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a b s t r a c t
Variable responses to vaccination are of historical and current concern, particularly among vulnerable
groups. Biochemical and behavioural methods of improving vaccination response have been examined.
There is some evidence that vaccinating in the morning could enhance vaccine responses, however, this
has consistently been shown in thymus-dependent vaccinations, such as influenza. The present analysis
of data from two observational studies of the association between psychosocial factors and vaccination
response. These data included response to a thymus-independent vaccination - pneumococcal polysaccharide vaccine, examined morning versus afternoon vaccine administration in 75 healthy young adults
and 61 parents, including 32 caregivers of a child with a development disability and 29 control parents. In
both datasets, timing of vaccination was not related to antibody response. This suggests that effects of
time of day may be limited to thymus-dependent vaccinations although replication in a large randomised
controlled trial using other thymus-dependent vaccinations is required.
Ó 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Vaccination is a key strategy for preventing or reducing illness
and mortality from infectious diseases and has regained attention
in recent months due to the Covid19 pandemic. However, it is commonly understood that some vulnerable groups such as older people and stressed individuals, such as caregivers or those reporting
experiencing stressful events or high perceived stress, [1] may
have altered antibody responses possibly resulting in weaker disease protection. Consequently, substantial effort has gone into
researching chemical adjuvants to improve vaccine response but
with limited impact and some undesirable side effects [2,3].
Behavioural adjuvants i.e., circumstances surrounding vaccine
administration, such as acute stress or exercise [4] and time of
day have also received attention. Early small-scale studies showed
mixed evidence as to whether morning or afternoon vaccination
related to higher antibody responses [5-7]. It has been suggested
that manipulating diurnal rhythms within the immune system
would be a simple way to improve disease protection [8] so time
of day has been revisited in existing datasets developed to examine
the impact of psychosocial factors on vaccine response. First, this
involved pseudo-randomisation to morning or early evening vacci⇑ Corresponding author at: Faculty of Health Sciences & Sport, University of
Stirling, Scotland FK4 1UG UK.
E-mail address: A.C.Whittaker@stir.ac.uk (A.C. Whittaker).

nation in university students, where men vaccinated in the morning mounted a greater antibody response at 4-weeks postvaccination to the hepatitis A vaccine. Second, male older adults
non-randomised to morning or afternoon vaccination times similarly showed a better antibody response 4-weeks postvaccination to the A/Panama influenza strain than men vaccinated
in the afternoon/evening [9]. These non-randomised analyses
prompted a larger scale randomised controlled trial (RCT) of the
impact of time of day of vaccination in older adults receiving the
annual influenza vaccination [10]. In this cluster-randomised trial
of 276 older adults, standard annual influenza vaccinations were
administered either between 9 and 11 am or 3 and 5 pm to fit in
with regular UK General Practice availability and pragmatism for
older people to attend; medical practices were the clusters randomised to either morning or afternoon vaccination. Blood samples were taken at baseline and one-month post-vaccination and
revealed that participants vaccinated in the morning showed marginally significant evidence of a better response to morning vaccination to the H1N1 strains and a trend in the same direction for the
B strains of the annual vaccination but no significant effect for the
H3N2 strains [10]. However, this study was underpowered due to
recruitment issues, and effect sizes suggest that a larger study
might yield more conclusive results. The Covid-19 pandemic has
provided an opportunity to examine the question of vaccine timing
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mean = 5 and SD = 0.72 days) then at four- and 18-weeks. In study
2, participants were either parents who were caregivers of child
(ren) with a developmental disability or control group parents of
a typically developing child(ren); caregiving/control status was
assessed at the point of recruitment. Caregivers were recruited
via invitation letters distributed by their respective developmental
disability Associations, advertising in syndrome newsletters, and
by direct contact with family support groups, whereas control parents were recruited via local schools, media campaigns and newspaper advertisements. They attended the laboratory in the
morning (n = 32) or afternoon (n = 29) as available, as time of vaccination was not part of the initial investigation. At baseline, parents provided a blood sample, completed psychometric
questionnaires on perceived stress, social support, caregiver burden and child problem behaviour alongside socio-demographics
and health behaviours (full details in [16]) and then were vaccinated with the same pneumococcal vaccine. They returned one
month later (mean lag = 31, SD = 4, days) and six months later
(mean lag = 183, SD = 5, days) to provide samples for antibody
measurement.

again more recently, and evidence of a stronger antibody response
to morning versus afternoon vaccination has been found in one
study [11] but in a large, randomised trial with a broad age range
(16-74yrs) those vaccinated later in the afternoon showed higher
anti-Spike antibody responses [12]. Finally, a further large crosssectional non-randomised study of young adults observed no effect
of vaccine timing on anti-Spike protein antibodies [13]. Taken
together, these studies provide mixed evidence for favouring
morning or afternoon vaccination which may reflect differences
in type of vaccine, immune status of the participants involved
[12] or antigen load in the vaccine and after which dose sampling
took place [13]; definitive results would inform a simple strategy
to adopt in practice.
These time of day effects have only been demonstrated for
thymus-dependent vaccinations that involve T-cell help in the
recognition of protein antigens and formation of antibodies and
have not been examined in a range of vaccines. The present analyses revisit datasets from two previous longitudinal observational
studies conducted at the University of Birmingham School of Sport
and Exercise Sciences which included a thymus-independent
polysaccharide pneumococcal vaccine, to examine morning versus
afternoon vaccination on antibody response. This study tested the
null hypothesis that there would be no effect of vaccination timing
on antibody response.

1.3. Sample preparation and immunological assays
Venous blood specimens were collected from an ante-cubital
vein into two 7-ml plain tubes (BD Vacutainer, Meylan Cedex) to
assess antibody titres. Samples were allowed to clot at room temperature for 1 h and centrifuged at 3500 rpm for 5 min. The separated serum was frozen at
20 °C until assayed. Luminex
technology was used to assess seven pneumococcal (Pn) IgG antibody serotypes (types 1, 3, 6, 9, 14, 19 and 23) contained in the
pneumococcal vaccine. We selected to assess these specific Pn serotypes based on clinical observations linking these common serotypes to invasive disease in Europe [20,21], thus these would
seem to be the most important to focus on. Further details of this
assay are described elsewhere [22,23]. Serum samples were
diluted 1:400 in diluent buffer that additionally contained 5lg/
ml purified pneumococcal serotype 22F in accordance with the

1. Method
1.1. Participants
For study 1 [14,15], participants were 75 (41 women) students
(mean age: 22.9 (SD = 3.89) years; 89% white). Participants were
excluded if they had received the pneumococcal vaccination previously, were suffering from medical conditions that could affect
antibody response e.g., current cancer, glandular fever, acute infection, were pregnant or taking prescribed medication excluding
contraceptives. For study 2 [16,17], data were available for 61 parents (43 women, aged 41.4 (SD = 5.31) years; 91% white) of children aged 3–18 years including 32 parents caring for children
with developmental disabilities and 29 control parents of a typically developing child. The studies were approved by the local
Research Ethics Committee.

WHO protocol for ELISA detection of Pn antibody (http://www.vaccine.uab.edu/#), were run in duplicate, and read on a Luminex 100
machine (Luminex Corp, TX, USA). Acquisition software (BioPlex
Software Manager (version 4, BioRads, Labs, CA, USA) was used
to generate serotype antibody concentrations from a 5-parameter
logistic curve fit. Serum Pn IgM and IgG levels are reported in
lg/L.

1.2. Procedures
Both studies were longitudinal observational studies investigating the association between psychosocial factors (measured using
psychometric questionnaires) and antibody response to different
types of vaccination in order to examine which aspects of the
immune response are influenced by psychological/behavioural factors. At baseline, participants provided a blood sample before vaccination to determine antibody status. In study 1, participants were
recruited from the undergraduate population at the University of
Birmingham and were offered course credits for participation. They
were individually randomly allocated to either a morning (10am to
12 pm; n = 39) or early evening (4 pm to 6 pm; n = 36) vaccination
session; although given academic timetabling practicalities, about
30% of participants could only attend a specific session. At baseline,
they also completed psychometric questionnaires regarding life
events stress (Life Events Scale for Students [18]) and social support (Medical Outcomes Study Social Support Survey [19]) alongside standardised questionnaires on socio-demographics and
health behaviours (for full details see [14,15]), and were vaccinated
with the 23-valent polysaccharide pneumococcal vaccine (Pneumovax II; Sanofi Pasteur MSD) and returned to provide a further
blood sample for antibody analysis five days later (range 3–7 days;

1.4. Data analysis
Antibody titres were log10 transformed due to their nonnormal distribution and skew. Chi-square and ANOVA were used
to examine whether any socio-demographics were associated with
timing of vaccination, to include these as confounding variables.
Repeated-measures ANOVAs were applied to log antibody titres
at each time point (baseline, follow-up). Morning/afternoon vaccination was entered as a fixed factor. Given that previous analyses
showed interactions of sex with time of day [9], models were
repeated as ANCOVAs with sex added. Further, given the influence
of social support score in study 1 [14,15] and caregiver status in
study 2 [16], ANCOVAs were rerun with social support total score,
or caregiver group entered as a covariate, respectively. Analyses
were Greenhouse-Geisser corrected due to the violation of sphericity with the repeated-measures ANOVA. Finally, whether participants mounted a two-fold increase in antibody titre overall to all
serotypes from baseline was assessed with chi-squares to provide
an estimate of the clinical implications of any diurnal variation.
This fits as closely as we were able with the criterion of a 2-fold rise
2

Vaccine: X 11 (2022) 100178

A.C. Whittaker, S. Gallagher and M. Drayson

(F(2,102) = 2.52, p =.10) or for each serotype (type 1p =.52, type
3p =.57, type 6 p =.34, type 9 p =.37, type 14p =.89, type
19p =.55, and type 23p =.35). Fig. 1c shows the average response
across all serotypes by time of day. There was also no significant
effect of timepoint on two-fold response at one month
(v2(1) = 1.14, p =.29) or six months (v2(1) = 0.05, p =.82).
Study 1 analyses were repeated first with adjustment for sex,
then for social support (measured using the Medical Outcomes
Survey Social Support Scale [19]). There were no significant 3way interactions between timepoint, time of vaccination and sex
for IgM across all serotypes (F(1,70) = <0.001, p =.995) or individual
types (1p =.66, 3p =.85, 14p =.94, 19p =.98 and 23p =.50). Further,
for IgG responses, there was no significant 3-way interactions
between timepoint, time of vaccination and sex overall (F
(2,128) = 1.30, p =.27) or for any individual serotype (1p =.83, 3
p =.97, 9 p =.37, 19p =.67 and 23p =.43).
Adding social support into the models as a covariate did not
alter the null results described above for IgM overall (F(1,
71) = 1.52, p =.22) or for IgM individual serotypes (1p =.17,
3p =.72, 14p =.40. 19p =.47 and 23p =.78). Similarly, adding social
support did not influence the null results for IgG overall (F
(2,130) = 1.49, p =.23) or for any specific serotype (1p =.79, 3
p =.07, 9 p =.17, 19p =.84, and 23p =.09). As before, types 3 and
23 showed some evidence of a non-significant trend where morning vaccination yielded a weaker response at each time point, particularly at 5 weeks for type 3 (p =.05) and type 23 (p =.02).
For study 2, there were no significant time point  time of
vaccination  caregiver group interactions overall (F(2,98) = 0.67,
p =.48) or for any specific serotype (1p =.05, 3p =.12, 6 p =.64, 9
p =.70, 14p =.79, 19p =.31, and 23p =.59). The trend for type 1
showed that morning vaccination yielded a stronger response but
only in the control group not the caregiver group at one month
follow-up and conversely a weaker response in the caregiver group
at six months.

in antibody concentration in at least 70% of serotypes tested [24]
although we acknowledge protective thresholds may vary across
serotypes [25]. Small variations in n or degrees of freedom reflect
occasional missing data, e.g., where it was not possible to get an
assay readout for a participant for all serotypes.

2. Results
There was a significant increase in antibody titre for all antigens
from baseline to each follow-up (see Table 1). In study 1, there
were no significant interaction effects of timepoint with time of
day of vaccination for average IgM response overall (F
(1,72) = 1.54, p =.22, g2 = 0.021) or to each individual serotype
(type1 p =.16; type 3p =.71, type 14p =.41, type 19p =.47, and type
23p =.78). For IgG response, there were no significant interaction
effects between timepoint and of time of vaccination overall (F
(2,132) = 1.54, p =.22) or for each serotype (type 1 p =.78, type 3
p =.06, type 9 p =.17, type 19p =.84, and type 23p =.08) For type
3, on closer examination in 2-time point ANOVAs, the trend for
an interaction effect was being driven by a marginally significant
response at 4 weeks (p =.05) rather than 18-weeks (p =.14); the
morning response was lower than the afternoon response. Similarly for type 23, the trend appeared to be driven by the response
at four weeks (p =.03) rather than at 18-weeks (p =.06); again the
morning response was lower than the afternoon response. The
average response by time of day for IgM and IgG is shown in Fig. 1a-b.
There were no significant differences between morning/afternoon vaccination for whether participants achieved a two-fold
IgM response at 5 days (v2(1) = 0.05, p =.82) or IgG 5 week
(v2(1) = 0.30, p =.59) or 18 week (v2(1) = 0.17, p =.68) response
across all serotypes from baseline.
In study 2, there were no significant interaction effects with
time of vaccination for antibody titres averaged across serotypes

3. Discussion

Table 1
Log10 Mean (SD) Pneumococcal Antibody Titres at Baseline and Follow-up.
Study 1: Healthy Young adults
Vaccine serotype

Time point

(N = 74)

Baseline

Five-days

Pneumococcal IgM
Type 1
Type 3
Type 14
Type 19
Type 23
All serotypes

0.89
0.46
1.52
1.30
0.97
1.28

1.72
0.82
1.88
1.54
1.25
1.70

(N = 68–75)

Baseline

4-weeks

18-weeks

Pneumococcal IgG
Type 1
Type 3
Type 9
Type 19
Type 23
All serotypes

0.87
0.24
0.98
1.26
1.21
1.19

1.69(0.66)***
0.95 (0.62)***
1.57 (0.57)***
1.87 (0.70)***
2.04 (0.76)***
2.01 (0.58)***

1.64
0.89
1.58
1.92
1.92
1.93

(0.38)
(0.44)
(0.50)
(0.42)
(0.62)
(0.42)

(0.46)
(0.52)
(0.57)
(0.48)
(0.69)
(0.50)

(0.51)***
(0.51)***
(0.46)***
(0.42)***
(0.60)***
(0.41)***

–
–
–
–
–

(0.69)***
(0.62)***
(0.66)***
(0.71)***
(0.72)***
(0.59)***

Study 2: Parents
(N = 54–59)

Baseline

1-month

6-months

Pneumococcal IgG
Type 1
Type 3
Type 6
Type 9
Type 14
Type 19
Type 23
All serotypes

1.05
0.54
2.43
1.05
1.85
1.50
1.39
2.02

1.73
1.22
2.92
1.81
2.79
2.11
2.10
2.68

1.63
1.12
2.80
1.68
2.76
2.08
1.98
2.61

(0.55)
(0.66)
(0.74)
(0.73)
(0.80)
(0.64)
(0.67)
(0.58)

(0.72)***
(0.76)***
(0.68)***
(0.72)***
(0.83)***
(0.78)***
(0.61)***
(0.52)***

Previous research on the effects of time of day of vaccine
administration on antibody response has yielded inconsistent or
limited findings, e.g., only in one gender or for certain vaccine
strains/serotypes. However, overall effects have tended towards
favouring morning over afternoon vaccination, at least for typical
full dose thymus-dependent vaccines. The recent Covid-19 vaccinations yielded mixed findings for time of vaccination [11-13].
The present analyses in two different samples show no consistent
advantage of morning versus afternoon vaccination for the
thymus-independent pneumococcal vaccination. There were some
non-significant trends for favouring afternoon vaccination for
some serotypes but not consistently across time or when taking
into account sub-groups based on sex or caregiver status, which
make it difficult to suggest strong evidence for this effect.
These findings contrast with earlier studies reporting preliminary effects of time of day, at least for males, to the hepatitis and
influenza vaccinations [9], the indication of some morning benefit
in the RCT in older adults receiving the influenza vaccination [10],
and contradictory evidence supporting morning vaccination for
inactivated BBIBP-CorV Covid-19 [11] but later afternoon vaccination for first dose mRNA or Adenovirus based Covid-19 vaccinations, respectively [12]. They also contrast with the mixed
findings from the earlier small-scale studies. However, the most
recent Covid-19 vaccination study also showed no significant effect
of time of vaccination following the full two doses of mRNA-based
BNT162b2 vaccine [13]. It remains to be tested whether the null
effect in the present study would extend to other thymusindependent vaccines that are an important public health strategy.

(0.79)***
(0.75)***
(0.61)***
(0.78)***
(0.84)***
(0.80)***
(0.66)***
(0.50)***

Asterisks indicate that increase in antibodies from baseline is significant ***p <.001.
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Fig. 1. Log10 antibody titre averaged across all serotypes tested at each time point by time of day (am/pm). Error bars = +/- 1 Standard Error.

4

Vaccine: X 11 (2022) 100178

A.C. Whittaker, S. Gallagher and M. Drayson

day was not. This suggests lack of variability in response is not
the source of the null effect here. Further, it is possible that sampling time at follow-up blood samples might also have altered
antibody levels [28]. In the current absence of sampling times at
follow-ups in these datasets, we were unable to account for this
in analysis. This would be important to include in future studies
of vaccination timing, although we note other large trials have
failed to detect an effect of sample timing [12]. Finally, the present
analyses were on small samples not fully randomised to time of
vaccination, making it difficult to discount alternative explanations, such as those vaccinated in the morning had higher stress
thus a lower antibody response making them comparable to the
afternoon groups. However, this bias is unlikely given that stress
and caregiving status were not associated with time of day, and
the present analyses statistically adjusted for these variables.
The present findings should be regarded as tentative. However,
data from two different groups (young healthy, and middle-aged
parents) suggest that time of day of vaccination does not consistently have an impact on the antibody response to the thymusindependent pneumococcal vaccination, and thus may not be a
helpful adjuvant for thymus-independent vaccines. Results from
RCTs comparing both types of vaccine, with appropriate adjustment for confounding variables, would help to confirm this
hypothesis, as well as providing an opportunity for closer examination of the immune mechanisms potentially influenced by diurnal
rhythms.

The explanation for this null result might be that a thymusindependent vaccine such as pneumococcal pure polysaccharide
not conjugated to a protein can only stimulate B cells without T cell
help because it contains no peptides for presentation to T cells. The
native polysaccharide antigen binds surface IgM on either naïve
and memory B cells or binds to immunoglobulin G or A on memory
B cells and then activates these cells to directly produce antibodies.
There is also potentially a costimulatory signal through B cell
membrane CD21 if the polysaccharide vaccine activated Alternate
Pathway Complement or pre-existing antibodies from prior natural
exposure to pneumococci activated Classical Pathway Complement. Antibody to pneumococcal polysaccharides is common in
the population due to natural exposure to pneumococcal commensalisation or infection, which means most individuals have memory B cells for pneumococcal polysaccharides. However, the
present evidence suggests B cells are not influenced by time of
day and that any T-cell or complement pathway activation by this
type of vaccine is not sufficient to be affected by time of day. Time
of day effects may be restricted to thymus-dependent vaccines
perhaps through influence on T-cells or antigen presentation to
T-cells by the innate immune system and resulting interaction
with newly activated B-cells. This more complex process of vaccine
response has more components than the thymus-independent vaccine response, each of which may be susceptible to diurnal rhythm
effects. The exact mechanism remains to be elucidated and may
emerge from contemporary RCTs.
An alternative explanation for the present findings is that the
analyses were underpowered to find significant effects of time of
vaccination or time  sex interactions as we have observed previously. However, this might be discounted for several reasons: 1)
the finding of no consistent significant interaction with time of
vaccination across two datasets with different populations but
the same vaccine; 2) that any non-significant trends detected were
attenuated by inclusion of key covariates e.g., sex, or were inconsistent in direction across sub-groups and time points and 3) perhaps most importantly, these analyses were sufficiently powered
according to post-hoc power analysis from the previous study
which detected a time of vaccination  sex interaction effect for
hepatitis A in Study 1. Using the derived f effect size of 0.31, power
at 0.74, and correlation between repeated measures as 0.6 from
that analysis, and setting p at 0.05, the required sample size to
detect similar effects was 54 for analyses with three repeated measures time points and 60 for two timepoints. When applying these
effect sizes to Study 2, considering the slightly higher correlation
between repeated measures of 0.7, the calculated sample size
was 62. The studies included in the present analysis numbered
75 and 61, thus, were deemed adequately powered to detect significant effects or at least indicative trends in Study 2.
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