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Abstract

Background: Few studies have assessed the duration of humoral immunity following yellow 

fever (YF) vaccination in a non-endemic population. We evaluated seropositivity among US 

resident travellers based on time post-vaccination.

Methods: We identified serum samples from US travellers with YF virus-specific plaque 

reduction neutralization testing (PRNT) performed at CDC from 1988 to 2016. Analyses were 

conducted to assess the effect of time since vaccination on neutralizing antibody titer counts.

Results: Among 234 travellers who had neutralizing antibody testing performed on a specimen 

obtained ≥1 month after vaccination, 13 received multiple YF vaccinations and 221 had one dose 

of YF vaccine reported. All 13 who received more than one dose of YF vaccine had a positive 

PRNT regardless of the amount time since most recent vaccination. Among the 221 travellers with 

one reported dose of YF vaccine, 155 (70%) were vaccinated within 10 years (range 1 month–9 

years) and 66 (30%) were vaccinated ≥10 years (range 10–53 years) prior to serum collection. 

Among the 155 individuals vaccinated, <10 years prior to serum collection, 146 (94%) had a 

positive PRNT compared with 82% (54/66) of individuals vaccinated ≥10 years prior to serum 

collection (P = 0.01). Post-vaccination PRNT titers showed a time-dependent decrease. Individuals 

with immunocompromising conditions were less likely to have a positive PRNT (77%) compared 

with those who were not immunocompromised (92%; P = 0.04).

Conclusion: Although the percentage of vaccinees with a positive PRNT and antibody titers 

decreased over time, a single dose of YF vaccine provided long-lasting protection in the majority 

of US travellers. A booster dose could be considered for certain travellers who are planning travel 

to a high risk area based on immune competence and time since vaccination.
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Introduction

Yellow fever (YF) is a mosquito-borne viral disease that is endemic to sub-Saharan Africa 

and tropical South America. Clinical disease ranges from a mild, undifferentiated febrile 

illness to severe disease with jaundice and haemorrhage. The case-fatality rate for severe YF 

is 30–60%.1,2 Because no specific treatment exists for YF, prevention is critical to reduce 

disease morbidity and mortality. The most effective measure to prevent for YF is 

vaccination.

YF vaccine is recommended for persons aged ≥9 months who are travelling to or living in 

areas with risk for YF virus transmission.3 In addition, International Health Regulations 

allow countries to require proof of YF vaccination for travellers entering their country.4 

These requirements are intended to minimize the potential importation and spread of YF 

virus. Proof of YF vaccination is recorded on the International Certificate of Vaccination or 

Prophylaxis (i.e. yellow card).

From 1970 through 2015, a total of 11 cases of YF were reported in travellers from the USA 

and Europe who travelled to West Africa or South America.1 Only one traveller had a 

documented history of YF vaccination; that patient survived. Starting in 2016, the number of 

traveller-associated YF cases increased substantially, primarily due to outbreaks in Angola 

and Brazil. From 2016 through mid-2018, more than 35 travel-associated cases have been 

reported in unvaccinated travellers who were residents of non-endemic areas or countries, 

including at least 13 European travellers and one American traveller to Peru.5–12

From 1965 through 2016, International Health Regulations considered a dose of YF vaccine 

to provide protection for 10 years. This interval was established based on limited evidence, 

and more recent studies suggest immunity is longer lasting.13–15 In 2013, the World Health 

Organization Strategic Advisory Group of Experts (SAGE) on immunization concluded that 

a single dose of YF vaccine is sufficient to confer sustained immunity and lifelong 

protection against YF disease, and a booster dose of the vaccine is not needed.9 This 

conclusion was based on a systematic review of published studies on the duration of 

immunity following a single dose of YF vaccine, and on data that suggest vaccine failures 

are extremely rare and do not increase in frequency with time since vaccination.15–28 In 

2014, the World Health Assembly adopted the recommendation to remove the 10-year 

booster dose requirement from revised International Health Regulations, which was enacted 

in 2016.29 Based on the available data, the US Centers for Disease Control and Prevention 

(CDC) Advisory Committee on Immunization Practices (ACIP) also concluded that a single 

primary dose of YF vaccine provides long-lasting protection and is adequate for most 

travellers. Both SAGE and ACIP noted that further data were needed on the long-term 

immunogenicity in certain groups such as children and HIV-infected individuals. ACIP 

currently recommends a booster dose for selected individuals who might not have as robust 

or sustained immune response to YF vaccine or who are at increased risk for YF disease. We 

evaluated YF neutralizing antibody titers of US travellers based on time post-vaccination, 

and assessed the impact of factors (e.g. number of vaccine doses received, age and immune 

status) on titer levels.
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Methods

Data collection

We retrospectively identified serum samples previously tested by YF virus-specific plaque 

reduction neutralization test (PRNT) at CDC from 1988 through 2016. Neutralizing 

antibody titers were determined using PRNT90, which is the reciprocal of the endpoint 

serum dilution that reduces the challenge virus plaque count by 90%. Testing methodology 

was consistent over the included time period though potentially included a few different 

passage levels of the viral seed used in the assay. Although serological correlates of 

protection for YF have not been established, the presence of neutralizing antibodies has been 

used as a surrogate to indicate a protective immune response.18–20

Overall, a total of 2004 specimens from 1224 individuals had PRNT at CDC. If multiple 

samples were submitted for an individual, only the most recent sample (i.e. the sample 

furthest from vaccination) was included in the analysis. Because we wanted to limit our 

analysis to US residents receiving YF vaccine for travel, we excluded 90 specimens 

collected from non-US residents (i.e. submitted from another country or from individuals 

noted to reside in another country), 356 specimens collected during research studies and 116 

specimens collected for YF vaccine adverse event investigations. The time period from last 

vaccination to serum collection was calculated for each sample. If the date of vaccination 

was not provided on the test request form, we excluded the specimen (n = 398). If the 

specimen collection date was missing on the test request form, the date of specimen received 

at CDC was used as a surrogate. Thirty samples collected within 1 month of vaccination 

were excluded as there might not have been enough time elapsed to produce antibodies. 

Samples were considered to have originated from an immunocompromised traveller if the 

test request form submitted with the sample noted that the person was infected with HIV, 

had received an organ transplant within 10 years, or was specifically noted to be 

immunocompromised.

Data analysis

Categorical variables were described as counts and proportions and compared using Fisher’s 

exact test. Continuous variables were described as medians and ranges and compared using 

the Wilcoxon rank sum test. To assess the effect of time since vaccination on neutralizing 

antibody titers, data were analyzed using a hurdle model, which models the probability of a 

person having a positive neutralizing antibody titer and the level of the neutralizing antibody 

titer among those for whom it is positive. The binary part of the hurdle model used logistic 

regression to model the probability that a traveller would have a positive YF PRNT (titer 

≥10) as a linear function of time since vaccination. For those with positive neutralizing 

antibody titers, the second part of the hurdle model used zero-truncated Poisson regression 

to model the expected magnitude of titers as a function of time since vaccination. 

Bootstrapping was used to calculate 95% confidence intervals (CI) for the estimates. The 

model was summarized graphically, with bootstrapped 95% pointwise confidence bands. 

Statistical analyses were conducted using SAS® version 9.3 (SAS Institute, Cary, North 

Carolina) and the ‘countreg’ and ‘boot’ packages in R version 3.4.1 (R Foundation for 

Statistical Computing, Vienna, Austria).
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Results

We identified 234 US resident travellers with YF virus-specific PRNTs performed ≥1 month 

after vaccination. Of these, 120 (51%) were collected from females, 107 (46%) from males 

and 7 (3%) were from persons of unknown sex. Of the 206 travellers with known age, the 

median age was 44 years (range 2–87 years). Overall, 221 (94%) individuals were noted to 

have one previous vaccination, 12 (5%) had received two doses of YF vaccine, and 1 (<1%) 

had received three doses of YF vaccine. Among the 13 individuals with multiple YF 

vaccinations, 100% had a positive PRNT regardless of the time since most recent 

vaccination [median 17 years prior to testing (range 5 months–26 years)]. We focused the 

remainder of our analysis on the 221 individuals who reportedly received only one previous 

vaccination.

Of the 221 travellers with only one previous vaccination, 155 (70%) were vaccinated <10 

years prior to serum collection (median 4 months, interquartile range [IQR] 2 months–3 

years) and 66 (30%) were vaccinated ≥10 years prior to serum collection (median 15 years, 

IQR 12–25 years). Individuals with YF vaccinations ≥10 years prior were significantly older 

and more likely to be immunocompromised (Table 1). Among the 155 individuals whose 

last vaccination was <10 years prior to serum collection, 146 (94%) had a positive PRNT, 

compared with 54 (82%) of the 66 individuals who had received YF vaccination ≥10 years 

prior (P = 0.01, Table 1). Post-vaccination neutralizing antibody titers showed a significant 

time-dependent decrease (Table 2, Figure 1). Both parts of the hurdle model showed a 

statistically significant decrease in YF neutralizing antibody titers over time with the odds of 

having a positive PRNT decreasing by a factor of 0.95 (95% CI: 0.92–0.99) and the 

estimated positive antibody titers decrease by a factor of 0.97 (95% CI: 0.96–0.98) with each 

year post-vaccination. Among persons who received YF vaccine ≥10 years before serum 

collection, there was no difference in the proportion with a positive PRNT by age or sex.

There were 22 individuals noted to have an immunocompromising condition (nine taking 

immune suppressive medications or therapies, seven infected with HIV and six for whom the 

specific reason for immune compromise was not noted) who received their dose of YF 

vaccine a median of 13 years prior (range: 1 month–34 years). Overall, individuals with 

immunocompromising conditions were less likely to have a positive PRNT (77%; n = 17/22) 

compared with those who were not immunocompromised (92%; n = 183/199; P = 0.04). 

Finally, if the immunocompromised individuals were excluded, the difference in 

seropositivity between those receiving one dose <10 years ago (139/147; 95%) and one dose 

≥10 years prior (44/52, 85%) remained significant (P = 0.04).

Discussion

Estimating the duration of immunity after YF vaccination can help determine the need for 

and timing of re-vaccination for travellers. Our analysis shows that a single dose of YF 

vaccine provides long-lasting protection for most US resident travellers; however, the 

proportion of persons with detectable antibodies decreased with increasing time since 

vaccination, as have been reported in other studies.30 This decrease was not observed among 
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the small number of persons who had previously received two or more YF vaccinations; all 

of whom had a positive PRNT regardless of the time since most recent vaccination.

There have been a number of previous studies on the duration of immunity following a 

single dose of YF vaccine in non-endemic populations, but most included small numbers of 

vaccinees and some included only military members, who are more likely to be young, 

healthy men than the general population of travellers and might be more likely to be exposed 

to YF during service and therefore have a natural booster. Poland reported that neutralizing 

antibodies persisted for 30–34 years in 91 (78%) of 116 World War II veterans.18 Another 

retrospective study of 24 Marine and Navy personnel, of whom nine had received at least 

two doses of YF vaccine, found that 100% had neutralizing antibodies detected by log 

neutralization index after 16–19 years.17 Reinhardt et al. reported that 5/5 (100%) of persons 

had neutralizing antibodies ≥10 years after last vaccination.19 A study of German vaccinees 

reported neutralizing antibody titers in 38 (75%) of 51 persons tested 11–38 years after 

immunization.20 Another study reported neutralizing antibodies in 80 (95%) of 84 persons 

aged >60 years in France who were vaccinated 11–60 years previously.23 Methodological 

differences across studies, such as the included population, assays used (e.g. PRNT80 and 

mouse protection assay) and criteria for determining seropositivity, likely contributed to the 

variability among the reported results. Although these studies generally support sustained 

immunity following YF vaccine, there have been concerns noted about whether a single dose 

of YF vaccine is adequate.31–35 However, if the current studies are taken together, the overall 

long-term neutralizing antibody rate is 85% (238/280), which is comparable to the 

proportion we report here.

In this study, 94% of persons receiving YF vaccine within the last 10 years were 

seropositive. This is slightly lower than the estimates from clinical trials where 99% 

seropositivity rates were typical within 28 days of vaccination.1 One explanation for this 

difference could be the high PRNT cutoff (90%) used in the CDC Arbovirus Diagnostic 

Laboratory as part of the diagnostic algorithm. This test and cutoff has a lower sensitivity 

that those typically used in clinical trials. However, the 94% seropositivity rate might also 

represent the expected seroresponse rate among a more diverse population with antibody 

titers measured 1 month–10 years post-vaccination compared with traditionally healthy 

volunteers included in clinical trials where antibodies are typically measured one month 

post-vaccination.

The proportion of immunocompromised patients with detectable antibodies was lower than 

the proportion among persons without such conditions. This observation has been noted 

previously for persons with HIV and with other live viral vaccines in hematopoietic stem 

cell transplant recipients.36–37 Overall these findings suggest that re-vaccination of these 

individuals might be considered if their condition is not a contraindication to YF 

vaccination. ACIP currently recommends (1) persons who are HIV-infected should be 

revaccinated every 10 years if they continue to be at risk for YF virus infection; and (2) 

persons who received a hematopoietic stem cell transplant after receiving a dose of YF 

vaccine and who are sufficiently immunocompetent to be safely vaccinated should be 

revaccinated before their next travel to a YF risk area.
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There are multiple limitations of this analysis. First, the data included in the analysis were 

limited to persons whose samples were submitted to CDC for testing and their vaccination 

date was provided. These individuals may not be representative of all US travellers or 

travellers from other areas. The factors that might have influenced specimen submission to 

CDC for testing (traveller age, medical conditions, concerns about a prior vaccination) are 

those that might decrease seropositivity rates. Therefore, we might expect that the 

seropositivity seen among this group underestimates that of the larger population of 

travellers. The available data did not include history of travel to or residence in YF-endemic 

areas and, therefore, did not account for potential re-exposure to YF virus, which could have 

positively influenced the seropositivity rate. Complete medical histories were also not 

available for patients, so the number of previous vaccinations, immune status, co-

administration of other vaccines, and other variables could not be definitively ascertained 

and could impact the precision of the estimate of seroprotection. Additionally, some 

proportion of those individuals that were seronegative >10 years post-vaccination could have 

been primary non-responders to vaccination. Although we did have more than one sample 

collected over time on a limited number of the individuals included here, none of the 

individuals who were seronegative >10 years post-vaccination had more than one sample 

collected that would allow us to assess non-response. Due to the number of individuals 

included in this dataset, we were unable to adjust for age. Persons ≥10 years post-

vaccination were significantly older than those <10 years, which could have impacted their 

immune response, as has been documented by others.38 Additionally, older persons in our 

cohort might have developed a precaution or contraindication to receiving a booster dose of 

the vaccine (i.e. why their sample was sent for testing prior to the change in the booster dose 

recommendation in 2015), which could have negatively impacted their long-term immunity. 

Data on timing of the immunocompromising condition was not available and patients may 

not have been immunocompromised at the time of their initial vaccination. Variable types of 

immunocompromising conditions were grouped together and might have different effects on 

immune response. Using a PRNT90 is a conservative approach as it likely underestimates 

those who might still have a detectable titer. In addition, it is unclear for those individuals 

who have an undetectable titer if they are truly not protected as other components of the 

immune system (e.g. CD8 T cells) contribute to long-term immunity.39 Finally, there were 

relatively few samples available to include in the analysis for some of the subsets (e.g. 

underlying medical conditions) under investigation which might have limited our ability to 

determine potential factors associated with waning long-term immunity.

These data support previous findings that a single dose of YF vaccine provides long-lasting 

protection and is adequate for the majority of travellers. However, a booster dose of vaccine 

could be considered for certain travellers whose immunologic response to the vaccine might 

be suboptimal or who received their last dose of YF vaccine at least 10 years previously and 

will be in a higher-risk setting based on season, location, activities, and duration of their 

travel.40–41 Additionally, for travellers with no financial barriers or medical 

contraindications or precautions, YF re-vaccination is likely to be an attractive option for 

decreasing risk of a life-threatening infection. Additional research is needed to further assess 

the long-term immunity following YF vaccine in certain populations whose immune 

response to their primary vaccination might wane more rapidly or be less robust.
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Figure 1. 
Yellow fever neutralizing antibody titers* among US travellers with one reported dose of 

yellow fever vaccine by years post-vaccination. The black line shows the expected titers 

computed from the two-part hurdle model with the 95% confidence bands shaded in grey. 

Data are jittered about the y-axis for visibility. *Titers determined by plaque reduction 

neutralization with a 90% cutoff.
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Table 1.

Characteristics of US travellers with one reported dose of yellow fever vaccine and yellow fever virus plaque 

reduction neutralization test (PRNT) results by time since last vaccination

Vaccination <10 years prior to serum collection 
N = 155
No. (%)

Vaccination ≥10 years prior to serum collection N 
= 66
No. (%)

P-value
a

Female
b 80 (52) 35 (53) 0.88

Median age
c
 (range) 37 (2–78) 57 (14–77) <0.01

d

Immunosuppression
e 8(5) 14 (21) <0.01

YF titer ≥1:10
f 146 (94) 54 (82) 0.01

a
Fisher exact unless otherwise noted.

b
Sex missing for five individuals.

c
Age missing for 26 individuals.

d
Wilcoxon rank sum.

e
Travellers were considered immunosuppressed if infected with HIV, had received an organ transplant within 10 years, or was specifically noted to 

be immunosuppressed on the test request form.

f
Titers ≥1:10 are considered positive using PRNT with a 90% cutoff.
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Table 2.

Yellow fever neutralization titers among US travellers with one reported dose of vaccine by years post-

vaccination

Years post-vaccination Seropositive
a
/tested (%) Geometric mean titer of reactive sera

0–4 128/136 94 298

5–9 18/19 95 84

10 −19 34/42 81 62

20–29 13/16 81 58

>30
b 7/8 88 24

a
Titers ≥1:10 are considered positive using plaque reduction neutralization test with 90% cutoff.

b
Maximum years post-vaccination was 53 years.
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