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Abstract

Background

Tetanus is a potentially fatal disease that is preventable through vaccination. While the

Democratic Republic of the Congo (DRC) has continued to improve implementing routine

vaccination activities throughout the country, they have struggled to maintain high childhood

vaccine coverage. This study aims to examine the seroprevalence of tetanus in children 6 to

59 months to identify areas for intervention and improvement of vaccination coverage.

Methods

In collaboration with the 2013–2014 Demographic and Health Survey, we assessed the

seroprevalence of tetanus antibodies among children in the DRC. Dried blood spot samples

collected from children 6–59 months of age were processed using a prototype DYNEX Multi-

plier® chemiluminescent automated immunoassay instrument with a multiplex measles,

mumps, rubella, varicella and tetanus assay. Multivariable logistic regression was used to

determine factors associated with tetanus vaccination and seroprotection.

Results

Overall, 36.1% of children 6–59 months of age reported receiving at least 1 dose of tetanus

vaccine while 28.7% reported receiving 3 doses; tetanus seroprotection was 40%. Increas-

ing age in children was associated with decreased tetanus seroprotection, but increased

number tetanus vaccinations received. Factors related to increased tetanus seroprotection

included number of children in the household, wealth index of the family, urban residence

compared to rural, level of maternal education, and province and geography.
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Conclusions

Our findings in this nationally representative sample indicate that serology biomarkers may

help identify children who are not fully immunized to tetanus more accurately than reported

vaccination. While children may be captured for routine immunization activities, as children

age, decreasing seroprevalence may indicate additional need to bolster routine vaccination

activities and documentation of vaccination in school aged children. Additionally, the study

highlights gaps in rural residential areas and vaccination coverage based on maternal edu-

cation, indicating that policies targeting maternal education and awareness could improve

the coverage and seroprevalence of tetanus antibodies in the DRC.

Introduction

Tetanus is an infectious, non-communicable disease caused by exposure to the spores of the

Clostridium tetani bacterium that affects the nervous system. This bacterium is found in the

soil and intestinal tracts of animals and is ubiquitous, causing infections worldwide. Clinical

disease is caused by neurotoxins produced under anaerobic conditions in wounds contami-

nated with the bacterial spores and characterized by muscle spasms [1, 2]. Tetanus infections

are especially common and serious among neonates and their mothers when the mother is

unprotected from infection during birth. The average case fatality rate can vary from 10% to

70% depending on treatment, age, general health of the patient, and quality and availability of

hospital care. Fatality is almost 100% among the youngest and oldest patients in the absence of

adequate care for both neonatal and non-neonatal tetanus [3–5]. Despite an overall decrease

in tetanus related morbidity and mortality worldwide, tetanus remains endemic in resource

limited settings with approximately 56,743 deaths due to tetanus in 2015; 19,937 in neonates

and 36,806 in older children and adults. Of these deaths, 44% and 36%, respectively, occurred

in sub-Saharan Africa [6]. In 2019, the Global Burden of Disease study estimated over 73,000

total tetanus cases, in which over 27,000 were neonatal tetanus infections [7].

Vaccination with a tetanus-toxoid containing vaccine is the only means of achieving immu-

nity to tetanus (individuals who recover from tetanus infection do not receive natural immu-

nity and can be re-infected) and the initial three doses during routine immunization activities

provide the foundation for building lifelong immunity to tetanus [8]. Initial immunity wanes

after each dose of vaccine, but after three doses, immunity levels presumed to be protective are

induced, and protection typically persists for 3–5 years, though immunity does begin to wane

after the third dose. Following completion of the primary series of three doses, subsequent

booster doses can further prolong immunity into adolescence and potentially much of adult-

hood if�5 doses are received according to the recommended schedule [8, 9].

Monitoring vaccination coverage is a critical element of assessing vaccination program

effectiveness and ensuring population protection from vaccine preventable diseases (VPDs).

Published reports typically rely on vaccination records, that may be unavailable or incomplete,

national household surveys, such as the Demographic Health Survey (DHS), or parental recall.

However, these sources of information may not be reliable. Maternal recall of vaccination is

known to be subject to information bias, especially for older children [10], and all sources of

household vaccination information (including vaccination cards) tended to misestimate cover-

age when compared to information obtained from a medical provider [11]. In low- to middle-

income countries, evidence suggests that officially reported vaccination coverage estimates
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may require validation to accurately evaluate vaccination programs and vaccination coverage

changes over time [12–14]. Serosurveys performed in conjunction with coverage surveys can

provide more complete information about who is protected against VPDs and may provide a

more accurate representation of vaccination coverage [3, 8, 15–17]. However, additional stud-

ies are needed to further evaluate serology compared to household vaccination information

[18].

The Democratic Republic of the Congo (DRC) is the largest country in sub-Saharan Africa

with an estimated population of 86.8 million inhabitants [19]. The majority of the population

continues to live in rural and often times very isolated communities that are extremely difficult

to access due to poor road infrastructure. In the most recent estimates, DRC was ranked 12th

for highest infant mortality rates [20]. The DRC includes tetanus vaccination in the routine

childhood immunization schedule through use of the pentavalent Diphtheria, Tetanus, Pertus-

sis, Haemophilus influenzae and Hepatitis B vaccine given at 6 weeks, 10 weeks, and 14 weeks,

following WHO recommendations for an accelerated schedule of three infant doses with at

least 4 weeks between doses to be completed by 6 months of age [9], but does not currently

provide the booster doses as part of the national vaccination schedule. In 2013, vaccination

coverage for the first and third doses of tetanus vaccine in the DRC were estimated to be 74%

and 68%, respectively, among children 12–23 months of age; however, these estimates from

WHO and UNICEF are based on information of varying quality which may not be reliable

[21].

Ensuring adequate immunity among children in the DRC through widespread vaccination

coverage is the first step to eliminating tetanus infections among children and adults. This

study aims to assess the seroprevalence of tetanus antibodies and establish demographic pre-

dictors of seroprotection among children in the DRC, in order to identify potential areas of

intervention for improving vaccine coverage.

Methods

Study population and design

The second DHS (EDS-RDC II) conducted in the DRC took place from November 2013 to

February 2014 using a 2-staged stratified cluster design [22]. These surveys provide nationally

representative estimates on maternal and child health, as well as basic demographic and health

information [23]. Details on the sampling design and data collection procedures are described

elsewhere [24]. Data were collected from a nationally representative sample of 18,171 house-

holds, survey data on children 6 to 59 months of age were collected for all households where

the biological mother was present for an interview. In addition to survey data, biological speci-

mens in the form of dried blood spots (DBS) were collected from children after parental con-

sent, in households from which men were selected to participate in an individual interview

(approximately 50% of the total selected households) [22, 24, 25].

All survey data from the paper questionnaires were converted to an electronic format using

the Census and Survey Processing System (US Census Bureau, ICF Macro, Rockville, MD). All

questionnaires are double entered and checked for inconsistencies by comparing the two data-

sets. DBS samples were analyzed for biomarker data to assess population immunity to select

VPDs.

Laboratory analyses

DBS samples were extracted using a modified extraction protocol [26] and processed at the

UCLA-DRC laboratory in collaboration with National Laboratory for Biomedical Research

(INRB) in Kinshasa, DRC. Briefly, a 0.25" DBS punch was extracted, shaken at room
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temperature in 1ml phosphate buffered saline, 0.05% Polysorbate 20, and 5% dried milk,

which represents a 1:143-fold dilution assuming 7μl of serum per punch. The DYNEX Multi-

plier1 chemiluminescent automated immunoassay platform with a research use-only kit for

measles, mumps, rubella, varicella-zoster virus, and tetanus (MMRVT) was used to test sam-

ples for IgG antibody response. Polystyrene beads coated separately with antigen to measles,

mumps, rubella, varicella-zoster, and tetanus were immobilized within 54-well Multiplier1

assay strips with 10 beads per well. An assay score (AS) for each sample was calculated as a

ratio of the signal to a five-donor, pooled positive control (PPC) included in each run. Based

on validation and epidemiologic studies, the positive/negative cutoff for tetanus IgG antibody

detection was set at an AS of 0.069 (corresponding to 200 mIU/ml), which is considered an

appropriate seroprotective cutoff when determined via ELISA [8, 27].

Statistical analyses

Using the EDS-RDC II data, we assessed the seroprevalence of tetanus antibodies among chil-

dren 6 to 59 months in the DRC. χ2 analyses were conducted on the weighted samples to assess

sociodemographic differences between serologic test results (positive and negative for tetanus

antibodies). Independent predictors of seroprotection were identified through bivariate

weighted logistic regression models. Vaccination was not included in our model of predictors

as it likely mediates many of these associations. Weighted multivariable logistic regression

models were initially run with all variables; only significant predictors based on backwards

selection using Bayesian information criterion (BIC) were retained in the final model stratified

by residence type (urban vs. rural) [28, 29]. Maps of tetanus seroprotection by province were

created to examine the spatial distribution of serologic response in children. In sub-analyses,

we utilized serology biomarkers to assess the accuracy of reported vaccination information col-

lected through DHS, by evaluating the number of pentavalent vaccine doses received against

tetanus serology as the gold standard. Data on the number of vaccine doses are obtained from

maternal recall and vaccination card.

All analyses accounted for the cluster survey design and were conducted using SAS soft-

ware, version 9.4 (SAS Institute, Cary, NC), and maps were created using ArcGIS software ver-

sion 10.6 (ESRI, Redlands, CA).

Ethical approval

Ethical approval was obtained at UCLA Fielding School of Public Health, the Kinshasa School

of Public Health, and the Centers for Disease Control and Prevention. Informed consent was

obtained from all enrolled participants as a part of the DHS survey. Before each interview or

biomarker test is conducted, an informed consent statement is read to the respondent; a parent

or guardian must provide consent prior to participation by a child or adolescent. Written

informed consent was taken from the head of the households and study participants before

data collection; written informed consent was obtained from mothers before their children

were allowed to participate.

Results

In total, 7,194 children between 6 and 59 months of age had tetanus antibody results, repre-

senting a weighted sample of 7,249 children; 3,634 male (50.1%) and 3,615 female (49.9%).

Overall, 40.4% (n = 2,930) of children were seropositive for tetanus antibodies and 59.6%

(n = 4,319) were seronegative. Of the total DHS sample, 319 children were missing results and

excluded from the analyses (Fig 1).
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Tetanus seroprotection differed between males (38.6%) and females (42.3%) (Table 1). Per-

cent seroprotection decreased with increasing age, from 40.8% of 6- to 11-month-olds testing

positive to 38.8% of 4-year-olds. However, the percent of reported full vaccination displayed a

positive trend with age, from 55.0% of 6- to 11-month-olds to 64.2% of 4-year-olds reporting

full vaccination (Fig 2); the percent of reported full vaccination among all children 6–59

months was 60.2% (S1 Table). Percent seroprotection decreased with increasing number of

children in the household and was higher among firstborn children. Percent seroprotection

increased with higher level of maternal education, greater wealth index of the family, and was

higher in urban areas versus rural areas (48.0% versus 37.2%, respectively) (Table 1).

There were differences in the percent of children who were seroprotected among the prov-

inces. The lowest was observed in Katanga (32.1%) and Maniema (34.5%) and highest in Kin-

shasa (57.3%), and Nord-Kivu (53.9%) (Table 1). Examining the geographic distribution of

seroprotection by age group shows additional variation by province. Seroprevalence of tetanus

antibodies remained high in Kinshasa in each age group except for the 48- to 59-month-old

children, where it dropped to 43.1%. Seroprevalence was highest in Nord-Kivu among 6- to

11-month-old children (61.2%) and in Kinshasa among 12- to 47-month-old children (62.5%)

(Fig 3).

Overall, tetanus seroprotection was low among children in the DRC, regardless of the num-

ber of tetanus vaccine doses reported, but increased from 32.6% to 47.8% among those receiv-

ing one versus three doses of tetanus vaccine, respectively. However, 22.2% of children who

reported zero doses of tetanus vaccine also demonstrated tetanus seroprotection and this was

seen across all provinces (Table 1). While tetanus seroprotection among children reported as

receiving three doses was generally higher than among children with zero doses, there was still

evidence of tetanus seroprotection among children with zero documented doses in all prov-

inces. The largest discordance between serology and vaccination record was observed in the

oldest age group, 48–59 months, and in the southeastern provinces of the DRC (Fig 4).

In the multivariable analysis among urban residences, an increased number of children in

the household was associated with a lower odds of seroprotection compared to only one child

(Fig 5). The odds of seroprotection were lower among children whose mother had less than a

secondary education and were lower among children in Katanga, Kasai-Occidental, Maniema,

and Bas-Congo compared to in Bandundu. Similarly, in the multivariable analysis among

rural residences, the odds of seroprotection were lower among those with more than one child

Fig 1. Attrition table. Study inclusion for assessment of tetanus seroprevalence among 6- to 59-month-old EDS-RDC

II respondents (unweighted).

https://doi.org/10.1371/journal.pone.0268703.g001
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Table 1. Weighted demographic characteristics by tetanus serostatus result of children 6–59 months old in the EDS-RDC II.

Tetanus serostatus

Characteristic Positive Negative Chi-square p-value

(n = 2930) (n = 4319)

n (%) n (%)

Child’s age categorya 0.0254

6–11 months 347 (40.8) 503 (59.2)

1 year 748 (44.2) 943 (55.8)

2 years 683 (41.1) 978 (58.9)

3 years 570 (36.9) 977 (63.1)

4 years 582 (38.8) 919 (61.2)

Child’s sex 0.0406

Male 1401 (38.6) 2233 (61.5)

Female 1529 (42.3) 2086 (57.7)

No. of children in householdb < .0001

1 533 (50.3) 526 (49.7)

2 592 (40.2) 879 (59.8)

3 574 (41.4) 811 (58.6)

4 397 (33.0) 807 (67.1)

�5 835 (39.2) 1296 (60.8)

Birth orderc < .0001

Firstborn 643 (48.1) 693 (51.9)

Non-firstborn 2287 (38.7) 3626 (61.3)

Mother’s age at child’s birth (years) 0.1967

�20 541 (44.2) 684 (55.8)

21–25 793 (40.4) 1170 (59.6)

26–30 767 (40.5) 1125 (59.5)

31–35 451 (37.6) 749 (62.4)

36+ 378 (39.0) 591 (61.0)

Mother’s highest education < .0001

None 606 (41.4) 856 (58.6)

Primary 1113 (35.2) 2046 (64.8)

Secondary/higher 1211 (46.1) 1417 (53.9)

Wealth indexd < .0001

Poorest 556 (34.1) 1076 (65.9)

Poorer 603 (35.7) 1088 (64.3)

Middle 597 (40.6) 873 (59.4)

Richer 588 (43.4) 767 (56.6)

Richest 587 (53.3) 515 (46.8)

Old Province < .0001

Bandundu 433 (35.2) 798 (64.8)

Bas-Congo 129 (40.9) 187 (59.1)

Equateur 401 (37.2) 678 (62.8)

Kasai-Occidental 209 (37.2) 353 (62.8)

Kasai-Oriental 314 (39.4) 482 (60.6)

Katanga 240 (32.1) 508 (67.9)

Kinshasa 275 (57.3) 205 (42.7)

Maniema 88 (34.5) 167 (65.5)

Nord-Kivu 330 (53.9) 282 (46.1)

(Continued)
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in the household compared to only one child. The odds of seroprotection were positively asso-

ciated with wealth index, specifically in the middle and richest areas compared to poorest, and

were higher in most provinces compared to Bandundu, especially Nord-Kivu, but was lower

among children in Katanga (Fig 5).

Table 1. (Continued)

Tetanus serostatus

Characteristic Positive Negative Chi-square p-value

(n = 2930) (n = 4319)

Orientale 268 (43.1) 354 (56.9)

Sud-Kivu 243 (44.2) 307 (55.8)

Residence < .0001

Urban 1039 (48.0) 1127 (52.0)

Rural 1891 (37.2) 3192 (62.8)

Reported number of tetanus vaccine dosese < .0001

0 323 (22.2) 1133 (77.8)

1 167 (32.6) 345 (67.4)

2 360 (39.8) 543 (60.2)

3 2073 (47.8) 2268 (52.3)

aOnly children 6 months of age and older were invited to participate in the serosurvey.
bChildren in household is the sum of boys and girls that currently live in the household.
cBirth order ranges from firstborn to 15th-born.
dWealth index is a composite measure of a household’s cumulative living standard based on household ownership of selected assets, materials used for housing

construction, and types of water access and sanitation facilities. Using principal components analysis, the DHS separates all interviewed households into 5 wealth

quintiles.
eReported number of vaccine doses is the sum of vaccine doses received reported by either maternal recall or vaccination card.

https://doi.org/10.1371/journal.pone.0268703.t001

Fig 2. Tetanus seropositivity and vaccination trends by age. Tetanus seroprotection and full vaccination coverage

(documentation of three doses of tetanus containing vaccine) according to age (in months) among children 6–59

months old in the EDS-RDC II (linear trend lines in black).

https://doi.org/10.1371/journal.pone.0268703.g002
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Discussion

In this nationally representative sample of children 6–59 months, our results indicate that sero-

protection against tetanus is low among children throughout the DRC and that there are dis-

crepancies between serology results and documentation of tetanus vaccination. We found that

the seroprevalence of tetanus-specific IgG antibodies decreased with increasing age and num-

ber of children in the household, was positively associated with increased maternal education

level and increased wealth index, and varied by province and residence type.

Although serological biomarkers are unable to indicate the number of vaccine doses

received [30], the decrease in tetanus seroprotection among older children in this study may

suggest that children are not receiving the complete series, despite information gathered and

documented in DHS from the vaccination record. Among children 6–11 months, 12–47

months, and 48–59 months of age who reported receiving three doses, only 50.6%, 48.3%, and

44.6% demonstrated protective immune response respectively (S1 Table). While antibody lev-

els typically decrease slowly after each initial dose of tetanus-containing vaccine, the immune

response to receiving all three doses is typically robust and should provide protective levels of

immunity for children for 3–5 years [8, 9]. Conversely, among children 6–11 months, 12–47

months, and 48–59 months of age who reported receiving no vaccination through routine

immunization, 16.9%, 21.9%, and 27.0% demonstrated immunity to tetanus respectively (S1

Table). As children who received no vaccination should not test positive for tetanus IgG anti-

bodies, our results indicate that reported vaccination, from either vaccination cards or by the

mother, may not be a reliable indicator of vaccine coverage and is likely subject to reporting

errors [11, 15, 31]. Similar instances of tetanus seropositivity among those not considered pro-

tected based on vaccination history have been observed as well [16]. For diseases like tetanus,

seroprevalence surveys might be a more accurate source of vaccination information when

there are doubts about vaccination card reliability or validity of maternal recall and should

also be used to ascertain information about appropriate seroconversion among children,

though the relationship between tetanus vaccine coverage and seroprevalence needs to be

explored further. Furthermore, relying only on maternal recall or even vaccination card infor-

mation may lead to targeting groups that are already vaccinated, resulting in resource misuse

while leaving truly unvaccinated children unprotected from VPDs [10].

Our finding of decreasing tetanus seroprotection with older age among young children is

consistent with other studies [32–35]. Studies in Kenya and Tanzania have observed tetanus

Fig 3. Tetanus seroprotection by province and age among children 6–59 months old in the EDS-RDC II.

https://doi.org/10.1371/journal.pone.0268703.g003
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immunity gaps among children 5–14 years of age [35]. In Kenya, tetanus seroprotection

decreased from 90% among 1–4 year old children to 66% among 5–14 year old children. Simi-

larly in Tanzania, compared to children 1–4 years of age, tetanus seroprotection among chil-

dren 5–14 years of age decreased from 89% to 66% [35]. Although neither of these results are

nationally representative, these results do reveal the potential for waning tetanus immunity

among older children in a similar setting, potentially due to incomplete tetanus vaccination.

Similarly, we noted lower odds of seroprotection with having more children in the household.

In line with our findings, Akmatov and Mikolajczyk found that a higher number of children in

households was associated with delayed and missing vaccinations [36], which should lead to

lower levels of seroprotection.

The overall trend of increasing tetanus seroprotection with higher levels of maternal education

may suggest that improving the educational standards of adolescent girls and women would result

in increased childhood VPD immunity. Several studies have noted the association between mater-

nal education and complete immunization among children, with some suggesting maternal liter-

acy as a mediator in this pathway [37–40]. Regardless, it seems clear that female education is

Fig 4. Tetanus seroprotection by province and age among children 6–59 months old who reported receiving 0 vs. 3 doses of tetanus containing vaccine in the

EDS-RDC II.

https://doi.org/10.1371/journal.pone.0268703.g004
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crucial for improving vaccination coverage among children. We also noted increased tetanus ser-

oprotection with increased wealth index. In line with our findings and previous work [28], studies

have found that wealthier families were more likely to fully vaccinate their children [41–47].

Acharya and colleagues showed that higher wealth status and mothers having secondary or higher

level of education were positively correlated with full childhood immunization coverage in the

DRC, likely due to better access and use of health services [41, 48].

Similar to previous findings on vaccine coverage [28], we also noted that geographic loca-

tion and residence type were associated with tetanus serostatus. Residents in urban areas were

more likely to be seropositive compared to their rural counterparts [47, 49]. This may be due

to higher travel costs and longer distances to health facilities or poorer vaccine storage and

handling in rural areas. The highest tetanus seroprevalence was found in Kinshasa and Nord-

Kivu, while the lowest were in Maniema and Katanga. Kinshasa is the capital and Nord-Kivu is

an area with ongoing conflict and humanitarian crisis. Emergency vaccination campaigns

have been used in this area, especially among internally displaced people, which may contrib-

ute to the higher seroprevalence in this province [50]. However, the underlying reasons for

varying seroprevalence across provinces remain unclear.

Fig 5. Odds ratios of tetanus seroprotection. Forest plot of odds ratios from weighted logistic regression of sociodemographic factors/characteristics associated

with tetanus seroprotection among children 6–59 months old in the EDS-RDC II, unadjusted and stratified by residence type (adjusted for all other variables in the

model).

https://doi.org/10.1371/journal.pone.0268703.g005
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We were limited by the information gathered in the DHS survey to describe and elucidate teta-

nus seroprotection in DRC. Discrepancies observed between serology and reported vaccination

may be a result of either failure to generate a protective IgG response, errors in reporting/docu-

mentation, disruptions in vaccine cold chain, suboptimal timing between doses, or supplemental

immunization activities in the DRC; however, we do not have the information to examine this

further. Additionally, information regarding booster doses was not ascertained in the DHS survey

and could not be assessed in this study. Other limitations include potential misclassification of ser-

ostatus; however, comparison with commercially available kits and validation with confirmed

samples tested on other multiplex panels, the multiplex assay exhibited high sensitivity and speci-

ficity for other infectious diseases including measles, mumps, rubella and varicella (sensitivity

range: 89.5–100%; specificity range: 77.3–100%) [51]. Additionally, the chosen testing platform

was highly cost-effective as we were able to evaluate the seroprevalence of several other vaccine-

preventable diseases (mumps, measles, rubella, and varicella). Finally, while maternal antibodies

are likely waning by 6 months of age [52], it is not possible to determine whether seroprotection

in the youngest children was a result of vaccination or persistent maternal antibodies.

The DRC has taken important steps to ensure tetanus immunity among children by intro-

ducing the first three doses of tetanus containing vaccine. However, these nationally represen-

tative estimates demonstrate that overall vaccine-induced seroprotection to tetanus is low

among children in the DRC, especially among older children, those in rural areas or in house-

holds with more than one child, and children whose mother has less than a secondary level of

education. These trends can inform interventions for the Ministry of Health to improve chil-

dren’s health and increase immunity to tetanus, such as including supplemental immunization

activities (SIAs), targeting areas most at risk of low immunization coverage, or incorporating

booster doses for older children. Frequent and regular SIAs could both increase the number of

children receiving and completing the primary series of three doses and serve to provide the

recommend booster doses, improving overall vaccine coverage and immunity against tetanus.

Although children 6–59 months of age are only a part of the population at risk for non-neona-

tal tetanus, ensuring high tetanus vaccination rates plays a major role in preventing maternal

and neonatal tetanus by prolonging protective immunity among adolescent females and

women of reproductive age. This study adds to the literature examining the status of vaccine

coverage and immunity to vaccine preventable disease in the DRC; however, additional sero-

logic studies in older populations are necessary to improve tetanus elimination strategies, pri-

marily for maternal and neonatal tetanus. This study also provides additional information

about using serology biomarkers to describe vaccination history. Incorporating serology bio-

markers can help identify the prevalence of protected individuals in addition to assessing vac-

cination coverage, offering an impression of public health risk. Understanding the current

situation of tetanus seroprotection among children can inform future policy and public health

interventions on improving tetanus immunity in the DRC.
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cal Record = Relevé épidémiologique hebdomadaire. 1996. pp. 117–124.

18. MacNeil A, Lee C won, Dietz V. Issues and considerations in the use of serologic biomarkers for classi-

fying vaccination history in household surveys. Vaccine. Elsevier Ltd; 2014. pp. 4893–4900. https://doi.

org/10.1016/j.vaccine.2014.07.005 PMID: 25045821

19. The World Bank. Population, total—Congo, Dem. Rep. 2019. Available: https://data.worldbank.org/

indicator/SP.POP.TOTL?locations=CD

20. Central Intelligence Agency. World Factbook: Infant Mortality Rate. 2021. Available: https://www.cia.

gov/the-world-factbook/field/infant-mortality-rate/country-comparison

21. World Health Organization. Democratic Republic of the Congo: WHO and UNICEF estimates of immu-

nization coverage: 2019 revision. 2020. Available: https://www.who.int/immunization/monitoring_

surveillance/data/cod.pdf

22. Demographic and Health Survey. Democratic Republic of the Congo Demographic and Health Survey

2013–2014 Supplemental Vaccine-preventable Diseases Report. 2015.

23. The DHS Program—Demographic and Health Survey (DHS). Available: https://dhsprogram.com/What-

We-Do/Survey-Types/DHS.cfm

24. ICF International. Sampling and Household Listing Manual. Calverton, MD; 2012. Available: https://

www.dhsprogram.com/pubs/pdf/DHSM4/DHS6_Sampling_Manual_Sept2012_DHSM4.pdf

25. The DHS Program—Biomarker Field Manual (English, French). [cited 22 Sep 2021]. Available: https://

dhsprogram.com/publications/publication-dhsm7-dhs-questionnaires-and-manuals.cfm

26. Mercader S, Featherstone D, Bellini WJ. Comparison of available methods to elute serum from dried

blood spot samples for measles serology. J Virol Methods. 2006; 137: 140–149. https://doi.org/10.

1016/j.jviromet.2006.06.018 PMID: 16860401

27. Scobie HM, Mao B, Buth S, Wannemuehler KA, Sørensen C, Kannarath C, et al. Tetanus Immunity

among Women Aged 15 to 39 Years in Cambodia: a National Population-Based Serosurvey, 2012. Clin

Vaccine Immunol. 2016; 23: 546–554. https://doi.org/10.1128/CVI.00052-16 PMID: 27053629

28. Ashbaugh HR, Hoff NA, Doshi RH, Alfonso VH, Gadoth A, Mukadi P, et al. Predictors of measles vacci-

nation coverage among children 6–59 months of age in the Democratic Republic of the Congo. Vaccine.

2018; 36: 587–593. https://doi.org/10.1016/j.vaccine.2017.11.049 PMID: 29248265

29. Restrepo-Méndez MC, Barros AJD, Wong KLM, Johnson HL, Pariyo G, França GVA, et al. Inequalities

in full immunization coverage: Trends in low-and middle-income countries. Bull World Health Organ.

2016; 94: 794–805A. https://doi.org/10.2471/BLT.15.162172 PMID: 27821882

30. Cutts FT, Claquin P, Danovaro-Holliday MC, Rhoda DA. Monitoring vaccination coverage: Defining the

role of surveys. Vaccine. Elsevier Ltd; 2016. pp. 4103–4109. https://doi.org/10.1016/j.vaccine.2016.06.

053 PMID: 27349841

31. Cutts FT, Izurieta HS, Rhoda DA. Measuring Coverage in MNCH: Design, Implementation, and Inter-

pretation Challenges Associated with Tracking Vaccination Coverage Using Household Surveys. PLoS

Med. 2013;10. https://doi.org/10.1371/journal.pmed.1001404 PMID: 23667334

PLOS ONE DRC tetanus seroprotection among children

PLOS ONE | https://doi.org/10.1371/journal.pone.0268703 May 19, 2022 13 / 15

https://doi.org/10.1016/j.vaccine.2012.10.089
https://doi.org/10.1016/j.vaccine.2012.10.089
http://www.ncbi.nlm.nih.gov/pubmed/23196207
https://doi.org/10.1016/S0140-6736%2803%2914411-X
https://doi.org/10.1016/S0140-6736%2803%2914411-X
http://www.ncbi.nlm.nih.gov/pubmed/14522532
https://doi.org/10.1111/j.1365-3156.2008.02181.x
https://doi.org/10.1111/j.1365-3156.2008.02181.x
http://www.ncbi.nlm.nih.gov/pubmed/19152556
https://doi.org/10.1016/S0140-6736%2808%2961869-3
https://doi.org/10.1016/S0140-6736%2808%2961869-3
http://www.ncbi.nlm.nih.gov/pubmed/19070738
https://doi.org/10.1371/journal.pone.0149970
https://doi.org/10.1371/journal.pone.0149970
http://www.ncbi.nlm.nih.gov/pubmed/26934372
http://www.ncbi.nlm.nih.gov/pubmed/12378286
http://www.ncbi.nlm.nih.gov/pubmed/12378286
https://doi.org/10.1016/j.vaccine.2014.07.005
https://doi.org/10.1016/j.vaccine.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25045821
https://data.worldbank.org/indicator/SP.POP.TOTL?locations=CD
https://data.worldbank.org/indicator/SP.POP.TOTL?locations=CD
https://www.cia.gov/the-world-factbook/field/infant-mortality-rate/country-comparison
https://www.cia.gov/the-world-factbook/field/infant-mortality-rate/country-comparison
https://www.who.int/immunization/monitoring_surveillance/data/cod.pdf
https://www.who.int/immunization/monitoring_surveillance/data/cod.pdf
https://dhsprogram.com/What-We-Do/Survey-Types/DHS.cfm
https://dhsprogram.com/What-We-Do/Survey-Types/DHS.cfm
https://www.dhsprogram.com/pubs/pdf/DHSM4/DHS6_Sampling_Manual_Sept2012_DHSM4.pdf
https://www.dhsprogram.com/pubs/pdf/DHSM4/DHS6_Sampling_Manual_Sept2012_DHSM4.pdf
https://dhsprogram.com/publications/publication-dhsm7-dhs-questionnaires-and-manuals.cfm
https://dhsprogram.com/publications/publication-dhsm7-dhs-questionnaires-and-manuals.cfm
https://doi.org/10.1016/j.jviromet.2006.06.018
https://doi.org/10.1016/j.jviromet.2006.06.018
http://www.ncbi.nlm.nih.gov/pubmed/16860401
https://doi.org/10.1128/CVI.00052-16
http://www.ncbi.nlm.nih.gov/pubmed/27053629
https://doi.org/10.1016/j.vaccine.2017.11.049
http://www.ncbi.nlm.nih.gov/pubmed/29248265
https://doi.org/10.2471/BLT.15.162172
http://www.ncbi.nlm.nih.gov/pubmed/27821882
https://doi.org/10.1016/j.vaccine.2016.06.053
https://doi.org/10.1016/j.vaccine.2016.06.053
http://www.ncbi.nlm.nih.gov/pubmed/27349841
https://doi.org/10.1371/journal.pmed.1001404
http://www.ncbi.nlm.nih.gov/pubmed/23667334
https://doi.org/10.1371/journal.pone.0268703


32. Heron I, Hey AS, Kurtzhals JAL, Okong’o-Odera EA, Kjeldsen K. Immunity to Tetanus and Diphtheria in

Rural Africa. Am J Trop Med Hyg. 1997; 56: 576–579. https://doi.org/10.4269/ajtmh.1997.56.576

PMID: 9180611

33. Siekmann JH, Allen LH, Watnik MR, Nestel P, Neumann CG, Shoenfeld Y, et al. Titers of antibody to

common pathogens: relation to food-based interventions in rural Kenyan schoolchildren. Am J Clin

Nutr. 2003; 77: 242–249. https://doi.org/10.1093/ajcn/77.1.242 PMID: 12499348

34. Aboud S, Matre R, Lyamuya EF, Kristoffersen EK. Levels and avidity of antibodies to tetanus toxoid in

children aged 1–15 years in Dar es Salaam and Bagamoyo, Tanzania. Ann Trop Paediatr. 2000; 20:

313–22. Available: http://www.ncbi.nlm.nih.gov/pubmed/11219170 https://doi.org/10.1080/02724936.

2000.11748153 PMID: 11219170

35. Scobie HM, Patel M, Martin D, Mkocha H, Njenga SM, Odiere MR, et al. Tetanus Immunity Gaps in Chil-

dren 5–14 Years and Men� 15 Years of Age Revealed by Integrated Disease Serosurveillance in

Kenya, Tanzania, and Mozambique. Am J Trop Med Hyg. 2017; 96: 415–420. https://doi.org/10.4269/

ajtmh.16-0452 PMID: 27920395

36. Akmatov MK, Mikolajczyk RT. Timeliness of childhood vaccinations in 31 low and middle-income coun-

tries. J Epidemiol Community Health. 2012;66. https://doi.org/10.1136/jech.2010.124651 PMID:

21551179

37. Forshaw J, Gerver SM, Gill M, Cooper E, Manikam L, Ward H. The global effect of maternal education

on complete childhood vaccination: a systematic review and meta-analysis. BMC Infect Dis. 2017; 17:

801. https://doi.org/10.1186/s12879-017-2890-y PMID: 29281990

38. Balogun SA, Yusuff HA, Yusuf KQ, Al-Shenqiti AM, Balogun MT, Tettey P. Maternal education and

child immunization: the mediating roles of maternal literacy and socioeconomic status. Pan Afr Med J.

2017; 26: 217. https://doi.org/10.11604/pamj.2017.26.217.11856 PMID: 28690731

39. Mora T, Trapero-Bertran M. The influence of education on the access to childhood immunization: the

case of Spain. BMC Public Health. 2018; 18: 893. https://doi.org/10.1186/s12889-018-5810-1 PMID:

30021538

40. Kabudi AM, Mukobelwa P, Kazadi JM, Bardella IJ. Prevalence and associated factors of partially/non-

immunization of under-five in Goma city, Democratic Republic of Congo: a community-based cross-

sectional survey. Pan Afr Med J. 2015; 20: 38. https://doi.org/10.11604/pamj.2015.20.38.4483 PMID:

26029327

41. Acharya P, Kismul H, Mapatano MA, Hatløy A. Individual- and community-level determinants of child

immunization in the Democratic Republic of Congo: A multilevel analysis. PLoS One. 2018; 13:

e0202742. https://doi.org/10.1371/journal.pone.0202742 PMID: 30138459

42. Antai D. Inequitable childhood immunization uptake in Nigeria: a multilevel analysis of individual and

contextual determinants. BMC Infect Dis. 2009; 9: 181. https://doi.org/10.1186/1471-2334-9-181 PMID:

19930573

43. Olorunsaiye CZ, Degge H. Variations in the Uptake of Routine Immunization in Nigeria: Examining

Determinants of Inequitable Access. Glob Heal Commun. 2016; 2: 19–29. https://doi.org/10.1080/

23762004.2016.1206780
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