Modelling of cardio-metabolic disorders within the Thanzi La Onse Model

Background: The Thanzi La Onse Model
As part of the Thanzi La Onse program a model is being developed which aims to capture the health experiences of the population of Malawi and the consequent interactions with the health care system.  The intent is that this model will help to inform future delivery of health care in Malawi.  The model is an individual based model – which means we explicitly simulate the individual life and health experiences of a representative proportion of the population of Malawi.  The simulation initiates on 1 Jan 2010 and we attempt to simulate the attributes of the population at that point.  We can run the model forward to any specified future time point.   Each potential intervention and its associated diseases are being modelled.  This is being divided into separate disease/intervention modules.  

Background: General approach to decisions on modelling causal influences and effects of interventions
This module was designed in the context of an overall approach to modelling causal effects in general and causal effects of interventions in particular. The overall intent is to adopt as simple a structure as can be conceived, whilst still capturing the essential elements of a disease and the interventions used to prevent or treatment. We include a causal link between a “variable” (by which we mean a characteristic or property of an individual, whether that be demographic, social or biologic), and risk of disease or another variable if there is strong evidence from an overall body of studies that such a causal link exists and is at least moderately strong.  In informing such decisions we place particular value on RCTs or studies with a quasi-experimental design such as analyses based on an instrumental variable. There is no expectation that such studies will be from Malawi or even from Africa. If there are such local studies and in the unlikely event that they provide strong evidence to suggest that the causal link is substantively different in Malawi, then the intent is that this is taken into account and the Malawi-specific link included.
In the special case of a potential causal variable which relates to whether an individual has experienced or is experiencing an intervention the intent is to only include interventions if there is substantial RCT evidence of their beneficial effect, based on trials with objectively ascertained clinical endpoints with low risk of serious bias.  Whilst DCP-3 (and to some extent the Malawi EHP) provides an initial list of such interventions and the evidence to support them, where possible our intent has been to form our own opinion on intervention efficacy based on the source trials.  
Unless there is evidence to the contrary, the intent is to summarize and incorporate intervention effects into the model as relative risks or rates rather than absolute differences due to the fact that such measures are less likely to differ substantively by context. Interactions between characteristics (on the multiplicative scale) are only to be incorporated if there is strong evidence. Again, we have not intended to rely on data from Malawi or Africa for such evidence but if local evidence exists which strongly suggests a different effect than elsewhere then the intent is that this modified effect is incorporated in the model.
Background:  Demographic and social characteristics modelled
Based on data on the distribution of the population in Malawi according to geographic location we assign individuals a geographic location, which maps onto whether they are classified as living in a rural or urban area. Informed largely by data from the Malawi DHS, variables are also created indicating the person’s wealth level (based on 5 quintiles), whether the person has access to improved sanitation, clean drinking water, hand washing facilities, and whether they experience indoor air pollution (wood burning stove). We assign individuals a current education status (none, primary, secondary) which is updated every 3 months from age 5 to 20. From age 15, we assign BMI in 5 categories, tobacco use status, drinking excess alcohol, having low exercise, high sugar intake, high salt intake, and marital status (never, currently, widowed/divorced). The status with regard to such variables for individuals can change over time. The influences between these variables are described in detail in a separate document.
Approach to modelling cardio-metabolic disorders
We individually model the occurrence of certain non-communicable diseases, with others covered by separate modules (depression, epilepsy, and cancers). This module covers diabetes type II, hypertension, chronic kidney disease, chronic lower back pain, chronic ischemic heart disease, stroke, and myocardial infarction – broadly termed as ‘cardio-metabolic disorders.’
Each condition in the module is assumed to be binary, with each individual categorised as having the condition or not having the condition at any given time point. The condition may be onset or resolved spontaneously and may recur.
Diagnosis can result from individuals attending a general healthcare appointment for related symptoms, screening taking place as a result of healthcare attendance for other symptoms or routine check-ups, community-based screening, or via emergency healthcare appointments following the occurrence of an event.
Model structure
Individual properties modelled
The model updates information on each individual with regard to each cardio-metabolic disorder condition status every three months as follows:
· Whether the person currently has diabetes type II, whether they have been diagnosed, and whether they are on treatment
· Whether the person currently has hypertension, whether they have been diagnosed, and whether they are on treatment
· Whether the person currently has chronic kidney disease, whether they have been diagnosed, and whether they are on treatment
· Whether the person currently has chronic lower back pain, whether they have been diagnosed, and whether they are on treatment 
· Whether the person currently has chronic ischemic heart disease, whether they have been diagnosed, and whether they are on treatment
· Whether the person has ever had a stroke, whether they have been diagnosed, and whether they are on treatment
· Whether the person has ever had a myocardial infarction, whether they have been diagnosed, and whether they are on treatment

Transitions for these states and events are illustrated in Figure 1. Where possible, we used data from Malawi to inform the incidence, prevalence, and mortality arising from each condition. If data specific to Malawi were not available, we considered alternative data sources as well.
Onset of cardio-metabolic disorders
The assumed underlying risk of the development of each condition for a person in the reference group (i.e., a woman aged 40-44 years, with no chronic symptoms) is listed below. This rate is chosen for each condition so as to generate an overall prevalence in the model that matches what is reported in the data (Price et al., 2018; STEPS Survey, 2017; Global Burden of Disease, 2019).
· Diabetes type II: 400 per 100,000 population per year
· Hypertension: 4,500 per 100,000 population per year
· Chronic kidney disease: 750 per 100,000 population per year
· Chronic lower back pain: 2,700 per 100,000 population per year
· Chronic ischemic heart disease: 140 per 100,000 population per year
Jointly, the chosen parameter values for variables listed in Figure 1 produce the model outputs shown in Figures 2 and 3.
For strokes, onset was calibrated to both the occurrence of incident strokes (i.e., the first stroke an individual experiences) and prevalent strokes (i.e., strokes occurring among individuals who have already had at least one stroke). The model calibration for stroke is shown in Figure 4.
Risk factors for the development of diabetes and hypertension in the model were compared to those from data in Price et al., 2018 and are shown in Tables 1 and 2, respectively.
Incidence of symptoms
Incidence of symptoms for each condition have been taken from the literature, where possible, or calibrated to fit diagnosis prevalence in the population. For some conditions, individuals in the model display no symptoms and would not seek care due to the presence of the condition, but individuals might be diagnosed due to healthcare-seeking behaviour via other symptoms.
Mortality rate for cardio-metabolic disorders 
The death rate from each cardio-metabolic condition is assumed to be as listed in Table 3. Mortality rates were calibrated in combination with other parameters, including the basic probability of onset and resolution of each condition. The calibration to age-specific rates of death by condition is shown in Figure 5.
Disability weights
Since we do not distinguish between mild, moderate, or severe cases of any condition, disability weights were chosen, in most cases, to reflect a moderate burden of disease. The codes for each condition, definition in the Global Burden of Disease (GBD), and disability-adjusted life-year (DALY) weights are shown in Table 4.
Health System Interactions
Care Seeking & Diagnosis
For diabetes, most individuals are diagnosed through screening at routine healthcare appointments. Some other individuals are diagnosed via presentation of symptoms of the disease and at presentation of other unrelated symptoms at generic healthcare appointments, and a small fraction are diagnosed through community-based screening. For hypertension, care-seeking and diagnosis happens in a similar way, although we assume that no care seeking occurs as a result of hypertension symptoms given that most individuals are asymptomatic. However, we assume there is some low-level screening for older adults occurring regularly in the population, such that 10% of individuals aged ≥50 receive a blood pressure measurement annually. For chronic lower back pain, most individuals are diagnosed via presentation of symptoms at a generic healthcare appointment. For chronic kidney disease, most cases are diagnosed through presentation of other symptoms at generic healthcare appointments, with a small fraction diagnosed through disease-specific symptoms and community-based screening. For chronic ischemic heart disease, some individuals are diagnosed following minor symptoms (e.g., chest pains) at generic healthcare appointments and the remainder are not diagnosed unless they experience an emergency event (e.g., myocardial infarction). For stroke and myocardial infarction, all individuals are diagnosed at an emergency healthcare event. The flow diagrams for healthcare interactions for conditions and events are shown in Figure 6 and calibration to diagnosis by condition is shown in Figure 7.
Treatment Initiation & Monitoring
Upon diagnosis for diabetes type II, hypertension, chronic lower back pain, and chronic ischemic heart disease, patients are given a recommendation to lose weight, which is associated with a 10% chance of reducing their BMI by one category over the next year (Fildes et al.). Most individuals who are diagnosed with any of the conditions in the module will be initiated on treatment, if available, at their generic or emergency healthcare appointment, and will continue to receive refills of medication every month. Medications for each condition were chosen based on the Malawi Standard Treatment Guidelines and Essential Medicines List 2015 and the associated effectiveness of each treatment is shown in Table 5. If treatment is not available at the time an individual is due to start or refill medication, we assume that there is an 80% probability of the individual returning in the future to pick up medication.
Main Limitations
The main limitations are the relative lack of data to directly inform many of the parameter values. In addition, the binary assumption of modelling these conditions is simplistic and may not capture important aspects of each disease. There is also sparse data on rates and risks of resolution of NCD conditions.
Outstanding Issues 
More chronic conditions and events are planned to be added (chronic liver disease, chronic respiratory disease, dementia, vision disorders, arthritis, musculoskeletal conditions, lower extremity disease, etc.) that can interact with conditions in this module. Surgical treatments and interventions are yet to be included.
Currently, the module interacts with the depression module, but does not incorporate the epilepsy or cancer modules.
Contributors to this module 
Britta Jewell, Tim Hallett, Edward Gregg – Imperial College London.


Figures and Tables
Figure 1.  Diagrams illustrating model structure and parameters
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Figure 2.  Calibration of cardio-metabolic conditions to age-specific incidence.
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Figure 3.  Calibration of cardio-metabolic conditions to age- and sex-specific prevalence.
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Figure 4.  Calibration of stroke to age-specific incident and prevalent cases.
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Figure 5.  Calibration of cardio-metabolic conditions to death rates (for adults aged ≥20).
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Figure 6.  Flow diagrams for health system interactions for CMD conditions and events.
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Figure 7.  Calibration to prevalence of diagnosis for conditions.
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Table 1. Logistic regression exercise to compare risk factors in the model with risk factors in the data for diabetes.
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Table 2. Logistic regression exercise to compare risk factors in the model with risk factors in the data for hypertension.
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Table 3.  GBD estimated mortality rate per 100,000 population aged ≥20 in Malawi in 2019.
	Condition
	Mortality Rate (per 100,000 population aged ≥20)
	Source

	Diabetes type II
	27.57 (22.84-33.01)
	GBD 2019

	Hypertension
	0
	GBD 2019

	Chronic lower back pain
	0
	GBD 2019

	Chronic kidney disease
	19.48 (15.87-23.55)
	GBD 2019

	Chronic ischemic heart disease
	65.67 (51.49-81.56)
	GBD 2019

	Stroke
	78.77 (62.97-96.59)
	GBD 2019





















Table 4.  Disability codes, definitions, and DALY weights for conditions and events.
	Condition
	Code
	GBD Definition
	DALY Weight

	Diabetes type II (diagnosed and on medication)
	971
	Uncomplicated diabetes mellitus: worry and daily medication
	0.049

	Diabetes type II (symptomatic, not on medication)
	970
	Diabetic neuropathy: has pain, tingling and numbness in the arms, legs, hands and feet. The person sometimes gets cramps and muscle weakness.
	0.133

	Hypertension
	N/A
	N/A
	N/A

	Chronic lower back pain
	1180
	Moderate low back pain without leg pain: has moderate back pain, which causes difficulty dressing, sitting, standing, walking, and lifting things.
	0.054

	Chronic kidney disease
	978
	Stage IV chronic kidney disease untreated without anemia due to diabetes mellitus: tires easily, has nausea, reduced appetite and difficulty sleeping.
	0.104

	Chronic ischemic heart disease
	697
	Moderate heart failure due to ischemic heart disease; is short of breath and easily tires with minimal physical activity, such as walking only a short distance. The person feels comfortable at rest but avoids moderate activity.
	0.072


	Stroke
	701
	Stroke, long-term consequences, moderate:
has some difficulty in moving around, and in using the hands for lifting and holding things, dressing and grooming.
	0.07

	Myocardial infarction (weighted average between acute MI during days 1-2 and acute MI days 3-28)
	689 / 693
	Acute myocardial infarction, days 1-2: has severe chest pain that becomes worse with any physical activity. The person feels nauseous, short of breath, and very anxious.

Acute myocardial infarction, days 3-28: gets short of breath after heavy physical activity, and tires easily, but has no problems when at rest. The person has to take medication every day and has some anxiety.

	0.10






Table 5.  Medications and associated effectiveness for conditions and events. MI = myocardial infarction.
	Condition
	Medication
	Effectiveness
	Source

	Diabetes type II
	Metformin hydrochloride 500mg
	42% reduction in mortality;
39% reduction in MI;
41% reduction in stroke
	UK Prospective Diabetes Study Group, The Lancet 1998

	Hypertension
	Hydrochlorothiazide 25mg
	34% reduction in risk of stroke;
28% reduction in risk of heart disease
	Neal et al., The Lancet 2000

	Chronic lower back pain
	Aspirin 300mg
	No assumed effect on mortality
	N/A

	Chronic kidney disease
	Dialysis (dineal + dextrose 1.5% intraperitoneal dialysis solution)
	No assumed effect on mortality
	N/A

	Chronic ischemic heart disease
	Aspirin 300mg
	14% reduction in MI;
10% reduction in stroke
	Gelbenegger et al., BMC Medicine 2019

	Stroke
	Simvastatin 15mg
	59% reduction in mortality
	Hong and Lee, J Stroke 2015

	Myocardial infarction (MI)
	Frusemide 40mg
	48% reduction in mortality
	Tager et al., Int J Cardiol 2019
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Diabetes (adjusted for age) 
 



 Men Women 
Data (N=11,062) Model (N=16,147) Data (N=17,829) Model (N=17,053) 



Site 
Rural 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
Urban 2.76 (2.12-3.59) 1.20 (0.85-2.14) 2.57 (2.06-3.20) 1.30 (1.03-1.63) 
Age group, years 
18-29 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
30-39 3.66 (2.05-6.50) 1.88 (1.00-3.54) 3.48 (2.19-5.54) 3.20 (1.39-7.36) 
40-49 7.57 (4.33-13.23) 5.23 (2.96-9.22) 10.73 (6.92-16.60) 11.36 (5-33-24.24) 
50-59 14.83 (8.61-25.54) 12.48 (7.25-21.48) 17.56 (11.37-27.14) 34.96 (16.94-72.14) 
60-69 19.90 (11.40-34.74) 24.64 (14.48-41.91) 22.72 (14.47-35.67) 69.40 (33.90-142.05) 
≥ 70 15.75 (8.76-28.31) 29.57 (17.29-50.60) 20.07 (12.23-32.95) 79.89 (39.13-163.10) 
Wealth quintiles 
Poorest 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
Second 1.20 (0.65-2.23) 0.82 (0.55-1.23) 1.49 (0.94-2.37) 0.94 (0.66-1.32) 
Third 1.57 (0.86-2.89) 1.04 (0.71-1.52) 1.80 (1.14-2.86) 1.37 (1.00-1.89) 
Fourth 2.73 (1.56-4.79) 0.99 (0.67-1.44) 3.17 (2.09-4.80) 1.12 (0.81-1.55) 
Wealthiest 5.21 (3.03-8.96) 1.12 (0.78-1.61) 5.28 (3.52-7.01) 1.40 (1.03-1.90) 
Physical activity 
Did not meet 2.44 (1.77-3.37) 1.17 (0.88-1.56) 1.99 (1.32-3.02) 1.12 (0.85-1.47) 
Met 
recommendation 



1 (ref) 1 (ref) 1 (ref) 1 (ref) 



Smoking 
Not current 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
Current 0.60 (0.37-0.96) 0.93 (0.65-1.31) 0.76 (0.12-5.06) 0.70 (0.18-2.70) 
Alcohol consumption 
Not in last year 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
In last year 0.72 (0.54-0.96) 1.00 (0.75-1.33) 1.20 (0.75-1.90) 1.27 (0.66-2.47) 
Sugary drinks intake, tsp/day 
Fewer than six 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
Six or more 0.42 (0.30-0.59) 0.96 (0.75-1.23) 0.89 (0.69-1.14) 1.14 (0.93-1.39) 
BMI, kg/m2 
<18.0 0.52 (0.21-1.27) 1.21 (0.80-1.82) 0.76 (0.27-2.11) 0.32 (0.05-2.30) 
18.0-24.9 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
25.0-29.9 3.11 (2.35-4.12) 1.39 (1.01-1.90) 3.04 (2.25-4.09) 1.28 (0.98-1.68) 
≥ 30.0 5.34 (3.59-7.96) 2.45 (1.50-4.01) 6.47 (4.89-8.56) 2.81 (2.26-3.50) 
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Hypertension (all adjusted for age) 
 



 Men Women 
Data (N=11,062) Model (N=16,147) Data (N=17,829) Model (N=17,053) 



Site 
Rural 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
Urban 1.61 (1.48-1.76) 1.11 (1.02-1.20) 1.82 (1.70-1.96) 1.06 (1.00-1.13) 
Age group, years 
18-29 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
30-39 2.01 (1.73-2.35) 4.64 (3.97-5.43) 3.27 (2.76-3.86) 3.71 (3.14-4.38) 
40-49 2.03 (2.58-3.54) 7.17 (6.13-8.37) 7.66 (6.52-8.99) 5.63 (4.77-6.64) 
50-59 5.10 (4.38-5.94) 9.08 (7.74-10.66) 15.81 (13.6-18.4) 10.42 (8.89-12.21) 
60-69 8.03 (6.93-9.29) 13.02 (11.11-15.26) 21.76 (18.7-25.3) 16.86 (14.46-19.66) 
≥ 70 9.41 (8.20-10.80) 18.10 (15.52-21.09) 27.49 (23.7-31.8) 22.72 (19.59-26.35) 
Wealth quintiles 
Poorest 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
Second 1.09 (0.94-1.29) 1.06 (0.96-1.18) 0.92 (0.90-1.13) 0.99 (0.92-1.08) 
Third 1.34 (1.14-1.57) 1.07 (0.97-1.19) 1.25 (1.12-1.40) 1.02 (0.94-1.11) 
Fourth 1.45 (1.25-1.69) 1.03 (0.93-1.14) 1.54 (1.39-1.71) 1.02 (0.94-1.11) 
Wealthiest 1.84 (1.58-2.15) 1.09 (0.99-1.20) 1.79 (1.60-2.00) 1.06 (0.98-1.14) 
Physical activity 
Did not meet 1.35 (1.20-1.51) 1.16 (1.08-1.25) 1.33 (1.20-1.47) 1.13 (1.06-1.20) 
Met 
recommendation 



1 (ref) 1 (ref) 1 (ref) 1 (ref) 



Smoking 
Not current 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
Current 0.74 (0.64-0.87) 0.92 (0.83-1.00) 0.78 (0.50-1.20) 0.94 (0.18-2.70) 
Alcohol consumption 
Not in last year 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
In last year 1.03 (0.94-1.13) 1.15 (1.07-1.23) 1.13 (0.97-1.33) 1.10 (0.94-1.31) 
Sugary drinks intake, tsp/day 
Fewer than six 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
Six or more 0.87 (0.79-0.96) 1.03 (0.96-1.09) 0.85 (0.78-0.93) 1.03 (0.98-1.08) 
BMI, kg/m2 
<18.0 0.75 (0.60-0.94) 0.77 (0.66-0.89) 0.87 (0.73-1.05) 0.49 (0.31-0.77) 
18.0-24.9 1 (ref) 1 (ref) 1 (ref) 1 (ref) 
25.0-29.9 2.13 (1.92-2.36) 0.88 (0.78-1.00) 1.63 (1.49-1.78) 1.13 (1.01-1.26) 
≥ 30.0 3.44 (3.00-3.95) 1.65 (1.23-2.21) 2.41 (2.22-2.63) 1.59 (1.39-1.81) 
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