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Abstract
Investment in community health worker (CHW) programs has allowed health systems to reach previously underserved rural and remote pop-
ulations. As a result, CHWs are often burdened with responsibilities to deliver large packages of services, at times without sufficient human, 
financial, or health resources. To design a community-level program that saves maternal and newborn lives while operating within resource 
limitations, we used constrained optimization (a mathematical process for finding the solution to a stated objective while accounting for listed 
requirements) to construct a model for select villages in Galmudug State, Somalia. After establishing the resource requirements for delivering 
25 evidence-based maternal and neonatal interventions, we used the Lives Saved Tool and optimization techniques to determine the package 
of care that leads to the most projected lives saved. With a cadre of 1450 female health workers and a budget of $435 000 for maternal and 
neonatal health commodities and programming over 1 year, we calculated that the optimized set of interventions for Galmudug could avert 15% 
of the 4132 projected maternal and neonatal deaths in 2024. We also conducted sensitivity analyses to show how the optimal combination 
of interventions and the number of lives saved change as the resource levels change. The model provides practitioners with a new tool and 
accompanying approach to evaluate possible packages of community health interventions with competing resource requirements.
Keywords: resource allocation; maternal and child health; infant mortality; maternal mortality; decision-making; cost-effectiveness analysis; community care

Key messages 

• Constrained optimization is a useful tool in designing or eval-
uating the health interventions comprising a package of care 
to offer in community health programs, by ensuring the 
resources are used in the most effective way to achieve a 
defined objective.

• Given the resources available for a maternal and newborn 
health program in Galmudug, Somalia, we estimate that the 
set of interventions selected by the model we provide can 
avert 15% of the annual maternal and neonatal deaths.

• Due to the model’s selection of several low-cost interven-
tions, our sensitivity analysis indicates that recruiting more 
health workers leads to more lives saved than increasing 
funding for health commodities.

Introduction
The maternal and newborn health (MNH) community is at 
a critical juncture—progress toward reductions in maternal 

and newborn mortality has stagnated, and global objectives 
will only be achieved if efforts to address the leading causes 
of death are prioritized and resourced within conflict-affected 
and fragile settings. Globally, 58% of maternal deaths, 37% 
of newborn deaths, and 36% of stillbirths occur in coun-
tries with 2024 appeals for international humanitarian assis-
tance, highlighting the need to focus on improving MNH in 
these contexts (Align 2024). Furthermore, progress depends, 
in part, on programs extending beyond the easy-to-reach 
portions of the population to those without well-resourced 
facilities and requiring community-level care.

Somalia, in particular, is at the forefront of these concerns, 
with continued health and humanitarian crises caused by and 
resulting in conflict, instability, and poverty, along with uncer-
tainty from the growing threat of changing climate conditions 
(Directorate of National Statistics, Federal Government of 
Somalia 2020). These factors threaten to imperil the already 
lacking maternal and neonatal health services provided within 
the country. Somalia has among the world’s highest rates of 
maternal mortality, with 692 deaths per 100 000 live births 
(Aweis et al. 2024). Neonatal mortality also ranks in the top 
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five globally with ∼37 newborn deaths for every 1000 births, 
>80% of which are due to prematurity, asphyxia, compli-
cations during birth, or infections (UNICEF 2019, 2024). 
The country overall is severely under-resourced, with only 
four doctors, nurses, or midwives for every 10 000 people 
(Rizwan 2018). In resource-constrained settings like Soma-
lia, community-based maternal and newborn care can help 
expand access to life-saving services and improve maternal 
and newborn survival, especially if done so in a way where 
these limited resources are optimized.

Constrained optimization—the process of minimizing or 
maximizing a function to arrive at a solution that satisfies a 
defined set of resource constraints—is a common tool in oper-
ations research, which is increasingly used in public health 
applications (Crown et al. 2018, Varghese et al. 2020, Schmitt 
et al. 2021, Mohan et al. 2022). Using this tool, we aimed to 
develop a setting-specific, context-adaptable model to select 
the package of community-based MNH (CBMNH) interven-
tions that would maximize the number of lives saved while 
accounting for the resources available in a specific setting, 
including the funding provided and the amount of time health 
workers have to provide these interventions.

Although the constrained optimization model is intended 
to be flexible in its application to different settings, we first 
formulated it for the female health worker (FHW) cadre in 
Somalia. The program was established by the Somalia Min-
istry of Health (MOH) and funded by the World Bank to 
deliver essential health services at the household and commu-
nity levels (Jama et al. 2023). While not yet widespread, the 
country intends to scale up the FHW cadre over the coming 
years. Thus, the authors’ organization saw value in engag-
ing stakeholders through a contextualized process to ensure 
the resources available for this cadre are used to achieve the 
greatest impact. The authors’ organization partnered with the 
MOH, state government officials, professional associations, 
and partner implementing agencies to define and ultimately 
pilot a package of MNH interventions to be delivered by 
FHWs in Galmudug, Somalia. Engaging national- and state-
level partners allowed for sourcing first-hand information on 
the practical constraints that often hamper the delivery of 
CBMNH services—particularly health worker time, training 
capacity, and the policy environment (including commodity 
availability). By incorporating stakeholder input through-
out the modeling process, we aimed to both improve the 
accuracy of the model and develop trust in the resulting
recommendations.

The FHW cadre used in this model is located in Gal-
mudug, Somalia, which is in the center of the country and 
contains the city of Dhuusamareeb. The state is comprised 
of the Galgaduud and Mudug regions. The Somali Health 
and Demographic Survey- Galmudug Report provides an 
overview of the health and economic conditions within the 
state (Somalia National Bureau of Statistics (Formerly Direc-
torate of National Statistics, Federal Government of Somalia) 
2021). About 31% of Galmudug’s population are nomadic 
and primarily depend on livestock for income. The state 
shares similar health challenges with the country as a whole, 
including a shortage of qualified health professionals and 
insufficient financial resources. The state also experiences fre-
quent droughts, further complicating health service delivery 
and economic opportunities.

Despite the focus of this paper on the FHW cadre in Soma-
lia, the model provided is sufficiently general so as to be 

applicable to community health worker (CHW) cadres in 
other settings. An expansive evidence base has demonstrated 
the effectiveness of CHW cadres in improving care-seeking, 
health literacy, and health behaviors in numerous contexts, 
which has led to an increased reliance on them to perform 
an ever-expanding list of tasks (Perry et al. 2014). Recogniz-
ing the potential of these cadres has also led many countries 
to set ambitious targets for providing comprehensive care at 
the community level. In contexts where health systems are 
stressed by low resources, conflict, or fragility, these aims can 
be difficult to achieve. Studies on CHW programs regularly 
cite the difficulty of recruiting and retaining qualified CHWs 
as a primary reason why community health programs fail to 
meet their objectives (Tshering et al. 2018). The widespread 
issue of over-tasking CHWs, especially those who are unpaid 
volunteers, is a central finding of the review by Ballard et al. 
(2023), which recommends that “health providers should 
assess community health workers’ workloads a priori and 
measure actual time use” In addition to the critical task of 
increasing the human and material resources available for 
CHW programs, we believe that improvements can also be 
achieved by reassessing the process by which interventions are 
selected for inclusion in community health packages.

Materials and methods
Constrained optimization, like most modeling approaches, 
involves translating a problem into mathematical language 
so that the tools available to analyze mathematical structures 
can be applied to solve or better understand the problem. 
Although the constraints used in constrained optimization 
problems are often presented in their mathematical form, they 
represent clear statements that can be expressed in words. 
Constructing an optimization problem in this way involves 
specifying requirements for an acceptable solution to the 
problem. In addition to solution requirements, the objective of 
the problem (e.g. maximize the number of maternal and child 
deaths prevented) must be defined in the form of a function. To 
inform a decision-making process, certain variables must be 
subject to the decision-maker’s discretion. These variables are 
labeled “decision variables,” and their values are permitted to 
change as part of the optimization processes. A solution to the 
problem is thus presented as a feasible set of values for each 
of these decision variables. This is in contrast to the model 
parameters, which are the values that are defined according 
to the setting where the model is applied. For instance, the 
decision of whether or not to offer chlorhexidine for clean 
cord care as part of the package of care is a decision vari-
able, whereas the number of births in a year and the efficacy 
of chlorhexidine in preventing sepsis are examples of model 
parameters. Once the objective function, model parameters, 
decision variables, and constraints are defined, the process of 
finding a solution that is optimal according to the problem 
definition, or “close enough” to optimal to satisfy stated tol-
erances, relies on optimization techniques and algorithms. 
For the interested reader, we provide additional information 
on constrained optimization applied to other health settings 
in Supplementary Appendix A, as well as the specific opti-
mization techniques used for this paper in Supplementary 
Appendix B.

We chose to approach this problem using constrained opti-
mization as it accomplishes four aims: it allows us to provide 



568 Montgomery et al.

Table 1. Parameters included in the model on a country-level basis

 cj Current level of coverage for intervention j
DN Annual number of neonatal deaths
DM Annual number of maternal deaths
ri Percentage of deaths attributed to cause of death i
fij Affected fraction for cause of death i and intervention j
eij Efficacy for cause of death i and intervention j
uj Level of coverage which equates to full coverage for 

intervention j
d Available increase in coverage determined by the number 

of workers available
𝛼j Annual number of commodities required to reach full 

coverage of intervention j
𝛽j Annual commodities available for intervention j

structure to the evaluation process, consider multiple com-
peting resources, set a defined objective, and replicate the 
approach in other settings. In doing so, we are attempting not 
to favor any specific health interventions but to offer a fair 
assessment of what is realistically achievable and which com-
binations of health interventions lead to the most projected 
lives saved in a given situation. We discuss the strengths and 
limitations of this approach further in the Discussion section.

We now present the model in its general form. We begin 
by describing each component of the lives-saved calculation 
as defined in the Lives Saved Tool (LiST) (Walker et al. 2013). 
LiST is a mathematical model, supported by a collection of 
country-level data, that allows users to estimate the impact on 
mortality from changes to the coverage levels of various health 
interventions for any of the countries within the database. 
After establishing the components from LiST used in our 
model, we write out the mathematical formulation comprising 
the model. We then explain each of the constraints.

Our model has two sets of decision variables: the first 
set denotes the incremental coverage level for different inter-
ventions, while the second set indicates whether or not each 
intervention is selected for implementation. To be specific, 
decision variable xj represents the change in coverage (i.e. 
the selected percentage of population coverage minus the 
current percentage of population coverage) of intervention j
for j = 1,… ,J, where J is the number of interventions under 
consideration. Decision variable yj is binary and set to 1 if 
intervention j is selected (i.e. identified by the solved model 
as being included in an optimal package of services), and 0 
otherwise. We let x = (xj) and y = (yj) denote the vectors of 
decision variables for notational convenience.

Using these decision variables, we can calculate the num-
ber of projected lives saved using the parameters shown in 
Table 1. These values, in addition to others used to populate 
the model, are provided on a country-level basis in LiST. We 
detail the tool itself in Supplementary Appendix C, where we 
offer additional references. 

The resulting mixed-integer program for maternal and 
newborn community healthcare optimization is given as fol-
lows: 

max
x,y

DN

8

∑
i=1

ri [1 −
J

∏
j=1

(1 − fij

eijxj

1 − eijcj
)] + DM

17

∑
i=9

ri (1)

[1 −
J

∏
j=1

(1 − fij

eijxj

1 − eijcj
)]

subject to 

Ax ≤ a (2)

By ≤ b (3)

xj ≤ min(uj − cj,d,𝛽j/𝛼j) , ∀ j (4)

xj ≤ yj, ∀ j (5)

yj ∈ {0,1} , ∀ j (6)

xj ≥ 0, ∀ j (7)

Equation (1) is comprised of two expressions: the first 
accounts for the eight neonatal causes of death, signified by 
the sum from i = 1 through 8; the second accounts for the 
nine maternal causes of death, signified by the sum from i = 9
through 17. To arrive at Equation (1), the model emulates the 
LiST approach by using the equations provided in one of the 
LiST supporting documents (Winfrey et al. 2011).

Winfrey et al. (2011) describe the methods for how the 
LiST estimates “the impact of scaling up interventions on 
neonatal and child mortality.” As the objective function of 
the optimization model needs to be written using a single 
equation, it combines Equations (1) and (2) from Winfrey 
et al. (2011). Table 2 provides the notation used in Winfrey 
et al. (2011) which, for simplicity and brevity, is altered in the 
optimization model.

Equation (8), taken directly from Winfrey et al. (2011), 
provides the equation for the proportional reduction in 
mortality from changes in coverage for an individual 
intervention: 

Ri,j,a,t = [Ii,j,a × (Ci,a,t − Ci,a,0) /(1 − Ii,j,a × Ci,a,0)] ×AFi,j,a (8)

The functional form of Equation (8) is justified in the 
following way. The numerator, Ii,j,a × (Ci,a,t − Ci,a,0) ×AFi,j,a, 
gives an estimate of the reduction in mortality from the 
increase in coverage. By multiplying the effectiveness of the 
intervention by the change in coverage and the affected frac-
tion, the expression accounts for both the documented efficacy 
of the intervention and the specific underlying mechanisms 
for the cause of mortality that the intervention targets. This 
estimate of the reduction in mortality needs to be adjusted to 
reflect that there may be a portion of the population receiving 
treatment through current coverage levels already accounted 
for in the mortality rate. The denominator (1 − Ii,j,a × Ci,a,0)
adjusts for these deaths already prevented, which appear in 
a reduced mortality rate. For example, a 10% increase in 
coverage for a specific intervention will result in the same 
numerator, i.e. estimate of the reduction in mortality, regard-
less of the current coverage level, assuming fixed effectiveness 
and affected fraction. However, if the current coverage is 
greater than zero, then the mortality rate, to which the reduc-
tion in mortality is applied to produce the number of lives 
saved, will reflect these effective treatments from current cov-
erage levels and have a lower base. The adjustment then 
ensures that any 10% increase in coverage results in the same 
number of lives saved, as long as Ci,a,t ≤ 1, regardless of the 
current coverage level.

As an example case, Winfrey et al. (2011) use an increase in 
oral rehydration solution coverage to show how this equation 
is applied to a specific instance. As an additional example, 
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Table 2. Parameters and variables included in the LiST lives saved equation

 Ri,j,a,t Cause of death j mortality reduction for age band a from 
intervention i at time t

Ii,j,a Effectiveness of intervention i on cause of death j for 
children in age band a

Ci,a,0 Coverage of intervention i in age band a at time 0 (before 
changing coverage)

Ci,a,t Coverage of intervention i in age band a at time t
AFi,j,a Affected fraction of intervention i on cause of death j for 

children in age band a

this same process is shown here, using kangaroo mother care 
(KMC). First, assume that the current level of coverage for 
KMC is 5%. If the coverage level for the KMC intervention 
alone is increased to 15%, coupled with the effectiveness of 
0.51 and the fraction of premature deaths that can be pre-
vented by KMC of 0.58, then the calculation for the reduction 
in mortality is as follows:

Ri,j,a,t =[0.51 × (0.15 − 0.05) / (1 − 0.51 × 0.05)]

× 0.58 = 0.03.

This result indicates that, under the set of parametric assump-
tions provided, 3% of neonatal premature deaths can be 
prevented by increasing KMC coverage from 5% to 15%. 
The annual number of neonatal deaths due to prematurity 
within the population is then needed to calculate the number 
of lives saved. Using Somalia, the annual number of neonatal 
deaths is DN = 26413 and the percentage of neonatal deaths 
attributed to prematurity is r5 = 22.63%. The total number of 
neonatal deaths in this population attributed to prematurity 
is then 5977. Therefore, a 3% reduction in neonatal deaths 
due to prematurity is equivalent to 5977 × 3% = 179 lives
saved. 

When multiple interventions that target the same cause of 
mortality are scaled up, LiST sequentially applies these inter-
ventions so as to avoid double counting (Walker et al. 2013, 
p. 2). In Winfrey et al. (2011), the total impact of all scaled 
interventions on a specific cause of death is the product of 
each intervention on the remaining mortality and is written in 
the following manner: 

Rj,a,t =1 − (1 − R1,j,a,t) × (1 − R2,j,a,t) × (1 − R3,j,a,t)

× (1 − R4,j,a,t)… ,

or more succinctly as, 

Rj,a,t = 1 −
I

∏
i=1

(1 − Ri,j,a,t) . (9)

Using the expression for Ri,j,a,t in Equation (8) along with 
Equation (9) results in the full expression for the total impact 
of all interventions on a single cause of mortality for a specific 
age band as shown in Equation (10): 

Rj,a,t =1 − ∏I

i=1
(1 − [Ii,j,a × (Ci,a,t − Ci,a,0) /(1 − Ii,j,a × Ci,a,0)]

(10)

×AFi,j,a)

The constrained optimization model replaces Ii,j,a with eij as 
the efficacy for cause of death i and intervention j, substitutes 
Ci,a,t − Ci,a,0 with xj as the change in coverage level for inter-
vention j, replaces Ci,a,0 with cj as the current level of coverage 
for intervention j, and replaces AFi,j,a with fij as the affected 
fraction for cause of death i and intervention j. These changes 
in notation result in Equation (11) (note that j indexes the 
interventions and that i indexes the causes of death which are 
opposite of the the indices used in the Winfrey et al. (2011) 
paper). 

Ri,a,t = 1 −
J

∏
j=1

(1 − fij

eijxj

1 − eijcj
) (11)

To then calculate the reduction in deaths from all changes 
in intervention coverage, one can sum the number of lives 
saved for each cause of death i. The number of neonatal 
deaths calculated using population projections and the current 
mortality rates is DN. ri is the percentage of neonatal deaths 
that can be attributed to cause of death i. The total neonatal 
deaths from cause of death i is then given as DNri. Similarly, 
DMri gives the total number of maternal deaths from cause 
of death i. The total number of lives saved through changes 
to intervention coverage can then be estimated using the
expression:

I

∑
i=1

DNriRi,a,t +
I

∑
i=1

DNriRi,a,t,

which serves as the equation underlying the model’s objective 
function.

Matrices A and B in Equations (2) and (3) are both 3 × J
dimensional consumption matrices; their columns correspond 
to different interventions. Likewise, a and b are 3-dimensional 
capacity vectors—these capture the relationship between the 
components necessary to implement CBMNH programs and 
the total resource budget for each of the components. In 
the descriptions of the constraints to follow, we let Ai and 
Bi denote the ith row of matrices A and B, respectively, for 
i = 1,2,3. And, let ai and bi denote the ith component of each 
vector.

• Delivery capacity: the constraint A1x ≤ a1 ensures the 
total time required for CHWs to deliver the level of cov-
erage for the selected interventions does not exceed the 
available time to do so. The resource budget for delivery 
time, a1, is a key factor to understand in program plan-
ning. It can be shifted upward or downward to reflect 
components like travel time, the target number of house-
holds each CHW serves, and the number of other health 
modules CHWs are tasked with delivering.

• Supervision capacity: the constraint A2x ≤ a2 ensures the 
supervisors’ time needed to properly oversee the inter-
ventions requiring in-service training does not exceed the 
available time to provide supervision to CHWs. Par-
ticularly where CHWs may be asked to provide new 
and technically complex interventions, the availability of 
supervisors to ensure properly delivered quality care can 
be a limiting factor.

• Commodity scaling coverage cost: the constraint A3x ≤ a3
ensures the total cost to increase intervention coverage, 
based on the price of commodities necessary for different 
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interventions, is less than or equal to the budget available 
to scale up interventions.

• Curriculum time: the constraint B1y ≤ b1 ensures that 
the curriculum time required to train interventions does 
not exceed the curriculum time available for maternal 
and neonatal care. This constraint is especially impor-
tant when new cadres of CHWs are hired, as the feasible 
time for training can limit the effective roll-out of new 
components of a service package.

• Intervention start-up cost: the constraint B2y ≤ b2 ensures 
that the total cost to establish new interventions does not 
exceed the budget available for that purpose. These costs 
can include, but are not limited to, those necessary to 
establish a supply chain for a medication not currently 
available at scale within the country, or those associated 
with policy change processes for the delivery of a new 
intervention at the community level.

• Permission to offer at the community level: the con-
straint B3y ≤ b3  ensures that an intervention can only 
be included in the recommended package if it is per-
mitted for delivery at the community level by the coun-
try’s government and policies. Some interventions, such 
as oral antibiotics for sepsis or misoprostol for post-
partum hemorrhage, have been shown to be feasible 
for community-level delivery, but concerns about CHW’s 
capacity to deliver the interventions or properly con-
trol the distribution of the associated commodities mean 
that the feasible set of interventions will vary between
countries.

Equation (4) ensures that the change in coverage for interven-
tion j does not exceed a practically feasible level. We define 
this level as the minimum of either: one, full coverage (uj) 
minus the current coverage of the intervention (cj); two, the 
maximum available coverage (d) determined by the size of 
the CHW cadres; or three, the maximum achievable coverage 
for intervention j if there are a limited number of available 
medications or health commodities required for delivering 
intervention j. Equation (5) states that the coverage level of 
intervention j (xj) can only be increased if the intervention is 
selected (i.e. if yj = 1). Equations (6) and (7) ensure yj is binary 
and xj is nonnegative, respectively, for j = 1,… , J.

To properly measure the resources used for certain con-
straints, we need to translate the level of coverage for each 
intervention into the equivalent number of treatments needed 
to achieve that increase in coverage. As the individuals iden-
tified as requiring treatment will not be the same for all 
interventions (for instance, iron fortification is administered 
to pregnant women but not newborns, infants, or children), 
we match each intervention with a target population. A tar-
get population is a subset of the country’s population defined 
by a common feature, e.g. pregnant women. The sizes of rele-
vant target populations are provided by LiST for each country. 
Examples of these target populations can be found in Table 10 
of Supplementary Appendix D. The number of treatments 
needed to achieve full coverage for an intervention is calcu-
lated by multiplying the target population by the percentage 
of the target population requiring that intervention. Multiply-
ing the number of treatments required to achieve full coverage 
of intervention j by the change in coverage (xj) provides the 
number of treatments required for that change in coverage.

Having established the components of the general model, 
we can now apply the analysis to specific settings, beginning 
with the CBMNH program in Somalia. In Somalia, the FHW 
cadre provides healthcare to both rural and urban popula-
tions, either supplementing the services provided at health 
facilities or serving as the main point of contact for popula-
tions with limited access to health facilities. FHWs are health 
promoters who receive training to counsel, diagnose, and treat 
conditions across various modules, including MNH.

The model aims and parameters were sourced during a 
3-day stakeholder workshop in Mogadishu, Somalia in Octo-
ber 2022, bringing together state-, national-, and global-level 
actors. The workshop included an introduction to constrained 
optimization, detailed discussions about the feasibility and 
resource requirements for each intervention, and planning for 
how the resulting model insights would be used in a pilot 
program. Critically, this workshop allowed us to source infor-
mation on key resource constraints (e.g. the time FHWs have 
available for MNH delivery, the time it would take to train 
FHWs on each newly introduced service, and the costs of 
procuring commodities) directly from health actors who live 
and work in Somalia.

LiST includes 33 interventions that directly or indirectly 
affect either maternal or neonatal mortality or both. We relied 
on input from technical advisors with expertise in MNH to 
narrow the list down to 25 interventions that can reasonably 
be delivered at the community level in a stable setting with 
a strong health system. To underscore the need for optimiza-
tion techniques in solving this problem, if all 25 interventions 
were evaluated only for the y decision variables of including or 
not including each intervention in the package, then there are 
225 (or 33 554 432) possible combinations to consider. Within 
Somalia’s health program, 16 of these 25 interventions were 
further deemed infeasible to provide at the community level—
this is captured in the constraint for B3 of Equation (3). The 
interventions included in the model, their current levels of cov-
erage in Somalia according to LiST, and their statuses as either 
feasible or infeasible for community delivery in Somalia are 
shown in Table 3. 

We use the Somalia neonatal mortality rate of 36.8 deaths 
per 1000 live births, which is provided in LiST. For the 
maternal mortality ratio, in lieu of the rate of 621 deaths 
per 100 000 live births provided in LiST, we used the ratio 
provided by the MOH of 692 deaths per 100 000 live births. 
As a baseline for calculating the number of neonatal and 
maternal deaths (DN and DM), we use the 2023 projected 
number of births in Somalia, which is 716 518 according to 
LiST. Together, these numbers provide a projection of 26 413 
neonatal deaths and 4958 maternal deaths in 2023 across the 
entire country.

Tables 11 and 12 of Supplementary Appendix D list the 
various causes of death, along with their respective contribu-
tions to predicted neonatal and maternal mortality in Somalia. 
The proportions of neonatal deaths attributed to each cause 
are from 2017 and sourced from the WHO estimates between 
2000 and 2017 (WHO, 2017). The proportions of mater-
nal deaths attributed to each cause are from 2013 (Say et al. 
2014).

The final sets of parameters needed for the objective func-
tion of the model are the Affected fraction (fij) and Efficacy 
(eij) values. With 17 causes of death and 25 interventions, we 
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Table 3. MNH intervention current coverage levels and community level 
feasibility in Somalia

Intervention
Current 
coverage (%)

Feasible at the 
community level

Tetanus toxoid vaccination 67 No
Multiple micronutri-
ent supplementation in 
pregnancy

0 No

Iron supplementation in 
pregnancy

0 Yes

Calcium supplementation 0 Yes
Balanced energy supplemen-
tation

0 No

KMC 5 Yes
Breastfeeding promotion 9 Yes
Handwashing with soap 10 Yes
Prevention of malaria in 
pregnancy

2 Yes

Basic sanitation 38 Yes
Clean birth environment 7 No
Clean cord care 8 Yes
Immediate drying and 
additional stimulation

8 No

Neonatal resuscitation 4 No
Uterotonics for postpartum 
hemorrhage

7 No

Syphilis detection and 
treatment

4 No

Thermal regulation 9 Yes
Manual removal of placenta 3 No
Point-of-use filtered water 4 No
Malaria case management 1 No
Injectable antibiotics for 
neonatal sepsis

9 No

Safe abortion services 3 No
Oral antibiotics for 
neonatal sepsis

0 No

Postabortion case 
management

0 No

Antibiotics for treatment of 
dysentery

0 No

list these values in two 17 × 25 matrices. We use the values 
from the LiST database for these parameters, except for a 
select number, which we adjust to reflect the estimates pro-
vided by the public health experts who participated in the 
aforementioned workshop. The matrices for Affected fraction 
and Efficacy values are provided in Supplementary Appendix 
D. Several interventions only affect one cause of death—for 
instance, iron supplementation in pregnancy is efficacious 
only against deaths resulting from congenital anomalies in 
neonates. The other interventions affect at most four causes 
of death.

While the model can project the impact of coverage for up 
to 100% of households, the actual reach of these interventions 
is limited by the number of FHWs available for CBMNH pro-
gramming. The capacity for delivering health interventions is 
in turn set by the feasible increase in coverage (d). For the 
Somalia setting, we assume the availability of 1450 FHWs, 
who are each responsible for roughly 200 households, as pre-
scribed by country-level policy, with an average of six people 
per household. These assumptions allow FHWs to reach 1.74 
million of the 17.6 million people in Somalia or 9.88% of the 
population. Thus, the model does not allow total coverage for 
each intervention to exceed current coverage plus d = 9.88%. 

Table 4. Constraints on FHWs

Constraint Budget

(a1) Total time available per month for FHWs to 
perform MNH care

22 602 h

(a2) Total supervisor time per month available to 
oversee FHW in-service training

3927 h

(a3) Total commodity budget available for scaling 
interventions

$435 000

(b1) Total time available in FHW Maternal and 
Neonatal curriculum

20 h

(b2) Total budget available for establishing new 
interventions

–

Allowable increase of intervention based on the 
number of FHWs

9.88%

The maximum total coverage levels for each intervention are 
listed in Table 17 of Supplementary Appendix D. There are 
plans within Somalia to increase the number of FHWs over 
the coming years. In order to understand how this change will 
alter the optimal package of interventions and the number 
of lives saved, we perform sensitivity analysis in the Results 
section.

To calculate the number of treatments needed to achieve 
full population coverage, we identify six population groups 
that are eligible for different interventions (see Table 10 of 
Supplementary Appendix D). In Table 18 of Supplementary 
Appendix D, we pair each intervention with its target popu-
lation and provide estimates for the percentage of the target 
population meeting the criteria for each intervention.

The values for the resource constraints of the three-
dimensional vectors a and b are shown in Table 4. The detailed 
calculations for these values are included in Supplementary 
Appendix G. Due to the limited number and nature of the 
interventions allowable in the Somalia setting (Table 3), we 
have decided to remove the constraint regarding the cost 
to establish new interventions, as many of the interventions 
under consideration are already established, to some degree, 
within the country. Instead, we focus on the cost of com-
modities necessary to scale coverage. Similarly, we would 
ordinarily provide the annual number of commodities attain-
able and the commodities required for full coverage for each 
intervention in Somalia, as included in Equation (4). How-
ever, we do not have exact numbers for these values at this 
time. Instead, we elect to use a binary constraint for whether 
or not the commodities for each intervention were deemed 
available during consultations. If these values do become 
available, the constraint can easily be adjusted to reflect this
update. 

Results
The optimization model, using the identified Somalia health 
parameters and resource constraints, yields a set of eight sug-
gested interventions to maximize the number of maternal and 
neonatal lives saved (Table 5). The package of care is projected 
to avert 612 maternal and neonatal deaths, which would 
account for 15% of the projected maternal and neonatal 
deaths in Galmudug, Somalia, in 2023. 

Of the 25 interventions identified as viable to offer at the 
community level for MNH care, only nine are under consid-
eration within the Somalia program (Table 3). The reasons 
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Table 5. Optimal package of interventions for the Somalia setting

1. KMC
2. Clean cord care
3. Thermal regulation
4. Prevention of malaria in pregnancy
5. Breastfeeding promotion
6. Basic sanitation
7. Handwashing with soap
8. Iron supplementation in pregnancy

for excluding the majority of interventions range from logisti-
cal to cultural and were determined during the stakeholder 
workshop in Mogadishu. Policy feasibility is thus a major 
determinant of the optimal package of services in Somalia.

The model is a mixed-integer nonlinear program. We 
express the model in AMPL and use the KNitro solver to 
arrive at an optimal solution (for more detail, see Supple-
mentary Appendix B). As we hope there will be interest in 
adapting this modeling exercise to other settings, we plan 
to make this model available for use and welcome inquiries 
about the results of the model using other sets of parameters. 
The model results are displayed in Table 6. 

Within the optimal set of interventions, iron supplementa-
tion is limited to only a 4.15% increase because of its relatively 
high cost per treatment. Likewise, calcium has a relatively high 
cost per treatment and is excluded from the optimal set of 
interventions by the model. All other permissible interventions 
are increased by 9.88%, which is the maximum allowable 
increase given the number of FHWs (d). The only binding 
constraint under these conditions is the Commodity Scaling 
Coverage Cost. The amounts of each constrained resource 
used in the model solution are listed in Table 7. 

As previously mentioned, the results in Table 6 are heav-
ily influenced by national-level policies regarding MNH and 
community-level service delivery. With this in mind, the model 
results help confirm which interventions can be provided in 
the short term using the available resources. However, the spe-
cific requirements for the community-based MNH programs 
in Somalia mean that these results are unlikely to generalize, 
except in other countries with similar policy constraints. To 
better understand the extent to which the policy constraints 
determine the results of the model, we relax the “permission 
to offer at the community level” constraint in Equation (3), 
with the exception of the two interventions related to abortion 
services, as the procedure is illegal in Somalia, as well as man-
ual removal of the placenta, as the MOH wants to encourage 
all births to take place at health facilities. We then reran the 
model with the Somalia parameters. The results from relaxing 
most of the policy restrictions, while keeping all other con-
straints and parameters as before, are shown in Table 19 of 
Supplementary Appendix E.

The objective function of this solution has a value of 
1990 projected lives saved or 48% of maternal and neona-
tal deaths in Galmudug state in 2023. This is roughly three 
times as many lives saved as the 612 in Table 6. The exchange 
of interventions between the two versions of the model is 
shown in Table 8. This expanded version maintains the bud-
get to scale interventions as a binding constraint, while also 
exhausting the curriculum time available, making it a bind-
ing constraint as well. The resources used in this solution 
are shown in Table 20 of Supplementary Appendix E. The 

estimated increase in lives saved can help determine how to 
prioritize future investments and policy efforts—for exam-
ple, presently unavailable interventions could be ranked based 
on their contributions to the additional lives saved, and the 
most life-saving interventions given further consideration for 
permission and feasibility. 

As demonstrated from the results in Table 8, adjustments 
can be made to the base setting to test how the optimal policy 
responds to changes in the operating constraints or parametric 
assumptions. We conduct a similar exercise in Supplemen-
tary Appendix E, where we provide a relaxed version of the 
permitted interventions, which includes the additional inter-
ventions but omits those interventions that require injections. 
While relaxing the policy constraints is an interesting hypo-
thetical exercise, in many settings the interventions requiring 
injections are beyond the skill set or comfort level of CHWs 
and can require a sophisticated supply chain not available in 
all settings. Removing these interventions from consideration 
thus aligns the policies more closely with what may be fea-
sible in most settings. This version of the model results in 
1335 lives saved, which represents a more than doubling of 
the number of lives saved over the projection from the original
model.

A reasonable approach to constructing a CBMNH pro-
gram is to rank interventions by their cost-effectiveness ratios 
and prioritize the most cost-effective interventions. As a point 
of comparison, we consider the interventions included in 
an analysis of the cost-effectiveness of maternal and neona-
tal health interventions in Ethiopia (Memirie et al. 2019). 
Of the 13 interventions in their study, 6 were considered in 
the relaxed restriction version of the Somalia model; these 
included (in order of their USD/DALY-averted ranking): (i) 
neonatal resuscitation, (ii) KMC, (iii) injectable antibiotics 
for neonatal sepsis, (iv) tetanus toxoid (pregnant women), 
(v) syphilis detection and treatment (pregnant women), and 
(vi) calcium supplementation. Only three of these interven-
tions were selected in our optimization process. The three 
that were left out were ranked 1st, 11th, and 13th in terms 
of cost-effectiveness. This highlights two main takeaways. 
First, the model performs its own cost-effectiveness calcula-
tion when applying the budgetary constraint, leading to the 
two most expensive interventions on a cost-effectiveness met-
ric being left out of the optimal package. Second, there are 
other competing factors besides cost-effectiveness when con-
sidering the interventions to include in a package of care, 
which was a primary justification for the constrained opti-
mization modeling exercise. This is clearly demonstrated by 
the most cost-efficient intervention, neonatal resuscitation, 
being left out of the optimal package. The parameters for 
neonatal resuscitation indicate that while inexpensive on a 
cost-per-DALY basis, the intervention requires a significant 
amount of time to train. It is left out of the optimal pack-
age because curriculum time is a binding constraint, and the 
model prioritizes teaching several interventions, which require 
less classroom time than neonatal resuscitation. Knowing this, 
it is reasonable to consider whether additional classroom time 
can be offered to teach this intervention or if this intervention 
should be taught selectively to FHWs who have demon-
strated the ability to perform some of the more complex
interventions.

To further understand the sensitivity of the results to the 
assumptions used to model the Somalia setting, we now show 
how the optimal package and the resulting number of lives 
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Table 6. Optimal package of interventions for the Somalia setting with 1450 FHWs

Intervention yj Coverage change, xj (%) Coverage target (%) Current coverage (%)

Tetanus toxoid vaccination 0 67 67
Multiple micronutrient supplementation in pregnancy 0 0 0
Iron supplementation in pregnancy 1 4.15 4.15 0
Calcium supplementation 0 0 0
Balanced energy supplementation 0 0 0
KMC 1 9.88 14.88 5
Breastfeeding promotion 1 9.88 18.88 9
Handwashing with soap 1 9.88 19.88 10
Prevention of malaria in pregnancy 1 9.88 11.88 2
Basic sanitation 1 9.88 47.88 38
Clean birth environment 0 7 7
Clean cord care 1 9.88 17.88 8
Immediate drying and stimulation 0 8 8
Neonatal resuscitation 0 4 4
Uterotonics for postpartum hemorrhage 0 7 7
Syphilis detection and treatment 0 4 4
Thermal regulation 1 9.88 18.88 9
Manual removal of placenta 0 3 3
Point-of-use filtered water 0 4 4
Malaria case management 0 1 1
Injectable antibiotics for neonatal sepsis 0 9 9
Safe abortion services 0 3 3
Oral antibiotics for neonatal sepsis 0 0 0
Postabortion case management 0 0 0
Antibiotics for treatment of dysentery 0 0 0

Table 7. Constraint budget usage for the Somalia program

Constraint Budget Usage

Total time available per month for 
care

22 602 h 13 588 h

Total supervisor time per month 
for training

3927 h 713 h

Total commodity budget available 
for scaling interventions

$435 000 $435 000

Total time available in curriculum 1200 min 800 min

Table 8. Changes to the optimal package of expanded interventions for 
the Somalia setting

Removed Added

Breastfeeding promotion Tetanus toxoid vaccination
Handwashing with soap Multiple micronutrient supplementation in 

pregnancy
Basic sanitation Balanced energy supplementation

Clean birth environment
Immediate drying and stimulation
Injectable antibiotics for neonatal sepsis
Oral antibiotics for neonatal sepsis

saved change as key parameters change. Sensitivity analysis is 
one of the benefits of the constrained optimization approach, 
as, in addition to allowing for an improved understanding of 
how responsive the results are to certain values used in the 
model, it provides the ability to estimate the impact of pos-
sible future changes in the operating environment. We focus 
specifically on changes to the number of FHWs and the bud-
get available, as they are parameters that are likely to change 
in Somalia. We extend the sensitivity analysis to include other 
parameters in Supplementary Appendix F.

In Fig. 1, we consider eight different quantities of FHWs. 
We include the current goal for the number of FHWs in the 
program (n = 1,450) and consider a range from 500 to 3000 
FHWs. We also consider four different annual commodity 
budgets of $250k, $435k (current budget), $750k, and $1 
million. We provide the number of projected lives saved for 
each of these FHWs and budget combinations. In the left panel 
of Fig. 1, we solve the more restrictive original model, while 
in the right panel of Fig. 1, we consider the more permissive 
model from Table 19 of Supplementary Appendix E.

In Fig. 1, we see that the number of FHWs greatly impacts 
the number of lives saved. Interestingly, it is apparent from 
how closely the lines bunch together that increasing the
commodities budget only has a small effect on the num-
ber of lives saved. This result underlines the significance of 
the parameter d, the maximum coverage achievable with the 
number of FHWs available, which grows linearly with the 
number of FHWs. These results suggest that under the cur-
rent constraints and parameters for Somalia, interventions in 
the optimal package of care with little or no associated costs 
are some of the most efficacious in increasing the number of 
projected lives saved and that growing the number of FHWs 
through recruitment and retention should be prioritized over 
increasing the commodities budget.

Discussion
The WHO currently provides a list of recommended inter-
ventions to offer as components of MNH programs (WHO, 
2022). Additionally, resources such as LiST and cost efficacy 
analyses are available to aid in evaluating the impact of these 
interventions in specific country contexts. Despite the impor-
tance of these resources, we believe there still exists the need 
for a structured approach to assessing not just the poten-
tial impact of these interventions, but also the feasibility of
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Figure 1. Projected lives saved for different combinations of FHW numbers and commodity budgets for the original Somalia setting (left) and the relaxed 
restriction version (right).

offering combinations of these interventions in specific con-
texts. This is especially true when planning for community-
level health programs, where issues of high turnover, overbur-
dened health workers, limited infrastructure, and disrupted 
supply chains are known to exist. As such, our model attempts 
to bridge current gaps between planning and application by 
accounting for the resource requirements of the interven-
tions under consideration and the availability of the necessary 
resources to deliver these interventions. Our use of con-
strained optimization further allows us to ensure the available 
resources are used most effectively.

The model presented in this paper is adaptable for sev-
eral purposes. It can be used in the process of starting a 
new community-level MNH program within a country, as 
demonstrated in Galmudug, Somalia. If a community health 
program already exists in a given setting, it can serve as 
a means to assess the current services offered and identify 
potential changes to improve outcomes. Furthermore, it can 
function as a support tool to advocate for interventions not 
currently offered, specifically if the interventions are projected 
to lead to additional lives saved and the available resources 
are better used for those purposes. Additionally, if the pro-
gram results are tracked after implementation, the model can 
serve as a reference to help understand where prior assump-
tions vary from the on-the-ground realities. In this way, it 
can help diagnose program issues and identify the sources 
of instances where outcomes may differ from expectations. 
For all of these purposes, the model provides a framework 
into which local expertise and perspectives can be readily
incorporated.

As is especially important in resource-limited or aid-
dependent contexts, the model allows us to test the impact of 
potential disruptions to the program, such as budget changes 
or the redirecting of resources (see the sensitivity analysis of 
the Results section). This is particularly valuable when health 
systems may find themselves facing frequent or unexpected 
shocks, including insecurity, infrastructure disruptions, sup-
ply chain challenges, public health emergencies or outbreaks, 
or redirecting or elimination of funds. When such a shock 
arises, a government, ministry, or agency could use this model 
to rapidly identify revisions to a community health program 
or package of care that reflects the new operating realities. 
To aid in this process, we can identify and prioritize inter-
ventions that persist in the model solution under a range of 

parametric changes, and favor these interventions so that the 
CBMNH program is still able to function at some capacity 
during disruptions.

As with any model, the quality of the results depends on the 
accuracy of the data used. We note that LiST uses national-
level demographic surveys for all countries in their database 
and also stress that data collection in conflict-affected set-
tings rarely, if ever, captures accurate representations of 
these settings. For our initiative in Somalia, subnational mor-
tality or demographic data were unavailable, so we used 
the national-level survey data available in LiST. The accu-
racy of our model results, therefore, in part, depends on 
how closely the country-wide mortality and disease incidence 
rates approximate those of Galmudug, Somalia. Additionally, 
the inputs provided during the workshop were often esti-
mates, and although they rely on information from those with 
intimate knowledge of the conditions, they are nonetheless
subjective.

Because of the model’s reliance on LiST, our decision vari-
ables were selected from a set of interventions LiST identifies 
as contributing to the lives saved calculation. Notably, this cri-
terion leaves out the routine service delivery systems through 
which these interventions are provided. For instance, many 
of these interventions can only be delivered within routine 
antenatal care (ANC) and prenatal care (PNC) visits. Those 
visits themselves and the relevant counseling provided during 
them are not specified in LiST as being lifesaving interventions 
and, therefore, are not identified as components of the opti-
mal package of care by the model. Yet, it will be imperative 
that any policymakers using this model to design programs 
acknowledge routine service delivery platforms (like ANC 
and PNC visits) that offer care-seeking counseling, behavioral 
counseling, health literacy, and disease surveillance, among 
other services, are essential components of any such programs. 
Plainly, the model does not consider all aspects of a CBMNH 
program and focuses specifically on the resource requirements 
and mortality impacts of the specified interventions used as 
decision variables.

The model is currently designed with the objective of opti-
mizing lives saved. Policymakers who wish to prioritize a 
different health outcome or metric can still use the model but 
would need to specify a new objective function to capture this 
focus. Such an extension would require an additional database 
that contains measurements for how increases in coverage for 
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the interventions considered contribute to gains in the objec-
tive function. We previously noted one of the strengths of 
this modeling process, as the ability to track the program 
prescribed by the model after implementation. Although the 
continued evaluation of the model results is a useful exercise, 
it does require additional resources, including data tracking, 
which presents its own set of difficulties and may only be 
available in limited settings. It is thus at the discretion of the 
implementing group as to whether follow-up evaluations are 
the best use of funds, and these additional benefits may not be 
realized in all settings.

Although our model does consider other tasks that health 
workers need to perform by building them into the time 
budget to work on CBMNH care constraints (see Equation 
(26) of Supplementary Appendix G), it is still important to 
acknowledge that the amount of time available to provide 
these services can vary over time and between communi-
ties. Furthermore, the model assumes that all CHWs have 
an average level of experience and competency. Such sim-
plifying assumptions are justified when trying to design a 
single-country program following a set curriculum. How-
ever, in practice, CHWs have a wide range of experience. 
We allude to this issue at the end of the Results section, 
where we suggest that those health workers who have shown 
the ability to perform more complex interventions could 
be trained in neonatal resuscitation despite the procedure 
requiring more training time than is available for most 
health workers. We emphasize that the model is intended 
as a starting point for program design and evaluation and 
stress the importance of context-specific considerations for its
implementation.

Lastly, any type of modeling is limited and does not capture 
all the considerations in the setting where it will be applied. 
Furthermore, skepticism often abounds when attempting to 
apply mathematical modeling to established practices and sys-
tems. It is thus vital to connect users with the process from the 
start, not least because local interest-holders will be a critical 
source of information on resource constraints which are rarely 
captured elsewhere. Correctly framing the process and results 
as not telling those involved what to do, but instead providing 
guidance to aid in their decision-making is essential.

Conclusion
In this paper, we provide a model for strategically select-
ing community health interventions in resource-constrained 
environments and use the Somalia FHW program in 
Galmudug as the model’s first application. We rely on LiST 
as a data source to calculate our objective of maximiz-
ing the number of maternal and neonatal lives saved and 
consulted with Somali experts to understand the resources 
necessary to deliver those interventions in that context. We 
use the model to identify the optimal combination of inter-
ventions under a set of constraints selected and adapted 
to the Somalia setting by authors of this paper, with sig-
nificant input from practitioners within the Somali health
system.

The package of CBMNH services that leads to the greatest 
number of projected lives saved in Somalia, given current con-
straints, includes eight of the nine interventions considered. 
The commodities budget available to scale up interventions 

is the binding constraint within the model. With a significant 
number of interventions excluded from the original analysis 
due to country-specific policy restrictions, we solve a ver-
sion of the model with an expanded list of interventions to 
show the increase in the number of lives saved if additional 
interventions are considered. We also identify which interven-
tions would be excluded from the original package of care to 
incorporate these new interventions. We finally show how the 
number of lives saved in Somalia is projected to change if the 
program budget and the number of FHWs change. This anal-
ysis suggests that increasing the number of FHWs is one of 
the best uses of resources for increasing the number of lives 
saved.

Relying on the work of our in-country partners, the pro-
gram prescribed by our model is expected to launch in 2024. 
In addition, we have already performed a similar modeling 
exercise in South Sudan, using the same general model as our 
starting point. We believe that this type of analysis can play 
a valuable role in the program design and re-evaluation of 
community health programs.
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publishing such a paper on a model that is intended to be 
country-driven and adaptable to various settings, recogniz-
ing the majority of the authors are US-based. The goal of 
this initiative was to provide local stakeholders with a tool 
to assist in project evaluation and not to prescribe a course 
of action. In this way, we hope that the tool will be used 
by the countries and not on behalf of them. However, the 
process of creating the global good itself—the mathemati-
cal model—was a partnership between the Booth School of 
Business at University of Chicago and the International Res-
cue Committee and engaged content experts, scientists, and 
academics over the course of several months to ensure the 
fidelity of the model and the reliability of the baseline data. 
In this regard, the authorship of this paper reflects the inputs 
required to generate the global good, but the authors antici-
pate that future applications and learnings of the model will 
be country-driven.

For example, in addition to the current ongoing pilot 
of the identified package in Somalia, a second similar 
effort/workshop was conducted in South Sudan, where the 
modeling exercise was used to verify that the country’s 
proposed package of MNH community care was feasible 
using the resources available. We anticipate findings of these 
implementation projects to be documented and disseminated 
by the local teams that are leading on those efforts. The 
authors intend to make themselves available for aiding other 
groups who wish to employ this model, or variations of it, 
within their own contexts, including offering model results 
reflecting stakeholder inputs, but we otherwise hope that this 
paper will encourage country stakeholders to see the potential 
in adapting this global good. We also flag that the purpose 

of the model is not to prescribe what services should be 
delivered, but to serve as a decision support tool, taking 
into consideration other contextual factors, including client 
demand, that may not be readily captured in a mathematical
model.
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