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Abstract

Introduction

Genetic changes in COVID-19 variants/sublineages (VSLs) can reduce vaccine effectiveness (VE).
Timely VSL-specific VE estimates are essential, but study-specific VSL identification by whole genome
sequencing (the “gold standard”) is expensive and time-consuming. Alternatively, VSL-specific VE has
been estimated from external sequencing data (VSL predominance period by proxy: PP). We propose
two novel approaches for use in test-negative design (TND) studies to estimate VSL-specific VE when

study-specific VSL identification is not possible.

Methods

We demonstrate the variant category model (VCM) and the variant proportion model (VPM)
approaches. Using data from a hospital-based TND study among adults 265 years, during the period
of sequential predominance of XBB and BA.2.86 in 2023/24, we estimated the VE as (1-OR) x 100%.
For the VCM, we used a binary variable categorising “most likely underlying sublineage” based on
publicly available sequencing data. For the VPM, we used a continuous variable with values from 0
to 1 representing the weekly proportion of BA.2.86. We validated results using study-specific VSL

identification from sequenced study data (SD) and the standard PP approach.
Results

Overall, at 14-59 days post vaccination, VE point estimates against XBB were within £3% absolute
for the VE estimated using both models, with an equivalent standard PP validation. We could not
validate using SD, as there were no vaccinated XBB cases. Against BA.2.86, VE was lower than
against XBB, and the VCM and VPM results were within £7% absolute of each other, with lowest

validation results from SD but equivalent results from the PP.
Conclusions

Both proposed approaches produced similar VE estimates to those from well-known methods. The
VPM could also provide VE estimates when the validation techniques were limited by low sample

size.
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Introduction

Genetic changes in SARS-CoV-2 have been shown to affect viral characteristics such as
transmissibility, virulence, and immune evasion, as well as therapeutic response of emerging SARS-
CoV-2 variants [1,2]. The emergence of new variants/sublineages (VSLs) may result in reduced
vaccine effectiveness (VE), increased risk of disease severity (particularly among older and other at-
risk populations [1]), and compromised healthcare systems. VSL-specific VE estimation is key for the
development of vaccines to ensure continued protection as the virus evolves, particularly among
those most vulnerable. Timely VSL-specific VE estimates may inform immunisation programmes to

be adapted and mitigate the impact of the newly emerging variants.

There are three ways to monitor existing, and identify emerging variants, of which the gold standard
is whole genome sequencing [3]. Methods to estimate VE against a VSL of interest previously relied
on study-specific VSL identification using either sequencing data from a specimen collected from
study participants, linked with epidemiological data [4,5] or inferred from RT-PCR techniques [6,7].
Although most VE studies require PCR confirmation of cases, VSL identification is not a requirement
for patient treatment. Adding a sequencing component to VE studies requires additional efforts in
terms of logistics and cost, and can impact the timeliness of results [4]. In addition, linkage of
general surveillance sequencing to study data, particularly for studies collecting primary data, can be
difficult. Sequencing data may not be available when VE estimates are prepared and, even when
available, if there is only a low number of positive samples sequenced, this can limit precision of the
VSL-specific VE estimates [4]. During the COVID-19 pandemic period, some studies began using a
proxy to genetically classify viruses and VSLs, by restricting the study period to when the virus or VSL
of interest was predominant (often with varying predominance thresholds), based on external data

sources [8-13].

During the 2023/24 COVID-19 vaccination campaign in the European Union/European Economic
Area (EU/EEA), newly adapted monovalent XBB.1.5 COVID-19 vaccines (XBB.1.5 vaccines) accounted
for the majority of all known vaccines administered [14]. The SARS-CoV-2 XBB VSLs had been
dominant in Europe from before the start of the vaccination campaign in 2023 until mid-December,
when BA.2.86 VSLs (in particular JN.1) became predominant [15]. Since BA.2.86 VSLs were
associated with potential immune escape [16], estimating the effectiveness of the XBB.1.5 vaccine
against this new SARS-CoV-2 VSL was of utmost importance, together with assessing any difference
in VE against XBB vs the subsequently predominant BA.2.86 VSLs. Some studies estimated VE against
these time-consecutive SARS-CoV-2 VSLs separately using sequenced data, and compared estimates
[4,5], while others directly compared the odds of vaccination between cases infected with the

different VSLs, in case—case or case-only studies [17,18].
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Here we propose two novel modelling approaches for estimating VE against time-consecutive VSLs
(i.e. when there is a transition from one predominant VSL to another) when study-specific
sequenced data is unavailable and proxy external data sources are used to identify predominantly
circulating VSLs. To illustrate this, we used data from a European test-negative design study
conducted in 2023/24 [11,19]. The proposed models permit a statistical comparison of the VE
against two consecutive VSLs as well as VE estimation of each. In order to validate our proposed
models, we compare the modelling results with those from the gold standard approach based on
VSL cases classified using sequencing, and against the VE for each predominant period by using

external data as a proxy.

Methods

Study design

The proposed modelling approaches were developed and applied in the context of test-negative
design studies in the hospital setting to estimate VE. Very briefly, in this study design and setting
[20], hospitalised patients are systematically recruited based on a clinical definition of severe acute
respiratory infection (SARI) and undergo a laboratory test (preferably RT-PCR) for the target
pathogen. Patients with an RT-PCR-positive result for SARS-CoV-2 are classified as “cases” and
patients with a negative result as “controls”. Vaccine effectiveness is estimated as VE=(1-OR) x 100%,
where OR is the estimated odds ratio of vaccination between cases and controls, adjusted for

confounding, and obtained using logistic regression models.

Usual approaches for VSL-specific VE estimation

We consider the gold standard approach to estimate the VSL-specific VE as when VSL cases within
the study are classified using sequenced data (“SD method”). We consider the VSL predominance
period approach (“standard PP”) when VSL-specific VE is estimated using an external sequenced
data source to classify VSL cases. In this approach, the study period is restricted to the period of
predominance of the VSL of interest, i.e. all cases are considered to have been likely infected by a
VSL of interest if the date of onset/swab falls within the period of that VSL predominance. Usually,
the VSL predominance period is defined as the sequential weeks where the proportion of all
sequenced viruses belonging to the VSL under study is above a predefined threshold (e.g. 60%),
calculated using population-level surveillance data from an external, publicly available source (e.g.
GISAID [21], European Respiratory Virus Surveillance Summary (ERVISS) [22]). For both of these

methods, VE is calculated in the standard way as described in the previous section.
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New modelling approaches

Our proposed novel modelling approaches for estimating VSL-specific VE use an “adapted PP”
method, during the period of transition from the predominance of one VSL to another. For this
purpose, instead of restricting the analysis period to each individual VSL predominance period
determined from an external source and performing an analysis for each period, we introduce a new
independent variable in the regression model to represent the VSL. This can be done in two ways: (1)
as a categorical variable, that assumes the value of 0 for participants recruited during the period of
predominance of the earlier VSL, and 1 for participants recruited during the period of predominance
of the subsequent VSL (the “VSL category model”: VCM); and (2) as a continuous variable with values
ranging from 0 to 1, representing the proportion of the subsequent VSL (the VSL gaining dominance)
out of all sequenced viruses each week (the “VSL proportion model: VPM”). We summarise the four

methods/approaches in Table 1.

Table 1. General description of the usual standard techniques and proposed novel model techniques to

estimate variant/sublineage (VSL)-specific VE, VEBIS hospital study, Europe.

Method/ model Description
Gold standard SD Sequenced data approach: the gold standard, using actual sequencing results
(sequenced data) linked to epidemiological results in the dataset

Standard PP (standard  Predominance period approach: standard technique using a proxy for the

predominance period) linked sequenced data, based on external VSL sequenced data sources where
cutoff dates for variant/sublineage (VSL) predominance are determined and
used to restrict the analysis period to the VSL of interest

VCM (VSL category First novel approach: VSL category model, also based on external VSL

model) sequenced data sources, in which a binary variable is used to define the
predominant VSL periods (taking a value of 0 during the first VSL
predominance period and 1 for the second)

VPM (VSL proportion Second novel approach: VSL proportion model, also based on external VSL

model) sequenced data sources, in which a continuous variable is used to define the
proportion of the VSL of interest, or the VSL gaining predominance (ranging
from 0 to 1, where 0 and 1 represent respectively the absence and total
dominance of the new emerging VSL)

VEBIS: Vaccine Effectiveness, Burden and Impact Studies; VSL: variant/sublineage.

Test scenario

To exemplify the described approaches to estimate VSL-specific VE, we used data from patients
hospitalised with SARI from the Vaccine Effectiveness, Burden and Impact Studies (VEBIS) hospital
network from September 2023 to April 2024, covering the period of transition between SARS-CoV-2
VSLs XBB to BA.2.86 predominance. Details of the methods used for standard COVID-19 VE analyses
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in the VEBIS hospital study are already published [11,19,23] as well as the results from this period
[19].

Definitions used in current analyses (including of vaccinated and unvaccinated patients, and analytic
exclusions), as well as a description of the proxy determination for the XBB and BA.2.86
predominance periods, can be found in Supplementary Table S1 and Section S1, respectively. We
defined each study site-specific start study period as 14 days after the introduction of the XBB.1.5
vaccine within each country (Supplementary Table S2); there were also further restrictions
depending on the modelling approach (see descriptions of each approach below). We estimated VE
against each of the XBB and BA.2.86 VSLs as a “test scenario” using the VCM and the VPM modelling
techniques. For “BA.2.86” we include all of its sublineages, such as JN.1. We validated our results by
also estimating VE using both SD and the standard PP methods (when sample size allowed; see next

section).

We restricted analysis to those vaccinated <60 days before symptom onset (where the period of the

VSLs overlap) and to patients aged 265 years.

Statistical analysis

For all approaches (SD, standard PP, VCM, and VPM), we first estimated the OR of vaccination
between cases and controls with study site as a fixed effect and adjusted for confounding by date of
symptom onset, sex, age and presence of at least one chronic condition (diabetes, heart disease,
lung disease/asthma and immunodeficiency). The best functional forms of the continuous variables
age and onset date (categories, splines, linear terms) were selected using the Akaike information
criterion (AIC). We estimated VE overall (14-59 days) and by time since vaccination (TSV) in 30-day
bands (14-29 and 30-59 days post vaccination). For the TSV analysis, vaccination was included as a

categorical variable (unvaccinated, 14—29 days, 30-59 days post vaccination).

As described previously [11], we do not show estimates if there were no vaccinated cases, <20
vaccinated patients or when the VE estimate had an absolute difference >10% from the VE
estimated using penalised logistic regression (to assess small sample bias). We carried out a

complete case analysis.

The SD (sequenced data) approach

Here, cases were defined as those with a sequenced biological sample and classified as SARS-CoV-2
VSLs BA.2.86 or XBB. As the XBB period was earlier, to estimate XBB.1.5 VE against XBB VSL, we
restricted the end of this study period for analysis as the date of onset of the last sequenced XBB

case, at study site level. To estimate XBB.1.5 VE against BA.2.86 VSL, we defined the start of the
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study period as the date of onset of the first BA.2.86 sequenced case and the end as the date of
onset of the last patient included at the time of the analysis. Since each study period was defined by
the duration of the identification of the VSL of interest by sequencing, there could be an overlap in
study periods and consequently, in each study site, some controls included in the models for XBB

might also be included for BA.2.86.

PP (standard VSL predominance period) approach

In the standard PP approach, we obtained XBB.1.5 VE against XBB and BA.2.86 VSLs by restricting the
analysis to the periods of XBB and BA.2.86 predominance, respectively. Two models were fitted to
the data restricted to each VSL predominance period to estimate each VSL VE. The definition of the
study periods for XBB and BA.2.85 predominance is described in detail in Supplementary Section S1.
Briefly, we used a threshold of 60% samples sequenced (using publicly available data from ERVISS
21]) to determine the weeks in each country during which each VSL was predominant (shown

visually in Figure 1 (a) and (b), and with start dates listed in Supplementary Table S3).

Figure 1. Demonstration of the study period definitions for the predominance period approaches: standard PP
VE against XBB VSL (a), standard PP VE against BA.2.86 (b) and novel model approaches: the VSL category (0 if
XBB and 1 if BA.2.86) model (c) and VSL proportion (prevalence of BA.2.86 VSL) model (d). VEBIS hospital
network, Europe

a) Standard PP for XBB VSLs b) Standard PP for BA.2.86 VSLs
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Standard PP: predominance period approach — standard technique using proxy for sequenced data; VCM:
novel VSL category model; VEBIS: Vaccine Effectiveness, Burden and Impact Studies; VPM: novel VSL
proportion model; VSL: variant/sublineage.
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Adapted PP VCM (predominance period with VSL categorical variable) approach

In the proposed adapted PP with VCM, we included in the model a binary “VSL variable” to
represent the most likely underlying VSL causing the infection (0 for XBB, 1 for BA.2.86 in this test
scenario), and the interaction term between the VSL and vaccination variables (Eq. 1).

w-1

5-1
log (—1 f p) =P+ Z p1,time; + Z B2jsite; + Bzsex + 2 Barager + Bschron
i=1 j=1 k=1

A-1
+ Bgvaccination + £, VSL + B3 VSL: vaccination (Eq.1)

In this test scenario, the VSL variable represents XBB and BA.2.86 when the weekly BA.2.86 VSL
proportion is <40% or >60%, respectively (Figure 1 (c)). W represents the number of weeks of the
study period, S, the number of sites and A the number of age groups, assuming time and age as
discrete variables (the best functional form of these variables based on the AIC might differ across

models).

Based on model Eq. 1 and for this test scenario, VE against the XBB VSL is calculated as
(1 — ORypp) X 100%, where the OR of vaccination against XBB (ORypp) is given by ePs. Similarly,
the VE against the BA.2.86 VSL can be calculated as (1 — ORp45.86) X 100%, where the OR of

vaccination against BA.2.86 (ORp4 2 g¢) is given by ePs*Fs,

To statistically compare the VE against each VSL, we can calculate the ratio of the ORs (ROR), ROR =

ORpazss \yhich is given by the exponential of the interaction term in the model (e?¢), and its p-

ORxBB

value. The ROR is a relative measure used to compare the OR from two groups, i.e., to assess if the
relationship between an exposure of interest and an outcome differs between two groups. If the
ROR = 1, then there are no differences in VE against XBB and BA.2.86 VSLs; if ROR > 1, the OR
against BA.2.86 is higher than the OR against XBB VSLs (so the VE against BA.2.86 is lower than
against XBB VSLs); and if ROR < 1, the VE against BA.2.86 is higher than against XBB VSLs.

It can be also proven that the OR of vaccination estimated by case—case modelling approaches [24],

0RBA.2.86)

when controls are the same, corresponds to the ratio of the OR between the two VSLs ( OR
XBB

(Supplementary Table S4).

For the models used to estimate VSL VE by TSV, deductions can be made in a similar way, noting that

now that the vaccination variable has more than two categories.
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Adapted PP VPM (VSL as a continuous variable) approach

In the proposed adapted PP with VPM approach, the VSL variable in Eq. 1 is represented as a
continuous numeric variable with values ranging from zero to one, depicting the population level
relative frequency of SARS-CoV-2 cases that belong to the VSL BA.2.86. This modelling approach
allows the estimation of the VSL-specific VE at any value of the BA.2.86 VSL proportion (Figure 1 (d)).
In Eq. 1, if we assume VSL as the proportion of cases classified as BA.2.86 VSL, the OR of being
vaccinated in cases vs controls can be written as a function of the BA.2.86 VSL proportion of interest

x, as presented below:

ORysy= = ePet*Fs
(Eq.2)
When x = 0, VE is being estimated during weeks when the prevalence of BA.2.86 is null, if all the
SARS-CoV-2 cases belonged to XBB VSL, ORyg;= o = ePs = ORypp. Likewise, when x = 1, VE is
being estimated during weeks when the proportion of BA.2.86 is 1, so ORyg;—- 1 = ePeths =

0RBA.2.86'

For both the VCM and VPM approaches, the BA.2.86 VSL proportion weekly time series at study level
was smoothed by fitting a logistic regression to the weekly proportion of BA.2.86 VSL extracted from
ERVISS (Supplementary Figure S1). If the study site weekly BA.2.86 proportion was missing, the
values were imputed using data from neighbouring countries (to overcome weeks with missing data

and/or with a low number of sequenced samples).

As a sensitivity analysis, to enable comparison of results from the VPM with the other approaches,
we estimated the OR when VSL = 0.3 for the VE against XBB and VSL = 0.7 for the VE against BA.2.86.

More specifically ORygg = €P6703Bs and ORp, 5 g¢ = ePs+07Ps,

Results

Within our “test scenario” period (September 2023—-April 2024), the start date for data included in
both SD and standard PP XBB analyses was 02 October 2023, while the BA.2.86 start dates were 09
October 2023 (for SD analyses) and 22 November 2023 (for standard PP analysis). End dates were in
December 2023 for XBB analyses (07 December for PP and 19 December for SD analyses) and in April
2024 for BA.2.86 (25 April for SD and 26 April for standard PP). For both VCM and VPM approaches,
the study period was from 02 October 2023 to 26 April 2024. The final study periods, number of SARI
patients included and number and sites included in the standard technique and novel model

analyses are shown in Table 2.
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Table 2. Final study periods, numbers of SARI patients and number and sites included in analyses using

standard techniques and proposed novel model techniques, VEBIS hospital study, Europe.

Method/ Study Study period Number of Number and Supplementary
model VSL period start end included SARI sites in figures®
patients analysis
Gold XBB 02 Oct 2023 19 Dec 2023 1011 Two (ES, HR) Figure S2
standard BA.2.86 09 Oct 2023 25 Apr 2024 3486 Five (BE, DE, Figure S3
b ES, IE, NA)
Standard XBB 02 Oct 2023 07 Dec 2023 491 Four (DE, ES, Figure S4
PP HR, NA)
BA.2.86 22 Nov 2023 26 Apr 2024 3981 Six (BE, DE, ES, Figure S5
IE, MT, NA)
VCM XBB and 02 Oct 2023 26 Apr 2024 4795 Seven (BE, DE, Figure S6
BA.2.86 ES, HR, IE, MT,
NA)
VPM XBB and 02 Oct 2023 26 Apr 2024 5215 Seven (BE, DE,  Figure S7
BA.2.86 ES, HR, IE, MT,
NA)

SARI: severe acute respiratory infection; BE: Belgium; DE: Germany; ES: Spain; HR: Croatia; IE: Ireland; MT:
Malta; NA: Navarre; PP: predominance period approach — standard technique using proxy for sequenced data;
SARI: severe acute respiratory infection; SD: sequenced data (gold standard technique); VCM: novel VSL
category model; VEBIS: Vaccine Effectiveness, Burden and Impact Studies; VPM: novel VSL proportion model;
VSL: variant/sublineage.

2 Figures in Supplementary material show the exclusion flowcharts for each technique and VSL, for each study
period.

Vaccine effectiveness results
Overall, in the first 14-59 days post vaccination, as there were no vaccinated cases in the SD analysis

for VE against XBB VSLs, we could only validate the models against the standard PP (Table 3).
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Table 3. Effectiveness of the monovalent XBB.1.5 COVID-19 vaccines against hospitalisation among individuals aged 265 years old?, by VSL (XBB or BA.2.86) and by time
since vaccination (TSV), using four modelling approaches: sequence data (SD), standard predominance period approach (PP), adapted predominance period with VSL

categorical variable approach (VCM) and with VSL proportion variable approach (VPM). VEBIS hospital network, Europe, 2023/24

VSL: XBB VSL: BA.2.86
Analysis/ Vaccinbation N cases: Median (IQR) days N cases: Median (IQR) days
model status®/TSV ’ from last dose to VE % 95% Cl ’ from last dose to VE%  95%Cl
N controls c N controls c
symptom onset symptom onset
Gold Unvaccinated 39;643 NA Ref NA 63;2637 NA Ref NA
Sta’;gard Overall: 14-59 days 0;329 NA NAf NA 18;768 41 (28-50) 34 -14-64
14-29 days 0;144 NA NA' NA 5;205 22 (17-26) NA" NA
30-59 days 0;185 NA NAf NA 13;563 46 (39-53) 39 -12-69
Standard Unvaccinated 122;332 NA Ref NA 294;2696 NA Ref NA
PP Overall: 14-59 days 3;34 19 (17-22) 678 1-92 96,895 45 (34-53) 42 25-56
14-29 days 1;31 18 (17-20) 888 43-99 18;152 23 (19-26) 38 -2-64
30-59 days 2:3 33 (32-34) NAS NA 78,743 47 (40-54) 43 25-57
VCM Unvaccinated 163;474 NA Ref NA 307;2753 NA Ref NA
Overall: 14-59 days 9;100 20 (17-25) 68 38-86 95,894 45 (34-53) 41 23-54
14-29 days 6:86 19 (17-22) 75 45-90 17;151 23 (19-26) 36 -8-62
30-59 days 3;14 34 (31-35) NA&h NA 78,743 47 (40-54) 4 23-56
vPMm* Unvaccinated 520;3420¢° NA Ref NA 520;3420¢° NA Ref NA
Overall: 14-59 days 118;1157¢ 41 (28-51) 71 50-83 118;1157¢ 41 (28-51) 48 35-59
14-29 days 29;315¢ 22 (18-26) 77 52-89 29;315¢ 22 (18-26) 43 13-63
30-59 days 89;842° 47 (39-54) 62 16-83 89;842¢ 47 (39-54) 46  30-59

Cl: confidence interval; IQR: Interquartile range SARI: severe acute respiratory infection; NA: not applicable; PP: predominant period (refers to analysis using proxy method
to determine predominant VSL ); SD: sequenced data (refers to analysis using results from sequencing); TSV: time since vaccination; VE: vaccine effectiveness; VCM: variant
category model (refers to analysis using PP with this model, see text for details); VPM: variant proportion model (refers to analysis using PP with this model, see text for
details); VEBIS: Vaccine Effectiveness, Burden and Impact Studies; VSL: variant/sublineage.
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@ Maximum age included in the analysis: 105 years old.

b Vaccinated: those who received a COVID-19 vaccine dose after the roll-out of the XBB.1.5 vaccine in each country. For Portugal and Ireland, vaccinated patients were
defined as those receiving at least their third COVID-19 dose after the roll-out of the XBB.1.5 vaccine or, if known, at least their second dose if the product of the primary
series vaccination was Jcovden. Dates of the 2023 autumn vaccination campaign and roll-out of the XBB.1.5 vaccine are in Supplementary Table S2; Unvaccinated: did not
receive a vaccine during the campaign, and were either never vaccinated for COVID-19, or received their last COVID-19 vaccination dose >180 days prior to the start of
the vaccination campaign in their country. For Portugal and Ireland, the unvaccinated were individuals with at least primary series vaccination, received during the 180
days prior to the start of the vaccination campaign in their country (only individuals previously vaccinated with at least primary series vaccination were eligible to receive
an XBB.1.5 booster dose).

¢ Median time since last COVID-19 vaccination dose in days and IQR among patients that have received at least one COVID-19 vaccine dose.
4 For the adapted PP with VPM, we estimated XBB.1.5 VE against XBB and BA.2.86 VSLs at BA.2.86 proportions 30% and 70%, respectively.

¢ The number of vaccinated and unvaccinated cases and controls is the same for the XBB and BA.2.86 VE estimates, and amounts to the total number of vaccinated and
unvaccinated cases and controls included in the model.

fNo vaccinated cases.
& Fewer than five vaccinated cases.
P Indication of small sample bias.

<20 vaccinated patients.
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The VE against XBB VSLs for this period was 68% (95%Cl: 38—86) using the VCM, 71% (95%Cl: 50-83)
with the VPM and, in validation, 67% (95%Cl: 1-92) using standard PP (Figure 2). Against BA.2.86
VSLs, VE was 41% (95%Cl: 23-54) using the VCM, 48% (95%Cl: 35-59) with the VPM and, for

validation, VE was 34% (95%Cl: -14-64) in the SD analysis and 42% (95%Cl: 25-56) using standard
PP.

Figure 2. Effectiveness of the monovalent XBB.1.5 COVID-19 vaccines against hospitalisation among individuals
aged 265 years old, by BA.2.86 VSL proportion and by time since vaccination, using the four approaches: the
gold standard sequencing data (gold standard SD), standard predominance period (standard PP), adapted
predominance period with VSL category model (PP VCM) and with the proportion model (PP VPM); VEBIS

hospital network, Europe

@ XBB standard PP ‘@ BA.2.86 standard PP @ BA.2.86 gold standard SD

XBB VCM BA.2.86 VCM == \VPM

Overall (14-59 days) 14-29 days 30-59 days

1001
| T

Vaccine effectiveness (%)
o

0 25 50 75 100 O 25 50 75 100 O 25 50 75 100
BA.2.86 variant proportion (%)

At 14-29 days post vaccination, due to small sample sizes, the VE using SD was not possible for
either VSL and the models could only be validated using standard PP. Against XBB VSL, VE was 75%
(95%Cl: 45 —90) using the VCM, and 77% (95%Cl: 52 —89) using the VPM, while the standard PP
validation VE was 88% (95%Cl: 43 —99). Against BA.2.86 VSL, VE was 36% (95%Cl: -8—62) for the
VCM, 43% (95%Cl: 13—63) using the VPM, and 38% (95%Cl: -2—64) in validation using standard PP.

At 30-59 days post vaccination, low sample size precluded any estimates using the VCM. The VE
against XBB VSLs was 62% (95%Cl: 16—83) using the VPM. Against BA.2.86 VSL, VE was 42% (95%Cl:
23-56) using the VCM, and 46% (95%Cl: 30-59) using the VPM. Validation using SD was 39% (95%Cl:
-12-69) and 43% (95%Cl: 25-57) using standard PP.
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The results from the proposed methods, and well as from the standard techniques, show a decline in

VE as BA.2.86 VSLs increased in circulation, overall and by TSV (Figure 2).

Comparison between VE against XBB and BA.2.86 VSLs

The ROR against BA.2.86 and XBB VSLs in the first 14-59 days post vaccination was 1.9 (95%Cl: 0.9—
4.3) and 1.8 (95%Cl: 1.1-2.9) using the VCM and the VPM, respectively (Table 4). At 14—29 days post
vaccination, the ROR against BA.2.86 vs XBB VSLs was 2.6 (95%Cl: 1.0-7.6) with the VCM and 2.4
(95%Cl: 1.2-5.0) with the VPM. At 30-59 days post vaccination, the ROR against BA.2.86 vs XBB VSLs

was 1.4 (95%Cl: 0.7-2.7) using the VPM (small sample size precluding results using the VCM).

Table 4. Comparison of the effectiveness® of the monovalent XBB.1.5 COVID-19 vaccines against XBB and
BA.2.86 VSLs among hospitalised SARI patients aged 265 years, by TSV, using the adapted predominance
period (PP) with VSL category model (VCM) and with VSL proportion model (VPM) approaches, VEBIS hospital
network, Europe

Analvysis ROR (OR Median Median
mozel TSV VSL OR 95%Cl VE (%) 95%Cl BA.286/ 95%Cl BA.2.86 TSV
OR XBB) (%)° (days)
_ BA2.86 06 05-08 41 23-54 83 45
O"erz'a"' 24‘59 1.9 0.9-4.3
Y XBB 03 0.1-06 68 38-86 34 20
BA286 06 0.4-1.1 36 -8-62 77 23
VCM 14-29 days 2.6 1.0-7.6
XBB 02 01-06 75 45-90 34 19
BA2.86 06 04-08 42 23-56 83 47
30-59 days NAcde NAcde
XBB  NAcde NAcde NAcde — NAcde 34 34
Overall BA2.86 05 04-07 48 35-59 70 45
14-59 days 1.8 1.1-2.9
XBB 0.3 02-05 71 50-83 30 21
BA2.86 06 04-09 43 13-63 70 22
VPM 14-29 days 2.4 1.2-5.0
XBB 02 01-05 77 52-89 30 20
BA2.86 05 04-07 46 30-59 70 47
30-59 days 14 0.7-2.7
XBB 04 0.2-08 62 16-83 30 32

Cl: confidence interval; OR: odds ratio; PP: predominance period; ROR: ratio of odds ratios; TSV: Time since
vaccination (at time of symptom onset); VE: vaccine effectiveness; VEBIS: Vaccine Effectiveness, Burden and
Impact Studies; VSL: variant/sublineage

2 The comparison of VE is measured by the ROR of vaccination between cases and controls against BA.2.86 and
XBB VSLs (ORg4.5.36/ORxEE)

b Median proportion (%) of the BA.2.86 VSL during the period of analysis in each model approach
¢ Fewer than five vaccinated cases.
4 Indication of small sample bias.

€ <20 vaccinated patients.
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The estimation of the ratio of ORs (ORg4 5 86/ ORxpg) with the BA.2.86 variant proportion shows an
increased risk of hospitalisation among those who were vaccinated and infected with BA.2.86 vs
those vaccinated and infected with XBB VSLs, being statistically significant overall (14-59 days) and

at 14-29 days post vaccination (Figure 3).
Figure 3. Comparison of the effectiveness® of the monovalent XBB.1.5 COVID-19 vaccines against XBB and

BA.2.86 VSLs among hospitalised SARI patients aged 65 years, by BA.2.86 VSLs using adapted PP with VPMP,
by TSV, VEBIS hospital network, Europe
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OR: odds ratio; PP: standard predominance period; TSV: time since vaccination; VE: vaccine effectiveness;
VEBIS: Vaccine Effectiveness, Burden and Impact Studies; VPM: VSL proportion model; VSL: variant/sublineage.

@ The comparison of the VE is measured by the ratio of the OR of vaccination between cases and controls
against BA.2.86 and XBB VSLs (ORg 4, 56/ORxgg), for the proportion of circulating BA.2.86 VSLs 260%. The
ratio of OR is then calculated as ORgy 2 86/ORxgg = OR,/OR,_p,, where p is the proportion of BA.2.86 VSLs.

b The VPM model is a logistic regression model having case/control status as the dependent variable and the
date of symptom onset, age, sex, presence of a chronic condition, vaccination status, VSL proportion and an
interaction term between vaccination and the VSL proportion as independent variables. The form used to
include date of symptom onset (linear, week, month, splines) and age (10-year age group, linear, splines) in
the model was selected as the model with the lowest AIC.

Discussion

We propose two different modelling approaches as an adaptation of the standard PP approach
(VCM and the VPM), that allow for the estimation of VSL-specific VE as well as for statistical
comparison of the VE against two different VSLs, when linked sequencing data are not available and
inferring lineage through PCR techniques is not possible. We compared the VSL-specific VE results

from our proposed models using the gold standard technique using linked SD and by using a proxy


https://doi.org/10.1101/2025.06.24.25330183
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.06.24.25330183; this version posted June 27, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

restricting the study period to periods of predominant circulation of the VSLs of interest (standard

PP). Both validation techniques are well-established methodological approaches [1,4-11].

Results from our proposed modelling approaches produced similar VE estimates up to 59 days post
vaccination (£7% absolute difference) to those produced using established methods, varying from
68% to 71% for VE against XBB VSLs and from 41% to 48% for VE against BA.2.86 VSLs, using the
VCM and with the VPM, respectively. Similar results from the different approaches were also found
using narrower TSV intervals. Our study results also suggest that VE was lower against BA.2.86 than
against XBB VSL hospitalisation, with estimates of the ROR of vaccination against BA.2.86 vs that

against XBB ranging between 1.8 and 1.9 for the two proposed modelling approaches.

Other European studies and two US studies have found similar VSL comparative VE results; all
suggested a lower VE against BA.2.86 than XBB VSLs [4,5,7,12], albeit with some differences in study
design and population. Results from case-only studies also suggest lower VE against BA.2.86 than
against XBB VSLs [17,18]. Huiberts et al. found vaccinated participants to have higher odds of
BA.2.86 vs XBB infection, of 1.5 (95%Cl: 0.8-2.6) [17], while Moustsen-Helms et al. estimated an OR
of 1.5 (1.3-1.9) for BA.2.86 vs a non-BA.2.86 variant and 1.6 (1.3—2.0) for JN.1 lineage vs a non-
BA.2.86 variant [18]. Estimates are slightly lower than ours; however, differences in study
population, TSV, study period and study design (these studies report VE against infection, not

hospitalisation) might all contribute to the differences found.

Both proposed models have many strengths: (1) they allow for the estimation of VE against each VSL
in the same model, increasing the sample size used and consequently the precision, compared with
the standard PP approach and VE using sequencing results (both of which use separate models for
each study period). (2) The VPM, in our study, was able to provide VE estimates when standard PP
and SD approaches were not able to do so due to low sample size. (3) The models also allow for a
statistical comparison of VE against different VSLs, providing an estimate of a relative measure (the
ratio of the OR of vaccination against two consecutively circulating VSLs), directly comparable with
the OR reported from case—case studies. (4) Neither proposed model requires the use of linked
sequencing and epidemiological data and the VPM does not require a threshold definition to
determine the predominant VSL, which can be a limitation of the other techniques. (5) Finally, the
VPM also allows the estimation of both indicators (VE and the ratio of the OR of vaccination against

different VSLs) in a continuous form, providing more information about the measures of interest.

The proposed models also have limitations: (1) although the proposed methodology aims to
overcome the lack of linked sequencing data to investigate VE differences against different VSLs, it

still relies on SARS-CoV-2 sequencing data from surveillance made publicly available by countries,
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using a proxy for the VSL causing the infection at an ecologic level, which can introduce bias and may
not be representative of the study population. (2) Using an external data source also requires having
adequate sample size for robust measures of the VSL proportions. (3) These models are only useful
with time-consecutive VSLs transitioning from predominance of one to the other. This method might
not therefore be transferable to other pathogens not experiencing such transitions. For example, in
seasonal influenza subclade VE estimation, subclades may be co-circulating rather than transitioning
from dominance of one to another, rendering this method unfeasible. However, it would be
interesting to test these models on VE against time-sequential transitioning seasonal influenza

(sub)types, which can occur. It would also be useful to test these models on VE in other settings.

As in all observational studies, limitations also include the potential residual confounding that can
remain even after adjustments (e.g. from vaccinated population differences over time). In addition,
despite stratification by TSV in narrow 30-day time bands, adjustments for time of symptom onset
and potential confounders, the inclusion of the underlying circulating VSL (included either as a
categorical variable or as a proportion), and the short study period, it is unclear if we can fully
disentangle the effect from TSV and the circulating VSL. This challenge is illustrated by the VPM
results. We observe that precision of VE as a function of the BA.2.86 proportion decreases when the
proportion of BA.2.86 increases at 14—29 days post-vaccination, and also decreases when the
proportion of BA.2.86 is lower, at 30-59 days post-vaccination. However, for the overall analysis, the
median TSV for the BA.2.86 VE estimate is higher than for the XBB estimate (45 vs 20-21 days),
which could explain the differences in VE, despite the short overall period post vaccination. Using
narrower TSV bands allows us to see a significant effect at 14-29 days, when median TSV is similar

for both VSL estimates (varying between 19 and 23 days).

Further limitations were that we were unable to include all 12 sites in the analysis, and that there
were different sites included in each of the validation approaches, which could lead to heterogeneity
and lack of comparability of the analysis. However, the same sites were included for both VCM and
VPM approaches, and results were similar between the proposed models and the standard
techniques. In addition, the controls included in each approach may differ. For the SD, PP and VCM
approaches, patient inclusion is performed by restricting patients over time, which means that some
cases and controls recruited for each method may be different. In the SD approach, there might be
some overlap of time and also of controls included for each of the XBB and BA.2.86 models. For both
the standard PP and VCM approaches, however, controls do not overlap between VSL models by
study site. while all cases and controls across both VSL periods are included in the VPM approach.
Further analysis is required to investigate the impact of these changes in included sites and/or

controls for each approach.
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Small sample size precluded some results. In particular, it was not possible to estimate VE against
XBB VSLs using SD due to no vaccinated cases, which would have been very relevant to validate our
VE estimates against XBB. However, results from other studies have reported similar estimates [4],
or report higher VE against XBB VSLs than against BA.2.86 (or JN.1) VSLs, despite differences in study
design [5].

In conclusion, our two proposed novel modelling approaches provided similar VE estimates with
generally improved precision compared with well-established methods. In particular, both VCM and
VPM had greater precision than when using SD in our study, as we had fewer linked samples. The
VPM was also able to provide VE estimates when both standard PP and SD techniques could not, due
to low sample size. Although the optimal estimates would ideally integrate sequencing with
epidemiological data, we anticipate that our novel modelling techniques will encourage other

researchers lacking extensive study-specific sequencing data to provide more robust VE estimates.
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