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Abstract

IMPORTANCE The test-negative design (TND) has been widely used to assess postmarketing
COVID-19 vaccine effectiveness but requires further evaluation for this application.

OBJECTIVE To determine whether the TND reliably evaluates vaccine effectiveness against
symptomatic COVID-19 using placebo-controlled vaccine efficacy randomized clinical trials (RCTs).

DESIGN, SETTING, AND PARTICIPANTS This secondary cross-protocol analysis constructed TND
study datasets from study sites in 16 countries across 5 continents using the blinded phase cohorts of
5 harmonized phase 3 COVID-19 Prevention Network RCTs: COVE (Coronavirus Vaccine Efficacy and
Safety), AZD1222, ENSEMBLE, PREVENT-19 (Prefusion Protein Subunit Vaccine Efficacy Novavax
Trial COVID-19), and VAT00008. Participants included adults who received the intended number of
doses, experienced COVID-19–like symptoms, and obtained SARS-CoV-2 testing. Start dates ranged
from July 27, 2020, to October 19, 2021; data cutoff dates ranged from March 26, 2021, to March 15,
2022. Statistical analysis was performed from May 11, 2023, to February 25, 2025.

INTERVENTIONS Participants received vaccines consisting of messenger RNA-1273 (COVE; 2 doses
28 days apart), ChAdOx1 nCoV-19 (AZD1222; 2 doses 28 days apart), Ad26.COV2.S (ENSEMBLE; 1
dose), NVX-CoV2373 (PREVENT-19; 2 doses 21 days apart), CoV2 preS dTM-AS03 (VAT00008;
D614) (2 doses 21 days apart), or CoV2 preS dTM-AS03 (D614 plus B.1.351) (VAT00008; 2 doses 21
days apart) or placebo.

MAIN OUTCOMES AND MEASURES Main outcomes were symptomatic COVID-19 according to
each trial’s primary efficacy definition and the Centers for Disease Control and Prevention definition.
Vaccine effectiveness was estimated using targeted maximum likelihood estimation under a
semiparametric logistic regression model and ordinary logistic regression. Noncase exchangeability,
a core TND assumption for unbiased estimation, was also assessed by estimating vaccine efficacy
against non–COVID-19 illness.

RESULTS Among the 12 157 participants included in the analysis, mean (SD) age was 45 (15) years,
6414 were female (53%), 5858 were vaccinated (48%), 2835 experienced primary COVID-19 (23%),
and 2992 experienced Centers for Disease Control and Prevention–defined COVID-19 (25%). TND
vaccine effectiveness estimates were concordant with RCT vaccine efficacy estimates (concordance
correlation coefficient, 0.86 [95% CI, 0.58-0.96] for both outcomes). The semiparametric method
had 48% smaller variance estimates than ordinary logistic regression. Noncase exchangeability was
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Abstract (continued)

generally supported with a median vaccine efficacy against non–COVID-19 illness of 7.7% (IQR, 2.7%-
16.8%) across trial cohorts and most 95% CIs including 0.

CONCLUSIONS AND RELEVANCE In this cross-protocol analysis, the TND provided reliable
inferences on COVID-19 vaccine effectiveness in health care–seeking populations for multiple
vaccines and symptom definitions when confounding and selection bias were absent. A machine-
learning approach for robust confounding control in postmarketing TND studies was also introduced.

JAMA Network Open. 2025;8(5):e2512763.doi:10.1001/jamanetworkopen.2025.12763

Introduction

In 2020, the US government established the COVID-19 Prevention Network (CoVPN) to develop safe
and effective vaccines against COVID-19, a contagious respiratory disease caused by SARS-CoV-2.
The resulting phase 3 placebo-controlled randomized clinical trials (RCTs) were conducted in diverse
settings and provided strong evidence to authorize or approve multiple COVID-19 vaccines.1-7 To
inform vaccine recommendations, regimen updates, and strain selection, postmarketing studies
must continually evaluate variant-updated vaccine effectiveness against multiple SARS-CoV-2
variants and end points and in groups underrepresented in COVID-19 RCTs. It is challenging to
conduct RCTs to meet postmarketing needs.

Test-negative design (TND) studies were among the first postmarketing studies to assess
COVID-19 vaccine effectiveness and have been widely implemented as practical resource-efficient
observational study designs.8-13 A COVID-19 TND study enrolls individuals who meet a COVID-19
symptom definition and seek SARS-CoV-2 testing. Vaccine effectiveness is estimated by comparing
vaccination status between individuals with positive test results for SARS-CoV-2 (cases) and those
with negative test results for SARS-CoV-2 (noncases), after adjusting for potential confounders.
Symptoms among noncases are caused by non–COVID-19 illnesses, such as other respiratory illnesses
or allergies. The TND reduces confounding and selection bias from health care–seeking behavior, or
the propensity to seek care when ill, by assuming all TND participants have identical health care–
seeking behavior (eFigure 1 in Supplement 1). Most TND analyses either limit inferences to a health
care–seeking population or assume no effect modification by health care–seeking behavior and
generalize to the entire population.14-18 TND studies are resource efficient because they recruit
noncases identically to cases, collect all information in a single visit, and enroll a high proportion of
COVID-19 cases. The TND has been implemented to assess vaccine effectiveness against other
diseases, including pneumococcal disease, influenza, and rotavirus.19,20

Although the TND is already in use to assess COVID-19 vaccine effectiveness, it should be
evaluated for this application.15,16 Previous studies have investigated how the TND may be subject to
bias from confounding,15-17,21-26 selection mechanisms,15-17,21,24,25,27-30 vaccination status
misclassification,16,31 case status misclassification,16,17,29,32,33 viral interference,21,27 and the choice of
study end point.17,21,26 Most studies involved theory and/or simulations, though 1 study compared
the TND with an emulated target trial for COVID-19.24 However, no studies to date have evaluated
the TND in a COVID-19 RCT setting with blinded and randomized vaccination, frequent symptom
reporting and testing, and a known RCT ground truth. Assessing how reliably TND vaccine
effectiveness estimates approximate RCT vaccine efficacy estimates in this setting can isolate
additional issues when studying COVID-19 vaccine effectiveness in health care–seeking populations.

TND and RCT estimates derived in a setting without confounding or selection bias could differ
for several reasons. For interpretable unbiased results, most TND analyses require noncase
exchangeability, the assumption that vaccination status is not associated with meeting the noncase
definition (ie, meeting the symptom definition and SARS-CoV-2 negative test results) in health care–
seeking individuals, conditional on measured covariates.15,19,34-36 Noncase exchangeability may be
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violated if a COVID-19 vaccine affects non–COVID-19 illnesses or if confounders of COVID-19
vaccination and non–COVID-19 illness are not adjusted for in TND analyses.15,19,23,34-36 The former
condition can be assessed using RCT data, as shown previously for influenza,37 rotavirus,38 cholera,39

and typhoid.40 Differences could also arise from case status misclassification due to imperfect
SARS-CoV-2 diagnostic tests.13,41 Moreover, differences may occur from applying different TND
sampling methods when individuals have multiple eligible SARS-CoV-2 tests during the study.8,10-12

Selecting one SARS-CoV-2 test per individual provides valid confidence intervals under standard
statistical methods, but the choice of test result could induce bias if many individuals experience
COVID-19 and non–COVID-19 illness.37 Including all SARS-CoV-2 tests increases the number of tests
but may affect estimators’ variance estimates.

In postmarketing TND settings, confounding from characteristics such as age, comorbidities,
infection history, and calendar date22 exists and is typically addressed using ordinary logistic
regression8-12 or matching and conditional logistic regression.42,43 Misspecification of confounding
or accounting for too many potential confounders can bias estimates.44-46 Matching is more
resource intensive for studying multiple symptom definitions or pathogens in the same TND study
and may be less efficient than covariate adjustment through regression.47 Recently, a doubly robust
1-step estimator involving machine-learning for covariate-adjustment has been developed.36

In this secondary cross-protocol analysis, we reanalyzed 5 phase 3 CoVPN RCTs as TND studies
to evaluate how various TND sampling methods, symptom definitions, statistical approaches, and
study populations are associated with the accuracy and precision of symptomatic COVID-19 vaccine
effectiveness estimates in a setting where most sources of bias are known to be controlled. We
estimated TND vaccine effectiveness from each TND study dataset using a novel semiparametric
logistic regression approach that flexibly accounts for confounding using machine learning48 and
ordinary logistic regression. We compared TND estimates with RCT estimates and assessed noncase
exchangeability violations for all trial cohorts.

Methods

Data Sources
We analyzed data from 5 phase 3 CoVPN RCTs: COVE (Coronavirus Vaccine Efficacy and Safety) from
Moderna Inc (CoVPN3001),1 AZD1222 from AstraZeneca/Oxford (CoVPN3002),2 ENSEMBLE from
Janssen/Johnson & Johnson (CoVPN3003),3 PREVENT-19 (Prefusion Protein Subunit Vaccine
Efficacy Novavax Trial COVID-19) from Novavax Inc (CoVPN3004),4 and VAT00008 from
Sanofi/GSK (CoVPN3005).5,6 All trial protocols and amendments were approved by the applicable
local ethics committees and/or institutional review boards or a central institutional review board as
described in the final blinded phase analysis publications.1-6 Trial participants provided written
informed consent before enrollment.

We defined 10 adult trial cohorts from the final blinded phase of these RCT primary efficacy
analysis cohorts (Table and eTable 1 and eFigure 2 in Supplement 1).1-7 Most trial cohorts were
restricted to participants classified as SARS-CoV-2 negative at baseline (BN), as previously defined
(eTable 1 in Supplement 1),1-6 to indicate no known prior SARS-CoV-2 infections. We analyzed the
ENSEMBLE study as 3 trial cohorts defined by Latin American, South African, and US regions, given
distinct circulating SARS-CoV-2 lineages.3 The VAT00008 RCT was conducted in 2 stages: stage 1
compared monovalent vaccine vs placebo and stage 2 compared bivalent vaccine vs placebo. Most
enrolled participants in each stage were SARS-CoV-2 positive at baseline (BP). Since prior infection is
an immunity-conferring event and vaccine efficacy was greater in the BP than the BN cohort,5,6 we
analyzed these cohorts separately for stages 1 and 2.

COVID-19 vaccination status was defined as in the final blinded phase of each RCT’s primary
efficacy analysis cohort with no missingness (Table and eTable 1 in Supplement 1).1-6 We refer to
participants randomized to the vaccine as vaccinated and those randomized to the placebo
intervention as unvaccinated. Participants’ age, sex, race and ethnicity, region, and comorbidities

JAMA Network Open | Statistics and Research Methods Test-Negative Design for COVID-19 Vaccine Effectiveness From Randomized Trial Data

JAMA Network Open. 2025;8(5):e2512763. doi:10.1001/jamanetworkopen.2025.12763 (Reprinted) May 28, 2025 3/17

Downloaded from jamanetwork.com by guest on 02/11/2026

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.12763&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.12763
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.12763&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.12763
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.12763&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.12763


Ta
bl

e.
Ph

as
e

3
CO

VI
D

-19
Pr

ev
en

tio
n

N
et

w
or

k
Pl

ac
eb

o-
Co

nt
ro

lle
d

Ra
nd

om
iz

ed
Cl

in
ic

al
Tr

ia
lC

oh
or

ts
An

al
yz

ed
a

Tr
ia

lc
oh

or
t(

sp
on

so
r)

In
te

rv
en

tio
n

Lo
ca

tio
n

St
ud

y
po

pu
la

tio
n

Ba
se

lin
e

SA
RS

-
Co

V-
2

st
at

us
Da

te
s

En
d

po
in

ts
St

ar
to

f
fo

llo
w

-u
p

CO
VE

BN
(M

od
er

na
In

c)
1

m
RN

A-
12

73
or

pl
ac

eb
o

(2
do

se
s2

8
d

ap
ar

t)
US

Ad
ul

ts
ag

ed
≥1

8
y

w
ith

no
kn

ow
n

hi
st

or
y

of
SA

RS
-

Co
V-

2
an

d
hi

gh
ris

k
fo

rS
AR

S-
Co

V-
2

an
d/

or
its

co
m

pl
ic

at
io

ns

PC
R

ne
ga

tiv
e

an
d/

or
se

ro
ne

ga
tiv

e

Ju
ly

20
20

to
M

ar
ch

20
21

Pr
im

ar
y

CO
VI

D-
19

(m
ild

,m
od

er
at

e,
or

se
ve

re
-c

rit
ic

al
);

CD
C

CO
VI

D-
19

14
d

Af
te

r
do

se
2

AZ
D1

22
2

BN
(A

st
ra

Ze
ne

ca
/O

xf
or

d)
2

Ch
Ad

O
x1

nC
O

V-
19

or
pl

ac
eb

o
(2

do
se

s2
8

d
ap

ar
t)

Ch
ile

,P
er

u,
US

Ad
ul

ts
ag

ed
≥1

8
y

w
ith

no
pr

ev
io

us
la

bo
ra

to
ry

-
co

nf
irm

ed
SA

RS
-C

oV
-2

an
d

hi
gh

SA
RS

-C
oV

-2
ris

k
w

ho
w

er
e

he
al

th
y

or
ha

d
a

st
ab

le
ch

ro
ni

c
di

se
as

e

Se
ro

ne
ga

tiv
e

Au
gu

st
20

20
to

Ju
ly

20
21

Pr
im

ar
y

CO
VI

D-
19

(m
ild

,m
od

er
at

e,
or

se
ve

re
-c

rit
ic

al
);

CD
C

CO
VI

D-
19

15
d

Af
te

r
do

se
2

EN
SE

M
BL

E
La

tin
Am

er
ic

a
BN

(J
an

ss
en

/J
oh

ns
on

&
Jo

hn
so

n)
3

Ad
26

.C
O

V2
.S

or
pl

ac
eb

o
(1

do
se

)
Ar

ge
nt

in
a,

Br
az

il,
Ch

ile
,C

ol
om

bi
a,

M
ex

ic
o,

Pe
ru

Ad
ul

ts
ag

ed
≥1

8
y

w
ith

ou
tc

on
di

tio
ns

as
so

ci
at

ed
w

ith
hi

gh
SA

RS
-C

oV
-2

ris
k

w
ho

w
er

e
he

al
th

y
or

ha
d

a
st

ab
le

ch
ro

ni
c

di
se

as
e

PC
R

ne
ga

tiv
e

or
se

ro
ne

ga
tiv

e
Se

pt
em

be
r2

02
0

to
Ju

ly
20

21
Pr

im
ar

y
CO

VI
D-

19
(m

od
er

at
e

or
se

ve
re

-c
rit

ic
al

);
CD

C
CO

VI
D-

19

14
d

Af
te

r
do

se

EN
SE

M
BL

E
So

ut
h

Af
ric

a
BN

(J
an

ss
en

/J
oh

ns
on

&
Jo

hn
so

n)
3

So
ut

h
Af

ric
a

EN
SE

M
BL

E
Un

ite
d

St
at

es
BN

(J
an

ss
en

/J
oh

ns
on

&
Jo

hn
so

n)
3

US

PR
EV

EN
T-

19
BN

(N
ov

av
ax

In
c)

4
N

VX
-C

oV
23

73
or

pl
ac

eb
o

(2
do

se
s2

1
d

ap
ar

t)
M

ex
ic

o,
US

Ad
ul

ts
ag

ed
≥1

8
y

w
ith

no
pr

ev
io

us
la

bo
ra

to
ry

-
co

nf
irm

ed
SA

RS
-C

oV
-2

an
d

hi
gh

SA
RS

-C
oV

-2
ris

k
w

ho
w

er
e

he
al

th
y

or
ha

d
a

st
ab

le
ch

ro
ni

c
di

se
as

e
an

d
w

ith
ou

ti
m

m
un

os
up

pr
es

si
on

PC
R

ne
ga

tiv
e

an
d

se
ro

ne
ga

tiv
e

De
ce

m
be

r2
02

0
to

Ju
ne

20
21

Pr
im

ar
y

CO
VI

D-
19

(m
ild

,m
od

er
at

e,
or

se
ve

re
-c

rit
ic

al
);

CD
C

CO
VI

D-
19

7
d

Af
te

r
do

se
2

VA
T0

00
08

St
ag

e
1

BN
(S

an
of

i/
GS

K)
5

Co
V2

pr
eS

dT
M

-A
S0

3
(D

61
4)

or
pl

ac
eb

o
(2

do
se

s2
1

d
ap

ar
t)

Co
lo

m
bi

a,
Gh

an
a,

H
on

du
ra

s,
In

di
a,

Ja
pa

n,
Ke

ny
a,

N
ep

al
,

US

Ad
ul

ts
ag

ed
≥1

8
y,

pr
ev

io
us

ly
un

va
cc

in
at

ed
w

ith
no

in
te

re
st

in
re

ce
iv

in
g

on
e

of
th

e
ap

pr
ov

ed
/a

ut
ho

riz
ed

va
cc

in
es

N
AA

T
ne

ga
tiv

e
an

d
se

ro
ne

ga
tiv

e
M

ay
20

21
to

Ja
nu

ar
y

20
22

Pr
im

ar
y

CO
VI

D-
19

;
CD

C
CO

VI
D-

19
14

d
Af

te
r

do
se

2
VA

T0
00

08
st

ag
e

1
BP

(S
an

of
i/

GS
K)

5
N

AA
T

po
si

tiv
e

or
se

ro
po

si
tiv

e
VA

T0
00

08
st

ag
e

2
BN

(S
an

of
i/

GS
K)

6
Co

V2
pr

eS
dT

M
-A

S0
3

(D
61

4
pl

us
B.

1.
35

1)
or

pl
ac

eb
o

(2
do

se
s2

1
d

ap
ar

t)

Co
lo

m
bi

a,
Gh

an
a,

In
di

a,
Ke

ny
a,

M
ex

ic
o,

N
ep

al
,U

ga
nd

a,
Uk

ra
in

e

N
AA

T
ne

ga
tiv

e
an

d
se

ro
ne

ga
tiv

e
O

ct
ob

er
20

21
to

M
ar

ch
20

22
VA

T0
00

08
st

ag
e

2
BP

(S
an

of
i/

GS
K)

6
N

AA
T

po
si

tiv
e

or
se

ro
po

si
tiv

e

Ab
br

ev
ia

tio
ns

:B
N

,b
as

el
in

e
SA

RS
-C

oV
-2

ne
ga

tiv
e;

BP
,b

as
el

in
e

SA
RS

-C
oV

-2
po

sit
iv

e;
CD

C,
Ce

nt
er

sf
or

D
ise

as
e

Co
nt

ro
la

nd
Pr

ev
en

tio
n;

CO
VE

,C
or

on
av

iru
sV

ac
ci

ne
Ef

fic
ac

y
an

d
Sa

fe
ty

;m
RN

A,
m

es
se

ng
er

RN
A;

N
AA

T,
nu

cl
ei

c
ac

id
am

pl
ifi

ca
tio

n
te

st
;P

CR
,p

ol
ym

er
as

e
ch

ai
n

re
ac

tio
n;

PR
EV

EN
T-

19
,P

re
fu

sio
n

Pr
ot

ei
n

Su
bu

ni
tV

ac
ci

ne
Ef

fic
ac

y
N

ov
av

ax
Tr

ia
lC

O
VI

D
-19

.

a
O

ur
st

ud
y

re
fe

rs
to

in
di

vi
du

al
sr

an
do

m
iz

ed
to

re
ce

iv
e

th
e

va
cc

in
e

or
pl

ac
eb

o
in

te
rv

en
tio

n
as

va
cc

in
at

ed
or

un
va

cc
in

at
ed

,r
es

pe
ct

iv
el

y.

JAMA Network Open | Statistics and Research Methods Test-Negative Design for COVID-19 Vaccine Effectiveness From Randomized Trial Data

JAMA Network Open. 2025;8(5):e2512763. doi:10.1001/jamanetworkopen.2025.12763 (Reprinted) May 28, 2025 4/17

Downloaded from jamanetwork.com by guest on 02/11/2026



were collected at RCT enrollment, with some missing data for race and ethnicity (eTable 2 and
eMethods in Supplement 1).

All trials instructed participants to monitor and report symptoms, which would trigger SARS-
CoV-2 polymerase chain reaction or nucleic acid amplification testing (NAAT). Each trial’s primary
efficacy end point, or primary COVID-19, consisted of a harmonized symptom definition and
virological confirmation.1-7 All trials also studied a Centers for Disease Control and Prevention (CDC)
COVID-19 end point consisting of a CDC-recommended symptom definition49,50 and virological
confirmation (eTable 1 in Supplement 1).

The follow-up periods of the trials’ blinded phase started between July 27, 2020, and October
19, 2021; cutoff was between March 26, 2021, and March 15, 2022. While most trials’ blinded
follow-up occurred before the Delta and Omicron variants emerged,7 ENSEMBLE reported Delta
COVID-19 end points in South African sites,3 and more than 90% of VAT00008 primary end points
were from Omicron variants.5,6

TND Sampling Methods
We considered participants as enrolled in a primary and/or CDC COVID-19 end point TND study if they
experienced an illness episode that met the study’s symptom definition, obtained at least one eligible
SARS-CoV-2 positive or negative polymerase chain reaction or NAAT result, and had complete
demographic and comorbidity information (eTable 2, eFigure 2, and eMethods in Supplement 1).
Eligible SARS-CoV-2 tests occurred at least 1 or 2 weeks after completing the intervention (depending
on RCT protocol), within 10 days after symptom onset, after meeting the symptom definition, while
blinded, and before receiving any nonstudy COVID-19 vaccinations. We selected these eligibility
criteria to obtain well-defined end points, reduce selection bias, and ensure high diagnostic test
accuracy.13,28,29,41 Under the RCT symptom reporting and testing protocols, participants had similar
health care–seeking behavior and multiple eligible SARS-CoV-2 tests across and/or within illness
episodes. We assumed that illness episodes triggering at least one eligible SARS-CoV-2 positive test
result were caused by SARS-CoV-2 (ie, positive episodes) and illness episodes triggering only eligible
SARS-CoV-2 negative test results were not caused by SARS-CoV-2 (ie, negative episodes).

To investigate SARS-CoV-2 test selection and case status misclassification in TND analyses, we
applied 4 sampling methods to the enrolled participants to construct TND study datasets for each
trial cohort and symptom definition (eFigure 3 in Supplement 1). In the participant-based sample
without censoring for COVID-19,37,40 cases were participants with at least 1 positive episode, and
noncases were participants with at least 1 negative episode (even if they experienced a positive
episode during the study). In the participant-based sample with censoring for COVID-19,37,40 cases
were defined identically and noncases were participants with only negative episodes (ie, one SARS-
CoV-2 test per participant). In the specimen-based sample,37,40 positive and negative episodes were
defined as cases and noncases, respectively. Given the low probability of SARS-CoV-2 reinfection
within 40 weeks,51 participants contributed only their first positive episode and every negative
episode. These 3 sampling methods assume accurate case status classification and identify the same
number of cases. In the random specimen-based sample, case status was determined by randomly
selecting a single eligible SARS-CoV-2 test per illness episode to assess case status misclassification
that may occur if the specimen-based method were applied in a postmarketing TND study. SARS-
CoV-2 tests from participants’ first positive episode and all negative episodes were considered to
ensure both specimen-based samples included the same number of illness episodes and SARS-CoV-2
tests. Additional details are given in eFigure 3 in Supplement 1.

Statistical Analysis
All analyses were conducted in R, version 4.2.2,52 using survival,53,54 causalglm,55 hal9001,56 and
DescTools57 packages (R Program for Statistical Computing). Data were analyzed from May 11, 2023,
to February 25, 2025.
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Placebo-Controlled RCT Vaccine Efficacy
We reported primary COVID-19 vaccine efficacy estimates and 95% CIs from the trials’ final blinded
phase analysis publications (eTable 1 in Supplement 1).1-6 We estimated CDC COVID-19 vaccine
efficacy as 1 minus the hazard ratio (with Wald 95% CIs) of CDC-defined COVID-19 for vaccinated vs
unvaccinated individuals using an unadjusted Cox proportional hazards model and the Efron method
for handling ties.58

TND Vaccine Effectiveness
For each TND study dataset, we estimated primary or CDC COVID-19 vaccine effectiveness defined
as 1 minus a causal conditional risk ratio of primary or CDC COVID-19 for vaccinated vs unvaccinated
individuals in a health care–seeking population, conditional on covariates. Under a semiparametric
logistic regression model, we used targeted maximum likelihood estimation of the conditional odds
ratio (eMethods in Supplement 1),48 which can be interpreted as a causal conditional risk ratio under
noncase exchangeability and standard causal assumptions.35,36 This method provides valid causal
inference and flexible data-driven covariate adjustment. We applied the partially linear first-order
smooth highly adaptive lasso59 for estimation, adjusting for age, sex, race and ethnicity, region,
comorbidities, and 2-week testing date intervals (eTable 2 in Supplement 1)10,20,60 and allowing
2-way covariate interactions. We adjusted for covariates to mimic a postmarketing TND analysis that
must adjust for confounding and to assess precision. We reported 2-sided Wald 95% CIs for vaccine
effectiveness, transforming symmetric confidence limits about the natural logarithm conditional
odds ratio, using the sample variance of the efficient influence function.

As a sensitivity analysis, we estimated vaccine effectiveness using 1 minus the conditional odds
ratio from an ordinary logistic regression of vaccination status on case status, adjusted for the
aforementioned covariates’ linear main effects. This conditional odds ratio can also be interpreted as
a causal conditional risk ratio (eMethods in Supplement 1).35,36 We computed both statistical
approaches’ bias, variance, and mean squared error, using the RCT estimates as the ground truth. We
computed the concordance correlation coefficient with 95% CI via z transformation to compare RCT
and TND estimates.61

Noncase Exchangeability
We assessed noncase exchangeability violations by estimating vaccine efficacy against
non–COVID-19 illness using the RCT cohorts. We analyzed each RCT cohort overall and subgroups
younger than 60 years vs 60 years or older. Follow-up began 1 or 2 weeks after completing the
intervention, mirroring the primary efficacy analyses of the final blinded phase. We defined
non–COVID-19 illness as a participant’s first negative episode from primary COVID-19–like symptoms
with right-censoring by the first event of unblinding, receipt of nonstudy COVID-19 vaccination, loss
to follow-up, or end of the blinded phase. We defined non–COVID-19 illness vaccine efficacy as 1
minus the hazard ratio of non–COVID-19 illness for vaccinated vs unvaccinated individuals, estimated
from an unadjusted Cox proportional hazards model with the Efron method for ties.58 We used
2-sided Wald 95% CIs and 2-sided P values from score tests to assess whether vaccine efficacy
departed from 0%; P < .05 indicated statistical significance.

Results

In total, 12 157 participants were analyzed in the TND study datasets (eFigures 4 and 5 in
Supplement 1), with a mean (SD) age of 45 (15) years. Of these, 6414 participants were female (53%)
and 5743 were male (47%). A total of 5858 participants were vaccinated (48%), 2835 experienced
primary COVID-19 (23%), and 2992 experienced CDC-defined COVID-19 (25%). Of 3181 primary and
3314 CDC-defined COVID-19 cases identified in the RCTs, 2788 (88%) and 2833 (85%), respectively,
were accurately classified in TND analyses. Remaining RCT cases were excluded or misclassified as
TND noncases due to ineligible positive SARS-CoV-2 test results. Differences in the number of
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noncases across both participant-based samples and the specimen-based sample reflect participants
with multiple illness episodes (Figure 1 and eFigures 6-8 in Supplement 1). Differences in specimen-
based and random specimen-based samples’ case numbers indicate case status misclassification

Figure 1. Primary COVID-19 Vaccine Efficacy and Semiparametric Logistic Regression Vaccine Effectiveness
Estimates by Sampling Method
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Vaccine efficacy was estimated from 10 phase 3
COVID-19 Prevention Network randomized clinical trial
(RCT) cohorts using the primary statistical approach
in the final blinded phase analysis publications
(Methods section and eTable 1 in Supplement 1).1-6

Test-negative design (TND) study datasets were
constructed from the RCT cohorts using 4 TND
sampling methods (Methods section). Vaccine
effectiveness was defined as 1 minus the COVID-19
conditional risk ratio (vaccine vs placebo) and
estimated on the TND study datasets using targeted
maximum likelihood estimation under a
semiparametric logistic regression model that adjusts
for age, sex, race and ethnicity, region, comorbidities,
and testing date (Methods section and eTable 2 in
Supplement 1).48 Estimates and 95% CIs are compared
on the natural logarithm (1 minus vaccine efficacy or
effectiveness) scale, with plotting labels on the vaccine
efficacy or effectiveness scale. BN indicates baseline
SARS-CoV-2 negative; BP, baseline SARS-CoV-2
positive; LA, Latin America; S1, stage 1; S2, stage 2; and
SA, South Africa.
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rates from 5% to 28%, with the highest misclassification rates in COVE BN and VAT00008 stage
2 BP.

The TND and RCT estimates were highly concordant for most trial cohorts and all symptom
definitions, sampling methods, and statistical approaches, with concordance correlation coefficient
estimates ranging from 0.85 to 0.95 (Figure 1 and Figure 2 and eTable 3 and eFigures 6-9 in
Supplement 1). COVE BN primary COVID-19 TND estimates ranged from 92.5% to 94.0% compared
with the RCT estimate of 93.2%; ENSEMBLE US BN primary COVID-19 TND estimates ranged from
70.8% to 71.1% compared with the RCT estimate of 72.9%; and VAT00008 stage 2 BP primary
COVID-19 TND estimates ranged from 57.9% to 68.4% compared with the RCT estimate of 75.1%.
TND variances were approximately 2 to 3 times larger than RCT variances (eTable 4 and eFigure 10 in
Supplement 1), and all TND and RCT CIs overlapped. VAT00008 stage 2 BN TND estimates were
negative with wide CIs that overlapped with RCT CIs. The semiparametric logistic regression and
ordinary logistic regression estimates had similar bias, but the semiparametric regression had 29%
to 48% smaller variance, depending on TND sampling method and symptom definition (eTable 4 and
eFigure 10 in Supplement 1).

When evaluating noncase exchangeability, all trials’ vaccine efficacy estimates against
non–COVID-19 illness were near zero except in COVE BN (Figure 3). The COVE vaccine reduced
non–COVID-19 illness overall (vaccine efficacy, 15.5%; 95% CI, 7.4%-22.8%; P < .001) and in
individuals younger than 60 years (vaccine efficacy, 19.9%; 95% CI, 10.9%-28.0%; P < .001). In
uniform quantile-quantile plots, the age-subgroup P values approximately follow a uniform
distribution, but the overall cohort P value distribution deviates slightly from the identity line,
suggesting some concern for noncase exchangeability (eFigure 11 in Supplement 1).

Discussion

We evaluated the TND for estimation and inference on virologically confirmed symptomatic
COVID-19 vaccine effectiveness in a health care–seeking population using 10 phase 3 trial cohorts
with variable vaccine efficacies, COVID-19 incidences, SARS-CoV-2 variants, and demographic
characteristics. We found high concordance between TND and RCT estimates. We also introduced a
robust machine-learning approach that provides more flexible covariate adjustment, similar
accuracy, and greater precision compared with ordinary logistic regression.

By analyzing TND study datasets from RCTs, we identified when the TND can reliably assess COVID-
19 vaccine effectiveness in a health care–seeking population when confounding and selection bias are
controlled. All TND sampling methods gave similar results to the RCTs; thus, the simple participant-
based sampling method with censoring may be advantageous. The random specimen-based method
illustrated that case status misclassification is present in postmarketing TND studies. NAAT accuracy
may vary by time since exposure,41 type and manner of specimen collection,62,63 SARS-CoV-2
variants,64 and viral load65; regardless, resulting biases were negligible using these diagnostic tests.13,41

Both statistical approaches had more biased and variable TND estimates in the smaller TND study data-
sets with imbalances in vaccination status.5,6 Bias from the semiparametric logistic regression approach
may be reduced by tailoring the approach for small samples (eg, using log-likelihood loss with leave-
one-out cross-validation and machine-learning models with few input variables). When adjusting for
many covariates in a small sample, ordinary logistic regression estimates can be severely biased and
highly variable.44-46 Consequently, TND studies evaluating vaccines with presumably low efficacy
should tailor the semiparametric approach for small samples or recruit more participants to avoid pub-
lishing negative vaccine effectiveness estimates with wide CIs and limit misinterpretation.

We also evaluated the effects of several COVID-19 vaccines in non–COVID-19 illness to detect
noncase exchangeability violations. Only COVE BN demonstrated low-level statistically significant
COVID-19 vaccine efficacy against non–COVID-19 illness. This vaccine may protect against some
non–COVID-19 illnesses, which would lower TND vaccine effectiveness estimates. Alternatively,
non–COVID-19 illness from false-negative SARS-CoV-2 test results could artificially cause the positive
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vaccine efficacy. Because the COVE vaccine reduces viral load65 and protects against COVID-19,1

vaccinated participants may be misclassified more than unvaccinated participants. This was
observed in the COVE BN random specimen-based samples and increased vaccine effectiveness
estimates.66 Unrecognized unblinding caused by high vaccine reactogenicity compared with
placebo1 could also explain this statistical finding if it affected participants’ mask wearing, hygiene,

Figure 2. Placebo-Controlled Randomized Clinical Trial (RCT) Vaccine Efficacy Estimates vs Test-Negative Design (TND)
Semiparametric Logistic Regression Vaccine Effectiveness Estimates
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COVID-19 Prevention Network RCTs.1-6 Vaccine efficacy was estimated using each trial’s

primary efficacy analysis approach for primary COVID-191-6 and an unadjusted Cox
proportional hazards model for CDC COVID-19. Vaccine effectiveness was estimated
using targeted maximum likelihood estimation under a semiparametric logistic
regression model that adjusted for age, sex, race and ethnicity, region, comorbidities,
and testing date.48 Estimates (symbols) and 95% CIs (vertical and horizontal line
segments) are compared on the natural logarithm (1 minus vaccine efficacy or
effectiveness) scale, with plotting labels on the vaccine efficacy or effectiveness scale.
The 95% CI lower bounds for VAT00008 Stage 2 baseline SARS-CoV-2 negative (BN)
TND estimates extend beyond the plotting region. Concordance correlation coefficient
(CCC) estimates and 95% CIs are reported.61 BP indicates baseline SARS-CoV-2 positive;
COVE Coronavirus Vaccine Efficacy and Safety; LA, Latin America; PREVENT-19,
Prefusion Protein Subunit Vaccine Efficacy Novavax Trial COVID-19; S1, stage 1; S2, stage
2; and SA, South Africa.
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and/or health care–seeking behavior. Despite the statistically significant result, COVE BN TND
estimates were still close to RCT estimates. Future studies could evaluate vaccine effectiveness for
non–COVID-19 illness in additional covariate subgroups adjusted for in TND analyses. Thus, TND
analyses can assume noncase exchangeability for unbiased estimation, given that they also adjust
for confounders of COVID-19 vaccination and non–COVID-19 illness, such as influenza
vaccination status.23,36

Figure 3. Vaccine Efficacy (VE) Against Non–COVID-19 Illness to Assess Noncase Exchangeability Violations
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VE against non–COVID-19 illness was defined as 1 minus the hazard ratio (vaccine vs
placebo) of non–COVID-19 illness, estimated from an unadjusted Cox proportional
hazards model using the Efron method for handling ties and score test P values. Models
were fit on the overall randomized clinical trial (RCT) cohort and on subgroups younger
than 60 years and 60 years or older for each final blinded phase of the phase 3 RCT
primary efficacy analysis cohorts: COVE (Coronavirus Vaccine Efficacy and Safety)
baseline SARS-CoV-2 negative (BN), AZD1222 BN, ENSEMBLE BN (analyzed separately

as Latin America [LA], South Africa [SA], and the US), PREVENT-19 (Prefusion Protein
Subunit Vaccine Efficacy Novavax Trial COVID-19) BN, and VAT00008 (analyzed
separately by stage 1 [S1] monovalent and stage 2 [S2] bivalent vaccine BN and BP).
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estimated.
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Our study also illustrates the efficiency of the TND and semiparametric logistic regression
approach. TND study datasets were less than one-quarter the size of their respective RCT cohorts,
yet retained most RCT cases, with variance estimates only 2 to 3 times larger. Additionally, the
semiparametric logistic regression approach produced smaller variance estimates than ordinary
logistic regression because they were derived using the efficient influence function, which provides
the smallest possible variance among regular asymptotically linear estimators using semiparametric
efficiency theory.48,67-69 With smaller variance estimates, postmarketing studies can enroll
fewer participants.

Limitations
Our study has several limitations. First, postmarketing TND studies typically enroll a broader
population than the CoVPN RCTs, which underrepresented or excluded some subpopulations such
as children, immunocompromised groups, and individuals otherwise unlikely to receive vaccines.1-6

Additionally, we only evaluated TND studies in individuals who have identical health care–seeking
behavior and always seek SARS-CoV-2 testing when experiencing COVID-19–like symptoms. This
behavior is reasonable for individuals with severe COVID-19–like symptoms,15-17,21 but future studies
should investigate more representative testing behavior for nonsevere symptoms that varies by
vaccination status and covariates associated with COVID-19 diagnosis and potentially modifies
vaccine effectiveness. To reduce selection bias, our semiparametric approach limits inference to a
health care–seeking population, which may be difficult to define; however, recent causal TND
methods leverage negative control variables to approximate health care–seeking behavior70 or
stratify by reasons for testing71 to account for selection bias and generalize to the entire population.
Moreover, our TND study datasets have larger ratios of cases to noncases than postmarketing TND
studies due to fewer non–SARS-CoV-2 pathogens circulating early in the pandemic.72 Last, we
evaluated the TND in an ideal setting that lacks the confounding, missing data, and misclassified data
prevalent in many postmarketing TND studies. We applied our semiparametric logistic regression
approach to illustrate covariate adjustment in a TND analysis but should conduct simulations with
complex confounding and missing-at-random vaccination status to formally assess this method’s
advantages. While we investigated case status misclassification from imperfect diagnostic tests, we
did not assess vaccination status misclassification, which can arise from inaccurate self-reports and
vaccine records.31,40,73,74 Misclassification of vaccination status and case status can be complex and
induce bias in either direction in observational studies.16,33,40,66,75,76

Conclusions

Since the COVID-19 pandemic, numerous TND studies have been conducted to evaluate COVID-19
vaccine effectiveness. Our analysis found that the TND can be applied to various COVID-19 settings
and provide interpretable estimates, assuming other sources of bias are addressed. Future studies
should evaluate TND performance for changes in health care–seeking behavior, time since
vaccination, immunological biomarkers, and SARS-CoV-2 variants to ensure valid interpretations.
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