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iNTS epidemic in sub-Saharan Africa

non-typhoidal Salmonella (NTS)

foodborne disease - animal/food reservoir

mild symptoms: diarrhea, fever, stomach cramps
→ self-limiting, recover in 4 ∼ 7 days without treatment

Backyard poultry Food safety & recall "Don’t kiss or snuggle 
hedgehogs" - CDC

Salmonella: bacteria, > 2500 serotypes, ∼ 100 cause human infection
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iNTS epidemic in sub-Saharan Africa

invasive strain (iNTS) in sub-Saharan Africa

blood-stream infections

non-specific symptoms
→ close to pneumonia and malaria
→ hard to diagnose

with proper diagnosis and
antimicrobial drugs
high case fatality 22% - 47%

fever 
95%

pneumonia
60% child

30% adult

diarrhoea
20-50%

hepatomegaly
15~35%

splenomegaly
30~45%

anemia
40%

Clinical features for iNTS in Africa.

Why does the pathogen become so virulent?
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iNTS epidemic in sub-Saharan Africa

Risk factors: immuno-compromised population

Children <5

Adults 25~40

Children

malnutrition 40%

malaria 2%

HIV infection (maternal) 2%

- 175-388 cases/100K children

Adults (25 ∼ 40 years old)

advanced HIV infection 22%

antiretroviral therapy (ART) 64%

- 2000-7500 cases/100K HIV adults

human reservoir for the invasive NTS → human-to-human transmission
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Staged progression models for iNTS Model formulation

Staged progression model with treatment

HT?

S Susceptible I1 Infected - mild symptom

Zhuolin Qu (UT San Antonio) iNTS Modeling 4 / 14



Staged progression models for iNTS Model formulation

Staged progression model with treatment

HT?

S Susceptible I1 Infected - mild symptom

IHT Infected - home treatment

I2 Infected - severe symptom

Zhuolin Qu (UT San Antonio) iNTS Modeling 4 / 14



Staged progression models for iNTS Model formulation

Staged progression model with treatment

HT?

S Susceptible

R Recovered

A Asymptomatic (HIV+ adults)

D Die from infection

I1 Infected - mild symptom

IHT Infected - home treatment

I2 Infected - severe symptom

Zhuolin Qu (UT San Antonio) iNTS Modeling 4 / 14



Staged progression models for iNTS Model formulation

Staged progression model with treatment

HT?

S Susceptible

R Recovered

A Asymptomatic (HIV+ adults)

D Die from infection

I1 Infected - mild symptom

IHT Infected - home treatment

I2 Infected - severe symptom

IMT Infected - medical treatment

Zhuolin Qu (UT San Antonio) iNTS Modeling 4 / 14



Staged progression models for iNTS Model formulation

Staged progression model with treatment

HT?

S Susceptible

R Recovered

A Asymptomatic (HIV+ adults)

D Die from infection

I1 Infected - mild symptom

IHT Infected - home treatment

I2 Infected - severe symptom

IMT Infected - medical treatment

Zhuolin Qu (UT San Antonio) iNTS Modeling 4 / 14



Staged progression models for iNTS Model formulation

Staged progression model with treatment

HT?

S Susceptible

R Recovered

A Asymptomatic (HIV+ adults)

D Die from infection

I1 Infected - mild symptom

IHT Infected - home treatment

I2 Infected - severe symptom

IMT Infected - medical treatment

Zhuolin Qu (UT San Antonio) iNTS Modeling 4 / 14



Staged progression models for iNTS Model formulation

Staged progression model with treatment

HT?

S Susceptible

R Recovered

A Asymptomatic (HIV+ adults)

D Die from infection

I1 Infected - mild symptom

IHT Infected - home treatment

I2 Infected - severe symptom

IMT Infected - medical treatment

Zhuolin Qu (UT San Antonio) iNTS Modeling 4 / 14



Staged progression models for iNTS Model parametrization

Define progression rates using branching process

HT?

Branching probabilities: PHN + PHR + PHA + PH2 = 1

Time spent in stage: τH

Progression rate =
Probability

Time
: γHR =

PHR

τH
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Staged progression models for iNTS Model parametrization

Incorporating different risk groups

Children <5

Adults 25~40

- Children < 5 years old

- Adults 25 ∼ 40 years old (HIV-infection status)

HIV− adults
HIV+ adults, with ART
HIV+ adults, w/o ART
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- Adults 25 ∼ 40 years old (HIV-infection status)

HIV− adults
HIV+ adults, with ART: asymptomatic ↑ incidence ↑
HIV+ adults, w/o ART: asymptomatic ↑↑ incidence ↑↑ case fatality ↑↑

⇒ 4 population groups, 8 infection stages
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Staged progression models for iNTS Model parametrization

Staged progression model (group κ = 1, . . . 4)
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Staged progression models for iNTS Model parametrization

Staged progression model (group κ = 1, . . . 4)

Force of Infection: λκ = cκ βκ
∑4

`=1 I
`
1 + I `HT + I `2 + A`

N
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Staged progression models for iNTS Model parametrization

Staged progression model (group κ = 1, . . . 4)

Migration: µκ= natural mortality rate + aging in/out
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Staged progression models for iNTS Model analysis

Basic reproduction number (One infected case → ? secondary cases)

Using the next generation matrix approach...
R0 is a weighted average:

Zhuolin Qu (UT San Antonio) iNTS Modeling 8 / 14



Staged progression models for iNTS Model analysis

Basic reproduction number (One infected case → ? secondary cases)

Using the next generation matrix approach...
R0 is a weighted average:

group size

total population
weight

for each group

Zhuolin Qu (UT San Antonio) iNTS Modeling 8 / 14



Staged progression models for iNTS Model analysis

Basic reproduction number (One infected case → ? secondary cases)

Using the next generation matrix approach...
R0 is a weighted average:

group size

total population
weight

for each group

Zhuolin Qu (UT San Antonio) iNTS Modeling 8 / 14



Staged progression models for iNTS Model analysis

Basic reproduction number (One infected case → ? secondary cases)

Using the next generation matrix approach...
R0 is a weighted average:

group size

total population
weight

for each group

Zhuolin Qu (UT San Antonio) iNTS Modeling 8 / 14



Staged progression models for iNTS Model analysis

Basic reproduction number (One infected case → ? secondary cases)

Using the next generation matrix approach...
R0 is a weighted average:

group size

total population
weight

for each group

Zhuolin Qu (UT San Antonio) iNTS Modeling 8 / 14



Staged progression models for iNTS Model analysis

Interpretation Rκ
0 for subpopulation

Given one infectious person (group κ), he/she spends...
τκ1 time in stage Iκ1

HT?
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Staged progression models for iNTS Model analysis

Interpretation Rκ
0 for subpopulation

Given one infectious person (group κ), he/she spends...
+Prob (Iκ1 → Iκ2 ) τκ2 time in stage Iκ2

HT?

12

Zhuolin Qu (UT San Antonio) iNTS Modeling 9 / 14



Staged progression models for iNTS Model analysis

Interpretation Rκ
0 for subpopulation

Given one infectious person (group κ), he/she spends...
+Prob (Iκ1 → IκA) τκA time in stage IκA

HT?

1 2 3
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Staged progression models for iNTS Model analysis

Interpretation Rκ
0 for subpopulation

Given one infectious person (group κ), he/she spends...
Total infectious time = sum of an infinite loop

HT?

numerator = infectious time in one cycle

Probability of next cycle

Summation of 
geometric series:

1st cycle 2nd cycle n-th cycle
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Numerical simulations
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Numerical simulations

Baseline simulation (Siaya County, Kenya)

The child group has the worst disease outcome: most infected cases (left)
and deaths counts (right) among all the population cohorts.
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Numerical simulations

Driving force of the epidemic?
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Numerical simulations

Driving force of the epidemic?

The HIV+ without ART adults are the driving force of the epidemic.
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Numerical simulations

Potential mitigation strategies

Sensitivity analysis

vary the parameter of interest (POI)
→ impact on the quantity of interest (QOI)
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for HIV+ adults
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Numerical simulations

Potential mitigation strategies

Sensitivity analysis

vary the parameter of interest (POI)
→ impact on the quantity of interest (QOI)

Preval. of malnutritution 

among children
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Summary

Staged progression model for iNTS

HT?
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