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Summary

Growing evidence suggests that sleep could affect the immunological response after

vaccination. The aim of this prospective study was to investigate possible associa-

tions between regular sleep disruption and immunity response after vaccination

against coronavirus disease 2019 (COVID-19). In total, 592 healthcare workers, with

no previous history of COVID-19, from eight major Greek hospitals were enrolled in
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this study. All subjects underwent two Pfizer–BioNTech messenger ribonucleic acid

(mRNA) COVID-19 vaccine BNT162b2 inoculations with an interval of 21 days

between the doses. Furthermore, a questionnaire was completed 2 days after each

vaccination and clinical characteristics, demographics, sleep duration, and habits were

recorded. Blood samples were collected and anti-spike immunoglobulin G antibodies

were measured at 20 ± 1 days after the first dose and 21 ± 2 days after the second

dose. A total of 544 subjects (30% males), with median (interquartile range [IQR]) age

of 46 (38–54) years and body mass index of 24�84 (22.6–28.51) kg/m2 were eligible

for the study. The median (IQR) habitual duration of sleep was 6 (6–7) h/night. In all,

283 participants (52%) had a short daytime nap. In 214 (39.3%) participants the Pitts-

burgh Sleep Quality Index score was >5, with a higher percentage in women (74�3%,

p < 0.05). Antibody levels were associated with age (r =�0.178, p < 0.001), poor

sleep quality (r =�0.094, p < 0.05), insomnia (r =�0.098, p < 0.05), and nap fre-

quency per week (r =�0.098, p < 0.05), but after adjusting for confounders, only

insomnia, gender, and age were independent determinants of antibody levels. It is

important to emphasise that insomnia is associated with lower antibody levels against

COVID-19 after vaccination.
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INTRODUCTION

Since December 2019, the world has experienced a new pandemic. A

highly infectious acute respiratory syndrome, caused by the novel

severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),

emerged in Wuhan, China (Huang et al., 2020). This ribonucleic acid

(RNA) betacoronavirus is responsible for the coronavirus disease

2019 (COVID-19), which has spread rapidly, causing considerable

morbidity and mortality, especially among people with comorbidities

(Zhou et al., 2020). Currently, many drugs are being explored against

COVID-19, but with limited value. To date, the most effective man-

agement consists of infection prevention and numerous vaccines have

already been developed with a high efficacy for prevention of serious

illness.

Adaptive immune responses after vaccination could be

influenced by several different factors, involving the environment,

personal behaviour, and nutrition (Zimmermann & Curtis, 2019).

These factors may have significant consequences, concerning the

efficacy and the duration of vaccine protection. Adequate sleep,

during the circadian night, is important for numerous of biological

process. Several series of studies have proposed that sleep may

facilitate immune effectiveness, and sleep deficit could make peo-

ple more vulnerable to developing severe COVID-19. On the other

hand, few studies have explored the role of sleep on immune

response after vaccination (Benedict & Cedernaes, 2021; Sharpley

et al., 2016). In these studies, it has been suggested that short

sleep duration or deliberate night-time sleep deprivation close to

the vaccination date was associated with lower antibody responses

to hepatitis A (HAV), hepatitis B (HBV), and influenza vaccination

(Benedict et al., 2012; Lange et al., 2011; Prather et al., 2012,

2021; Spiegel et al., 2002). Additionally, poor sleep quality, evalu-

ated by the Pittsburgh Sleep Quality Index (PSQI) questionnaire,

was correlated with lower immune response after influenza vacci-

nation (Taylor et al., 2017).

In December 2020, in Greece, people with a high risk of

COVID-19 infection and healthcare professionals were the first to

undergo vaccination during the strict lockdown period. The mes-

senger RNA (mRNA)-based COVID-19 vaccine Pfizer-BioNTech

(BNT162b2) was one of the first to be eligible for COVID-19

immunisation in Greece (Hass et al., 2021). The mRNA vaccines

contain the genetic sequence (mRNA) for protein S and after

administration, the mRNA enters the cytoplasm carrying the infor-

mation that is then transcripted by ribosomes. As a result, binding

antibody production and active immunity development is triggered

(Hass et al., 2021). Healthcare professionals who often experience

a chronic circadian disruption, exhibit a markedly greater risk of

COVID-19 diagnosis (Fatima et al., 2021; Rizza et al., 2021). Fur-

thermore, there are several studies that point out the impact of

COVID-19 pandemic on sleep and behaviour in healthcare profes-

sionals (Pappa et al., 2021; Trakada et al., 2020).

The main aim of this study was to conduct a novel investigation

in a large sample of the Greek population, to characterise the effect of

sleep quality and duration on immunisation after vaccination against

SARS-CoV-2. To the best of our knowledge, this is the first study that

estimates the effect of sleep on the quantity of antibody titres against

SARS-CoV-2.
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METHODS

Study design and participants

This is a collaborative effort of the Sleep Group of the Hellenic Tho-

racic Society. The participants that were voluntarily enrolled were

healthcare workers, from eight General hospitals in Greece. All study

participants were vaccinated with BNT162b2 vaccine against SARS-

CoV2 between December 2020 and April 2021. Healthcare workers

were regularly examined with nasopharyngeal swabs for a period of 6

months before vaccination. Additionally, a random sample of 360 sub-

jects underwent a blood test, in order to confirm absence of anti-

bodies against SARS-CoV-2. Healthcare workers who were (i) aged

>18 years, (ii) without medical history of psychiatric disorders, or (iii)

immunodeficiency, or (iv) active cancer, or (v) infection 2weeks prior

to vaccination were included to the study. Subjects who (i) had a seri-

ous past allergic reaction, or (ii) were pregnant or lactating, or (iii) had

a positive polymerase chain reaction (PCR) test or known COVID-19

infection were excluded from the study.

All participants had two doses of the COVID-19 vaccine. The sec-

ond dose was given �21 days after the first dose (Comirnaty, Pfizer-

BioNTech). In our study, the first blood sample was collected 1–2 days

before the second dose and the second blood sample was collected

after 19–23 days. Participants were provided with questionnaires 2

days after each vaccination.

After the completion of the study, all data regarding the time of

vaccination of the participants were collected from the national regis-

try of COVID-19 vaccination for 478 subjects, and an additional anal-

ysis was made, dividing the subjects into three groups according to

the time of their vaccination (Group A, 7:00–10:59 a.m.; Group B,

11:00 a.m.–2:59 p.m.; Group C, 3:00 –9:59 p.m.). Retrospectively, a

year after the completion of the two doses of vaccination, and for this

period, evidence of SARS-CoV-2 infection was collected (PCR for viral

RNA or anti-nucleocapsid antibody) from the national records for

COVID-19 infection, in order to examine whether “good sleepers”,
subjects with a PSQI score of ≤5, were more protected against a

COVID-19 infection.

The study complies with the Declaration of Helsinki. The study

protocol was approved by each Institutional Research Ethics Commit-

tee from the eight hospitals that participated in the study, and all sub-

jects gave their informed consent, before the first vaccination.

Assessment of SARS-CoV-2 binding antibody

Peripheral venous blood samples of 7–8ml were obtained. Serum was

separated within 4 h from blood collection and stored at �80�C until

the day of measurement. Stored samples from different time points of

the same subject were measured in parallel assays. Anti-spike immu-

noglobulin G (IgG) antibodies, which were taken at two time points,

20 ± 1 days after the first dose and 21 ± 2 days after the second dose,

were determined by chemiluminescent microparticle immunoassay

(Abbott Diagnostics) on an Abbott Diagnostics Architect i2000 SR

analyser, according to the manufacturer s instructions. Antibodies

levels were expressed in arbitrary units (AU)/ml and results >50 AU/

ml were considered as positive (immune response; Bryan et al., 2020).

Questionnaires

Α general questionnaire that included sociodemographic information,

medical history, lifestyle, professional information, sleep habits, peri-

vaccination sleep quality, as well as the Epworth Sleepiness Scale

(ESS; Tsara et al., 2004), Athens Insomnia Scale (AIS; Soldatos

et al., 2000), and PSQI (Kotronoulas et al., 2011), were completed by

the participants. Sociodemographic variables and clinical factors

included: gender, age, body mass index (ΒΜΙ), medical and psychiatric

history, smoking history, alcohol consumption, diet habits, caffeine

consumption and recent vaccination history (influenza/S. pneumoniae)

were also considered. Professional information included medical field-

grade, work experience, working hours and days-off during the previ-

ous week, and the number of shifts during the previous month. It was

also considered if the participants had a night shift in the previous 2

days before vaccination or the following day and if the answer was

“yes”, how many hours did they sleep. The participants were asked to

report their night-time sleep duration, as well as the presence and the

frequency of short afternoon naps. Habitual nappers were classified

as those who reported napping at least once a week (Leong

et al., 2021). Participants were informed to distinguish between a

short nap and a midday sleep due to deprivation following a night

shift. Furthermore, we documented the duration of sleep 2 nights

prior to vaccination as well as the following night. Finally, all adverse

effects from vaccination were documented by the participant. Exam-

ples of the questions: Did you have a night shift 2 nights before and/

or a night after vaccination? (“Yes/No”) If yes, please define, when

(first night, second night, night after), please define, if you had any

sleep that night, (“Yes/No”) and if yes, for how long did you sleep?

(scale from 0–10 h), if you slept for >10 h, please define. How many

hours do you sleep, on average, every night? (scale from 0–10 h), if

you slept for >10 h, please define. Do you sleep at midday? (“Yes/
No”) if yes, how often? (scale 1–7 days/week) and for how long? 0–

15, 16–30, 31–60, 61–90, 91–120, 121–150, 151–180, 181–210,

211–240, >240min. How many hours did you sleep during the 2

nights before your vaccination? (scale from 0–10 h), if you slept for

>10 h, please define. How many hours did you sleep the night after

vaccination? (scale from 0–10 h), if you slept for >10 hours, please

define.

The AIS is a questionnaire developed to evaluate insomnia prob-

lems (Soldatos et al., 2000). Each item is rated from 0 (no problem at

all), 1 (mild problem), and 2 (marked problem), to 3 (very serious prob-

lem). The first five items assess difficulty with sleep induction, awak-

enings during the night, early morning awakening, total sleep time,

and overall sleep quality. The three last items assess the next-day con-

sequences of insomnia, such as problems with one s sense of

wellbeing, functioning, and daytime sleepiness. A cut-off score of >6

is used to establish the diagnosis of insomnia.
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The ESS is a widely used questionnaire for the assessment of

excessive daytime sleepiness (Tsara et al., 2004). The possibility of

dozing off in eight common situations is rated by the patients from 0

to 3. When the score is >10, the ESS is considered abnormal (scores

between 0 and 24).

The PSQI is a widely used questionnaire. This questionnaire was

used to evaluate the subjective sleep quality of the last month. The

Greek version (GR-PSQI) includes 19 self-report questions in seven

clinically derived domains of sleep difficulties, each answer is

weighted on a 0–3 interval scale (Kotronoulas et al., 2011). A PSQI

total score of >5 is associated with poor sleep quality.

Statistical analysis

Data were analysed using the Statistical Package for the Social

Sciences (SPSS), version 10�1 (SPSS Inc., Chicago, IL, USA). Nor-

mality was tested by the Kolmogorov–Smirnov criterion. Continu-

ous variables are expressed as mean (±SD). Skewed variables were

expressed as median (interquartile range [IQR]). A comparison of

continuous parameters was made by the unpaired Student s t test

or the non-parametric Mann–Whitney U test for normally distrib-

uted and skewed variables, respectively. “Poor” and “good”
sleepers, were categorised based on a PSQI score of >5 and PSQI

≤5, respectively. Categorical clinical variables were analysed using

the chi-squared test. Correlations between continuous variables

were evaluated by the Pearson s or the Spearman s correlation

coefficient for parametric and non-parametric variables, respec-

tively. Multivariable linear regression analysis was applied to eval-

uate the association between antibody titres after first and

second dose of vaccination (dependent variables) as well as sleep

factors (ESS, PSQI, AIS) as independent variables, after adjustment

for potential confounders (gender, age, smoking, exercise pattern,

time of day of vaccination, and antibody titres after first

immunisation). Confounders were selected according to previous

bibliography about factors that affect antibody levels after

immunisation. Values of p < 0�05 were considered statistically

significant.

TABLE 1 Demographics and other characteristics of the study population. Subjects were divided according to gender and Pittsburgh Sleep
Quality Index score

Total, n

(%)
(N = 544)

Males
(N = 163)

Females
(N = 381) p

PSQI

≤5
(N = 330)

PSQI

>5
(N = 214) p

Smoking Smokers: 20 (10–305) pack-years 183 (33.6) 57 (35) 126 (33.1) 0.788 102 (30.9) 81 (37.9) 0.233

Non-smokers 312 (57.4) 90 (55.2) 222 (58.3) 196 (59.4) 116 (54.2)

Ex-smokers: 6 (2–10�5) years
duration of smoking termination

49 (9) 16 (9.8) 33 (8.7) 32 (9.7) 17 (7.9)

Exercise Everyday 106 (19.5) 38 (23.3) 68 (17.8) 0.455 66 (20) 40 (18.7) 0.563

1–2 times/week 178 (32.7) 54 (33.1) 124 (32.5) 114 (34.5) 64 (29.9)

Occasionally 119 (21.9) 32 (19.6) 87 (22.8) 70 (21.2) 49 (22.9)

Rarely 141 (25.9) 39 (23.9) 102 (26.8) 80 (24.2) 61 (28.5)

Alcohol Everyday 26 (4.8) 14 (8.6) 12 (3.1) 0.001 15 (4.5) 11 (5.1) 0.634

1–2 times/week 115 (21.1) 43 (26.4) 72 (18.9) 74 (22.4) 41 (19.2)

Occasionally 112 (20.6) 39 (23.9) 73 (19.2) 71 (21.5) 41 (19.2)

Rarely 291 (53.5) 67 (41.1) 224 (58.8) 170 (51.5) 121 (56.5)

Caffeine Everyday 465 (85.5) 140 (85.9) 325 (85.3) 0.943 283 (85.8) 182 (85.1) 0.781

1–2 times/week 25 (4.6) 7 (4.3) 18 (4.7) 14 (4.2) 11 (5.1)

Occasionally 14 (2.6) 5 (3.1) 9 (2.4) 10 (3) 4 (1.9)

Rarely 40 (7.3) 11 (6.7) 29 (7.6) 23 (7) 17 (7.9)

Diet Free 519 (95.4) 155 (95.1) 364 (95.5) 0.825 319 (96.7) 200 (93.5) 0.081

Special 25 (4.6) 8 (4.9) 17 (4.5) 11 (3.3) 14 (6.5)

Occupation Medical staff 240 (44.1) 105 (64.4) 135 (35.4) 0.000 162 (49.1) 78 (36.5) 0.014

Nursing staff 262 (48.2) 46 (28.2) 216 (56.7) 146 (44.2) 116 (54.2)

Other hospital staff 42 (7.7) 12 (7.4) 30 (7.9) 22 (6.7) 20 (9.3)

History of

chronic disease

159 (29.2) 45 (27.6) 114 (30) 0.587 99 (30) 60 (28.4) 0.623

Prior vaccination

(last 6 months)

Trivalent influenza

Pneumococcus

314 (57.7)

47 (8�6)
100 (61.3)

12 (7.4)

214 (56.2)

35 (9.2)

0.262

0.488

197 (59.7)

33 (10)

117 (54.7)

14 (6.5)

0.247

0.161

Note: PSQI, Pittsburgh Sleep Quality Index.
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RESULTS

Demographic and clinical characteristics

Among the 592 participants in this study, 21 had a history of COVID-

19 infection and thus were excluded. In all, 27 subjects did not

complete the PSQI and AIS questionnaires, and so they were not

included in the study. Finally, a total of 544 subjects (30% males),

with median (IQR) age of 46 (38–54) years and BMI of

24�84 (22�6–28�51) kg/m2 were studied. Clinical characteristics of

the study population are shown in Table 1. Differences were found

between males and females in alcohol consumption (p = 0.001)

and occupation position (p < 0.001) (Table 1). Regarding occupation

characteristics, the medical personnel worked a median (IQR) of

50 (40–60) h/week and the nursing and other hospital staff

40 (40–40) h/week. Medical personnel worked a median (IQR) of

7 (5–7) night shifts every month.

Sleep habits of participants

The median (IQR) habitual duration of sleep in all participants was

6 (6–7) h/night (Table 2). Both nurses and doctors slept for a median

(IQR) of 6 (6–7) h/night. The rest of the hospital workers slept for a

median (IQR) 6�25 (6–7) h/night, with no statistical differences among

the three groups. In all, 283 participants (52%) habitually took short

daytime naps. Males (62%) were more habitual nap sleepers than

females (48%, p < 0.01). This group of participants had a nap a median

(IQR) of 3 (2–6) days/week, for 60 (60–120) min each time. There

were no differences in sleep duration between the 2 nights before

and the night after vaccination. In all, 196 subjects (36%) had a night

shift the 2 days before or 1 day after the first vaccination, and they

slept for a median (IQR) of 5 (3–6) h that night. The median (IQR)

score for the AIS, ESS and PSQI was 4 (2–7), 5 (4–9), 5 (3–7), respec-

tively. According to the questionnaires results, 197 (36%) subjects had

insomnia, 80 (14.7%) had daytime sleepiness (83.7% of them were

females, p < 0.01). Overall, 214 (39.3%) subjects had a PSQI score of

TABLE 2 Sleep data for the whole population (N = 544)

Variable Value

Habitual sleep per night, h, median (IQR) 6 (6–7)

First night before first vaccination, h, median (IQR) 6 (6–7)

Second night before first vaccination, h, median (IQR) 6 (5.30–7)

Night after firstst vaccination, h, median (IQR) 6 (6–7)

Night shift around the day of first vaccination, n (%) 196 (36)

First night before second vaccination, h, median (IQR) 6 (6–7)

Second night before second vaccination, h, median

(IQR)

6 (5–7)

Night after second vaccination, h, median (IQR) 6 (6–7)

Night shift around the day of second vaccination, n

(%)

190 (35)

Short daytime naps, n (%) 283 (52)

Nap frequency, days/week, median (IQR) 3 (2–6)

Duration of nap, min, median (IQR) 60 (60–
120)

PSQI score, median (IQR) 5 (3–7)

ESS score, median (IQR) 5 (4–9)

AIS score, median (IQR) 4 (2–7)

Note: AIS, Athens Insomnia Scale; ESS, Epworth Sleepiness Scale; IQR,

interquartile range; PSQI, Pittsburg sleep quality index.

TABLE 3 Antibody levels (AU/ml) and gender differences

First dose Second dose p

Females 843 (423.9–1,647.5) 12,131 (7,888.5–21,913.5) 0.000

Males 626.3 (367.6–1,056.3) 11,505 (6,573–16,618.7) 0.000

p <0.05 <0.05

TABLE 4 Correlations (spearman coefficient, r) between antibody levels, after first and second vaccination dose and sleep parameters
according to gender

Females Males

First dose Second dose First dose Second dose

Regular night sleep 0.149, p < 0.05 0.112, p < 0.05 0.192, p < 0.05 0.114, p = 0.140

Nap frequency/week �0.016, p = 0.822 �0.089, p = 0.079 �0.069, p = 0.382 �0.182, p < 0.05

Hours of nap sleep 0.049, p = 0.504 0.039, p = 0.469 0.006, p = 0.944 0.019, p = 0.814

AIS �0.155, p < 0.05 �0.143, p < 0.01 �0.137, p = 0.080 �0.117, p = 0.142

ESS �0.078, p = 0.274 �0.020, p = 0.699 �0.016, p = 0.843 �0.065, p = 0.408

PSQI �0.200, p < 0.01 �0.147, p < 0.01 �0.139, p = 0.076 �0.213, p < 0.05

Note: AIS, Athens Insomnia Scale; ESS, Epworth Sleepiness Scale; PSQI, Pittsburg sleep quality index;.
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TABLE 5 Uni- and multivariate linear regression model evaluating the association of antibodies with covariates

Univariate analysis Multivariate analysis

Unstandardised
coefficient

Standardised
coefficient p

Unstandardised
coefficient

Standardised
coefficient p

Dependent variable: antibody titres after first dose

AIS �80.525 �0.091 0.033 AIS �101.601 �0.110 0.017

Gender 782.418 0.100 0.029

Age �19.630 �0.055 0.226

Smoking �312.670 �0.058 0.212

Exercise �167.781 �0.051 0.272

Time of

vaccination

111.246 0.020 0.660

PSQI �94.500 �0.075 0.080 PSQI �112.220 �0.086 0.052

Gender 756.754 0.097 0.035

Age �21.129 �0.060 0.193

Smoking �292.097 �0.054 0.246

Exercise �182.083 �0.055 0.233

Time of

vaccination

97.870 0.018 0.700

Epworth 13.630 0.015 0.719 Epworth 3.231 0.003 0.940

Gender 702.866 0.090 0.051

Age �20.623 �0.058 0.207

Smoking �325.772 �0.060 0.197

Exercise �203.264 �0.062 0.185

Time of

vaccination

91.233 0.017 0.720

Dependent variable: antibody titres after second dose

AIS �214.530 �0.087 0.042 AIS �240.617 �0.097 0.037

Gender 2456.931 0.117 0.010

Age �137.957 �0.146 0.001

Smoking �584.330 �0.040 0.379

Exercise 201.440 0.023 0.619

Time of

vaccination

739.322 0.054 0.241

PSQI �217.136 �0.062 0.150 PSQI �223.233 �0.064 0.164

Gender 2367.939 0.113 0.013

Age �141.867 �0.150 0.001

Smoking �546.151 �0.038 0.413

Exercise 162.256 0.018 0.689

Time of

vaccination

564.748 0.041 0.365

ESS �8.205 �0.003 0.938 ESS 3.622 0.001 0.974

Gender 2258.518 0.108 0.018

Age �141.209 �0.149 0.001

Smoking �612.574 �0.042 0.358

Exercise 122.147 0.014 0.764

Time of

vaccination

479.944 0.035 0.440

Note: AIS, Athens Insomnia Scale; ESS, Epworth Sleepiness Scale; PSQI, Pittsburg Sleep Quality Index.
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>5, females more than males (74.3%, p < 0.05), and they were pre-

dominantly nursing staff (54�2%, p < 0.05; Table 1).

Antibody levels among participants

After the first dose of vaccination the median (IQR) antibody level

was 760 (391.3–1,420) AU/ml and after the second dose was

11,998�8 (7,333–20,523) AU/ml. After the second dose, participants

had significantly higher levels of antibodies compared to the levels

produced after the first dose (p < 0.001). There were no differences

between the antibody levels among medical, nursing, and other staff.

Antibody levels after the first and second dose were significantly

higher in females compared to males (Table 3).

Time of vaccination and relation with antibody levels

From the 478 subjects that were analysed, only 257 had both doses

given at the same time of day. Subjects were divided into three

groups according to the time of their vaccination (Group A, 7:00–

10:59 a.m.; Group B, 11:00 a.m.–2:59 p.m.; Group C, 3:00–9:59 p.m.).

Group A comprised 146 subjects, Group B 91, and Group C 20. There

were no statistically significant differences between the levels of anti-

body titres after the first or the second vaccination amongst the three

groups. In all 478 subjects, after the first dose of the vaccination, the

analysis showed that most of the subjects were in Group A (N = 230)

and Group B (N = 206). Only 42 participants belonged to Group C.

Comparing the levels of the antibodies after the first vaccination,

there were no differences between the three groups. In addition, after

dividing the sample into two groups (early in the morning N = 230

versus rest of the day N = 278) the levels of antibodies were

increased when the vaccination was done later in the day and not in

the early morning, showing a statistical trend p = 0.09, but not statis-

tically significant.

Participants who were eventually infected after the
second vaccination

In all, 80 (14.70%) subjects were infected after the two vaccinations,

at a median (IQR) of 320 (282–342) days after the second vaccination.

There were no significant differences between the “poor” and “good”
sleepers (p = 0.520), neither for antibody levels after the first

(p = 0.835) nor the second dose (p = 0.947) of vaccination, but firm

conclusions are not possible to make because most of the healthcare

workers had also a third dose of vaccine, 6 months after the sec-

ond dose.

Relationship between antibody concentration and
demographic characteristics and sleep

After the first vaccination, antibody levels were significantly corre-

lated with age (r = �0.259, p < 0.001). After the second vaccination,

antibody levels were associated with age (r = �0.178, p < 0.001),

smoking pack-years (r = �0.178, p = 0.001), and working hours

(r = �0.085, p < 0.05).

After the second vaccination, antibody levels were negatively cor-

related with nap frequency/week (r = �0.098, p < 0.05), AIS score

(r = �0.098, p < 0.05), and GR-PSQI score (r = �0.094, p < 0.05). The

relation of antibody levels to sleep was stronger in females (Table 4).

The multivariate analysis showed that the levels of antibodies after

the first vaccination were significantly associated with gender, AIS

score, and marginally associated with the PSQI score, whereas after

the second vaccination the antibody levels were significantly

TABLE 6 Multiple linear regression model evaluating the association of antibodies after the second dose with covariates

Unstandardised coefficient Standardised coefficient p

Model 1 (dependent variable: antibody titres after second dose) adjusted R2 = 0.095

AIS �175.93 �0.072 0.054

Gender 1734.82 0.084 0.042

Age �124.37 �0.133 0.001

Smoking �341.19 �0.024 0.568

Exercise 330.40 0.037 0.368

Antibodies after first dose 0.695 0.249 <0.001

Model 2 (dependent variable: antibody titres after second dose) adjusted R2 = 0.093

PSQI �191.56 �0.055 0.188

Gender 1714.49 0.083 0.046

Age �126.93 �0.135 0.001

Smoking �315.61 �0.022 0.599

Exercise 304.27 0.034 0.407

Antibodies after first dose 0.702 0.252 <0.001

Note: AIS, Athens Insomnia Scale; PSQI, Pittsburg Sleep Quality Index.
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associated with gender, age, and AIS score. However, when the

response to the primary vaccination was included in the analysis, then

the AIS was associated with antibody levels after the second vaccina-

tion (p = 0.054; Tables 5 and 6). There were no differences between

the antibody levels in subjects who had a night shift 2 days before or

a day after vaccinations, compared to subjects without any night

shifts during those days.

After analysing the sum of the antibody levels after the first and

the second vaccination for each subject, subjects with a PSQI score of

≤5 trended to have a higher median (IQR) antibody level at

12,367 (7,867–20,403) AU/ml compared to “poor” sleepers at

11,406�5 (6,820�5–19,552) AU/ml, but the result was marginal

(p = 0�101).

DISCUSSION

Even though in the last few months new therapeutic approaches have

emerged, our greatest weapon against the COVID-19 pandemic and

its containment is vaccination. To the best of our knowledge, this is

the first study to establish a relationship between sleep quality and

quantity, and immunological response after vaccination against

COVID-19. This study, also, tried to summarise the observations and

conclusions of other reports regarding the association between other

types of vaccines and sleep.

It is of great importance to further investigate the role of sleep as

a major factor of the immunological response after vaccination against

the SARS-CoV-2 virus. Sleep constitutes a basic and vital need for

humans as it accounts for roughly one-third of the human lifespan

(Besedovsky et al., 2019). Recent studies verify that during sleep,

especially in the slow-wave stage, certain information from immunity

cells regarding antigen targets is transferred and encrypted, in order

to produce a better immunological response against antigens

(Besedovsky et al., 2019).

Although there are few studies concerning the effect of vaccina-

tion on sleep, their results seem noteworthy. Vaccination against Sal-

monella typhi in healthy volunteers raised interleukin-6 levels 2 h after

administration and led to disruptions during night-time sleep and fre-

quent awakenings, compared to those who were administered pla-

cebo (Sharpley et al., 2016). Other studies with vaccines against HAV

or influenza virus Η1Ν1 in healthy adults proved that a night of sleep

deprivation after vaccination is enough to observe a reduced immu-

nity response against HAV at 4, 8, and 16weeks later, as well as

reduced H1N1-specific antibodies 5 days after vaccination in males

(Benedict & Cedernaes, 2021; Lange et al., 2011). The immunological

difference between the two groups was observed even a year after

vaccination (Lange et al., 2011). Another study examined the effect of

reduced sleep duration (4 h) for 4 consecutive nights before and 2

nights after vaccination against influenza (Spiegel et al., 2002). This

study pointed out that IgG antibody concentration 10 days after vac-

cination was reduced in �50% of the individuals who did not have an

adequate sleep duration of 7�5–8 h (Spiegel et al., 2002). A recent

study showed that the total antibody titre against the influenza virus

at 1 and 4months after vaccination depended on the sleep duration 2

nights before the vaccine administration (Prather et al., 2021). In our

study, the duration of sleep 2 days before and a day after vaccination

was not correlated with antibody levels, but it should be noted that

these results were extracted from questionnaires, giving the subjec-

tive feeling of sleep of the participants. Notably, regular sleep duration

in women was associated with antibody levels after the first and sec-

ond vaccination. In a similar manner, a prospective study showed that

a short sleep duration in actigraphy was associated with a lower anti-

body titre and a smaller chance of immunological protection 6months

after vaccination against HBV (Prather et al., 2012).

In our study, an increased frequency of afternoon nap sleep per

week was negatively correlated with antibody levels, but this relation

disappeared after adjustment for confounders. The afternoon nap is

considered to be of cultural and climatic origin, and usually is more

frequent in the elderly. However, it is also recognised as a factor of

daytime sleepiness, indicating a possible underdiagnosed nocturnal

sleep-disordered breathing (Mantua & Spencer, 2017). The afternoon

nap reduces sleepiness and may have some benefit on cognitive func-

tion and emotional stability, but frequent naps have also been linked

with increased risk of diabetes, hypertension, immobility, and mortal-

ity (Mantua & Spencer, 2017; Fang et al., 2013; Cao et al., 2014).

Recent evidence supports the notion that inflammation could act as a

mediator between frequent naps and unfavourable outcomes (Mantua

& Spencer, 2017).

A previous study presented that, patients who had insomnia,

developed lower antibody titres against the influenza virus com-

pared to healthy individuals (Taylor et al., 2017). Also, poor sleep

quality evaluated with the PSQI questionnaire was correlated with

a lower immune response to vaccination regardless of the presence

of insomnia (Taylor et al., 2017). Similar findings were observed in

the present study, poor sleep quality, and the presence of insom-

nia, according to the PSQI and AIS questionnaire, respectively, was

negatively associated with antibody levels against COVID-19. The

association of the AIS score with antibody titres remained even

after adjusting for confounding factors. Interestingly, this relation-

ship between antibody levels and sleep was stronger in females.

Previous studies have shown gender differences in sleep question-

naires (Pataka et al., 2020). Especially for insomnia, the AIS ques-

tionnaire seems to be more sensitive in females with obstructive

sleep apnea than in males. Evidence suggests that self-reported

sleep quality also differs between men and women. Studies have

also shown that the association between disrupted sleep and

markers of inflammation are stronger in women than in men (Irwin

et al., 2010; Miller et al., 2009). In our present study, levels of anti-

bodies were significantly more elevated in females than in males.

Similar results were obtained in various studies (Kontou

et al., 2021; Terpos et al., 2021). Likewise, previous studies, con-

cerning the influenza vaccine, showed higher antibody titres in

women who were vaccinated with the trivalent inactivated sea-

sonal influenza vaccine (TIV) in comparison to men (Voigt

et al., 2019), and serum testosterone levels were inversely associ-

ated with the TIV antibody titres (Furman et al., 2014).
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Innate immunity and adaptive immune mechanisms are known to

be affected by cigarette consumption (Qiu et al., 2017). Previous stud-

ies have shown reduced IgG concentration in smokers (Gonzalez-

Quintela et al., 2008; McMillan et al., 1997). As stated previously,

there was a negative correlation between the total antibody count

after vaccination and smoking in the present study. A recent study, by

Watanabe et al. (2021) showed similarly that smokers had a lower

antibody titre after Pfizer-BioNTech vaccination against COVID-19.

Our immune system follows a circadian pattern (Druzd

et al., 2017) and healthcare professionals who often experience a

chronic circadian disruption exhibit a markedly greater risk of COVID-

19 diagnosis (Rizza et al., 2021). Furthermore, there are several stud-

ies that point out the effect of COVID-19 pandemic as well as the

consequent lockdown on sleep in healthcare professionals (Trakada

et al. 2020; Pappa et al., 2021). In this study, the amount of night

shifts/month was not associated with the immune response against

COVID-19. There was no association between antibodies and the

presence of night shifts before vaccination. This could be explained by

the fact that the percentage of medical personnel that had a night

shift before vaccination was small, therefore no firm conclusions can

be drawn. According to the AIS results, 197 (36%) subjects had insom-

nia in this study, this percentage is higher than the estimated propor-

tion of insomnia in the Greek population (Paparrigopoulos

et al., 2010). However, our results are in accordance with previous

work, concerning the percentage of insomnia in medical personnel

(Gy}orffy et al., 2016). Particularly, female medical staff seemed to be

more vulnerable on presenting with insomnia because of work over-

load (Gy}orffy et al., 2016). In this study, increased working hours were

associated with lower antibody titres.

The time of vaccination is highlighted as an important factor

affecting the immune response. Previous studies have shown con-

flicting evidence. A study (Wang et al., 2022) found that anti-Spike

responses were higher in those who were vaccinated later in the day

after a single dose of vaccination, but another study (Zhang

et al., 2021) presented the opposite results. Specifically, the study

showed an increase of anti-Spike antibodies in participants vaccinated

in the morning. In the Zhang et al. (2021) research, antibodies were

examined after the first and after the second dose of vaccine, and

those doses were given at the same time of a day. These two studies

have many methodological differences, and it is difficult to compare

them. In our study, the two doses in many subjects were not given at

the same time of the day, so it would be difficult to extrapolate firm

conclusions. It would be better to examine the results after the first

dose of vaccination, like Wang et al. (2022) did. In that analysis, divid-

ing the participants into two groups (early in the morning N = 230

versus rest of the day N = 278) there was a statistical trend p = 0.09,

but not significant.

There are limitations that need to be acknowledged. Currently,

there is no adequate evidence linking the increased levels of anti-

bodies against COVID-19 with greater intensity and duration of pro-

tection or reduced risk of transmission after infection. These matters

should be further investigated. Another limitation is the age of the

participants. As the participants were all healthcare workers, elderly

people were excluded from this study. Further studies should target

the elderly, as older adults are more vulnerable to COVID-19 infec-

tion, and they manifest more frequently with sleep difficulties.

CONCLUSIONS

In conclusion, insomnia was associated with lower levels of vaccine-

induced anti-S protein IgG antibodies against COVID-19. Given the

high importance of preserving an adequate immune response against

COVID-19, the findings of the present study have important implica-

tions. The primary role of adequate sleep should be emphasised in

order to obtain a satisfactory immune response against COVID-19.

Moreover, our study observations pave the way for further studies

investigating the impact of sleep on long-term vaccine effectiveness

in protecting from SARS-CoV2 infection.
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