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[bookmark: _heading=h.3dy6vkm]Definition of undernutrition
Undernutrition is defined as insufficient intake of energy and nutrients to meet an individual’s need to maintain good health1. In the literature, undernutrition and malnutrition are used interchangeably, although, the term malnutrition refers to all forms of deficiencies, excesses, or imbalances in a person’s intake of energy and/or nutrients2, including undernutrition, micronutrient-related malnutrition, and overnutrition. In Malawi, undernutrition in terms of protein-energy undernutrition and micronutrient deficiencies are considered of public health significance, particularly to the health of children. Overnutrition is modelled in TLO within other NDC modules that pertain to older ages (from 15 years of age onwards).
Measures of nutritional status
There are several indicators used to measure nutritional imbalances resulting in undernutrition. The commonly used anthropometric measures in community studies are weight and height/length in combination with age and gender. These measurements are used to construct indices that are used to describe nutritional status of individuals or populations. The indices used in childhood are weight-for-height Z-score (WHZ), height-for-age Z-score (HAZ) and weight-for-age Z-score (WAZ). A Z-score is a measure of how far an observation is from the population mean as measured in standard deviations. A standard deviation score of a nutritional indicator for an individual = (individual’s value - median value of reference population)/ standard deviation value of reference population. The currently used reference population is the WHO multicentre Growth Reference Study (MGRS).

Table 1 - Key definitions of undernutrition
	Terminology
	Definition

	Weight-for-height/length
	Measure of a child’s weight relative to the weight of a child of the same height or length in a reference population, expressed as a Z-score. Low weight-for-height (WHZ < -2) is known as wasting, the acute form of undernutrition

	Height/length-for-age
	Measure of a child’s height or length relative to the length or height of a child of the same age in a reference population, expressed as a Z-score. Low height-for-age (HAZ < -2) is known as stunting, a result of chronic or recurrent undernutrition

	Weight-for-age
	Measure of a child’s weight relative to the weight of a child of the same age in a reference population, expressed as a Z-score. Low weight-for-age (WAZ < -2) is known as underweight

	wasting
	weight-for-height Z-score < -2 SD, 
(severe wasting WHZ < -3, moderate wasting -3 ≤ WHZ < -2)

	stunting
	height-for-age Z-score < -2 SD, 
(severe stunting HAZ < -3, moderate stunting -3 ≥ HAZ < -2)

	underweight
	weight-for-age Z-score < -2 SD, 
(severe underweight WAZ < -3, moderate underweight -3 ≥ WAZ < -2)


 
The following sections describe the rationale for the model structures of wasting and stunting. As underweight can reflect wasting, stunting, or both, it is difficult to interpret and therefore, not included in the undernutrition modules.
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[bookmark: _heading=h.44sinio]Summary 
In the design of a model for chronic malnutrition, the underlying ‘truth’ of an individual’s condition is determined by the height-for-age Z-score (HAZ), or stunting status (HAZ<-2), following the WHO 2006 Child Growth Standards. Stunting classification by the WHO guidelines has two categories: moderate (-3≤HAZ<-2) or severe (HAZ<-3). 
Stunting is a result of complex multifactor interaction as represented in Figure 5, a conceptual framework of stunting developed by Fenske and colleagues. For the simplicity of the model, only a few of these variables, which are measurable, will serve as risk factors for stunting.

Figure 5 - Conceptual framework of stunting (source: Fenske 2013) 21
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The stunting module updates the chronic nutritional status to all children under 5 years of age. It is responsible for assigning the prevalence at initiation of the simulation, the monthly incidence rate of stunting, changes between stunting states, and scheduling health system interactions where interventions are deployed. Death from stunting is not modelled, stunting serves as a risk factor for morbidity and mortality due to other diseases.
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Table 6 - Properties of the stunting module, and respective type and description
	Property name
	Type
	Description

	un_ever_stunted
	Boolean
	ever had an episode of stunting (WHZ<-2)

	un_HAZ_category
	Categorical 
['HAZ<-3', '-3<=HAZ<-2', 'HAZ>=-2']
	height-for-age z-score category

	un_clinical_chronic_malnutrition
	Categorical 
['moderate_stunting', 'severe_stunting']
	clinical acute malnutrition state based on HAZ

	un_last_stunting_date_of_onset
	Date
	date of onset of last episode of stunting

	un_stunting_recovery_date
	Date
	Date of recovery

	un_CM_treatment_type
	Categorical 
['education_on_complementary_feeding',                                                 'complementary_feeding_with_food_supplementation']
	treatment types for chronic malnutrition



[bookmark: _heading=h.z337ya]Prevalence of stunting at start of simulation
At initiation, the prevalence of stunting is set. Based on the DHS 2015-16 data, the mean and standard deviation of the normal distribution of HAZ scores for each age group: <6, 6-11, 12-23, 24-35, 36-47, 48-59 months are used to determine the probability of HAZ< -2 (wasted) for each age category. Then this probability of stunting is converted into odds of stunting, for which the odds ratios of risk factors are added to the linear model of stunting prevalence. Prevalence parameters and respective values are listed in Table 7.

[bookmark: _heading=h.3j2qqm3]Incidence of stunting and disease progression 
The figure below (Figure 1) shows the proposed model structure for stunting (low height-for-age), the chronic form of undernutrition. It focuses on the natural history of stunting without input of the healthcare system interventions.
A regular event, occurring every month, applies the incidence of new stunting cases by age. Then, for each individual, a probability of progression to severe stunting in the next 3 months is applied, as well as the probability of natural improvement by 1 standard deviation – if severely stunted the child can improve to moderate stunting; if moderately stunted, the child can improve to no stunting. Most children once stunted, will remain stunted, as a result of chronic undernutrition.
Figure 6 - Model structure of the natural history of chronic malnutrition
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As shown in the proposed model structure, the incidence of stunting is dependent on age and several risk factors including, birth size (preterm birth, gestational age), HIV status, household wealth, exclusive breastfeeding until 6 months of age, prior episodes of diarrhoea, and prior wasting episodes.
Once in a state of moderate stunting (-3≥HAZ<-2), the individual will remain in that state for the following 3 months after onset, and a probability of stunting progression to severe is applied, as well as a probability of natural improvement of moderately stunted to normal height-for-age.
The rate of progression to severe wasting depends on age and risk factors that way have changed since first onset of stunting, such as, HIV under treatment, wasting episode during stunting, and diarrhoeal episodes since onset of stunting. All other risk factors associated with incidence are assumed to remain constant for the individual (immutable), such as birth outcomes, been exclusively breastfed, and wealth level. When in the severe stunting state (HAZ<-3), the individual will remain in that state for 3 months. After this period, the individual may recover to moderate stunting, but not fully recovered to non-stunting state.

[bookmark: _heading=h.1y810tw]Health System Interactions
There is a monthly regular event that checks on the probability of recovery/improvement from stunting based on interventions. Sever stunting cannot revert back to normal state, the individual can only improve by 1 z-score. 
Being a complex problem, there is no single nutrition intervention to address stunting in children, but rather multiple, complex and coordinated nutrition-sensitive and nutrition-specific interventions in partnership with other health and non-health actors in development22. 
In Malawi’s Essential Health Package, relevant interventions for stunting include: 
· Promotion of exclusive breastfeeding (part of the IMCI counselling part)
· Growth monitoring (checked in routine check-ups)
· De-worming (part of the IMCI routine medications)
· Micronutrient supplementation (part of the IMCI routine medications)
· Treatment of severe acute malnutrition 
In the stunting module the interventions specific for stunting modelled are complementary feeding (education and supplementation). Other interventions above included in the EHP are applied when the child interacts with the health system.

Although a more comprehensive list of prevention interventions would be:
· zinc supplementation in pregnant women
· micronutrient or macronutrient supplementation in children
· nutrition education for pregnant women
· nutrition systems strengthening targeting children
· complementary feeding (education and supplementation)
· breastfeeding promotion
· multiple micronutrient supplementation
· balanced energy supplementation
· zinc for prevention
· improved sanitation
· water connection in the home
· improved water source
· handwashing with soap
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Table 7 list all the parameters used in modelling stunting.
Table 7 - Parameters of the stunting module and respective values
	
	Parameter
	Value
	Source
	Description
	Notes

	
P
r
e
v
a
l
e
n
c
e
	prev_HAZ_distribution_age_0_5mo
	[-0.8482, 1.4163]
	DHS 2015-16
	mean and standard deviation of height-for-age z-scores distribution for <6 months old
	 

	
	prev_HAZ_distribution_age_6_11mo
	[-0.9940, 1.5044]
	DHS 2015-16
	mean and standard deviation of height-for-age z-scores distribution for 6-11 months old
	 

	
	prev_HAZ_distribution_age_12_23mo
	[-1.5221, 1.4312]
	DHS 2015-16
	mean and standard deviation of height-for-age z-scores distribution for 1 year old
	 

	
	prev_HAZ_distribution_age_24_35mo
	[-1.6692, 1.3435]
	DHS 2015-16
	mean and standard deviation of height-for-age z-scores distribution for 2 year old
	 

	
	prev_HAZ_distribution_age_36_47mo
	[-1.7973, 1.2124]
	DHS 2015-16
	mean and standard deviation of height-for-age z-scores distribution for 3 year old
	 

	
	prev_HAZ_distribution_age_48_59mo
	[-1.6201, 1.1154]
	DHS 2015-16
	mean and standard deviation of height-for-age z-scores distribution for 4 year old
	 

	
	or_stunting_male
	1.38 
	9
	odds ratio of stunting for males
	 

	
	or_stunting_hhwealth_Q5
	1.69
	9
	odds ratio of stunting for poorest household wealth Q5
	 

	
	or_stunting_hhwealth_Q4
	1.48
	9
	odds ratio of stunting for poorer household wealth Q4
	

	
	or_stunting_hhwealth_Q3
	1.4
	9
	odds ratio of stunting for middle household wealth Q3
	

	
	or_stunting_hhwealth_Q2
	1.29
	9
	odds ratio of stunting for richer household wealth Q2
	

	
	or_stunting_preterm_and_AGA
	2.13
	10
	odds ratio of stunting if born preterm and adequate for gestational age
	pooled OR estimate for sub-saharan africa

	
	or_stunting_SGA_and_term
	2.36
	10
	odds ratio of stunting if born small for gestational age and term
	

	
	or_stunting_SGA_and_preterm
	5.95
	10
	odds ratio of stunting if born small for gestational age and preterm
	

	
I
n
c
i
d
e
n
c
e
	base_inc_rate_stunting_by_agegp
	[0.024,0.09,0.15,0.09,0.06, 0.06]
	11
	baseline incidence rate of stunting by age group [1-5, 6-11, 12-23, 24-35, 36-47, 48-59]
	estimates will be calculated, currently dummy values

	
	rr_stunting_preterm_and_AGA
	2.11
	10
	relative rate of stunting if born preterm and adequate for gestational age
	 

	
	rr_stunting_SGA_and_term
	2.26
	10
	relative rate of stunting if born small for gestational age and term
	 

	
	rr_stunting_SGA_and_preterm
	3.09
	10
	relative rate of stunting if born small for gestational age and preterm
	 

	
	rr_stunting_prior_wasting
	1.93
	23
	relative rate of stunting if prior wasting
	 

	
	rr_stunting_untreated_HIV
	1.5
	dummy
	relative risk of stunting per unit decrease in wealth level
	 

	
	rr_stunting_wealth_level
	0.2
	9
	relative risk of stunting per unit decrease in wealth level
	 

	
	rr_stunting_no_exclusive_breastfeeding
	1.4
	dummy
	relative risk of stunting for children<2yo without exclusive breastfeeding
	 

	
	rr_stunting_no_continued_breastfeeding
	1.3
	dummy
	relative risk of stunting for children<2yo without continued breastfeeding
	 

	
	rr_stunting_per_diarrhoeal_episode
	1.04
	24
	Relative risk of stunting per 1 unit increase in diarrhoea episodes since birth
	 

	
P
r
o
g
r
e
s
s
i
o
n
	progression_severe_stunting_by_agegp
	[0.02,0.03,0.09,0.05,0.04,0.03]
	11
	risk of progression to severe stunting (HAZ<-3) by age group
	 

	
	rr_progress_severe_stunting_previous_wasting
	1.93
	23
	relative risk of severe stunting if wasting occurred during current stunting
	Assumed same value as rr_stunting_prior_wasting

	
	rr_progress_severe_stunting_untreated_HIV
	1.3
	dummy
	 relative risk of severe stunting if untreated HIV status
	 

	
	rr_progress_severe_stunting_per_diarrhoeal_episode
	1.04
	24
	 relative risk of severe stunting if per diarrhoeal episode
	 

	
	prob_remained_stunted_in_the_next_3months
	0.873
	23
	 probability of remaining stunted for the next 3 months
	 

	
I
n
t
e
r
v
e
n
t
i
o
n
s
	coverage_supplementary_feeding_program
	0.58
	14
	coverage of supplementary feeding program for MAM in health centres
	Malawi estimates

	
	un_effectiveness_complementary_feeding_promo_education_only_in_stunting_reduction
	0.25
	24
	 effectiveness of complementary feeding programme with education only in reducing stunting
	 

	
	un_effectiveness_complementary_feeding_promo_with_food_supplementation_in_stunting_reduction
	0.41
	24
	 effectiveness of complementary feeding programme with provision of supplementary foods in reducing stunting
	 

	
	un_effectiveness_zinc_supplementation_in_stunting_reduction
	0.15
	 24
	 effectiveness of zinc supplementation in reducing stunting
	Not yet used in the code
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