 and those vaccinated in2017 were first calculated independently
for men and women, and their difference was recorded. In each per-
mutation, individuals were then randomly allocated to two groups of
thesamesize as theinitial ‘women’and ‘men’ groups, and the analysis
was repeated within these groups, thus leading to the calculation of
RMTL ratios. The difference in absolute value between these RMTL
ratios was recorded for each permutation, generating a distribution of
1,000 differencesin RMTL ratios under the null hypothesis. The Pvalue
for the permutation test was calculated as follows: P=(1+n.)/ (1+n),
where n=1,000 is the number of permutations and n. is the number
of permutations for which the difference in RMTL ratios was greater
(in absolute value) than that observed in the non-permuted dataset.

Because we used EHRs with coded health events, if an event was
not present it was considered absent. Missing data for sex, race and
ethnicity were assigned their own category, whichwasincludedinthe
propensity score matching, so that the matched cohorts had approxi-
mately equal numbers of patients with unknown sex, race and ethnicity.

Allanalyses were performedinR (v.4.4.3) unless otherwise stated.
Significance for all tests was set at two-sided P < 0.05.

Secondary analysis

Analyses were repeated after (1) stratification by sex; (2) limiting
follow-up to the first 518 days so that it occurred entirely before the
COVID-19 pandemic; (3) using narrower ascertainment windows for
baseline covariates (1,2, 5and 10 years before vaccination) while also
adjusting for the number of healthcare encounters during these time
windows, to assess whether matching on cumulative state covari-
ates might mask differences in more recent pre-vaccination clinical

trajectories; and (4) aligning follow-up times at the cohort level (by
trimming follow-up to the shorter follow-up duration between ran-
domly selected pairs ofindividuals) asin our previous study® to assess
sensitivity to cohort attrition and informative censoring.

To account for competing risks by non-cardiovascular death, we
also estimated the cumulative incidence function (CIF) of the com-
posite cardiovascular endpoint using the Aalen—Johansen estima-
tor (cmprsk package v.2.2.12). Equality of CIFs between cohorts was
tested with Gray’s non-parametric test (cmprsk package v.2.2.12).
Sub-distribution hazard ratios were obtained from a Fine-Gray model”
fitted via the weighted Cox reformulation of Geskus with cluster-robust
variance (‘survival’ package v.3.8.6); the proportional hazards assump-
tionwas assessed using scaled Schoenfeld residuals (‘survival’ package
v.3.8.6), and, when violated, we fitted a time-segmented Fine-Gray
model across four follow-up windows (0-1, 1-3, 3-5 and 5-7 years).
For consistency with the primary analysis, we also report the Aalen—
Johansen-based restricted mean time lost (AJ-RMTL) ratio by direct
integration of the Aalen—Johansen CIF curves.

To assess potential secular trends in cardiovascular event inci-
dence, such as changes in diagnostic practices or prevention over
time, we compared therisk of the primary outcome amongindividuals
who received a TDaP vaccine between April and September 2017 with
those vaccinated during the same months in 2018. TDaP was selected
becauseitisrecommended for adults at 10-year intervals, unlike influ-
enzavaccination, whichisrecommended annually. This comparisonis
subject to the same underlying secular trends as our primary analysis
butdoesnotinvolve the shingles vaccine transition. The TDaP cohorts
were approximately 10 times larger than those in the primary analysis,
providing substantially greater statistical power to detect any influ-
ence of temporal trends on the outcome. Besides the differences in
cohort definitions, this analysis was otherwise conducted exactly as
the primary analysis.

Toassess whether people vaccinated against shinglesin April-Sep-
tember 2018 had similar preventive healthcare use before vaccination
asthosevaccinated in April-September 2017, we compared preventive
health indicators in the year before vaccination. We restricted the
primary cohorts to individuals with a healthcare encounter 1-2 years
before vaccination—that is, between April 2015 and March 2016 for
those vaccinated in April-September 2017 and between April 2016 and
March 2017 for those vaccinated in April-September 2018. We then
rematched the cohorts on the same covariates as above but measured
only before this earlier healthcare encounter, to avoid matching on
healthcare use during the yearimmediately preceding vaccination.

We examined several indicators of preventive healthcare use,
including influenza and pneumococcal vaccination; prescriptions
for statins, antihypertensives and antidiabetics; and breast and bowel
cancer screening. However, some of these may vary across calendar
periods for reasons unrelated to shingles vaccination timing, limiting
their value for this comparison. To identify indicators unaffected by
suchseculartrends, we applied the same approach as above, comparing
their frequencyintheyear before TDaP vaccination receivedin April-
September 2018 versus April-September 2017. Only influenza and
pneumococcal vaccination showed no systematic difference between
the two periods, so we used these as indicators, together with a gen-
eral code for preventive medicine services (CPT codes 1013829 and
1013859). Using the same approach, we also compared the risk of the
primary cardiovascular endpoint in the year before shingles vaccina-
tionbetween the 2017 and 2018 cohorts to assess whether they were on
similar cardiovascular health trajectories before vaccination.

Similarly, we assessed preventive healthcare use between cohorts
during the follow-up. We considered the same preventive healthcare
indicators as above and selected those that showed no secular trends
(as detected by comparing cohorts who received TDaP vaccines).
Thisled to the selection of bowel cancer screening (ICD-10-CM Z12.11)
and antihypertensive prescription (VA CV100 or CV200 or CV800 or
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CV7010r CV805), together with ageneral code for preventive medicine
services (CPT codes 1013829 and 1013859).

We also compared the recombinant shingles vaccine with
two additional vaccines (namely, TDaP and influenza) given in
April-September 2018.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The TriNetX systemreturned the results of these analyses as .csv files,
which we downloaded and archived. Aggregate data, as presented in
this article, can be freely accessed at https://osf.io/f25w6. The data
used for this article were acquired from TriNetX. This study had no
special privileges. Inclusion criteria specified in Methods would allow
other researchers to identify similar cohorts of patients as we used
here for these analyses; however, TriNetX is a live platform with new
databeingadded daily, so exact counts will vary. To gain access to the
data, arequest canbe made to TriNetX (join@trinetx.com), but costs
mightbeincurred, and a data-sharing agreement would be necessary.

Code availability
The code used to generate the results of this analysis can be freely
accessed at https://osf.io/f25wé.
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Extended Data Fig. 1| Association between the recombinant shingles vaccine
and risk of cardiovascular events within 7 years of vaccination, stratified by
sex. Curves represent the Kaplan-Meier estimates of the cumulative incidence
for the cardiovascular composite endpoint within 7 years of vaccination among
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(a) females (n=20,056 in each cohort) and (b) males (n=16,300 in each cohort).
Shaded areas around the curves represent 95% confidence intervals, and the solid
Kaplan-Meier curve is the measure of centre. Two-sided P values were obtained
using the z-test defined in the survRM2 package inR.
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Extended DataFig. 2 | Association between the recombinant shingles vaccine
and risks of the individual components of the cardiovascular endpoint within
7 years of vaccination. Curves represent the Kaplan-Meier estimates of the
cumulative incidence of (a) the cardiovascular composite endpoint or death,
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(b) ischaemic heart disease, (c) heart failure and (d) ischaemic stroke. Shaded
areas around the curves represent 95% confidence intervals; the solid Kaplan-
Meier curve is the measure of centre. n=36,460 in each cohort. Two-sided
P values were obtained using the z-test defined in the survRM2 package inR.
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Extended Data Fig. 3| Association between the recombinant shingles
vaccine and risks of secondary outcomes within 7 years of vaccination.
Curvesrepresent the Kaplan-Meier estimates of the cumulative incidence of
(a) atrial fibrillation, (b) myocarditis, (c) peripheral arterial disease, (d) ST-
elevation myocardial infarction (STEMI), (e) transient ischaemic attack and (f)

haemorrhagic stroke; n=36,460 in each cohort. Shaded areas around the curves
represent 95% confidence intervals, and the solid Kaplan-Meier curve is the
measure of centre. Two-sided P values were obtained using the z-test defined in
the survRM2 package inR.
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Extended Data Fig. 4 | Association between the recombinant shingles vaccine intervals; the solid Kaplan-Meier curve is the measure of centre.n=36,460 in
and risks of the positive and negative control outcomes within 7 years of each cohort. Two-sided P values were obtained using the z-test defined in the
vaccination. Curves for (a) shingles (positive control) and (b) the negative survRM2 packageinR.
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Extended Data Fig. 5| Kaplan-Meier curves comparing the recombinant The RMTL ratio and the two-sided P value (z-test defined in the survRM2 package
shingles vaccine with the influenza and Tdap vaccines. Comparisons with (a) inR) are reported above each panel. Shaded areas around the curves represent
influenza (n=94,923 in each cohort) and (b) Tdap (n=39,087 in each cohort). 95% confidence intervals.

Nature Medicine


http://www.nature.com/naturemedicine

nature portfolio

Corresponding author(s): Maxime Taquet

Last updated by author(s): Jun 16, 2026

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XXX O OO0 000F
X

oo

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  The data are stored onboard a TriNetX appliance — a physical server residing at the institution’s data centre or a virtual hosted appliance. The
TriNetX platform is a fleet of these appliances connected into a federated network able to broadcast queries to each appliance. Results are
subsequently collected and aggregated.

Once the data are sent to the network, they are mapped to a standard and controlled set of clinical terminologies and undergo a data quality
assessment including ‘data cleaning’ that rejects records which do not meet the TriNetX quality standards. HIPAA compliance of the clinical
patient data is achieved using de-identification. Different data modalities are available in the network. They include demographics (coded to
HL7 version 3 administrative standards), diagnoses (represented by ICD-10-CM codes), procedures (coded in ICD-10-PCS or CPT), and
measurements (coded to LOINC).

The data from a typical HCO generally go back around 9 years, with some going back 15 years. The data are continuously updated. HCOs
update their data at various times, with most refreshing every 1, 2, or 4 weeks.

Data quality assessment followed a standardised strategy wherein the data are reviewed for conformance (adherence to specified standards
and formats), completeness (quantifying data presence or absence) and plausibility (believability of the data from a clinical perspective).
There are pre-defined metrics for each of the above assessment categories. Results for these metrics are visualised and reviewed for each
new site that joins the network as well as on an ongoing basis. Any identified issue is communicated to the data provider and resolved before
continuing data collection.

The basic formatting of contributed data is also checked (e.g. to ensure that dates are properly represented). Records are checked against a
list of required fields (e.g., patient identifier) and rejects those records for which the required information is missing. Referential integrity
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Data analysis

checking is done to ensure that data spanning multiple database tables can be successfully joined together. As the data are refreshed,
changes in volume of data over time is monitored to ensure data validity. At least one non-demographic fact for each patient is required for
them to be counted in the dataset. Patient records with only demographics information are discarded.

The software also undergoes quality control. The engineers testing the software are independent from the engineers developing it. Each test
code is checked by two independent testing engineers. Each piece of software is tested extensively against a range of synthetic data (i.e.
generated for the purpose of testing) for which the expected output is established independently. If the software fails to return this output,
then the software is deemed to have failed the test and is examined and modified accordingly. For statistical software (including that used for
propensity score matching, for Kaplan-Meier analysis, etc), an additional quality control step is implemented. Two independent codes are
written in two different programming languages (R and python) and the statistical results are compared. If discrepancies are identified, then
the codes are deemed to have failed the test and are examined and modified accordingly. All the code is reviewed independently by another
engineer.

Propensity-score matching was achieved by calculating the propensity score with the scikit-learn package in Python 3.7 and using a nearest
neighbour search with numpy 1.21.5 in Python 3.7.

The test strategy follows three levels of granularity:

1. Unit tests: These test specific blocks, or units, of code that perform specific actions (e.g. querying the database).
2. Integration tests: These ensure that different components are working together correctly.
3. End-to-end tests: These tests run the entire system and check the final output.

Data analysis includes all the processing of data from the life tables of matched cohorts and include Kaplan-Meier estimation, restricted mean
time lost estimates, bootstrapping, permutation test and generation of figures. All these steps were conducted in R version 4.2.1. The
assumption that the hazards were proportional was tested using the generalized Schoenfeld approach implemented in the cox.zph function of
the survival package (version 3.8.6). The restricted mean time lost was calculated using R package survRM2 version 1.0.4. Bootstrapping and
permutation tests were conducted using in-house R code that is publicly available. To account for the competing risk of non-cardiovascular
death, we estimated cumulative incidence functions for the composite cardiovascular endpoint using the Aalen—Johansen estimator and
compared cohorts using Gray's test (both implemented in cmprsk package v. 2.2.12). Subdistribution hazard ratios were estimated with Fine—
Gray models using cluster-robust variance (package survival v. 3.8.6) and time-segmented models were fitted (package survival v. 3.8.6). For
consistency with the primary analysis, we also report Aalen—Johansen-based restricted mean time lost ratios. The E-value for the primary
restricted mean time lost ratio was calculated to assess the sensitivity of the result to unmeasured confounding, using the E-value formula for
relative risks applied to the restricted mean time lost ratio (package EValue v. 4.1.4). The code used to generate the results of this analysis can
be freely accessed at https://osf.io/f25w6

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The TriNetX system returned the results of these analyses as csv files, which we downloaded and archived. Aggregate data, as presented in this article, can be freely
accessed at [url provided upon acceptance of the paper]. The data used for this article were acquired from TriNetX. This study had no special privileges. Inclusion
criteria specified in the Methods would allow other researchers to identify similar cohorts of patients as we used here for these analyses; however, TriNetX is a live
platform with new data being added daily so exact counts will vary. To gain access to the data, a request can be made to TriNetX (join@trinetx.com), but costs might
be incurred, and a data sharing agreement would be necessary. Aggregate data, as presented in the article and the code used to generate the results can be freely
accessed at https://osf.io/f25w6.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Analysis stratified by sex was performed. The sex was as recorded in the individual's electronic health record.

Reporting on race, ethnicity, or  Self-reported race and ethnicity in TriNetX come from the individual's electronic health record. TriNetX maps race to the

other socially relevant following categories: Asian, American Indian or Alaskan Native, Black or African American, Native Hawaiian or Other, White,
groupings Unknown race. It maps ethnicity to the following categories: Hispanic or Latino, Not hispanic or latino, Unknown ethnicity.
Population characteristics All these characteristics are reported in full in Supplementary Table 1

Recruitment

There was no recruitment as this was a real-world analysis based on electronic health records data. All individuals with a
recorded shingles vaccine at the age of 60 or over, between 1 April 2017 and 30 September 2017 or between 1 April 2018
and 30 September 2018 and who did not have a diagnosis of haematological malignancy or immune deficiency recorded on
or before their first singles vaccination, and did not received an immunosuppressant drug in the year before vaccination,
were included.
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Ethics oversight De-identification data are formally attested as per Section §164.514(b)(1) of the HIPAA Privacy Rule, superseding TriNetX's
waiver from the Western Institutional Review Board; no further ethical approval was thus needed.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size This is a real-world data analysis which includes all individuals who received a shingles vaccine between 1 April 2017 and 30 September 2017
or between 1 April 2018 and 30 September 2018. No sample size calculation was therefore performed.

Data exclusions  Pre-established exclusion criteria included diagnosis of haematological malignancy or immune deficiency recorded on or before their first
singles vaccination as these are relative contraindications for different vaccine types which would break the assumption behind the natural
experiment. For the same reason, we also excluded participants receiving treatments that affect their immune system within one year before
the first singles vaccination, including: immunosuppressants, corticosteroids, chemotherapy, and radiation oncology treatment.

Replication Analyses were run once and findings were replicated among women and men.
Randomization  The influence of covariates was strongly limited by the use of a natural experiment created by the rapid transition from the use of live shingles
vaccine to the use of recombinant shingles vaccine. Remaining covariates imbalance (e.g. due to drift in characteristics of the population being

vaccinated) were further controlled for by propensity-score matching.

Blinding Cohorts were created based on predefined inclusion and exclusion criteria. The outcome was ascertained based on routine electronic health
records data and not by any investigator of this study. As a result, blinding was not necessary.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
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