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Background:  
 
Typhoid fever is a bloodstream infection caused by the bacterium Salmonella typhi and 

transmitted either person-to-person through direct fecal-oral transmission or via 

environmental factors.  

 
Methods: 
 
We utilized household and clinical data from an infectious disease surveillance system 

in Kibera, from 2007-2015 to assess spatial and temporal patterns of typhoid fever risk 

in two age groups (children under 10 years of age and individuals 10 and older). We 

calculated incidence rate differences (IRDs) within clusters before and after a major 

Water, Sanitation, and Hygiene (WASH) intervention and utilized regression methods to 

compare risk between clusters in two age groups. 

 
Results: 
 
All clusters had declines in typhoid incidence following the WASH implementation, most 

with statistically significant declines. While we found that the risk between clusters was 



not significantly different in children under 10 years of age, we identified one cluster that 

exhibited elevation in risk compared to the reference in individuals 10 years of age and 

older (IRR = 2.80, p-value = 0.02).  

 

Conclusion: 
 
Residual risk of typhoid fever following the WASH intervention suggests that other 

environmental risk factors may play an important role in these areas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction:  

 
Typhoid fever is a bloodstream infection caused by the bacterium Salmonella typhi. 

Overcrowding and poor drinking water quality, underdeveloped sanitation infrastructure, 

and hygiene are associated with an increased risk of typhoid transmission [1]. In some 

urban areas of sub-Saharan Africa, the incidence of typhoid fever is 247 cases per 

100,000 person-years, comparable to high burden regions in Asia [2]. However, there 

are limited data on the epidemiology and transmission dynamics of typhoid fever in 

Africa [3]..Though contaminated food and water are thought to be the major risk factors 

[4], other environmental factors, including proximity to water bodies [5], [6], [7], 

residency in low elevation areas [8] [9], close contact with typhoid cases [7], flooding 

[10], poor sanitation [11], and large household size [5], may contribute to increased risk. 

In addition, the contribution of direct fecal-oral transmission versus indirect 

environmental transmission [9]. 

 

We mapped the spatial distribution of typhoid fever incidence over time to gain a 

preliminary understanding of the spatio-temporal variation in typhoid risk in an urban 

informal settlement in Nairobi, Kenya. Our primary aim was to identify clusters that 

exhibited significant reductions in typhoid fever risk over time amongst children under 

10 years of age and individuals 10 and older; hence, we tested the null hypothesis that 

typhoid fever incidence did not decline significantly within clusters before and after a 

major WASH intervention. Our secondary aim was to identify clusters within each age 

group that exhibited either significantly elevated or reduced typhoid fever risk; we 



hypothesized that typhoid risk for children under 10 years of age would be higher in 

downstream clusters compared to upstream clusters.  

 

The results of this study will be used to inform model parameters in a dynamic 

mathematical model that will be applied to identify the most likely drivers of the 

reduction in typhoid incidence, develop targeted interventions and allocate resources, 

and direct environmental sampling. The generated area-specific risk estimates will also 

be used to generate hypotheses as to environmental drivers of risk, including open 

drainage lines, water kiosk and latrine sites, streams, and elevation. 

 
Methods: 
 
Study site and setting 
 
This study was conducted in Kibera, an urban informal settlement in Nairobi, Kenya, 

between January 2007 and December 2015. The surveillance area covers two of the 12 

neighborhoods in Kibera; the study site is 0.4 km2 and households are geographically 

grouped into 10 clusters [12]. Cases were defined as individuals who presented with 

fever ≥ 38°C and received a positive S. typhi blood culture at the Tabitha Clinic. 

 
Data sources 
 
The Kenya Medical Research Institute-Centers for Disease Control and Prevention 

collaboration (KEMRI-CDC) has been conducting active population-based surveillance 

for febrile illness, pneumonia, diarrheal disease, and jaundice in Kibera since 2005. The 

surveillance methods have been previously described [12]; briefly, community 

interviewers followed a cohort of about 50,000 individuals biweekly until April 2015, after 



which home visits were reduced to biannually. With an open study population, 

individuals are at risk for varying periods of time; therefore, person-days are 

accumulated for individuals until acquisition of typhoid fever, death, outmigration, 

internal migration, refusal, termination, and inability to trace (when individuals are 

missing for more than 120 days). 

 
Statistical analysis 

We conducted a retrospective cohort study including 48,728 individuals followed until 

the first occurrence of culture-confirmed typhoid fever. Typhoid fever is a rare disease in 

this population with 302 cases confirmed in the study period (2007-2015). Study visits 

were excluded if they occurred outside of the study period, had missing person-time, or 

were missing either latitude and longitude coordinates or cluster assignment. Crude 

maps of cases and non-cases were generated for children under 10 years of age and 

individuals 10 and over using GPS coordinates of households. Point-level data was 

aggregated into population clusters (N=10) defined by the original study protocol and 

Standardized Incidence Ratios (SIRs) were calculated at the cluster-level to estimate 

the relative risk of typhoid fever within each cluster compared to the entire region. Given 

evidence of different routes of transmission between children less than 10 years of age 

and individuals 10 and over, all analyses were stratified by age (<10 and 10+).  

 

Recently, there has been a sharp decline in typhoid fever cases in Kibera, beginning 

2012; that same year, a major Water, Sanitation, and Hygiene (WASH) intervention was 

initiated in Kibera. We were interested in comparing the incidence rates before and after 

this public health intervention; hence, we divided the study period into 2007-2012 and 



2013-2015. To determine if there was a significant reduction in typhoid incidence 

between these time periods within all clusters, we calculated age-stratified incidence 

rate differences (IRDs) for each cluster by subtracting the incidence rates in time period 

2 from time period 1. Associated p-values were calculated via Pearson’s chi-square test 

for trend. 

 
Crude Incidence Rates: 
 
The overall crude incidence rate was calculated by dividing the number of observed 

cases by the person-years accumulated in the entire study period. The age-specific 

incidence rates were calculated by dividing the number of observed cases in each age 

group by the person-years accumulated in each age group during the entire study 

period. Age-stratified cluster-specific incidence rates were calculated for each time 

period and Fisher’s exact mid-p confidence intervals were generated from OpenEpi.  

 
Quasi-Poisson Loglinear Model 
 
In order to test the null hypothesis that typhoid fever risk is the same in all clusters 

regardless of year, we used an age-stratified Quasi-Poisson generalized linear model 

(GLM) to account for overdispersion with a log link function and an offset for expected 

number of cases. We included year as a fixed effect with 2007 as a reference in order to 

reduce potential omitted variable bias—by including year as a categorical variable in 

this regression, we control for observable and unobservable differences in 

environmental and demographic factors across time. Thus, we tested for an association 

between the probability of becoming a typhoid fever case and cluster residence, after 

adjustment for year. 



 
E[Yi | β] = β0 +log(PYi) + β1(x1) 

 
Where log(PYi) is an offset for person-years, Yi is the number of cases, and x1 is cluster. 

 
Results 
 

  
Figure 1: Household residence of cases and non-cases in Kibera, 2007-2015 
 
 

Between January 1st, 2007 and December 31st, 2015, 306 cases of culture-confirmed 

typhoid fever were reported in Kibera. Of those, 302 had confirmed residence 

information and household GPS coordinates and were included in this study (Figure 1). 

Demographic and environmental characteristics of the study population are displayed in 

Table 1 by cluster. Of note, the population density is lowest in cluster 1 (132,300  

 persons per km2) and highest in cluster 4 (171,127.4 persons per km2); additionally, 

cluster 10 is the most downstream at an altitude of 1717.7 meters.  

 

Table 1: Descriptive statistics of study participants by cluster, 2007-2015 



The overall crude incidence rate during 2007-2015 was 1.99 cases per 1,000 person-

years (range 0.19-4.38). The age-specific rates for children under 10 years of age was 

4.75 cases per 1,000 person-years, compared to 1.03 cases per 1,000 person-years in 

individuals 10 years of age and older. Thus, children under 10 had nearly 5 times the 

rate of typhoid fever compared to individuals 10 and older (IRR = 4.59, p-value = 2.2E-

16). Incidence rates for both age groups fluctuated in a similar pattern throughout the 

study period, approaching an all-time low in 2015 (Figure 2). 

 

Figure 2: Crude and age-stratified incidence rate by year, 2007-2015 

 
Cluster-specific typhoid fever incidence rates for all age groups during the study period 

are shown in Figure 3. The lowest incidence rate was reported in cluster 1 and 7 (IR = 

1.20 and 1.36 cases per 1,000 person-years, respectively) and the highest incidence 

rates were reported in clusters 5 and 3 (IR = 2.78 and 2.76 cases per 1,000 person-

years, respectively). Compared to the overall incidence in the region, cluster 1 had 

significantly lower risk of typhoid fever (IRR = 0.62, 95% CI: 0.41, 0.94), while cluster 5 

had a significantly higher risk of typhoid fever (IRR = 1.73, 95% CI: 1.13, 2.65).  



 
Figure 3: Incidence rate by cluster, 2007-2015 
 
 

 Age 0-9 

2007-2012 2013-2015   

Cases Person-
Years 

IR1*  95% CI Cases Person-
Years 

IR2* 95% CI IRD** p-value 

Cluster 1 21 4,467.45 4.70 2.99, 7.06 1 3,049.30 0.33 0.16, 16.17 4.37* 0.00057 

Cluster 2 15 2,834.78 5.29 3.08, 8.53 3 1,711.35 1.75 0.45, 4.77 3.54 0.066 

Cluster 3 10 960.32 10.41 5.29, 18.56 0 533.04 0 -- 10.41* 0.018 

Cluster 4 9 1,028.32 8.75 4.27, 16.06 0 586.64 0 -- 8.75* 0.023 

Cluster 5 22 2,576.71 8.54 5.49, 12.71 1 1,481.49 0.67 0.03, 3.33 7.87* 0.0013 

Cluster 6 22 2,858.24 7.70 4.95, 11.46 1 1,560.56 0.64 0.03, 3.16 7.06* 0.0018 

Cluster 7 9 1,824.69 4.93 2.41, 9.05 0 675.05 0 -- 4.93 0.068 

Cluster 8 23 3,134.72 7.34 4.76, 10.84 1 1,784.12 0.56 0.28, 2.76 7.78* 0.0004 

Cluster 9 11 1,697.13 6.48 3.41, 11.27 2 920.08 2.17 0.36, 7.18 4.31 0.14 

Cluster 10 28 3,521.77 7.95 5.39, 11.34 6 1,780.84 3.37 1.37, 7.01 4.58* 0.048 

Total 170 24,904.13 6.83 5.86, 7.91 15 14,082.47 1.07 0.62, 1.72 5.76* 1.85E-15 

Table 2: Incidence rates per 1,000 person-years over time in ages 0-9, by cluster  
*Incidence Rate per 1,000 P-Y 
**Incidence Rate Difference (IR1 – IR2) 
 

 Age 10+ 

2007-2012 2013-2015  

 Observed 
Cases 

Person-
Years 

IR1*  95% CI Observed 
Cases 

Person-
Years 

IR2* 95% CI IRD** p-value 

Cluster 1 13 11,843.89 1.10 0.61, 1.83 1 10,641.43 0.09 0.005, 0.46 1.01* 0.0026 

Cluster 2 12 7,534.06 1.59 0.86, 2.71 3 7,864.23 0.38 0.97, 10.38 1.21* 0.016 

Cluster 3 5 2,000.42 2.50 0.92, 5.54 0 1,936.14 0 -- 2.50* 0.028 

Cluster 4 6 2,199.34 2.73 1.11, 5.67 0 1,842.55 0 -- 2.73* 0.025 

Cluster 5 21 6,349.59 3.31 2.10, 4.97 0 5,441.73 0 -- 3.31* 2.18E-5 

Cluster 6 13 7,091.81 1.83 1.02, 3.06 1 5,181.86 0.19 0.01, 0.95 1.64* 0.0078 

Cluster 7 5 4,855.14 1.03 0.37, 2.28 0 2,937.99 0 -- 1.03 0.082 

Cluster 8 14 8,222.40 1.70 0.97, 2.79 0 5,791.47 0 -- 1.70* 0.0017 

Cluster 9 6 4,123.68 1.46 0.59, 3.03 0 3,019.82 0 -- 1.46* 0.036 

Cluster 10 13 8,501.79 1.53 0.85, 2.55 4 5,789.56 0.69 0.22, 1.67 0.84* 0.15 

Total 108 62,722.12 1.72 1.42, 2.07 9 50,446.78 0.18 0.09, 0.33 1.54* 9.69E-16 

Table 3: Incidence rates per 1,000 person-years over time in ages 10+, by cluster 
*Incidence Rate per 1,000 P-Y 
**Incidence Rate Difference (IR1 – IR2) 
 

Tables 2 and 3 show the incidence rate of typhoid fever in age groups 0-9 and 10+ 

between 2007-2012 and 2013-2015. For children under 10 years of age, the incidence 
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rate is highest in cluster 3 in the first time period (IR = 10.42, 95% CI: 5.29, 18.56), yet 

this cluster undergoes the largest reduction in the entire region in the second time 

period (IRD = 10.42, p-value = 0.00057), thus shifting the highest incidence to cluster 10 

(IR = 3.37, 95% CI: 1.37, 7.01). Similarly, in individuals 10 years of age and older, 

cluster 5 exhibits the highest incidence in the first time period, yet it experiences the 

greatest incidence rate difference (IRD = 3.31, p-value = 2.18E-5), changing the highest 

incidence to cluster 10 (IR = 0.69, 95% CI: 0.22, 1.67). In children under 10 years of age 

in clusters 2, 7, and 9, typhoid fever risk decreased in the second time period but either 

had a trend towards or did not attain statistical significance. Similarly, in individuals over 

10 years of age residing in clusters 7 and 10, typhoid risk declined albeit without 

statistically significant differences, perhaps due to insufficient power. 

 

 
Figure 4: Incidence rates in ages 0-9 and 10+ over time  

 
 
After adjustment for year, cluster 5 exhibited an elevated risk of typhoid fever for 

individuals 10 years of age and older (IRR = 2.80, p-value = 0.02). Model inclusion of 

elevation, household size, and population density covariates had a trend for statistical 

significance and improved model fit (IRR = 2.14, p-value = 0.07) (Appendix). We were 
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unable to reject the null that risk is homogenous in the study area among children under 

10 years of age. Additionally, we identified 2009 and 2013-2015 as study years that 

underwent a significant reduction in typhoid fever incidence for both age groups 

compared to 2007 (Table 4).  

 
 Quasi-Poisson Loglinear Model 

Age 0-9 Age 10+ 

IRR** 95% CI p-value IRR** 95% CI p-value 

Cluster 1 Ref -- -- Ref -- -- 

2 1.26 0.51, 3.07 0.61 1.60 0.65, 3.93 0.30 

3  2.11 0.66, 5.82 0.17 2.01 0.49, 6.39 0.27 

4  1.79 0.53, 5.08 0.31 2.26 0.63, 6.81 0.17 

5 1.79 0.77, 4.17 0.17 2.80 1.25, 6.58 0.02 

6 1.67 0.72, 3.89 0.23 1.65 0.66, 4.12 0.28 

7 1.04 0.31, 2.96 0.95 0.85 0.21, 2.69 0.79 

8 1.55 0.68, 3.58 0.30 1.42 0.57, 3.54 0.44 

9 1.45 0.51, 3.77 0.46 1.25 0.35, 3.77 0.70 

10 1.93 0.91, 4.27 0.09 1.68 0.71, 4.07 0.24 

Year 2007 Ref -- -- Ref -- -- 

2008 0.42 0.25, 1.04 0.07 1.08 0.51, 2.26 0.85 

2009 0.34 0.13, 0.77 0.02 0.26 0.07, 0.77 0.03 

2010 0.65 0.33, 1.28 0.21 1.48 0.74, 3.01 0.27 

2011  0.50 0.23, 1.02 0.06 0.57 0.24, 1.30 0.19 

2012  0.73 0.37, 1.43 0.36 00.93 0.44, 1.95 0.84 

2013 0.15 0.04, 0.43 0.002 0.04 0.001, 0.27 0.01 

2014 0.14 0.03, 0.40 0.002 0.17 0.03, 0.60 0.02 

2015 0.03 0.002, 0.15 0.001 0.08 0.021, 0.25 0.0001 

Model Fit Dispersion parameter 2.01 1.47 

Null deviance (df) 265.31 (89) 212.02 (89) 

Residual deviance (df) 152.66 (72) 97.11 (72) 

Table 4: Quasi-Poisson Loglinear Model  
**Incidence Rate Ratio  

 
Discussion: 

For our primary aim, we found that typhoid fever risk declined in all clusters post-

intervention, although for a few the incidence risk decline did not attain statistical 

significance. Given the small study area, it is unlikely that an unequal distribution of 

water kiosks is responsible for the lack of significant reduction in risk in these clusters; 

rather, this suggests either that statistical power was limited or that risk factors or 



transmission routes in these areas persisted despite a water and sanitation intervention. 

A recent study found that soil ingestion is associated with diarrheal illnesses in children 

5 years of age and younger in Kibera; thus, interventions aimed at improving clean 

water access, latrines, and handwashing are not likely to remove all exposures in 

children [13].  

 

For our secondary aim, we were unable to reject the null hypothesis that risk is 

homogenous in this region for children under 10 years of age. Cluster 5 exhibited 

significantly elevated risk compared to the reference in individuals 10 years of age and 

older. Given that we still had a trend for significance upon model inclusion of several 

demographic and environmental variables, cluster 5 may be an area that would benefit 

from vaccination efforts.  

 

Our results from the regression model are contrary to a recent study on geographic 

patterns in typhoid risk in Kibera that found elevated risk of typhoid fever in low 

elevation areas among children under 10 years of age [8]. Low elevation areas 

aggregate fecal waste from upstream sources via runoff of surface waters and may 

function as environmental reservoirs for water-related infectious disease in children [14], 

[15], [16], [17], [18], [19]. Environmental transmission may largely account for the 

disproportionately high burden of typhoid incidence in children in Kibera [8]. The 

inclusion of environmental risk factors such as geographical proximity to streams, 

latrines, water kiosks, and open drainage sites may improve model fit.  

 



There are many hypotheses for the observed reduction in typhoid incidence after 2012, 

including improved access to medical care and earlier case detection, and 

enhancements in water and sanitation. For instance, in the same time frame, Shining 

Hope for Communities (SHOFCO) launched its Clean Water, Sanitation, & Hygiene 

(WASH) program, which has been scaled up every year since 2012. Currently, 

SHOFCO’s intervention package includes 10 water kiosks that supply clean and low-

cost water, 46 community pit latrines, and hygiene education [20].  

 

This study has several limitations. First, the potential for misclassification of the 

outcome exists as the study cannot exclude paratyphoid fever in clinical cases reported 

as typhoid fever, an illness that presents with similar symptoms, yet is milder compared 

to typhoid fever; importantly, typhoid vaccines do not protect against paratyphoid fever. 

Thus, we may be overestimating the rate of typhoid fever. Secondly, the choice of 

cluster boundaries may not be entirely discriminatory—individuals from different clusters 

that are close in distance may face more similar exposures than individuals who are far 

apart in the same cluster. Thirdly, incidence rates were not adjusted to account for 

patients who visited the Tabitha study clinic and did not have a blood culture done 

despite meeting the typhoid case definition (based on fever and respiratory criteria) or 

patients who met the illness criteria who visited a clinic other than the study clinic and 

therefore did not have their blood drawn. Thus, we may be underestimating the true 

burden of typhoid fever illness as people who live near the study clinic may be more 

likely to visit it rather than an alternative clinic. Fourthly, there may be omitted variable 

bias present in the fixed effects model if the demographic and environmental variables 

we did not include are time-variant within clusters (i.e. the scale-up of WASH 



interventions varies between clusters over time). Finally, the study involved multiple 

comparisons, potentially resulting in the rejection of a null hypothesis that should not 

have been rejected. 

 

One of the strengths of this study was the inclusion of person-time to account for 

differing amounts of risk amongst individuals due to migration. A second strength was 

the stratification by age that allowed us to compare typhoid fever risk between age 

groups, thus potentially identifying a cluster that in which children under 10 years of age 

and individuals 10 years of age and older underwent different routes of transmission. 

Previous studies on typhoid fever in Kibera focused on 2-3 year periods before a major 

public health intervention was initiated [8] [2]; thus, the third strength of our study is the 

comparison of typhoid fever incidence before and after 2012. Lastly, the inclusion of 

time as a fixed effect in our regression model allowed us to include unmeasured 

covariates that varied with study year. 

 

Without a definitive explanation for this reduction in typhoid incidence, it is unclear if this 

trend will continue or if vaccination interventions should be initiated. Mounting drug 

resistance adds urgency to this question: a 2012 study found that 77.8% of S. typhi 

isolates were multi-drug resistant in Kibera. Importantly, 7% had decreased 

susceptibility or resistance to nalidixic acid; there is increasing evidence that nalidixic 

acid-resistant S. enterica infections have reduced susceptibility to fluoroquinolones, 

which could result in increases in typhoid illness duration, rate of treatment failure, and 

treatment cost [12].  
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Appendix 

 

E[Yi | β] = β0 +log(PYi) + β1(x1) + β2(x2) + β3(x3) + β4(x4) 
 
Where log(PYi) is an offset for person-years, Yi is the number of cases, x1 is cluster, x2 
is average household size, x3 is average elevation, and x4 is population density. 
 

 Quasi-Poisson Loglinear Model 

Age 0-9 Age 10+ 

IRR** 95% CI p-value IRR** 95% CI p-value 

Cluster 1 Ref -- -- Ref -- -- 

2 1.23  0.52, 2.87 0.63 1.36 0.56, 3.30 0.49 

3 1.80  0.62, 4.65 0.25 1.66 0.43, 5.06 0.41 

4 1.35  0.44, 3.64 0.56 1.76 0.51, 5.19 0.33 

5 1.35  0.61, 2.99 0.46 2.14 0.95, 4.97 0.07 

6 1.43  0.65, 3.14 0.38 1.33 0.54, 3.27 0.53 

7 1.02 0.34, 2.68 0.97 0.80 0.21, 2.43 0.71 

8 1.57  0.73, 3.42 0.26 1.27 0.53, 3.07 0.59 

9 1.60  0.62, 3.88 0.31 1.26 0.37, 3.63 0.68 

10 1.70  0.84, 3.55 0.15 1.49 0.64, 3.52 0.35 

Year 2007 Ref -- -- Ref -- -- 

2008 0.55  0.28, 1.05 0.07 1.10 0.53, 2.26 0.80 

2009 0.41 0.17, 0.90 0.04 0.29* 0.08, 0.81 0.04 

2010 0.81  0.43, 1.53 0.51 1.62 0.82, 3.24 0.17 

2011 0.57  0.28, 1.12 0.11 0.59 0.25, 1.30 0.20 

2012 0.79  0.42, 1.49 0.47 0.97 0.48, 0.28 0.94 

2013 0.16 0.05, 0.43 0.001 0.05 0.001, 0.28 0.01 

2014 0.15 0.04, 0.42 0.002 0.18 0.03, 0.60 0.02 

2015 0.03 0.002, 0.13 0.0004 0.08 0.02, 0.24 0.00006 

Explanatory 
variables 

Average household size 1.90  0.79, 4.62 0.16 1.89 0.64, 5.62 0.25 

Average elevation (m) 0.98 0.96, 1.00 0.019 0.98 0.96, 1.00 0.04 

Population density 
(persons/km2) 

1.00 1.00, 1.00 0.01 1.00 1.00, 1.00 0.72 

Model Fit Dispersion parameter 1.67 1.33 

Null deviance (df) 265.31 (89) 212.02 (89) 

Residual deviance (df) 126.00 (69) 88.67 (69) 

Table 5: Quasi-Poisson Loglinear Model  
**Incidence Rate Ratio  
 

 


