
Enteric fever, caused by Salmonella enterica serovars 
Typhi and Paratyphi, causes substantial illness 

and death globally (1). However, estimating the pop-
ulation-level burden of infection is challenging. Blood 
culture, the standard for both diagnosis and surveil-
lance, requires microbiological laboratory facilities 
that are not available in many low- and-middle-in-
come countries. Challenges in accessing blood culture, 
along with an estimated diagnostics sensitivity of only 
60% (2), contribute to chronic underdetection (3).

Juba, the capital of South Sudan, experiences a 
high burden of enteric infections such as cholera and 
hepatitis E virus (4,5). Enteric fever is a frequently di-
agnosed etiology of acute fever, but few laboratories 
have blood culture capacity for confirmation. Conse-
quentially, the population-level burden of enteric fe-
ver is unknown.

Hemolysin E (HlyE), a pore-forming toxin, is a 
sensitive and specific serologic marker for diagnosing 
typhoidal Salmonella (6–10) and is not associated with 

typhoid carriage (11). New serologic and analytic 
tools enable measurement of population-level enteric 
fever incidence from cross-sectional serosurveys us-
ing HlyE IgG and IgA (12). We applied those tools to 
generate population-level enteric fever seroincidence 
estimates in Juba.

The Study
We used dried blood spots (DBS) collected for a SARS-
CoV-2 serosurvey in Juba, South Sudan, enrolled dur-
ing August 7–September 20, 2020; enrollment and 
sampling methods are described elsewhere (13). In 
brief, 2-stage cluster sampling was used to randomly 
select households from predefined enumeration units 
from 6 administrative divisions within and surround-
ing Juba; all persons >1 year of age and residing for >1 
week within the sampled household were eligible to 
participate. Capillary blood was collected onto What-
man 903 Protein Saver cards (Sigma-Aldrich, https://
www.sigmaaldrich.com), air dried, and transported 
at ambient temperature to Massachusetts General 
Hospital (Boston, MA, USA), where they were stored 
at 4°C. We tested all banked samples collected from 
participants <25 years of age and a random sample 
of participants >25 years of age. Younger participants 
were prioritized because they matched the age distri-
bution of typhoid case data used for the seroincidence 
estimation (12). The study protocol was approved by 
ethical review boards with the South Sudan Ministry 
of Health and Massachusetts General Hospital.

We used kinetic ELISAs to quantify HlyE IgA 
and IgG levels in eluted DBS as described (7,11). To 
estimate seroincidence, we used the antibody dy-
namics from a longitudinal cohort of 1,420 blood 
culture–confirmed enteric fever cases (12). In brief, 
we created a likelihood function for observed cross-
sectional population antibody response data based 
on antibody dynamics after blood-culture confirmed 
infection. We generated joint incidence estimates by 
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We applied a new serosurveillance tool to estimate ty-
phoidal Salmonella burden using samples collected dur-
ing 2020 from a population in Juba, South Sudan. By us-
ing dried blood spot testing, we found an enteric fever 
seroincidence rate of 30/100 person-years and cumula-
tive incidence of 74% over a 4-year period.
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combining the likelihood for HlyE IgA and IgG for 
each age stratum using age-specific antibody dy-
namics. We selected age strata to match incidence 
estimates from blood culture enteric fever surveil-
lance studies in other countries in sub-Saharan Afri-
ca and South Asia (14,15). This method incorporates 
heterogeneity in antibody responses and explicitly 
accounts for measurement error and biologic noise 
(12; Appendix reference 16). 

We used 3 US populations to define the distribu-
tion of biologic noise (nonspecific antibody binding): 
48 children 1–5 years of age who had relatives with 
celiac disease, enrolled nationwide; 31 healthy con-
trols, children and young adults 2–18 years of age, en-
rolled at Massachusetts General Hospital (Appendix 
reference 17); and a population-based sample of 205 
children and adults 3–50 years of age from a SARS-
CoV-2 serosurvey in northern California, USA. We 
used the same method to generate individual-level 
incidence estimates of HlyE IgA and IgG responses 
and used the exponential probability distribution 
to calculate 2- and 4-year cumulative incidence. We 
then fit age-dependent curves by using generalized 
additive models (Appendix reference 18) with a cubic 
spline for age and simultaneous 95% CIs using a para-

metric bootstrap of the variance-covariance matrix of 
the fitted model parameters (Appendix reference 19).

A total of 2,214 persons were enrolled and pro-
vided blood samples for the original study; 1,840 had 
complete interview data, and 1,290 were randomly 
selected for testing (13). The median age of tested 
participants was 17 (interquartile range [IQR] 10–24) 
years; 63.5% (819/1,290) were female (Table 1).

We found that median HlyE IgG (10.4, IQR 6.1–
12.7) and IgA (3.5, IQR 2.3–5.2) responses were el-
evated well above a North America pediatric control  
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Table 1. Demographic characteristics of participants in study of 
seroincidence of enteric fever, Juba, South Sudan, 2020* 
Characteristic Value, N = 1,290 
Sex  
 F 819 (63.5) 
 M 471 (36.5) 
Age, y, median (IQR) 17 (10–24) 
Age category, in years  
 1–3 41 (3.2) 
 4–6 118 (9.1) 
 7–9 134 (10.4) 
 10–14 259 (20.1) 
 15–24 423 (32.8) 
 25–34 167 (12.9) 
 35–44 62 (4.8) 
 >45 86 (6.7) 
*Values are no. (%) except as indicated. IQR, interquartile range. 

 

Figure 1. Age-dependent 
hemolysin E (HlyE) IgA (top) 
and IgG (bottom) responses 
for participants in study of 
seroincidence of enteric fever, 
Juba, South Sudan, 2020, 
compared with those for blood 
culture-confirmed cases and 
controls. A) Cross-sectional 
antibody responses to HlyE IgA 
(top) and IgG (bottom) by age 
measured from a serosurvey 
of 1,290 persons in Juba, 
South Sudan, from samples 
during collected during August 
7–September 2, 2020. Each 
point indicates an individual 
sample. Horizontal lines within 
boxes indicate medians; box 
tops and bottoms indicate IQRs; 
error bars indicate 95% CIs. B) 
Density of antibody responses 
HlyE IgA (top) and IgG (bottom) 
among 1,410 blood-culture 
confirmed enteric fever cases in 
Bangladesh, Nepal, Pakistan, 
and Ghana 8–12 months after 
symptom onset as reported 
in (12) and a control population from 3 United States groups: 48 children 1–5 years of age who had first degree relatives with celiac 
disease, enrolled nationally; 31 healthy controls, children and young adults 2–18 years of age, enrolled at Massachusetts General 
Hospital (17); and a population-based sample of 205 children and adults 3–50 years of age participating in a SARS-CoV serosurvey in 
California, USA. The dashed blue line across all panels represents the mean +3 SD of HlyE IgA and IgG values observed in the pediatric 
control population. HlyE, hemolysin E.
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population (IgG 0.16, IQR 0.07–0.35; IgA 0.3, IQR 
0.001–0.92) and were comparable to responses ob-
served among blood-culture confirmed enteric fever 
cases 8–12 months after symptom onset (IgG 12, IQR 
5.9–24; IgA 4.4, IQR 2.2–9.4) (12) (Figure 1). Age-spe-
cific enteric fever incidence estimates per 100 person-
years ranged from 24.8 (95% CI 23.6–28.8) among 
children 10–14 years of age to 42.5 (95% CI 38.0–59.0) 
among children 1–3 years of age (Table 2; Figure 2). The  

overall incidence rate was 29.8 (95% CI 27.6–32.2); cu-
mulative incidence was 48.9% (IQR 31.9–64.3) over 2 
years and 73.8% (IQR 53.7–87.3) over 4 years. Using a 
cutoff derived from a North America pediatric control 
population, we found 98.8% (1,275/1,290) of the popu-
lation seropositive using HlyE IgG and 65.2% (318/488) 
positive using HlyE IgA (Appendix, https://wwwnc.
cdc.gov/EID/article/28/11/22-0239-App1.pdf).

Conclusions
Using banked DBS collected for a SARS-CoV-2 sero-
survey, we applied a new serosurveillance tool to rap-
idly estimate the burden of enteric fever in a region 
with no blood culture surveillance. We estimated an 
incidence rate of 30.0 infections/100 person-years and 
found >70% of the sampled population was infected 
in the previous 4 years.

Whereas no clinical enteric fever incidence esti-
mates from South Sudan are available for comparison, 
the seroincidence rate we estimated is substantially 
higher than clinical incidence estimates in the region 
(15; Appendix reference 20). A high incidence of clini-
cal enteric fever has been previously defined as >100 
cases/100,000 person-years (Appendix reference 21); 
we estimated a seroincidence of 35,000 cases/100,000 
person-years. We expect seroincidence to be higher 
than clinical incidence because it captures subclini-
cal infections and is independent of a person’s ability 
to access and afford healthcare, including diagnostic 
tests. Indeed, the enteric fever seroincidence rate for 
Juba is on the same scale of magnitude as recent es-
timates using the same approach in Nepal, Pakistan, 
Bangladesh, and Ghana (12).

The analytic approach is an improvement over 
cutoff-based methods because we can combine 
information from HlyE IgA and IgG responses to 
generate a consensus incidence estimate, account-
ing for heterogeneity in antibody responses, mea-
surement error, and biologic noise. Whereas the 
cutoff-based method yielded a seroprevalence of 
nearly 100% for HlyE IgG, we generated cumulative 
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Table 2. Age-dependent incidence rates and cumulative incidence for participants in study of seroincidence of enteric fever, Juba, 
South Sudan, 2020* 

Age group, y 
Seroincidence, cases/100 person-years 

(95% CI) 
2-year cumulative incidence, 

% (IQR) 
4-year cumulative incidence, 

% (IQR) 
1–3 42.5 (38.0–59.0) 53.6 (44.5–74.9) 78.5 (69.2–93.7) 
4–6 32.1 (29.7–40.1) 56.6 (34.7–68.5) 81.2 (57.4–90.0) 
7–9 29.2 (27.3–35.6) 49.3 (39.9–59.1) 74.3 (63.8–83.3) 
10–14 24.8 (23.6–28.8) 45.1 (30.9–58.4) 69.9 (52.2–82.7) 
15–24 28.3 (24.7–41.9) 42.8 (27.2–61.6) 67.3 (47.0–85.3) 
25–34 28.8 (26.7–35.9) 51.7 (35.7–66.5) 76.7 (58.6–88.8) 
35–44 40.8 (36.0–58.5) 57.5 (49.8–69.5) 82.0 (74.8–90.7) 
>45 34.0 (30.6–46.2) 53.0 (40.9–69.1) 77.9 (65.1–90.5) 
Overall 29.8 (27.6–32.2) 48.9 (31.9–64.3) 73.8 (53.7–87.3) 
*IQR, interquartile range. 

 

Figure 2. Estimated seroincidence of typhoidal Salmonella 
by age, Juba, South Sudan, 2020. A) Seroincidence per age 
group. Error bars indicate 95% CIs. B, C) Individually predicted 
incidence estimates (points) and smoothed cumulative incidence 
(lines) over 2-year (B) and 4-year (C) periods, by age. Gray 
shading indicates 95% CIs.
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incidence estimates over a precise time window 
and could identify populations with recent and 
later infections.

Limitations of this study include that only 1,840 
samples of 2,214 enrolled study participants had 
linked age data. Second, persons in internally dis-
placed camps were not included in the serosurvey. 
Displaced persons have been identified as high-risk 
populations for enteric infections, so it would be 
valuable to include them in future studies to deter-
mine if this population is at higher or equivalent risk 
(4). Finally, we used longitudinal antibody kinet-
ics estimates from enteric fever cases in Bangladesh, 
Pakistan, Nepal, and Ghana. We did not observe ma-
jor differences in the kinetics of antibody responses 
across countries (12), but the decay rate among en-
teric fever cases in Juba may be different because of 
the high force of infection and differences in exposure 
to other infections.

Our results suggest a high burden of enteric fe-
ver in Juba, South Sudan, warranting urgent public 
health and research attention. The seroincidence tool 
we used can be applied to other regions lacking blood 
culture surveillance to generate rapid enteric fever se-
roincidence estimates, providing the high-resolution 
data critically needed to inform typhoid conjugate 
vaccine introduction.

Acknowledgments
We gratefully acknowledge Julie Parsonnet, Catherine 
Ley, Alessio Fasano, Maureen M. Leonard, and Victoria 
Kenyon for generously sharing banked samples to define 
the distribution of antibody responses among individuals 
with no prior exposure to typhoidal Salmonella.

Accompanying code and de-identified data are  
available on Github (https://github.com/UCD-SERG/
SSudanTyphoidSeroIncidence).

This work was supported by the World Health  
Organization’s Unity Studies, a global seroepidemiologic 
standardization initiative, with funding provided by 
the COVID-19 Solidarity Response. This study was also 
supported by The Bill and Melinda Gates Foundation 
(INV-000572) and the US National Institutes of Health 
(R01AI134814).

About the Author
Dr. Aiemjoy is an assistant professor of epidemiology at 
the University of California Davis School of Medicine. 
Her research centers on measurement, surveillance, 
and diagnostics for infectious diseases with a focus on 
seroepidemiologic methods to understand the force of 
infection in populations.

References
  1.	 Stanaway JD, Reiner RC, Blacker BF, Goldberg EM,  

Khalil IA, Troeger CE, et al.; GBD 2017 Typhoid and  
Paratyphoid Collaborators. The global burden of typhoid 
and paratyphoid fevers: a systematic analysis for the 
Global Burden of Disease Study 2017. Lancet Infect 
Dis. 2019;19:369–81. https://doi.org/10.1016/ 
S1473-3099(18)30685-6

  2.	 Antillon M, Saad NJ, Baker S, Pollard AJ, Pitzer VE. The 
relationship between blood sample volume and diagnostic 
sensitivity of blood culture for typhoid and paratyphoid 
fever: a systematic review and meta-analysis. J Infect Dis. 
2018;218(suppl_4):S255–67. https://doi.org/10.1093/ 
infdis/jiy471

  3.	 Voysey M, Pant D, Shakya M, Liu X, Colin-Jones R,  
Theiss-Nyland K, et al. Under-detection of blood  
culture-positive enteric fever cases: the impact of missing 
data and methods for adjusting incidence estimates. PLoS 
Negl Trop Dis. 2020;14:e0007805. https://doi.org/10.1371/
journal.pntd.0007805

  4.	 Azman AS, Bouhenia M, Iyer AS, Rumunu J, Laku RL, 
Wamala JF, et al. High hepatitis E seroprevalence among 
displaced persons in South Sudan. Am J Trop Med Hyg. 
2017;96:1296–301. https://doi.org/10.4269/ajtmh.16-0620

  5.	 Abubakar A, Bwire G, Azman AS, Bouhenia M, Deng LL, 
Wamala JF, et al. Cholera epidemic in South Sudan and 
Uganda and need for international collaboration in  
cholera control. Emerg Infect Dis. 2018;24:883–7.  
https://doi.org/10.3201/eid2405.171651

  6.	 Kumar S, Nodoushani A, Khanam F, DeCruz AT,  
Lambotte P, Scott R, et al. Evaluation of a rapid point-of-care 
multiplex immunochromatographic assay for the diagnosis 
of enteric fever. MSphere. 2020;5:e00253-20. https://doi.org/ 
10.1128/mSphere.00253-20

  7.	 Andrews JR, Khanam F, Rahman N, Hossain M, Bogoch II, 
Vaidya K, et al. Plasma immunoglobulin A responses against 
2 Salmonella Typhi antigens identify patients with typhoid 
fever. Clin Infect Dis. 2019;68:949–55. https://doi.org/ 
10.1093/cid/ciy578

  8.	 McClelland M, Sanderson KE, Clifton SW, Latreille P,  
Porwollik S, Sabo A, et al. Comparison of genome  
degradation in Paratyphi A and Typhi, human-restricted 
serovars of Salmonella enterica that cause typhoid. Nat Genet. 
2004;36:1268–74. https://doi.org/10.1038/ng1470

  9.	 Charles RC, Liang L, Khanam F, Sayeed MA, Hung C,  
Leung DT, et al. Immunoproteomic analysis of antibody in 
lymphocyte supernatant in patients with typhoid fever  
in Bangladesh. Clin Vaccine Immunol. 2014;21:280–5.  
https://doi.org/10.1128/CVI.00661-13

10.	 Charles RC, Sheikh A, Krastins B, Harris JB, Bhuiyan MS, 
LaRocque RC, et al. Characterization of anti-Salmonella  
enterica serotype Typhi antibody responses in bacteremic 
Bangladeshi patients by an immunoaffinity proteomics-
based technology. Clin Vaccine Immunol. 2010;17:1188–95. 
https://doi.org/10.1128/CVI.00104-10

11.	 Charles RC, Sultana T, Alam MM, Yu Y, Wu-Freeman Y, 
Bufano MK, et al. Identification of immunogenic Salmonella 
enterica serotype Typhi antigens expressed in chronic  
biliary carriers of S. Typhi in Kathmandu, Nepal. PLoS  
Negl Trop Dis. 2013;7:e2335. https://doi.org/10.1371/ 
journal.pntd.0002335

12.	 Aiemjoy K, Seidman JC, Saha S, Munira SJ, Islam  
Sajib MS, Sium SMA, et al. Estimating typhoid incidence 
from community-based serosurveys: a multicohort study. 
Lancet Microbe. 2022;3:e578–87. https://doi.org/10.1016/
S2666-5247(22)00114-8

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 11, November 2022	 2319



DISPATCHES

13.	 Wiens KE, Mawien PN, Rumunu J, Slater D, Jones FK, 
Moheed S, et al. Seroprevalence of severe acute respiratory 
syndrome coronavirus 2 IgG in Juba, South Sudan. Emerg 
Infect Dis. 2021;27:1598–606. https://doi.org/10.3201/
eid2706.210568

14.	 Garrett DO, Longley AT, Aiemjoy K, Yousafzai T,  
Hemlock C, Yu AT, et al. Incidence of typhoid and  
paratyphoid fever in Bangladesh, Nepal, and Pakistan:  
results of the Surveillance for Enteric Fever in Asia Project. 
Lancet Glob Health. 2022;10:e978–88. https://doi.org/ 
10.1016/S2214-109X(22)00119-X

15.	 Marks F, von Kalckreuth V, Aaby P, Adu-Sarkodie Y,  
El Tayeb MA, Ali M, et al. Incidence of invasive salmonella 
disease in sub-Saharan Africa: a multicentre population-
based surveillance study. Lancet Glob Health. 2017;5:e310–
23. https://doi.org/10.1016/S2214-109X(17)30022-0

Address for correspondence: Kristen Aiemjoy, University of 
California Davis, Public Health Sciences, 1 Shields Ave,  
Medical Sciences 1C, Davis, CA 95616-5270, USA; email: 
kaiemjoy@ucdavis.edu

2320	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 11, November 2022

®

To revisit the March 2022 issue, go to:
https://wwwnc.cdc.gov/eid/articles/issue/28/3/table-of-contents

Mycobacterial Infections
• �Airborne Transmission of SARS-CoV-2 

Delta Variant within Tightly Monitored 
Isolation Facility, New Zealand (Aotearoa) 

• �Detection of SARS-CoV-2 in Neonatal  
Autopsy Tissues and Placenta 

• �Association of Healthcare and Aesthetic 
Procedures-with Infections Caused by  
Nontuberculous Mycobacteria,  
France, 2012–2020 

• �Rising Incidence of Legionnaires’ Disease 
and Associated Epidemiologic Patterns in 
the United States, 1992–2018 

• �Neutralizing Enterovirus D68 Antibodies in 
Children after 2014 Outbreak, Kansas City, 
Missouri, USA 

• �High-dose Convalescent Plasma for  
Treatment of Severe COVID-19 

• �SARS-CoV-2 Period Seroprevalence and  
Related Factors, Hillsborough County,  
Florida, October 2020–March 2021 

• �Nowcasting (Short-Term Forecasting) of 
COVID-19 Hospitalizations Using Syndromic 
Healthcare Data, Sweden, 2020 

• �Infection Control Measures and  
Prevalence of SARS-CoV-2 IgG among 
4,554 University Hospital Employees, 
Munich, Germany 

• �Overseas Treatment of Latent Tuberculosis 
Infection in U.S.–Bound Immigrants 

• �Case-Control Study of Clostridium  
innocuum Infection, Taiwan

• �Plasmodium falciparum pfhrp2 and pfhrp3 
Gene Deletions from Persons with  
Symptomatic Malaria Infection in Ethiopia, 
Kenya, Madagascar, and Rwanda

• �Genomic and Phenotypic Insights for  
Toxigenic Clinical Vibrio cholerae O141 

• �Development and Evaluation of Statewide 
Prospective Spatiotemporal Legionellosis 
Cluster Surveillance, New Jersey, USA 

• �COVID-19 Vaccination Coverage,  
Behaviors, and Intentions among Adults 
with Previous Diagnosis, United States 

• �Higher Viiral Stability and Ethanol  
Resistance of Avian Influenza A(H5N1) 
Virus on Human Skin

• �Treatment Outcomes of Childhood 
Tuberculous Meningitis in a Real-World 
Retrospective Cohort, Bandung, Indonesia 

• �Effectiveness of 3 COVID-19 Vaccines in  
Preventing SARS-CoV-2 Infections,  
January–May 2021, Aragon, Spain

• �Evaluation of Commercially Available 
High-Throughput SARS-CoV-2 Serological 
Assays for Serosurveillance and Related 
Applications

• �Retrospective Cohort Study of Effects of 
the COVID-19 Pandemic on Tuberculosis 
Notifications, Vietnam 2020 

 • �A Novel Hendra Virus Variant Detected by 
Sentinel Surveillance of Australian Horses 

• �Encephalitozoon cuniculi and  
Extraintestinal Microsporidiosis in  
Bird Owners 

• �Epidemiology of COVID-19 after  
Emergence of SARS-CoV-2 Gamma Variant, 
Brazilian Amazon, 2020–2021 

• �Return of Norovirus and Rotavirus Activity 
in Winter 2020–21 in City with Strict CO-
VID-19 Control Strategy, Hong Kong, China 
M. C.-W. Chan 

• �Relationship of SARS-CoV-2 Antigen and 
Reverse Transcription PCR Positivity for 
Viral Cultures 

• �Disseminated Histoplasmosis in Persons 
with HIV-AIDS, Southern Brazil 2010–2019 

• �Transovarial Transmission of Heartland 
Virus by Invasive Asian Longhorned Ticks 
Under Laboratory Conditions 

• �Long-Term Symptoms among COVID-19 
Survivors in Prospective Cohort Study, 
Brazil 

• �Spatiotemporal Analysis of 2 Co-Circulating 
SARS-CoV-2 Variants, New York State, USA 

• �Ebola Virus Glycoprotein IgG  
Seroprevalence in Community Previously 
Affected by Ebola, Sierra Leone 

• �Effects of COVID-19 Pandemic Response 
on Providing Healthcare for Persons with 
Sexually Transmitted Infections, England 

• �Mycobacterium leprae Infection in a Wild 
Nine-Banded Armadillo, in Nuevo León, 
Mexico L. Vera-Cabrera et al. 

March 2022


