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Immune processes are influenced by circadian rhythms. We evaluate the association between varicella vaccine
administration time of day and vaccine effectiveness.

A national cohort, children younger than 6 years, were enrolled between January 2002 and December 2023. We
compared children vaccinated during morning (7:00–10:59), late morning to afternoon (11:00–15:59), or evening hours
(16:00–19:59). A Cox proportional hazards regression model was used to adjust for ethnicity, sex, and comorbidities. The
first varicella infection occurring at least 14 days after vaccination and a second dose administration were treated as
terminal events.

Of 251,141 vaccinated children, 4,501 (1.8%) experienced breakthrough infections. Infection rates differed based on
vaccination time, with the lowest rates associated with late morning to afternoon (11:00–15:59), HR 0.88, 95% CI 0.82–
0.95, P < 0.001, and the highest rates with evening vaccination (16:00–19:59), HR 1.41, 95% CI 1.32–1.52, P < 0.001.
Vaccination timing remained significant after adjustment for ethnicity, sex, and comorbidities. The association between
immunization time and infection risk followed a sinusoidal pattern, consistent with a diurnal rhythm in vaccine
effectiveness.

We report a significant association between the time of varicella vaccination and its clinical effectiveness. Similar
association was […]
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Introduction
Circadian rhythms are 24-hour oscillations in biological function emanating from a genetically encoded 
molecular clock that regulates gene expression and thereby organizes cellular functions into daily cycles (1, 
2). Basic studies, examining clock regulation of  immune processes that contribute to vaccination, described 
diurnal variations in immune responses (3, 4). These include dendritic cells’ activation at the site of  intra-
muscular injection (5), trafficking of  dendritic cells and lymphocytes to the lymph node (6), selection of  anti-
gen-specific T and B cells, and effector functions (7, 8). Studies suggested a correlation between the timing 
of  vaccine administration during the day and vaccine effectiveness (9, 10). However, these studies were con-
strained by their limited sample sizes and the use of  serologic titers as the outcome measure, which restricted 
the generalization for clinical effectiveness. A recent study examining the correlation between vaccination 
timing and the efficacy of  COVID-19 vaccine doses suggested a sinusoidal pattern in infection risk, aligning 
with diurnal biological rhythms. This study, conducted amid a mass vaccination campaign in a pandemic 
setting, revealed that the lowest rates of  breakthrough infections were associated with vaccinations adminis-
tered from late morning to early afternoon, while the highest rates occurred with evening vaccinations (11). 
We aimed to evaluate the association between vaccination time of  day and vaccine effectiveness beyond the 
COVID-19 vaccine utilizing big data from a nationwide childhood varicella vaccination program. Therefore, 
we analyzed the time of  vaccination in association with varicella breakthrough infection.

Results
A total of  251,141 children under the age of  6 years old (Figure 1) had timestamps recorded for the first 
dose of  varicella immunization. The distribution of  patient immunization times is presented in Figure 
2. Based on this distribution, we compared varicella breakthrough infections in patients receiving their 
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remained significant after adjustment for ethnicity, sex, and comorbidities. The association 
between immunization time and infection risk followed a sinusoidal pattern, consistent with a 
diurnal rhythm in vaccine effectiveness.

CONCLUSION. We report a significant association between the time of varicella vaccination and its 
clinical effectiveness. Similar association was observed with the COVID-19 vaccine, providing proof 
of concept consistent with a diurnal rhythm in vaccine effectiveness.



2

C L I N I C A L  M E D I C I N E

JCI Insight 2024;9(20):e184452  https://doi.org/10.1172/jci.insight.184452

first dose of  the vaccine in the morning (7:00–10:59, n = 134,841), afternoon (11:00–15:59, n = 72,223), 
or evening (16:00–19:59, n = 44,077). As a group, vaccinated children had a mean age of  1.2 years (SD 
0.6), 51.23% were male, the majority were Jewish (94.4%), 0.56% were defined as immunodeficient, 
and 8.41% had either obesity diagnosis or weight above the 95th percentile for age and sex (Table 1).

The group of  children immunized in the evening exhibited advanced chronological age and high-
er rates of  Jewish ethnicity and obesity relative to both their morning-vaccinated counterparts and 
those immunized during the late morning to early afternoon. In addition, the late morning to early 
afternoon vaccination group demonstrated a higher proportion of  female children and non-Jewish 
ethnicity compared with the morning-vaccinated cohort. Notably, a higher proportion of  immunode-
ficiency diagnoses was observed in children immunized during the morning compared with children 
immunized in the evening (Table 1).

Overall, children had a varicella breakthrough infection rate of  1.8% (4,501/251,141) after 1 dose 
of  varicella immunization, similar to the 2.1% and 1.56% varicella breakthrough infection rates found 
in a nationwide retrospective investigation in Taiwan and Beijing, respectively (12, 13). The number 
of  varicella infections per week of  the year was similar across the 3 groups of  vaccine administration 
times (Supplemental Figure 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.184452DS1). Children immunized in the late morning to early afternoon had 
less frequent breakthrough infections than children vaccinated in the morning (HR 0.88, 95% CI 0.82–
0.95, P < 0.001), while those vaccinated in the evening had higher rates of  breakthrough infection (HR 
1.41, 95% CI 1.32–1.52, P < 0.001) (Table 2 and Figure 3).

Obesity, Jewish ethnicity, and male sex were all associated with lower vaccine effectiveness (Sup-
plemental Table 2). However, the difference in effectiveness by vaccination time of  day remained 
significant after stratification by sex, ethnicity, immunodeficiency status, and obesity (Figure 4, A–D).

Using Cox multivariate regression to adjust for ethnicity, sex, immunodeficiency, and obesity, we 
examined how the impact of  vaccination time changes throughout the day. Relative to immunizations 
performed between 8:00 and 9:59, the HR for breakthrough infections oscillated in a sinusoidal pat-
tern, with the lowest risk afforded by late morning to early afternoon vaccination times and the highest 
risk associated with evening vaccination times (Figure 5).

The sinusoidal contour of  this effect suggests a diurnal rhythm in varicella vaccine efficacy based 
on time of  administration.

Discussion
Our data reveal a notable association between the timing of  varicella vaccination and its clinical effica-
cy regarding varicella breakthrough infection. The correlation between vaccination timing and infec-
tion risk exhibited a sinusoidal pattern, indicating a diurnal biological rhythm in vaccine efficacy. 
Specifically, children immunized during the late morning to early afternoon experienced fewer break-
through infections compared with those vaccinated in the evening.

Circadian regulation seems to influence various stages of  the vaccination process (14). Basic science 
investigations have documented diurnal variations in immune responses to antigenic challenges. While 
many human studies examining the effect of  vaccine administration time have primarily focused on immu-
nological responses, particularly antibody titers, as the primary endpoint, the findings have been inconsis-
tent. Some reports have suggested morning vaccination as optimal, while others have found no significant 
difference between morning and afternoon vaccination (9, 15–18). However, it is worth noting that antibody 
titers have been shown to be a poor surrogate for vaccine efficacy (19, 20). The first study that examined the 
association between vaccine effectiveness and the time of  day when vaccination occurred was conducted 
during the unique circumstances of  a global health crisis, the COVID-19 pandemic vaccination response, 
leveraging population-based data. This study detected a diurnal rhythm of  COVID-19 vaccine efficacy (11). 
We managed to expand this association in a different clinical setting of  a childhood immunization program 
and with a different vaccine-preventable pathogen, showing similar optimal vaccine efficacy of  late morn-
ing to early afternoon vaccination, associated with fewer breakthrough infections.

Human populations have less aligned circadian rhythms than other organisms, making it chal-
lenging to observe how these rhythms affect medical interventions in real-world settings (21, 22). Our 
study population of  children under the age of  6 years old enabled us to minimize the possibility of  a 
diverse lifestyle with routine exposure to light at night that might alter the phase of  the circadian clock.
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High vaccine coverage is required to ensure population protection; however, recent studies have found an 
increase in parents’ vaccine hesitancy and a decline in routine childhood immunization rates, negatively influ-
enced by social media (23, 24). One approach to overcome this phenomenon and motivate parents to vaccinate 
their children is by increasing vaccine accessibility through extended vaccine clinic operating hours after work-
ing hours. Although increasing clinic hours’ flexibility is important, our findings emphasize the importance of  
identifying subsets of children who should be prioritized for vaccination at biologically optimal times of the day.

The strength of  our study relies on high-level national data capturing all children vaccinated 
against varicella with long-term follow-up that captures future breakthrough infections. Our analysis 
has limitations. First, as with any observational study, patients were not randomly assigned to specific 
vaccination times, and demographic differences between groups can bias results. Second, we were 
not able to reach conclusions regarding disease severity because of  the limited number of  hospitaliza-
tions and the difficulty of  distinguishing between varicella-related hospitalizations or hospitalizations 
for other causes. Third, our dataset lacks viral PCR testing and solely depends on coding diagnosis; 

Figure 2. Varicella vaccine timing across the day.

Figure 1. Study population.
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however, varicella diagnosis is mainly clinical, especially in the outpatient setting. Fourth, our results 
reflect the cumulative behavior of  our cohort and were not able to detect interindividual differences.

In summary, our study provides compelling evidence of  a substantial association between the 
timing of  varicella vaccination and its clinical efficacy in preventing breakthrough infections. These 
findings underscore the importance of  considering circadian rhythms in vaccination strategies and 
highlight the potential for optimizing vaccine effectiveness by administering vaccines at biologically 
optimal times of  day. Importantly, our study builds upon previous research, demonstrating similar 
findings regarding the timing of  COVID-19 vaccination and its efficacy, further strengthening the rele-
vance and generalizability of  our results.

Methods
Sex as a biological variable. Our study examined male and female children, and similar findings are 
reported for both sexes.

Study design and setting. This retrospective cohort study was conducted using the Clalit Health Main-
tenance Organization (HMO) Data Sharing Platform, powered by MDClone (https://www.mdclone.
com). This platform utilizes advanced algorithms to deidentify and extract data from electronic medical 
records, ensuring both data quality and patient privacy. Clalit, the largest HMO in Israel, provides medi-
cal services to approximately 5.4 million individuals, representing 52% of  the country’s population. The 
Clalit HMO database captures all clinical encounters, diagnoses, medications, and laboratory data for its 
participants anywhere within the country, regardless of  setting, including all clinical activity and diag-
nostic testing. Since this was a retrospective study, patient informed consent was not required.

Table 1. Patient demographics based on time of varicella vaccinations

Total 
N = 238,432

Morning 
N = 134,841

Afternoon 
N = 72,223

Evening 
N = 44,077 P valueA P valueB P valueC

Age, mean (SD) 1.20 
(0.60)

1.20 
(0.50)

1.20 
(0.60)

1.30 
(0.70)

0.440 <0.001 <0.001

Sex N (%) 0.048 0.778 0.077

Female 122,488 
(48.77)

65,607 
(48.66)

35,470 
(49.11)

21,411 
(48.58)

Male 128,653 
(51.23)

69,234 
(51.34)

36,753 
(50.89)

22,666 
(51.42)

Ethnicity N (%)

Jewish 236,996 
(94.37)

127,092 
(94.25)

67,066 
(92.86)

42,838 
(97.19)

<0.001 <0.001 <0.001

Non-Jewish 12,801 
(5.10)

7,012 
(5.20)

4,691 
(6.50)

1,098 
(2.49)

<0.001 <0.001 <0.001

N/A 1,344 
(0.54)

737 
(0.55)

466 
(0.65)

141 
(0.32)

0.005 <0.001 <0.001

Comorbidities N (%)

Obesity 20,204 
(8.41)

10,117 
(7.82)

6,058 
(8.73)

4,029 
(9.74)

<0.001 <0.001 <0.001

Immunodeficiency 1,397 
(0.56)

790 
(0.59)

397 
(0.55)

210 
(0.48)

0.312 0.008 0.101

P values determined by Cox regression model. AMorning vs. afternoon. BMorning vs. evening. CAfternoon vs. evening.

Table 2. Varicella breakthrough infection risk

HR 95% CI P value
Morning 1.00 – –

Afternoon 0.88 0.82, 0.95 <0.001
Evening 1.41 1.32, 1.52 <0.001

P values determined by Cox regression model.
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Study period. We analyzed data from January 2002 to December 2023. The varicella vaccine was 
introduced to the private market in Israel in 2003 with vaccine coverage of  less than 30% and to the 
National Immunization Program (NIP) in September 2008. In the NIP, the varicella vaccine was admin-
istered as 2 doses, first at the age of  1 year and then at 6–7 years, to children born after January 1, 2007. 
To children born between January 1, 2002, and December 31, 2006, 2 doses were given with a 6-week 
interval at the age of  6–7 years. Vaccine coverage rapidly reached over 90% after its introduction to the 
NIP (25). The second dose of  the varicella vaccine is given as part of  a school vaccination campaign, 
exclusively during the morning.

Therefore, we extracted data from all Clalit HMO members younger than 6 years who received 
the first dose of  varicella vaccine and joined Clalit HMO prior to January 2002, ensuring a complete 
medical history was on file. The timestamp for vaccine administration was determined by the time 
of  the nurse visit encounter. Children with documented vaccination visit times between 20:00 and 
7:00 (1,015, 0.4%) were excluded to avoid inadequate data. Furthermore, 18 children were excluded 
because of  missing data on their sex (Figure 1).

Data sources and organization. We analyzed deidentified patient-level data extracted from Clalit HMO 
electronic records. Continuous variables encompassed age at immunization, time and date of  vaccine 
administration, and weight. Dichotomous variables comprised sex (male vs. female), ethnicity (Jewish vs. 
non-Jewish), and comorbidities associated with varicella infection risk (26–29) and vaccine effectiveness 
(30, 31), defined by specific codes indicating primary immune deficiency, malignancy, transplantation, 
and chemotherapy administration grouped as immunodeficiency. Obesity, a known independent factor 
associated with nonresponse to varicella vaccination (32), was determined either by coding or by weight 
exceeding the 95th percentile for age and sex. All specific codes are detailed in Supplemental Table 1.

Study outcome. The primary outcome was varicella infection as defined by International Classifica-
tion of  Diseases 10 codes for the above surrogate for varicella breakthrough infection. Infections in the 
first 14 days following vaccination were excluded from the analysis, since patients during this interval 
are not considered to have a complete immunologic response to vaccination.

Statistics. An initial descriptive analysis included calculations of  single-variable distribution, central 
tendency, and dispersion. We stratified vaccine timing in 4-hour bins: morning hours (7:00–10:59), late 
morning to afternoon (11:00–15:59), or evening hours (16:00–19:59) for comparison groups (Figure 2).

Kaplan-Meier analysis with a log-rank test was used for the univariate analysis. A Cox proportion-
al hazards regression model was used to estimate the association between vaccine administration time 
of  day and study endpoint. We treated the first varicella infection or the administration of  a second 
dose of  varicella vaccine as a terminal event, whichever came first. Recurrent infections were not con-
sidered in our analysis.

We conducted sensitivity analysis using 8:00–9:59 as a reference for the Cox regression model, 
comparing this reference time bin with successive 2-hour intervals across the day, incrementing by 1 

Figure 3. Varicella infection-free survival in children by vaccination time of day.
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hour with each iteration. Our hypothesis was that a diurnal rhythm in vaccine efficacy should produce 
a sinusoidal trend in HRs as a function of  vaccination time.

We performed all statistical analyses using R version 3.5.0. Code for all analyses is available in Sup-
plemental Data 1. A P value of  less than 0.05 was used to indicate significance in all analyses.

Study approval. The Soroka University Medical Center and Clalit Data Extraction Ethical Committee 
(Beer Sheva, Israel) approved the study with number 0367-22.

Data availability. Deidentified data will be made available upon reasonable request to the corre-
sponding author. Code for R (Supplemental Data 1) and Supporting Data Values are included in the 
supplement.

Figure 5. Diurnal rhythms 
in varicella vaccine effec-
tiveness.

Figure 4. Varicella infection-free survival in children by vaccination time of day. Stratified by sex (A), ethnicity (B), immunodeficiency (C), obesity (D).
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