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Abstract

Background Immune responses to vaccination vary widely between individuals. The aim of this study was to identify
health-related variables potentially underlying the antibody responses to SARS-CoV-2 vaccination in older per-

sons. We recruited participants in the long-running Doetinchem Cohort Study (DCS) who underwent vaccination

as part of the national COVID-19 program, and measured antibody concentrations to SARS-CoV-2 Spike protein (S1)
and Nucleoprotein (N) at baseline (T0), and a month after both the first vaccination (T1), and the second vaccination
(T2). Associations between the antibody concentrations and demographic variables, including age, sex, socio-eco-
nomic status (SES), comorbidities (cardiovascular diseases and immune mediated diseases), various health parameters
(cardiometabolic markers, inflammation markers, kidney- and lung function) and a composite measure of frailty
(frailty index; ranging from 0 to 1) were tested using multivariate models.

Results We included 1457 persons aged 50 to 92 years old. Of these persons 1257 were infection naive after their
primary vaccination series. The majority (N=954) of these individuals were vaccinated with two doses of BNT162b2
(Pfizer) and their data were used for further analysis. A higher frailty index was associated with lower anti-S1 antibody
responses at T1 and T2 for both men (Ry; =-0.095, P, =0.05; Ry, =-0.11, P, =0.02) and women (Ry, =-0.24, P, <0.01;
Ry,=-0.15, P, <0.01). After correcting for age and sex the frailty index was also associated with the relative increase

in anti-S1 IgG concentrations between the two vaccinations (3=1.6, P<0.01). Within the construct of frailty, history

of a cardiac catheterization, diabetes, gastrointestinal disease, a cognitive speed in the lowest decile of the population
distribution, and impaired lung function were associated with lower antibody responses after both vaccinations.

Conclusions Components of frailty play a key role in the primary vaccination response to the BNT162b2 vaccine
within an ageing population. Older persons with various comorbidities have a lowered immune response after their
first vaccination, and while frail and sick older persons see a stronger increase after their second vaccination com-
pared to healthy people, they still have a lower antibody response after their second vaccination.
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Introduction

The COVID-19 pandemic was a global outbreak of dis-
ease caused by a novel coronavirus. The rapid develop-
ment and implementation of SARS-CoV-2 vaccination
programs helped reduce symptomatic COVID-19 and
protect against severe COVID-19 in the general popula-
tion [1, 2]. These programs included the use of two new
mRNA-based vaccines, one of which was the BNT162b2
(Pfizer) vaccine which required two injections to com-
plete the primary vaccination series.

With increasing age, physical functions decline. How-
ever, there is large heterogeneity in health at older ages
[3, 4]. This heterogeneity in health status also extends to
that in the immune system [5, 6]. The age-related decline
in function of the immune system, called immunosenes-
cence, affects and is affected by various autoimmune, car-
diovascular, neurodegenerative, and infectious diseases
as well as lifestyle and genetics [7]. In an earlier study,
we have seen that after the initial COVID-19 vaccina-
tions there is much heterogeneity in antibody responses
amongst older persons [8]. There is, however, a lack of
studies focusing on how general health influences the
immune responses to vaccination against SARS-CoV-2 in
the general population.

The response to SARS-CoV-2 vaccination itself has
been extensively researched in the general population
and in health care workers in various studies, but older
persons tend to be underrepresented in such studies [9].
Further research has been done in specific patient sub-
populations with diseases such as cancer, autoimmune
disorders, (kidney) transplantations, and with other spe-
cific comorbidities [10—14]. These studies tend to focus
on patients with diseases that affect the immune system
or require immune modulating medication, but do not
compare these groups directly to each other or to com-
munity dwelling (more healthy) older vaccinee’s from
the general population. It is well known that humoral
immune responses are lower in frail elderly. This applies
also to responses to vaccination, including anti-SARS-
CoV-2 vaccination [15]. However, while other studies
have characterized the immune response after vaccina-
tion in a healthy and frail older population they did not
investigate other potential determinants in addition to
frailty status, or what aspects within the construct of
frailty determined the vaccine response [16, 17]. Further-
more, the vast majority of frailty related research in this
field uses the less comprehensive clinical frailty scale and
not the frailty index.

In the current study we have used the long-running
Doetinchem Cohort Study (DCS) [18, 19], a unique
population based longitudinal cohort representative of
the Dutch general population, that includes individuals
now ranging from 50 to 92 years of age. In this cohort
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we aimed to study potential determinants of heteroge-
neity in antibody responses to the primary vaccination
series with BNT162b2 (Pfizer), using an extensive set of
characteristics of overall (physical and cognitive) health,
including various comorbidities and other manifestations
of frailty. By identifying which factors influence antibody
responses upon primary vaccination we aimed to con-
tribute towards the design of possibly more targeted vac-
cination strategies in the future.

Results

General characteristics

The baseline characteristics of our cohort, including all
variables used in this study are shown in Table 1. Three
thousand six hundred forty-seven individuals were con-
tacted of which 1678 were willing to participate. One
thousand five hundred sixteen persons provided written
consent forms and did not drop out of the study; of these
people, 149 individuals were infected with SARS-CoV-2
during the course of the study. One thousand four hun-
dred fifty-seven individuals had antibody concentrations
measured and were included in the study, 74.0% and
76.7% received the BNT162b2 vaccine for their first and
second vaccination which can be seen in the flow dia-
gram of Fig. 1. Included in the table is a summary meas-
ure of their frailty, the frailty index which ranges from
0 (non-frail) to 1 (maximum level of frailty). A more in-
depth description of the various comorbidities as well as
the different parameters that make up the frailty index
can be seen in Table S1. In addition, we have compared
the vaccination sub-cohort with the entire Doetinchem
Cohort Study and beyond the socio-economic status and
the fraction of people with multiple comorbidities the
vaccination study subgroup resembles the entire study
cohort as can be seen in Table S2.

BNT162b2 induced antibody responses during the primary
vaccination series

At all ages anti-S1 IgG concentrations showed an increase
after vaccination. However, at both timepoints higher age
was associated with a lower antibody response, as can be
seen in Fig. 2A (for ten-year age categories) and 2B (for
age in years). The variation in the log transformed anti-
body response also decreased upon the second vaccina-
tion compared to the first vaccination (IQRp; =1.46, IQR
ro=1.12). Although not analyzed further due to the low
number of participants, similar trends can be seen for
those vaccinated with AZD1222 (AstraZeneca) in Fig.
S1. In Fig. 3 the Pearson correlation coefficients between
the anti-S1 IgG concentrations and the frailty index can
be seen. Higher levels of frailty are correlated with a
lower anti-S1 antibody response at both timepoints. This
means that even though the anti-S1 IgG concentration
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Table 1 Prevalence and mean (SD) of sociodemographic, cardiometabolic, and comorbidity related variables in the study population

T1:N=853 T2: N=954 T1&T2: N=791
Sociodemographic
Women (%) 479 499 482
Age (years) (mean (SD)) 69.1(7.6) 69.3(7.8) 69.3(7.6)
Socio-Economic Status (%)
Low 32 34 33
Middle 34 34 33
High 34 32 34
Lifestyle
Current smokers (%) 6.7 6.5 7
Drinking alcohol (%) 71 69 70
Adherence to Dutch healthy exercise norm (NNGB) (%) 66 64 66
Cardiometabolic factors
Waist circumference (cm) (mean (SD)) 96.0 (11.9) 96.3 (12.0) 96.0 (12.0)
BMI (kg/m?) (mean (SD)) 264 (4.1) 266 (4.2) 264 (4.1)
Systolic blood pressure (mmHg) (mean (SD)) 133(17) 132(17) 133(17)
Total cholesterol (mmol/L) (mean (SD)) 53(1.0) 53(1.0) 53(1.0)
HDL cholesterol (mmol/L) (mean (SD)) 15(04) 15(04) 15(04)
Creatinine (mmol/L) (mean (SD)) 83.1(164) 82.7 (16.6) 83.0(16.5)
Glucose (mmol/L) (mean (SD)) 5.8(1.6) 58(1.6) 58(1.6)
GlycA (mmol/L) (mean (SD)) 09(0.1) 09(0.1) 09(0.1)
CRP (mmol/L) (mean (SD)) 20(4.2) 22(43) 2.1(43)

Comorbidity related variables
Frailty index (median (IQR))

FEV1 max (mean (SD)) 3.1
FVC max (mean (SD)) 42
FEV1/FVC ratio (mean (SD)) 0.7
eGFR (mean (SD)) 0.9
Having > =1 comorbidity (%) 62

0.07(0.03-0.11)

0.08 (0.03-0.11) 0.07(0.03-0.11)

3.0(0.8) 3.1(0.8)
0) 4.1 (1.0 4.2(1.1)
1) 0.7 (0.1) 0.7 (0.1)
.2) 09(0.2) 09(0.2)
60 61

increases upon the second vaccination there was still
a negative correlation between the frailty index and the
IgG response for both men (R;;=-0.095 P;;=0.05;
rr,=-0.11, pr,=0.02) and women (R, =-0.24, Pr; <0.01;
R;,=-0.15, P1,<0.01). This can also be observed for
women of age 80-89 at Tl (R=-0.42, P<0.05) and
women of age 60-69 at T1 and T2 (R, =-0.27, Py, <0.01;
Rpy=-0.22, P, <0.01).

Multivariate analysis of BNT162b2 induced antibody
responses corrected for age and sex

Multivariate analysis of antibody concentrations adjusted
for age and sex was performed for each other variable
separately while adjusting P values using the Benjamini-
Hochberg procedure. Waist circumference (p=-0.013),
BMI (B=-0.03), the frailty index (p=-2.3), HDL choles-
terol concentrations (f=0.29), kidney function based on
estimated glomerular filtration rate, eGFR, (p=-0.55),
lung function based on FEV1 (B=-0.17), a history of
balloon dilatation (B=-0.73) or cardiac catheterization

(B=-0.36), diabetes (p=-0.69), and lower back pain
(B=-0.39) were all (with the exception of HDL choles-
terol concentrations) negatively associated with the anti-
S1 IgG concentrations at T1 (Table S3).

Looking at changes in concentrations of anti-S1 IgG, at
T2, 1 month post second vaccination a history of myo-
cardial infarction (f=0.72), lower-back pain (f=-0.23),
difficulties with household activities (p=-0.29), and a
cognitive flexibility score in the lowest decile of the entire
study population distribution, also further referred to as
an impaired cognitive flexibility (p=-0.47), were associ-
ated with the anti-S1 IgG concentrations. Of these asso-
ciations only a history of myocardial infarction showed a
positive relationship with the antibody responses (Table
S3).

In contrast, when looking at log-fold changes in anti-S1
IgG concentrations between T1 and T2, these variables
showed associations in the opposite direction for the
log-fold change between the two timepoints compared
to their associations with the anti-S1 IgG response at T1
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Fig. 1 Flowchart of the study cohort. Participants were excluded in case of a missing signed informed consent, not sending samples (drop outs),
or a missing sample at a month post 2" vaccination (T2). For further data analysis, samples taken outside the time window around the predefined
timepoints post vaccination were excluded, participants already infected with SARS-CoV-2 before vaccination and participants missing data

on co-morbidities and other health parameters since round 6 of the Doetinchem cohort study were also excluded

or T2. Waist circumference (f=0.013), HDL cholesterol
(B=-0.22), blood glucose concentrations (f=0.046), the
frailty index (B =1.6), eGFR ($=0.58), diabetes ($ =0.73),
and BMI (f=0.034) all showed associations with the log-
fold change in antibody response that are in the opposite
direction compared to their associations with that at a
month after the vaccinations.

Multivariate regression of BNT162b2 induced antibody
responses

Using multivariate modelling, sex, age, and being physi-
cally active all correlated with the anti-S1 IgG concen-
trations upon both vaccinations, and/or the log-fold
change in IgG concentration between the two time-
points. At both T1 and T2, age correlated negatively with

the anti-S1 IgG concentrations as shown in Fig. 4 and
Table S4 (By;=-0.062 [-0.11, -0.018], P ,=-0.031 [-0.06,
-0.0023]). Both female sex and being physically active
correlated positively with the log fold change in anti-S1
IgG concentrations between T1 and T2 as can be seen in
Fig. 4 and Table S4 (Bgyue=0.6 [0.05, 1.2]; B,qjve=0.44
[0.0944, 0.79]).

Additionally, after stepwise regression analysis using
additional comorbidities and all individual components
of the frailty index, several statistically significant asso-
ciations with the antibody response were observed as
shown in Fig. 5 and Table S5. At T1, age (p=-0.045), a
history of cardiac catheterization (f=-1.9) and suffering
from any comorbidity (p=-0.66) were associated with
a lower anti-S1 IgG concentration. On the other hand,



Kuijpers et al. Immunity & Ageing (2023) 20:57

10° ©
g o
b
L] L] ‘
§10$
<
)
~ [
2 o I Age.group
c L]
[ ] L] -
ug)_m2 .« o E} : B 50-59
o S H Fed 60-69
L]
'§ s Fs 70-79
L]
= . 80 - 89
& o
10
— ) e O
8 .
% 3
° L]
L]
10° |--| ¢
o

t0 t1 t2
Timepoint

Page 5 of 11
‘ °

10°
E
E
@ 10°
Q
(2]
c . o
<] Timepoint
o 2
@ 10
I t1
-§‘ ")
el
£ 10
@
»
2.5 10° ¢ ? °

i o
o
107"
50 60 70 80 90
Age

Fig. 2 Distribution of the SARS-CoV-2 -S1 IgG antibody concentrations in binding antibody units per milliliter (BAU/ml) at TO (before vaccination),
T1 (1 month after first vaccination), and T2 (1 month after second vaccination) in persons above 50 years of age per ten year age group (A)
and matched antibody concentrations per individual at T1 (blue) and T2 (red) per age in years (B)

having hypertension or a history of various procedures
for cardiovascular diseases (p=1.7) were associated with
a higher anti-S1 IgG concentration as shown in Fig. 5. At
T2, age (B=-0.03), having an impaired cognitive speed
(B=-0.59), a gastrointestinal disease (f=-0.65), and
lower-back pain (fp=-0.41), were all associated with lower
anti-S1 IgG concentrations, whereas only BMI (3=0.31),
and osteoporosis (f=0.52) were associated with higher
anti-S1 IgG concentrations, as shown in Fig. 5. As for the
log fold change between these two timepoints we only
observed a statistically significant positive association
between the relative increase in anti-S1 IgG concentra-
tions and having an impaired cognitive speed, as can be
seen in Fig. 5.

Discussion

In this study we analyzed antibody responses to anti-
SARS-CoV-2 vaccination in older persons, aiming to
identify potential determinants of heterogeneity in vac-
cine responsiveness. While frailty as determined by a
composite of multiple comorbidities and other health
related variables seemingly had an important role in the
primary vaccination response to the BNT162b2 vaccine
within this ageing population the effect partially disap-
peared after correcting for age and sex. The reduced
antibody response at T1 and the increase between the
two vaccine doses were, however, significantly associated
with the frailty index.

After adjustment for age and sex, factors that were
associated with the antibody responses were physical
activity, waist circumference, BMI, HDL and glucose con-
centrations, kidney and lung function, diabetes, a history
of cardiovascular procedures, lower cognitive abilities,

and more physical impairments. We observed that per-
sons with a lower antibody response after their first vac-
cination also tended to have lower antibody responses
after their second vaccination. These persons however
had a higher relative increase in antibody concentrations
upon their second vaccination, resulting in a smaller IQR
of the antibody concentrations at T2 compared to T1.

Multivariate analysis showed several aspects of frailty
to play a role in explaining the heterogeneity in antibody
responses after the primary vaccination series against a
novel pathogen. Age, BMI, a history of cardiovascular
procedures, gastrointestinal disease, a reduced lung func-
tion, and impaired cognitive speed were all statistically
significantly associated with the antibody concentrations.

The associations of these factors separately have been
shown in other longitudinal cohort studies. Specifically,
that older age, male sex, diabetes, hypertension, and heart
disease are associated with a lower antibody response 1
month after vaccination with BNTT162b. This effect was
reduced 1 month after the second vaccination [20, 21].

Although these studies have provided evidence that
hypertension, amongst other cardiovascular diseases, is
a risk factor for a reduced antibody response after vac-
cination, treatment against hypertension has, in con-
trast, been linked to clinical benefits in COVID-19. These
benefits were supposedly related to improved antibody
production through positive effects on inflammatory
pathways and antigen presentation [22, 23]. Given the
fact that the older persons in this study were treated
against hypertension respectively for other cardiovascu-
lar diseases, the positive relation we see between hyper-
tension, or cardiovascular disease, and the antibody
response, could in fact be a treatment effect.
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Fig. 3 Correlations of anti-S1 IgG concentrations in binding antibody units per milliliter (BAU/ml) with a frailty index based on 36 deficits
using Pearson correlation at a month post first vaccination (T1), and a month post second vaccination (T2) for men and women across all ages

and per ten year age categories

The role of physical activity in relation to immu-
nosenescence has been studied by several researchers.
In particular, remaining physically active is thought
to positively affect immune function and reduce age-
related comorbidities [24]. This was consistent with our
findings that showed that being physically active was
positively associated with the log-fold change in anti-
S1 IgG response during the primary vaccination series
with BNT162b.

The findings that greater cognitive speed was posi-
tively associated with anti-S1 IgG has, to our knowl-
edge, not been reported in other studies. Studies on
cognitive impairment and COVID-19 have mostly
focused on either cognitive impairment as rare

symptom of long-COVID or as rare side-effect of vac-
cination against COVID-19, i.e. not as associate of
immune responses. Other studies that did focus on pre-
pandemic cognitive impairment in relation to vaccines,
have done so in the context of vaccination willingness
and not IgG response upon vaccination [25].

A strength of our study was that we could employ an
extensive data set on the study participants that had
been collected prior to the vaccination, and that we
could relate all these data to the antibody responses at
regular moments after vaccination in a large and aging
cohort. Furthermore, the fact that this data had been
collected for all DCS participants, allowed us to make
use of a frailty index that had been validated in this
greater cohort.
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Fig. 4 Multivariate associations and their respective 95% Cl's in case of statistical significance of sociodemographic and cardiometabolic variables
with the anti-S1 1gG concentrations at T1, T2, and the log fold change between these two timepoints after mMRNA BNT162b2 vaccination. Estimates

have been divided by 2*SD to rescale them. Significant associations are colored red
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Fig. 5 Multivariate associations and their respective 95% Cl's in case of statistical significance of comorbidities and frailty index parameters
with the anti-S1 IgG concentration at T1, T2, and the log fold change between these two timepoints. Estimates have been divided by 2*SD
to rescale them. Significant associations are colored red. If variables were not included in the stepwise regression model for T2 or the log-fold

change “NA's"are plotted instead
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Using an already existing cohort allowed us to create an
extensive dataset with information regarding comorbidi-
ties, lifestyle, sociodemographic factors, and other meas-
ures of frailty and chronic inflammation. To determine
the presence of certain diseases we used all available lon-
gitudinal data. This made it possible to identify potential
determinants of anti-S1 IgG responses, which would have
been less feasible with a newly formed cohort. Further-
more, it allowed us to evaluate markers such as the frailty
index and study if these markers are indicative of the vac-
cine induced anti-S1 IgG response.

However, there are also limitations. Not all partici-
pants responded in time to be included at TO or T1 and
as such we had fewer samples for T1, which is where we
expected to observe a larger heterogeneity in antibody
responses. Additionally, we aimed to use the most recent
data before vaccination for each participant separately,
meaning some participants had data for as recent as early
2021 whereas for other participants data were only avail-
able for not more recent than 2013. The fact that we did
not have the most recent data for all participants might
have introduced some bias. Since we were looking at
mostly chronic illnesses and conditions, we could expect
that some individuals developed a comorbidity between
their data collection and antibody measurement. Such
individuals would have been misclassified and be more
frail than acknowledged. Misclassification in the opposite
direction is unlikely: a comorbidity reported at an older
date would still be present when they had their antibody
measurements taken. Ideally cohort data would have col-
lected in such a manner that for all participants the most
recent data just before the start of the pandemic would
be available, but this was not feasible given the size and
the logistics of the Doetinchem Cohort Study. Lastly, we
also studied a relatively healthy population that was still
able to participate in a study such as this one, meaning
we did not capture the frailest individuals.

Conclusions
Various factors such as age, sex, specific components
of frailty, and comorbidities were associated with the
anti-S1 IgG antibody response after vaccination with
BNT162b2 in our ageing population. This implied a
reduced antibody concentration in older and frailer per-
sons, more specifically those with chronic comorbidities,
lower cognitive speed, and greater physical impairments.
Men as well as those who are physically inactive also
showed a reduced increase in anti-S1 IgG response
during their primary vaccination series. An increased
antibody response can be seen in those who have experi-
enced cardiac events in the past.

Among the older persons, those who were frailer and
less healthy had a lower antibody response after their
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first vaccination yet experienced a stronger increase in
their antibody response after their second vaccination
compared to less frail and healthier persons. However,
they still had a lower antibody response after their sec-
ond vaccination compared to these less frail and healthier
persons. This reduced response after completing their
primary vaccination series was however no longer signifi-
cant after adjusting for age and sex whereas the reduced
response after one dose and the increase between the two
timepoints remained significant.

This highlights the importance of studying the het-
erogeneous vaccine induced antibody responses in older
individuals within the general population. This allows for
the identification of potential risk groups with a weaker
response to the vaccinations, and potentially adjusting
their vaccination regimen. Furthermore, it enables the
identification of factors such as being physically active
which those with lower antibody responses can still affect
in order to to positively impact their antibody response.
Further studies are needed to assess the immunological
mechanisms behind these potential risk factors affecting
the vaccine responsiveness in older persons.

Methods

Cohort selection

We used the Doetinchem Cohort Study [18, 19], that
started in 1987 with a population-based sample of men
and women aged 20-59 years old who have been fol-
lowed up every 5 years. The study collects data on life-
style factors, biological measurements, physical and
cognitive functioning, social aspects, comorbidities, and
other background characteristics. From this cohort we
invited all 3647 remaining participants to take part in the
COVID-19 vaccination study. Participants were included
in the study if they planned to receive COVID-19 vacci-
nation or had completed the primary vaccination series
within the last 28 days, as a month post second vaccina-
tion was the primary endpoint of the study.

The numbers of participants in the study are depicted
in Fig. 1. In total 1457 DCS subjects were included in
the vaccination study. As the study commenced after the
start of the national vaccination campaign and vaccines
were rolled-out per age group from old to young accord-
ing to the national guidelines, some persons missed the
pre-vaccination (T0) or even the T1 sampling. Thus, the
number of individuals included in the study increased at
subsequent timepoints. The median interval between the
two vaccination doses was 35 days (interquartile range,
IQR: 35-35) and did not differ between ages. At pre-vac-
cination (T0), 916 of the participants had a baseline anti-
body measurement taken, had complete cohort data, and
were negative for COVID-19 infection. At 1 month after
the first vaccination (T1) this applied to 1118 individuals
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and at a month after the second vaccination (T2) to 1257
individuals. Prior to receiving a vaccination 8.3% tested
positive for COVID-19 and 1 month after completing the
primary vaccination series this was 8.2%.

For further analysis, persons who had not yet been
infected prior to vaccination or during our study (infec-
tion naive) were selected. One thousand twenty individu-
als were sampled at both T1 and T2. In these individuals
the fold increase in antibody concentration between the
two vaccinations was determined. Since the majority
(78% at T1 and T2) of the participants was vaccinated
with BNT162b2, the main analyses were done on this
group. Persons of 60—65 years of age have mainly been
vaccinated with AZD1222 (20% at T1 and T2). Therefore,
the antibody response across the different timepoints has
been evaluated in this subset of individuals.

Sample collection

Blood samples and questionnaires were taken prior to
COVID-19 vaccination (TO +7), 28 (-8+15) days after
the first vaccination (T1), and 28 (-15 + 24 days) after the
second vaccination (T2). The median interval between
the two vaccination doses was 35 days (interquartile
range, IQR: 35-35). Questionnaires covered demo-
graphic factors, COVID-19 vaccination information
(type and date of vaccination), and SARS-CoV-2 testing
information. Finger-prick blood samples were self-col-
lected in microtubes and returned by mail. Serum was
isolated from each sample by centrifugation and stored at
-20°C until sample processing.

SARS-CoV-2 IgG antibody response measurement
Immunoglobulin G (IgG) antibody concentrations
against Spike S1 and Nucleoprotein (N) were meas-
ured simultaneously using a bead-based assay as previ-
ously described [26]. IgG concentrations were calibrated
against the International Standard for human anti-SARS-
CoV-2 immunoglobulin (20/136 NIBSC standard) and
expressed as binding antibody units per milliliter (BAU/
ml) [27]. The threshold for seropositivity was set at 10.1
BAU/ml for Spike S1 [28] and 14.3 BAU/ml for Nucleo-
protein [29].

Measurement of variables

Participants had filled in questionnaires relating to qual-
ity of life and general health during each 5-year follow up
phase of the DCS (Round 1 — 7) prior to the vaccination
study. Further data was collected covering various topics
such as demographic and lifestyle factors, and comor-
bidities, both self-reported and confirmed by physicians.
Questionnaires were sent out via mail but participants
could rely on assistance from professional healthcare
workers in case they requested it. Questionnaires sent
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out prior to the vaccination study were also validated by
a professional healthcare worker and the participant dur-
ing the physical examination performed in each round of
the Doetinchem Cohort Study. In addition, the physical
examination included measurement of blood pressure,
lung function, a cognitive test battery, physical function-
ing, as well as taking a blood sample for measurement of
total- and HDL-cholesterol, and glucose. For CRP and
glycA which had been measured in stored blood samples
previously, the most recent measurements were used.

Frailty index calculation

Using the collected data a frailty index was calculated.
This frailty index is a measure consisting of 36 ‘deficits’
defined based on chronic conditions, cognitive, physical,
and psychological functioning as described before [30].
The 36 deficits were selected based on previous inclusion
in existing frailty indexes, a prevalence of greater than
one percent in the entire DCS cohort, and if there was
a known association with cognitive, physical, or psycho-
logical functioning. Health deficits were either dichoto-
mized or trichotomized with 0 indicating total absence,
0.5 indicating partial/mild presence, and 1 indicating
total presence of a given deficit. The sum of deficits was
then divided by the number of deficits included result-
ing in an index ranging from 0 (completely non-frail) to 1
(completely frail). This measure of frailty has been linked
to various inflammatory markers and clinically relevant
health related outcomes before within the DCS [31].

Statistical analysis

IgG concentrations were log-transformed prior to all
analyses resulting in approximately normally distributed
values. In all analyses the IgG response at T1, T2, and the
relative increase between these two timepoints were ana-
lyzed separately. All statistical analyses were performed
using R version 4.2.0. Statistical significance was defined
using a p-value not greater than 0.05.

To test whether frailty and age influenced both the
absolute and relative vaccine induced IgG response a
Pearson correlation analysis was performed. This was
done to determine which specific variables, used to
construct the frailty index, to include for further analy-
sis. Linear regression models correcting for age and sex
were constructed to highlight how the different frailty-
related parameters as well as other comorbidities were
associated with the IgG response independent of age and
sex. For the resulting P values of these linear models a
Benjamini-Hochberg correction was performed for the
adjusted P values.

A multivariable linear regression model was con-
structed including several preselected variables com-
monly associated with clinically relevant health



Kuijpers et al. Immunity & Ageing (2023) 20:57

outcomes. These variables included age, sex, socio-
economic status, physical activity, waist circumfer-
ence, smoking behavior, alcohol consumption, systolic
blood pressure, (HDL) cholesterol, creatinine, glucose,
glycA, and CRP concentrations, as well as kidney func-
tion, lung function, frailty index, and the number of
comorbidities.

Following this, a multivariate linear regression model
was constructed using all frailty-related parameters and
comorbidities. First, multiple stepwise regression was
performed on a subset of the samples without missing
data to select which variables would be included in the
regression model. This was done to identify which com-
bination of variables led to the most parsimonious model
that best explained the vaccine induced IgG. The vari-
ables selected out of these frailty-related parameters and
other comorbidities were used to create a multivariate
linear model using all samples available in order to esti-
mate the effects of each of these selected variables.
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