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Abstract

Background: Variation in suspected adverse drug reactions (SARs) linked to different batches of
COVID-19 vaccines has been reported in several countries, including the Czech Republic, Denmark,
Sweden, and the USA. However, SAR data from spontaneous reporting systems are subject to under-
reporting and other biases. To investigate the potential association between vaccine batches and
adverse reactions using an unequivocal endpoint, we examined the temporal relationship between
all-cause mortality (ACM) and COVID-19 vaccine type and batch up to three months after
vaccination. Methods: We analysed nationwide data from the Czech Republic on vaccine type and
batch, together with corresponding three-month ACM data. Cluster analysis was used to assess age-
and sex-specific differences in ACM within and across vaccine batches and types. We also
investigated the relationship between ACM and SAR rates for the same batches. Results: During a
21-month period (December 2020 to September 2022), vaccine batches clustered according to their
three-month age- and sex-adjusted ACM rates for the four products administered (Comirnaty,
Spikevax, Vaxzevria, and Jcovden). For Comirnaty, Spikevax, and Vaxzevria, a clear temporal pattern
was observed, with earlier batches showing significantly higher ACM rates. A strong correlation was
found between batches that clustered by ACM and those previously identified as clustering by SARs,
across all vaccine products except Jcovden. Conclusions: Data from the Czech Republic show a clear
association between administered COVID-19 vaccine batches and 3-month ACM rates for Comirnaty,
Spikevax, and Vaxzevria, with earlier batches linked to notably higher ACM. A strong correlation
between batch-associated ACM and SAR rates for Comirnaty and Spikevax supports the validity of
these batch-related safety signals and warrants further investigation using individual-level patient
data.

Keywords: COVID-19; vaccine; batch-associated; all-cause mortality; pharmacovigilance; suspected
adverse drug reactions

Introduction

In response to COVID-19, the rapid development and global deployment of vaccines that
express the prefusion conformation of the SARS-CoV-2 spike protein in the recipient [1] have been
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hailed as a pivotal intervention in the pandemic, substantially reducing severe disease and mortality
[1,2]. However, these vaccines based on new platforms, such as modified RNA (modRNA) and
adenoviral vector delivery, are associated with an unusually broad spectrum of adverse drug
reactions affecting multiple organ systems (3-6). Furthermore, a single study has suggested increased
all-cause mortality (ACM) in young people in the weeks following vaccination [7], albeit this finding
was not replicated in self-controlled case series studies [8,9].

Robust and timely pharmacovigilance is essential for the safety monitoring of any medical
product, particularly during a pandemic response. Post-marketing safety surveillance generally relies
on data from passive spontaneous adverse event reporting systems and on large-scale
epidemiological studies that monitor predefined outcomes [10]. COVID-19 vaccines are unusual in
that they are associated with a disproportionately large number of suspected adverse drug reaction
(SAR) case safety reports. According to the European Union’s pharmacovigilance database
EudraVigilance [11], COVID-19 vaccines accounted for 45% of all reports and 23% of all serious
reports concerning one or more important medical events over the three-year period from 2021 to
2023 [12]. Spontaneous reporting systems such as EudraVigilance should facilitate the rapid detection
of safety signals and are somewhat open to public scrutiny, but are inherently susceptible to under-
reporting and other reporting biases, as well as difficulties in establishing causality [13,14]. By
contrast, active surveillance can provide more complete and unbiased safety data. For example, using
active surveillance, a recent UK report found that one or more serious adverse events (defined as
death, disability, hospitalisation, or congenital defects) occurred in approximately 11% of individuals
after the first dose of a COVID-19 vaccine [15].

A relatively underexplored dimension of vaccine safety is the potential for heterogeneity across
individual production batches of the same product [16,17]. Under Good Manufacturing Practice,
batches must meet stringent quality specifications, as subtle variations in components, potency, or
purity can affect reactogenicity or safety profiles [18]. Disturbingly, analyses from several countries,
including Denmark [19], Sweden [20], the United States [21], and the Czech Republic [21], have
reported non-random, batch-associated patterns in SARs for COVID-19 vaccines, suggesting possible
batch-dependent heterogeneity. Whilst raising safety concerns, these findings are constrained by
limitations in SAR data from voluntary reporting systems.

To investigate this phenomenon using a more robust and definitive endpoint, we turned to
ACM, a hard endpoint that is comprehensively and reliably captured in national registries and less
susceptible to the ascertainment biases that affect spontaneous reporting. Therefore, this study aimed
to determine whether specific batches of COVID-19 vaccines administered in the Czech Republic
were associated with heterogeneous short-term ACM rates. Furthermore, we sought to correlate any
observed batch-related ACM pattern with previously reported batch-related adverse event patterns
to assess the concordance of signals from these orthogonal data sources.

Materials and Methods

Data Sources

Data on all citizens in the Czech Republic from 1 January 2020 to 13 March 2024 were obtained
via a freedom of information request (FOIR) to the Institute of Health Information and Statistics
(IHIS). Registry data were provided, including a line listing for each individual with variables for
sex, birth year, vaccination date, COVID-19 vaccine product, product manufacturer, batch label code
identification (ID), and date of death, if applicable (available only for the period up to and including
31 December 2022). Numbers of SARs per vaccine batch for all COVID-19 vaccine products and
numbers of doses per individual batch were obtained for the period up to 13 March 2023 via FOIR to
the Czech Republic State Institute for Drug Control (SUKL). Data for individuals with a missing or
incomplete batch ID were excluded. A flow chart of data sources and curation is shown in Figure 1.
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Adjust batch mortality rates for age and
sex distribution to match total
distribution in IHIS data

Peak adm. month = 09-2022
n = 143 (batches)
n=13,841,668 (doses)
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Figure 1. Data sources and curation. Flow chart showing data sources and the number (n) of persons, doses and
vaccine batches included or excluded at each processing step as described in Methods. Rhomboid = IHIS data
input. Rectangle = data processing step. Diamond = decision step where data was excluded, or subject to filtering,
as indicated. IHIS = Institute of Health Information and Statistics of the Czech Republic, SAR = Suspected adverse

reaction.

Data Curation

Comirnaty (Pfizer-BioNTech)

In total, 68 Comirnaty batches were administered during the study. However, batch FR8477 was
administered only twice and was omitted from the analysis. Furthermore, batch PCB0017 (1086
administrations), administered mainly to younger individuals (mean age 29.4 years) and a few
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elderly individuals, was associated with 1 death in each of the age groups 70-79, 80-89, and 90-99
years, leading to a disproportionately high age-standardised ACM rate. This batch was also excluded
from further analysis. A total of 66 batches remained for analysis, with a mean (standard deviation
[SD]; range) of 170,937 (178,412; 1,245-823,343) doses per batch (Table 1).

Table 1. Summary of vaccine batch data.

Batches Administered doses per batch Administered doses per batch

Product (n) (mean [SD]) (range)
Comirnaty 66 170,937 (178,412) 1,245-823,343
Spikevax 35 39,483 (26,085) 502-82,070
Vaxzevria 19 42,185 (38,840) 4,968-144,504
Jcovden 14 26,780 (35,242) 9,371-146,120
Spikevax (Moderna)

A total of 40 batches of mRNA-1273 (SPIKEVAX) were administered. Batches 000256A,
016G21A, 000162A, 000202A, and 000384A were administered only 42, 111, 144, 67, and 3 times,
respectively, and were not associated with any deaths. These batches were therefore excluded due to
their extremely limited utilisation. Thus, 35 batches were included for further analysis, with a mean
(SD; range) of 39,483 (26,085; 502-82,070) doses per batch (Table 1).

Vaxzevria (Astra Zeneca)

A total of 20 batches of ChAdOx1 nCoV-19 (Vaxzevria) were administered. All batches showed
a peak in administration between February and July Batch ABY4055 peaked in October 2021 and was
excluded because only 10 doses were administered and no deaths occurred among these individuals,
leaving 19 batches for further analysis with a mean (SD; range) of 42,185 (38,840; 4,968-144,504) doses
per batch (Table 1).

Jcovden (Jansen)

In total, 15 batches of Ad26.COV2.S (Jcovden) were administered. Batch ACA4541 was
administered only once and was therefore excluded, leaving 14 batches for further analysis, with a
mean (SD; range) of 26,780 (35,242; 9,371-146,120) doses per batch (Table 1).

Statistical Analyses

The age- and sex-standardised ACM (deaths per 100,000 administered doses) within three
months post-vaccination, hereafter termed the 'ACM rate’, was calculated using the method specified
by the Danish Health Data Authority via direct standardisation [26]. Deaths and administered doses
were aggregated by 10-year age groups and sex, with doses calculated per month. Only batches with
maximum monthly usage during the vaccination period (27 December 2020 to 31 September 2022)
were selected for further analysis to ensure mortality data were available for the subsequent three-
month follow-up. Accordingly, ACM was calculated for each batch over a three-month window from
the date of the last vaccination, using available mortality data (1 January 2020 to 31 December 2022).
To compare ACM across non-homogeneous groups, we standardised ACM for sex and age (22-25).

To assess heterogeneity in the data, we performed hierarchical cluster analysis (HCA) with
between-groups linkage and squared Euclidean distance on 3-month ACM rates to determine the
optimal number of clusters. This was followed by non-hierarchical cluster analysis (N-HCA) to
generate final cluster segments. A generalised linear model (GLM) was then used to test for
significant separation between clusters.

The statistical significance of deviations in batch-specific ACM rates from the overall mean was
assessed using a Z-test, which assumes normality and is appropriate for rates not approaching zero.
For rates near zero, testing was performed using the Poisson distribution.
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The correlation between ACM and SAR rates was assessed and quantified using linear
regression with recursive outlier removal beyond three SDs. The number of batches removed per
vaccine product was as follows: Comirnaty: 3, Spikevax: 4, Vaxzevria: 0, Jcovden: Because SAR data
were not adjusted for age and sex, correlation analyses were conducted using crude ACM rates, and
the Pearson correlation coefficient (R) between SAR rates and ACM rates was calculated. (R is
reported rather than R? because it allows direct comparison of correlation strength across different
vaccine products). All analyses were performed in IBM SPSS Statistics (Version 26) [22]. Charts and
figures were produced in Microsoft Excel.

Ethical Statement

The study relied solely on anonymised secondary data and was therefore exempt from research
ethics board review.

Results
Vaccine Batch ACM rates: Cluster Analyses

Comirnaty

For Comirnaty, ACM rates (deaths per 100,000 administered doses) varied markedly across
batches (mean 260.4, SD 236.7, range 0-1124.4; Table 1). Initial HCA identified 3-5 distinct clusters,
along with several individual batches that did not cluster. A final N-HCA model with 3 clusters was
selected (Figure 2A), as it was the simplest option that achieved significant separation between
clusters using GLM (p <0.0001) and effectively captured the sample's heterogeneity. Batches in the
blue cluster (n=8) accounted for 4.6% of all doses and were linked to 11.3% of all deaths (R? 0.99, 3
0.00898, 95% confidence interval [CI] 0.00799-0.00996). Batches in the green cluster (n=38) comprised
the majority (80.3%) of doses and the majority (79.6%) of deaths (R2? 0.99, 3 0.00353, 95% CI 0.00340—
0.00367), while batches in the yellow cluster (n=20) accounted for 15.1% of doses and were associated
with 9.1% of deaths (R 0.98, 3 0.00238, 95% CI 0.00222-0.00255).

We previously reported a temporal association between SAR rates and clusters of vaccine
batches (20, 23, 24). Accordingly, we plotted individual batch IDs against their respective ACM rates,
using the month of peak administration, and observed a temporal pattern in which ACM rates and
clustered batches aligned, though without an obvious seasonal trend (Figure 2B). Batches in the blue
cluster were administered early in the vaccination campaign, followed by most batches in the green
cluster, and later by batches in the yellow cluster, with some overlap between the green and yellow
clusters during the later study period. Additionally, all batches except one in the blue cluster showed
a significant positive deviation from the overall mean ACM rate of 954.3 (SD 101.1; p <0.0364; Table
S1). Notably, several batches in the yellow cluster showed a significant negative deviation from the
mean mortality rate, including EX8680 (0.0; p <0.001; Table S1), FN4071, FN4072, and FN6988 (0.1462;
p <0.001; Table S1).
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Figure 2. Cluster analysis of batch-related age- and sex adjusted three-month all-cause mortality. A, C, E, and
G: Scatter plots showing vaccine batches plotted against the number of administered doses (x-axis) versus the
number of age- and sex-adjusted deaths (y-axis). Each point represents a single vaccine batch. Trendlines are
linear regression lines. A (Comirnaty); Blue: R20.99, 0.00898, 95% confidence interval [CI] 0.00799-0.Green:
R20.99, 0.00353, 95% CI 0.00340-0.Yellow: R20.98, {30.00238, 95% CI 0.00222-0.C (Spikevax); Blue: R20.97,
[ 0.01406, 95% CI -0.01361-0.Green: R?0.98, 3 0.00431, 95% CI 0.00401-0.Yellow: R20.99, 0.00271, 95% CI
0.00256-0.E (Vaxzevria); Blue: R?1, 30.01072 (95% CI not applicable). Green: R?0.99, 3 0.00575, 95% CI 0.00340—
0.Yellow: R20.99, {30.00457, 95% CI 0.00420-0.G (Jcovden); Blue: R20.999, 3 0.0055, 95% CI -0.00537-0.Green:
R20.985, 30.00383, 95% CI 0.00330-0.B, D, F, and H: Column charts displaying the sex-standardized all cause
mortality rates (deaths per 100,000 administered doses for each vaccine batch by the month of peak

administration), matched with the corresponding color coding for clusters in panels A, C, E, and G, respectively.
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Spikevax

For Spikevax, the ACM rate also varied considerably (mean 419.9, SD 402.3, range 0-2385.1; Table
1). Initial HCA identified one large cluster (33 batches) and one small cluster (2 batches). Non-N-HCA
resulted in four clusters, but two of these contained a single batch each, which were then combined
into one cluster (Figure 2C, blue cluster) containing 2 batches for optimal separation. The remaining
batches were distributed between two additional clusters with 22 (green cluster) and 11 (yellow
cluster) batches, respectively. The separations between the three resulting clusters (Figure 2C) were
highly significant when tested using GLM (p <0.0001 for all). Batches in the blue cluster (n=2)
accounted for 2.0% of all doses and were associated with 7.5% of all deaths in the 3-month period
after vaccination (R20.97, (3 0.01406 (95% CI -0.01361-0.04173)). Batches in the green cluster (n=18)
comprised 70.7% of doses and 74.7% of deaths (R20.98, 0.00431, 95% CI 0.00401-0.00462), while
batches in the yellow cluster (n=15) represented 27.4% of doses and were linked to 17.8% of deaths
(R20.99, 30.00271, 95% CI 0.00256-0.00286).

As observed with Comirnaty, batches of Spikevax that clustered together also showed a
temporal pattern, with a clear separation between batches in the blue and green clusters and some
overlap between batches in the green and yellow clusters (Figure 2D). A significant positive deviation
from the overall mean ACM rate was observed for the two batches in the blue cluster (mean 1971.6,
SD 726.3, p <0.0099; Table S1), followed by a decline in ACM rates over time in subsequent batches.

Vaxzevria

For Vaxzevria, the ACM rate varied significantly (mean 538.1, SD 161.3, range 324.6-1072.2; Table
1). HCA produced either 2 or 3 clusters, whereas subsequent non-HCA yielded 3 clusters, each with
significant separation (GLM; p <0.0001). Similar to Comirnaty and Spikevax, Vaxzevria ACM rates
also showed a comparable temporal pattern with vaccine batches, with batches separated in the blue
(n=1) and green (n=9) clusters, and overlap between the green and yellow (n=9) clusters (Figure 2E).
A significant positive deviation from the mean overall ACM rate was observed for the single batch
in the blue cluster (batch ID ABV2856; mean 1072.2, p <0.0023; Table S1).

Batches in the blue cluster (n=1) accounted for 2.3% of all doses and were associated with 4.7%
of all deaths (R21, 3 0.01072, 95% CI not applicable). Batches in the green cluster (n=9) made up 42.5%
of doses and were linked to 48.3% of deaths (R20.99, 3=0.00575, 95% CI 0.00340-0.00613), while
batches in the yellow cluster (n=9) accounted for 55.3% of doses and were linked to 47.0% of deaths
(R20.99, 0.00457, 95% CI 0.00420-0.00494).

JCovden

For Jcovden, the ACM rate also varied significantly (mean 496.0, SD 118.0; range 304.4-756.3;
Table 1). HCA resulted in 2-3 clusters, whereas non-HCA yielded 2 clusters with significant
separation (p <0.0001). In contrast to Comirnaty, Spikevax, and Vaxzevria, Jcovden batches within
the same cluster did not show a clear temporal relationship with ACM rates (Figure 2F). A single
batch from the blue cluster (batch ID 21C17-05) showed a significant positive deviation from the mean
ACM rate (mean 765.3, p <0.0113).

Batches in the blue cluster (n=8) accounted for 75.0% of all doses and were associated with 81.2%
of deaths (R20.999, 30.0055, 95% CI -0.00537-0.00564). Batches in the green cluster (n=6) accounted
for 25.0% of doses and 18.8% of related deaths (R20.985, (30.00383, 95% CI 0.003295-0.004373). No
temporal relationship was observed between ACM rates and the batch clusters.

Relationship Between ACM and SARs

To examine the relationship between ACM and SAR rates, we used previously published data
from the Czech Republic [24] to calculate crude SAR rates (as available data did not allow age and
sex adjustment) and compared them with the crude ACM rates for the corresponding batches (Table
S1). After removing outliers (EL1484, EJ6796, and EX8680 for Comirnaty and 300493, 300496, and
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3001531 for Spikevax; Fig. 3A and B, respectively) that deviated substantially, a strong correlation
was observed between ACM and SAR rates for Comirnaty (R 0.82; Figure 3A), Spikevax (R 0.69;
Figure 3B), and Vaxzevria (R 0.82; Figure 3C), whereas no notable correlation was observed for
Jecovden (R 0.27; Figure 3D). Comparable results were observed in a sensitivity analysis using age-
and sex-adjusted ACM rates (not shown).
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Figure 3. Correlation between batch-related 3-month all-cause mortality (ACM) and suspected adverse
reactions (SARs). Scatter plots showing the relationship between 3-month ACM and SAR report data for (A)
Comirnaty, (B) Spikevax, (C) Vaxzevria, and (D) Jcovden. Each point represents a single vaccine batch, colour-
coded as in Figure Dashed trendlines are linear regression lines. The coefficient of determination (R?) is shown

in the bottom right of each plot.

Discussion

In the current nationwide study of the Czech Republic, we identified COVID-19 vaccine batches
with significantly higher or lower age- and sex-adjusted ACM rates than other batches of the same
product. This relationship demonstrated a clear temporal trend and, for three of the four products
studied (Comirnaty, Spikevax, and Vaxzevria), but not for Jcovden, notably higher ACM rates were
associated with batches administered early in the vaccination campaign. Similarly, strong
correlations with SAR rates were found for these three products.

Remarkable platform-dependent differences in the safety profiles of COVID-19 vaccines have
been reported [25]. Whilst our findings do not establish causality at the individual level between
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COVID-19 vaccine administration and ACM, they highlight important questions for the safety
monitoring of COVID-19 vaccines, especially those using the modRNA platform. Our observation of
higher ACM rates in earlier batches is consistent with a recent UK report of higher rates of serious
adverse events, including deaths, early in the vaccination campaign [15]. Indeed, the strong
correlation observed in our study between batch-associated ACM and SARs, which has not been
previously reported for COVID-19 vaccines, supports the view that this finding represents a genuine
safety signal rather than residual confounding. SAR reports come from a spontaneous reporting
system, which is susceptible to under-reporting and other biases, whereas ACM is a definitive
endpoint derived from reliable national mortality records. Accordingly, the convergence of signals
from these separate sources greatly strengthens the evidence for a non-random phenomenon.

The results of this study support earlier preliminary reports of batch-dependent SAR patterns in
the Czech Republic [24], Denmark [19,20], Sweden [20], and the United States [21]. They differ from
subsequent findings of Hviid et al., who reported no meaningful difference in 28-day ACM and
hospitalisations for potential adverse events across Danish vaccine batches [26]. However,
methodological limitations of that study may have diluted a potential ACM-associated signal, and
the uncertain relationship between SARs, short-term hospitalisations, and long-term prognostic
consequences preclude definitive conclusions [27]. Moreover, population-based self-controlled case
series have suggested that ACM was not significantly increased up to 3 months after COVID-19
vaccination [8,9]. However, these studies did not examine the potential batch-dependency of ACM,
and it is possible that, in such summary data, signals from batches with increased ACM rates were
significantly diluted by those with lower ACM rates.

As discussed above, our data confirmed not only a temporal decline in batch-associated ACM
but also a correlation between ACM and SAR rates within the Czech population. Indeed, the strong
correlations observed between ACM and SAR rates, not least for the two modRINA vaccine batches,
reinforce the possibility of significant batch-to-batch product differences. Potential contributory
causal factors may include variation in modRNA integrity [28,29], dynamics of Spike protein
expression [30,31], residual DNA [32] or endotoxin [33], and the reformulation of the buffer
component (from PBS to Tris) of the Comirnaty drug product [34].

The main strength of this study is the analysis of a comprehensive population-level ACM dataset
that complements accompanying SAR data. Key limitations must be acknowledged. First, although
we adjusted for age and sex, population-level data cannot account for all individual-level
confounders, such as specific comorbidities, and may not fully capture underlying health
vulnerabilities (and temporal shifts herein) in the vaccinated population. Second, we assessed ACM
rates only within three months of vaccination, and potential batch-dependent effects on longer-term
ACM remain to be determined. Lastly, while ACM exhibits seasonal trends, we did not observe a
pattern linking batch-related ACM to seasonality, indicating that seasonality was not a primary factor
in our results. It is also important to note that potential COVID-19 vaccine-induced mortality is likely
only a small part of total ACM. However, in view of global COVID-19 vaccination implementation,
even minor, systematic differences in ACM rates across batches deserve careful examination as
possible safety signals.

Conclusion

COVID-19 vaccine batches administered in the Czech Republic were associated with
significantly different age- and sex-adjusted 3-month ACM rates. For Comirnaty, Spikevax, and
Vaxzevria, earlier batches were linked to higher ACM rates. A correlation was also observed between
ACM and SAR rates for these batches, strengthening the evidence for a batch-dependent safety signal.
These results warrant further investigation through detailed medical record reviews, analysis of
pathological specimens where available, and quality-control re-evaluation of retained COVID-19
batch samples.
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