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Childhood growth faltering remains unacceptably high in sub-Saharan Africa. Rural
communities dependent on household food production with limited off-farm income
or liquid assets to bridge seasonal food availability are especially vulnerable. A cross-
sectional survey in Siaya County, Kenya identified 23.5 and 4.8% of children under 5 y
of age as stunted and wasted, respectively, using height-for-age Z (HAZ) scores to detect
stunting and weight-for-height Z (WHZ) scores for wasting. Although these house-
holds are classified as living in poverty or extreme poverty with very limited off-farm
income, households commonly have on-farm resources that could be developed to
improve nutrition. While 95% of these households have chickens and consumption of
eggs was shown to increase childhood growth by an average of 5%, the average flock
size is small and constrained by high mortality due to infectious disease. We hypothe-
sized that interventions to relieve this constraint would translate into household deci-
sions influencing the diets and growth of children. Here, we show that vaccination of
chickens against Newcastle disease has a causal impact on children’s consumption of
animal source foods rich in protein and micronutrients relative to a high-carbohydrate,
grain-based diet. Children in treatment households (chicken vaccination) showed over-
all increases in scores for both HAZ and WHZ relative to control households, benefit-
ing both girls and boys. The findings demonstrate the impact of directing interventions
at common on-farm assets managed by women in rural communities and support pro-
grams to enhance productivity at the household level.
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Child growth failure (stunting, wasting, and underweight in children under the age of
5) remains a major burden on the development of individuals, families, communities,
and nations (1). Dramatic reductions in child growth failure are required to meet the
World Health Organization’s Global Nutrition Targets of a reduction in stunting by
40% and wasting to less than 5% by 2025 (2, 3). Similarly, meeting the United
Nations’ Sustainable Development Goals is dependent on these reductions as nutrition
underlies 12 of the individual goals (4).
Growth failure, especially stunting and wasting, remains a major health and develop-

ment challenge in rural western Kenya (5–7). A 2014 cross-sectional survey of 597
households in Siaya County identified that 23.5 and 4.8% of children under 5 y of age
were stunted and wasted, respectively, using analyses of height-for-age Z (HAZ) scores
to detect stunting and weight-for-height Z (WHZ) scores for wasting (6). Although the
majority of these households are classified as living in poverty or extreme poverty with
very limited off-farm income, households commonly have on-farm resources that could
be developed to improve nutrition and growth outcomes (8, 9). While 95% of these
households have chickens and consumption of eggs was shown to increase childhood
growth by a mean of 5%, the average flock size is small (∼10, only half of which are
potential sources of eggs or meat; the rest are young chicks), and only 16% of children
over the age of 6 mo were reported to have consumed eggs in the 3 d prior to the
study survey (7, 9). In a follow-up longitudinal census of chickens and decision-
making in 1,908 households within the same community, mortality was identified as
the primary constraint on flock size, representing 60% of all chicken losses, as
opposed to a voluntary household decision to sell, consume, or gift chickens to meet
household needs or to maintain a desired flock size based on optimizing the input
cost of household labor or other management resources (10). The high mortality of
chicks constrained growth of the flock both in total numbers and in composition, as
fewer chicks survived to maturity and productivity. We hypothesized that interven-
tions to relieve this constraint of involuntary loss due to infectious disease would
translate into increased consumption of protein-rich diets by children and ideally,
into improved growth outcomes.

Significance

This randomized, controlled trial
demonstrates that by relieving a
constraint on household
nutritional assets, here through
reducing chickenmortality
through vaccination, households
make dietary choices for young
children that increase
consumption of protein- and
micronutrient-rich foods and
decrease relative consumption of
high-carbohydrate, low-protein
grains. The study provides causal
evidence that this shift in diet
results in improved height for age,
a key measure of childhood
stunting. Given the high
prevalence of childhood growth
failure in rural Africa, these results
highlight the potential to increase
the utility of a common household
animal asset to reduce the burden
of childhood stunting in these
communities.
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In a two-arm randomized, controlled trial, we first deter-
mined whether vaccination against Newcastle disease virus
(NDV), widely considered to be the predominant infectious cause
of mortality in free range scavenging chickens globally (11, 12),
would result in increased flock size. Quarterly vaccination over an
18-mo period resulted in an increase in average flock size from
11.63 ± 0.70 chickens at enrollment to 13.06 ± 0.29 chickens, a
significantly greater increase (P = 0.0026) as compared with the
unvaccinated arm of the trial (13). Based on this intervention, we
analyzed whether NDV vaccination translated to increased child-
ren’s consumption of animal source foods (ASFs) rich in protein
and micronutrients relative to a high-carbohydrate, low-protein,
grain-based diet. Furthermore, we determined whether a shift in
consumption affected childhood growth. Herein, we present the
results of this analysis and discuss the results in the context of
maximizing the utility of a commonly held household resource in
addressing childhood growth failure in rural Africa.

Results

Household Participation. Fig. 1 provides detail on household
selection and allocation to the treatment or control arms of the
study, participation at baseline, and follow-up during the
course of the trial. Not all households provided food consump-
tion data and anthropometric measurements at every quarter, and
some are not represented in the final quarter of the 18-mo trial
(SI Appendix, Fig. S1, Supplementary Text S1, and Table S1)
due to respondent or child absence, illness, or conflicting house-
hold activities following three attempts within the scheduled

week. Of six planned data collection visits per child, the aver-
age number of completed visits per child is 4.24 in the treatment
arm (1,307 records total) and 4.32 in the control arm (1,380
records total). Statistical analyses indicated no systematic sample
selection affecting the results; nonetheless, inverse probability
weighting was applied to minimize potential selectivity bias in
estimation results (Materials and Methods and SI Appendix,
Supplementary Text S1 and Tables S2 and S3). Final datal clean-
ing defines the number of records used for analysis (Fig. 1); each
record is linked to an individual child within a household as
some households had more than one enrolled child.

Demographics and Nutritional Status of Children at Baseline.
Household demographics and nutritional status at baseline are
provided in Table 1. Based on HAZ and WHZ determination,
stunting and wasting were present in 18.25 and 2.72% of the
children, respectively. There were no significant differences
between the treatment and control households at baseline (stunt-
ing: treatment households, 17.8%; control households, 18.6%;
P = 0.793; wasting: treatment households, 3.5%; control house-
holds, 2.0%; P = 0.24). Using middle upper arm circumference
(MUAC) measurements collected at enrollment, 8.6% of children
suffered acute malnutrition: 2.8% with severe acute malnutrition
(SAM) and 5.8% with moderate acute malnutrition (MAM).

Impact of Breastfeeding and Child Age on Food Consumption.
At baseline, 50.1% of children were breastfeeding (treatment
households, 49.6%; control households, 50.7%; P = 0.76). In
Fig. 2, food intake is represented by the sum of servings in the

Fig. 1. Consort diagram of study participation. Of the 667 households assessed for eligibility, 31 were excluded as not meeting the criteria of having a child
<3 y of age and keeping chickens, and 55 declined participation. Households were then randomly allocated by computer to either the treatment arm of the
study (vaccination of chickens against NDV plus parasite control) or the control arm (parasite control only). Households not present at baseline or that
declined at baseline were excluded from the study, resulting in 254 treatment households and 283 control households entering the study. Households that
did not participate in any subsequent quarters after three contact attempts were excluded from analysis, resulting in 222 treatment households with 348
children and 249 control households with 373 children for analysis. All households received the intervention (NDV vaccination and parasite control or para-
site control alone) every quarter. Households that were assessed for child diet and growth on all quarterly visits and on multiple but not all quarterly visits
were retained in the study (SI Appendix, Fig. S1, Supplementary Text S1, and Table S1). The procedures used to detect and control for any bias in intermittent
participation are detailed in Materials and Methods and in SI Appendix, Supplementary Text S1 and Tables S2 and S3.

2 of 12 https://doi.org/10.1073/pnas.2122389119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122389119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122389119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122389119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122389119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122389119/-/DCSupplemental


four food groups other than breast milk (ASFs, fruit, vegetables,
grains) and plotted relative to breastfeeding and child age. The
number of nonbreast milk food servings increases at a decreas-
ing rate until ∼18 mo of age and thereafter, remains relatively
constant with a slight decline, while the percentage of children
being breastfed declines from ∼100% and approaches 0 around
40 mo (Fig. 2).
These dynamics of breastfeeding and food intake are cap-

tured in the four food intake regressions (Table 2) by the inter-
actions between an age category indicator (≤18 or >18 mo), a
breastfeeding indicator, child age, and child age squared. Over-
all, the regression results associated with these control variables
are consistent with the intuitive progression of increasing solid
food intake through 18 mo and that children not being
breastfed tend to eat more solid foods than those breastfeeding.
For example, the negative value on >18 mo × Breastfeeding of
�0.179 in the Table 2 ASF regression indicates that children
>18 mo of age being breastfed eat ∼18% less ASF than those

in this age category not being breastfed (the base case, P =
0.077), and for children 18 mo or younger, children breastfeed-
ing are fed less of each food category than their nonbreastfed
counterparts (joint P value = 0.055). The parameters on ≤18
mo × Child Age and ≤18 mo × Child Age Sq. in the ln(A)
regression of 0.234 and �0.007, respectively, show that for
those ≤18 mo of age, ASF consumption increases at a decreas-
ing rate until about 16.7 mo, consistent with the shape of the
locally weighted scatterplot smoothing (LOWESS) regression
line for total servings (Fig. 2). Similar results hold for the other
food groups, with some statistically insignificant exceptions
(Table 2). For children over the age of 18 mo, the age effects
are not statistically significant except for a slight decline in
grains consumption, also consistent with the nearly flat LOW-
ESS curve after 18 mo.

Not unexpectedly, children ≤18 mo of age, regardless of
breastfeeding status, consume less ASF than children >18 mo
as implied by the negative associated parameter estimates
(Table 2). This may explain, in part, the observation that serv-
ings slightly decrease for older children (Fig. 2) if they are con-
suming higher-calorie foods. However, a fractional multinomial
logit model (SI Appendix, Supplementary Text S2) shows that
the ASF share of total servings is larger for younger children,
≤18 mo, than for older children and is largest for younger chil-
dren not breastfeeding (SI Appendix, Table S4). For the latter
(≤18 mo × Not breastfeeding in SI Appendix, Table S4), the
parameter estimate is 2.450 (P < 0.001). This represents an
over 11-fold larger ratio of ASF to grains in children’s diet rel-
ative to the base case of children >18 mo and not breastfeed-
ing [calculated as Exp(2.450) = 11.59]. Comparing the two
parameter estimates for young children, the difference is
2.450 � 2.203 = 0.247 (SI Appendix, Table S4). Exponenti-
ating provides Exp(0.247) = 1.28, implying that children ≤18
mo not breastfeeding consume 28% more ASF than children
≤18 mo breastfeeding. Taken together, the results comparing
the combination of older vs. younger children and children
breastfeeding or not show that while children ≤18 mo con-
sume less ASF than children >18 mo (Table 2), their share of
ASF servings is substantially larger relative to grains than in

Table 1. Demographic characteristics and baseline child growth measurements

Parameter Treatment households* Control households†

Household size (mean no. of occupants) 6.3 ± 2.4‡ 6.1 ± 2.2‡

Daily household income (US dollars) 2.7 ± 5.6‡ 2.3 ± 4.7‡

Maternal (caregiver§) age (mean y) 36.7 ± 15.5‡ 37.5 ± 17.9‡

Maternal (caregiver§) education level
No formal education 7 (2.0%) 2 (0.54%)
Primary education 234 (66.9%) 277 (74.8%)
Secondary education 100 (28.6%) 83 (22.4%)
Postsecondary 9 (2.6%) 8 (2.2%)

Age of children (mean mo) 21.2 ± 15.2‡ 21.5 ± 14.8‡

Gender of children, no. female (% female) 170 (48.7%) 187 (50.4%)
Stunted children¶ 56 (17.8%) 65 (18.6%)
Wasted children¶ 11 (3.5%) 7 (2.0%)
Diagnosis of MAM# 25 (7.2%) 17 (4.6%)
Diagnosis of SAM‖ 8 (2.3%) 12 (3.2%)

*In total, 349 children were assessed at baseline from 221 households in the treatment arm.
†In total, 371 children were assessed at baseline from 246 households in the control arm.
‡Mean ±1 SD.
§Principal respondent and responsible for childcare in households where the mother was not present.
¶Some HAZ and WHZ scores were missing or flagged as suspect and were dropped from all analyses (in Fig. 1 under analysis), providing a total of 663 useable HAZ scores and 661
useable WHZ scores upon which these statistics are based.
#MAM is determined by measuring MUAC. Measurements between 115 and 124 mm indicate MAM.
‖SAM is determined by measuring MUAC. Measurements <115 mm indicate SAM.

Fig. 2. Transition from breastfeeding to solid foods by child age. The total
number of solid food servings increases through about age 1.5 y (18 mo)
and then, remains relatively constant with slight decline, while the fraction
of children being breastfed declines to zero.
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older children, and breastfeeding children consume relatively
less ASF than nonbreastfeeding children of the same age group
(SI Appendix, Table S4).

Impact of Household Income on Food Group Consumption.
Because the dependent variables in the food intake regression
(Table 2) and per capita income (household income divided by
number of household members) are both in logarithmic form,
the parameters associated with per capita income represent elastic-
ities: the percentage change in the number of total food servings
in response to a 1% increase in per capita income. Elasticity is
positive for ASF, fruit, and vegetables, while the elasticity is nega-
tive for grains (Table 2).
Additional perspective on how income affects substitution

between food groups is provided from a fractional multinomial
logit model presented in SI Appendix, Supplementary Text S2
and Table S4. Consumption of ASF and vegetables is signifi-
cantly higher relative to grains (P < 0.068 and P < 0.031,
respectively) for households with higher incomes, with the
increase in ASF consumption higher than that of vegetables (SI
Appendix, Table S4).

Impact of Season on Food Group Consumption. Using the sine
and cosine of the scaled month of year to capture seasonality,
consumption of fruits, grains, and vegetables shows significant
seasonal intake cycles (P < 0.01) (Table 2), whereas there is little
evidence of seasonality for ASF. This is consistent with seasonal
production and the limited ability to store fruit, vegetables, and
to a lesser extent, grains at the household level as compared with
more consistent availability of ASF. This seasonal relationship for

fruits and vegetables but not ASF is also observed in the fractional
multinomial logit model, where consumption is referenced rela-
tive to grains (SI Appendix, Table S4).

Impact of Household NDV Vaccination of Chickens on Food
Group Consumption. The effect of being in the treatment
group (a household with quarterly NDV vaccination of all
chickens) is captured by the parameter associated with the
Treatment Group × Time in trial ðT × tÞ. A positive parameter
estimate means that consumption for that food group increases
over the course of the trial faster (and more) in the treatment
group relative to intake of that food group by children in the
control arm of the study (base case). ASF consumption
increased faster in the treatment group by 1.3% per month
(based on a parameter estimate of 0.013; P = 0.089) (Table 2).
This implies a 24% increase in ASF consumption relative to
the control group by the end of the trial. In contrast, estimated
consumption of grains decreased in the treatment group relative
to the control group over the course of the trial. These results
suggest that the vaccination of chickens against NDV may have
made ASF more available to the point that households
substituted children’s food toward ASF and away from the
other food groups, especially grains.

We examined this substitution effect associated with NDV
treatment using the fractional multinomial logit model as well
(SI Appendix, Supplementary Text S2 and Table S4). The
results indicate that the share of ASF relative to grains increases
at a significantly faster rate in the treatment group (P = 0.081),
supporting the conclusion that NDV vaccination is inducing or
allowing households to substitute toward ASF and away from

Table 2. Consumption of ASF, fruits, vegetables, and grains

Independent variable†

Food category consumption (dependent variable)‡

ln(A) ln(F) ln(V) ln(G)

Treatment × Months in Trial 0.013* 0.013 0.000 �0.006
Treatment �0.038 �0.140 �0.144* 0.003
Time in Trial (mo) 0.015*** 0.034*** 0.000 0.002
MAM @ one or more visits �0.119 �0.404** �0.186 0.067
SAM @ one or more visits �0.596**** �0.598* �0.291 �1.186**
Time since MAM 0.000 0.008 0.009 0.004
Time since SAM 0.053**** 0.040 0.011 0.107**
>18 mo × Breastfeeding �0.179* �0.253* �0.113**** �0.092*
≤18 mo × Not breastfeeding �1.664*** �3.541*** �4.586*** �6.240***
≤18 mo × Breastfeeding �2.461*** �4.037*** �5.095*** �6.542***
>18 mo × Child Age 0.007 �0.027 0.002 �0.003
≤18 mo × Child Age 0.234*** 0.445*** 0.556*** 1.054***
>18 mo × Child Age sq. 0.000 0.000 0.000 0.000
≤18 mo × Child Age sq. �0.007** �0.016*** �0.016*** �0.040***
ln(Per capita income) 0.016**** 0.002 0.008 �0.004
Female Child 0.016 �0.001 0.024 �0.039
Mother’s (Caregiver§) Age 0.001 �0.006** 0.004** 0.002****
Mother’s (Caregiver§) Education Level 0.185*** 0.126**** 0.031 0.062**
cosmonth 0.019 0.314*** 0.073** 0.049**
sinmonth 0.035 �0.238*** �0.093*** 0.017
Intercept 0.001 0.810 1.063*** 2.321***

The number of observations for all equations is 2,549. The estimation method is the structural equation model with random effects at the child level. Food intake regressions are
estimated simultaneously with the HAZ and WHZ regressions presented in Table 3 using the Stata 17 gsem routine with random effects at the individual child level. *Statistically
significant at P < 0.1; **statistically significant at P < 0.05; ***statistically significant at P < 0.01; ****statistically significant at P < 0.15.
†Independent variables include the NDV vaccination treatment group (the control group is the base case), time since first diagnosis of MAM (MUAC of 115 to 124 mm) or SAM (MUAC of
<115 mm), time in the trial in months, child age and breastfeeding status (18 mo+ × not breastfeeding is the base case), logarithm of per capita income, gender of the child, mother’s
age, mother’s education level, and month of the year (to reflect seasonality). The use of 18 mo as an age reference is based on our data that the transition from breastfeeding as the
primary source of child nutrition through a period of increased intake of other food sources occurs up to month 18 (Fig. 2). × represents the interaction between two variables.
‡Dependent variables are the natural logarithm of the number of servings for each food consumption category (ASF [A], fruits [F], vegetables [V], grains [G]).
§Principal respondent and responsible for child care.
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grains as the trial proceeds. In contrast, there are no significant
changes in the shares of consumed fruits and vegetables
between the treatment and control groups (P = 0.450 and P =
0.645, respectively) (SI Appendix, Table S4).

Impact of Food Consumption on Child Growth. For HAZ,
higher average ASF consumption over the course of the trial
has a relatively large, statistically strong, positive impact (0.165;
P = 0.014) for children over 18 mo of age (Table 3). This
result is consistent with the cumulative importance of protein
consumption on HAZ as a growth measure (14). In contrast,
average grain consumption over previous visits had a negative
effect on HAZ for older children (�0.234; P = 0.095). For
WHZ, the food consumption effects were mixed. Most statisti-
cally significant effects were negative, although the effect of vege-
table consumption for older children was positive and significant
(0.037; P = 0.027). The rest of the effects of food intake on
older children are negative and/or are not significant at conven-
tional test sizes. The coefficients on Time since MAM and Time
since SAM are positive, suggesting that the intervention in
response to MAM and SAM positively affected WHZ but not
HAZ. Consistent with the seasonality of fruit and vegetable

consumption (Table 2 and SI Appendix, Table S4), there appear
to be seasonal effects on WHZ (Table 3). Note that sin(month)
and cos(month) were omitted for HAZ because of the longer
time frame of HAZ development.

Breastfeeding patterns have qualitatively similar effects on
WHZ and HAZ (Table 3). The base case for comparison is
children >18 mo of age not ever breastfed during the study
period for HAZ and not currently breastfed for WHZ. Condi-
tional on food consumption, older children being breastfed
have lower HAZ and WHZ than older children not being
breastfed. Younger children being breastfed have higher esti-
mated WHZ than younger children not being breastfed, condi-
tional on food intake. In contrast, older children being
breastfed have lower WHZ than older children not being
breastfed (�0.102; P = 0.085). These differences may reflect
other unobserved differences in the diets of older breastfed chil-
dren that affect these outcomes. Surprisingly, younger children
never breastfed during the study have higher HAZ than youn-
ger children who have been breastfed [0.644 – (�0.685) =
1.329; P = 0.001]. This unintuitive result could be due to the
coarseness of the variable “Has breastfed” (i.e., it may not cap-
ture either breastfeeding in the “Never breastfed” children that

Table 3. Impacts on child growth: WHZ and HAZ

Independent variable†

Child Z score (dependent variable)

HAZ WHZ

Treatment × Month in Trial 0.007 0.006
Treatment �0.205* 0.108
Time in Trial (mo) 0.023*** 0.006****
MAM @ one or more visits �1.217*** �0.777***
SAM @ one or more visits �0.569* �0.900***
Time since MAM �0.009 0.020****
Time since SAM �0.013 0.049**
>18 mo × ln([Avg]A)‡ 0.165** �0.019
≤18 mo × ln([Avg]A) �0.029 �0.017
>18 mo × ln([Avg]F) 0.070 �0.022**
≤18 mo × ln([Avg]F) 0.000 �0.029
>18 mo × ln([Avg]V) 0.081 0.037**
≤18 mo × ln([Avg]V) �0.036 �0.092***
>18 mo × ln([Avg]G) �0.234* �0.003
≤18 mo × ln([Avg]G) �0.061 �0.111***
>18 mo × Breast(fed) [feeding]§ �0.338** �0.102*
≤18 mo × Not breast(fed) [feeding] 0.644 0.349**
≤18 mo × Breast(fed) [feeding] �0.685**** 0.434***
Child Age �0.064*** �0.022**
Child Age sq. 0.001** 0.000*
ln(Per capita income) 0.028** �0.007
Female Child 0.154**** 0.076
Mother’s (Caregiver’s) Age 0.004 0.000
Mother’s (Caregiver’s) Education Level 0.096 0.050*
cosmonth 0.052***
sinmonth �0.045***
Intercept 0.095 �0.179

WHZ and HAZ scores are the dependent variables. The number of observations for all equations is 2,549. The estimation method is the structural equation model with random effects
at the child level. Regressions are estimated (simultaneously with food category regressions in Table 2) using the gsem routine in Stata 17 with random effects at the individual child
level. *Statistically significant at P < 0.1; **statistically significant at P < 0.05; ***statistically significant at P < 0.01; ****statistically significant at P < 0.15.
†Independent variables include the NDV vaccination treatment group (the control group is the base case), time since first diagnosis of MAM (MUAC of 115 to 124 mm) or SAM (MUAC of
<115 mm), time in the trial in months, child age and breastfeeding status (18 mo+ × not breastfeeding is the base case), logarithm of per capita income, gender of the child, mother’s
(or caregiver’s) age, mother’s (or caregiver’s) education level, and month of the year (to reflect seasonality). The use of 18 mo as an age reference is based on our data that the
transition from breastfeeding as the primary source of child nutrition through a period of increased intake of other food sources occurs up to month 18 (Fig. 2). × represents the
interaction between two variables.
‡Average servings reported over past visits were used for the HAZ regression, and current reported servings (last 3 d) were used for the WHZ regression. SI Appendix, Supplementary
Text S3 and Table S5 have a robustness analysis of this specification. For the WHZ regression, ln(Food Group) is the logarithm of servings for the current visit. For the HAZ regression,
ln(Food) is the logarithm of average servings for that food category reported in all household visits to date.
§For the WHZ regression, Breastfed and Not Breastfed indicate whether a child is currently being breastfed. For the HAZ regression, they indicate whether a child has ever been
breastfed during the trial period to date.
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occurred just prior to study enrollment or the duration of breast-
feeding in the “breastfed” children during the study). These
effects are qualitatively the same across different specifications,
including breastfeeding status (SI Appendix, Supplementary Text
S3 and Table S5).

Direct, Indirect, and Total Impacts of Household NDV
Vaccination of Chickens on Child Growth. The increased child
consumption of ASF in treatment households, both absolute
and relative to grains (Table 2 and SI Appendix, Table S4), rep-
resents the primary driver of the effects of NDV vaccination on
growth outcomes mediated through changes in food consump-
tion, denoted as indirect effects. In addition, the WHZ and
HAZ regressions show that there are also methodologically
defined direct effects of treatment that are captured by our data
but are not accrued to the nutritional data we collected. These
may be treatment group impacts on nutrition not included or
accurately measured in our assessments as well as unidentified
behavioral or household management changes linked to being
in the treatment arm of the study. Eq. 3 and associated discus-
sion (Materials and Methods) describe how the parameter esti-
mates (Tables 2 and 3) are used to calculate the indirect food
consumption effects and the total effects of being in a treat-
ment household on child growth.
The estimated direct, calculated indirect, and calculated total

treatment effects measured at 18 mo after initiation of treat-
ment are provided in Table 4 under the headings “Average
treatment effect: HAZ” and “Average treatment effect: WHZ.”
For HAZ, the estimated direct monthly NDV vaccine treat-
ment effect is 0.0071 (P = 0.380), the indirect effect is 0.0045
(P = 0.084), and the total monthly effect is 0.0116 (P =
0.170). While the estimated direct effect is larger in magnitude
than the indirect effect, the indirect effect leading to an increase
in HAZ through food intake is statistically more compelling.
Over the trial period of 18 mo, these estimates translate to a
direct effect of 0.1269, an indirect effect of 0.0817, and a total
effect of 0.2087 (P values are the same as corresponding
monthly effects). For WHZ, the monthly estimated increase in
WHZ through the direct effect is 0.0060 (P = 0.253; 0.1074
over 18 mo), the indirect effect is �0.0005 (�0.0095 over
18 mo; P = 0.286), and the total estimated effect is 0.0054
(0.0979 over 18 mo; P = 0.302).
These results suggest a statistically clear positive effect of the

NDV vaccination of household chickens on HAZ through
changes in food consumption and especially, ASF consump-
tion. The total effect of the NDV treatment on WHZ is posi-
tive but statistically weaker. Figs. 3 and 4 provide additional
perspective on these outcomes. Fig. 3 illustrates total treatment
effects on HAZ (Fig. 3, Upper) and WHZ (Fig. 3, Lower) in
the context of the distribution of children in the control group
at the end of the trial (trial participation through a minimum
of 15 mo). Average total treatment effect for HAZ is about
17% of one SD of HAZ [100 × (0.2087/1.223)] of the control
group at the end of the trial. The average total treatment effect
for WHZ is about 10.6% of one SD of WHZ [100 × (0.0979/
0.9221)]. Fig. 4 illustrates the estimated time path of average
treatment effects over the course of the trial. The indirect com-
ponent of the treatment effect for HAZ is the positive maroon
line (Fig. 4, Left), with slope 0.0045 (P = 0.084) representing
the cumulative indirect effect of observed food consumption
differences between treatment and control groups over the
course of the trial. The maroon shaded triangle is the associated
90% CI for the cumulative indirect effect. Estimated direct
effects are larger but statistically weaker, suggesting there are

other impacts of the NDV treatment process that are not cap-
tured by our data on food consumption and these regressions.
In contrast, the indirect effect of NDV treatment on WHZ
through food consumption (Fig. 4, Right) is negative, although
small and not statistically different from zero (monthly effect =
slope = �0.0005; P = 0.286). This weak indirect effect is
more than compensated for by the positive direct effects. The
opposing indirect treatment effects, strongly positive for HAZ
and weakly negative for WHZ, suggest an apparent trade-off in
growth characteristics due to the substitution away from grains
toward other food groups, especially ASF, as shown in SI
Appendix, Table S4. The estimated direct and total treatment
effects are represented by the blue dashed lines and the green
dashed lines, respectively, in each panel (Fig. 4).

Effects of Trial Participation. Time in trial (months) captures
any general effect on food consumption that might result from
participating in the trial that is not otherwise captured as a
treatment effect, such as the effect of chicken parasite control
in both arms of the trial or the effects of other time-varying fac-
tors not otherwise controlled for in the regressions, whether
they are induced by the trial itself or not (e.g., changes in
weather or community economic conditions). The direct and
indirect effects of Time in trial are calculated using parameter
estimates from Tables 2 and 3 (based on Eq. 5 in Materials and
Methods) and are summarized in Table 4. The monthly direct
effect on HAZ of being in the trial is 0.0227 (P = 0.008), the
indirect monthly effect through food consumption changes
during the trial is 0.0045 (P = 0.043), and the total monthly
effect is 0.0272 (P = 0.001). The total effect on HAZ over the
full trial period for children 18 mo or older is 0.498 (P =
0.001). Time in trial effects for WHZ are mixed (Table 4).
Monthly direct and total effects are positive but not statistically
significant. Indirect monthly effects of time in trial on WHZ
are �0.0011 (P = 0.045). The total effect over the trial period
on WHZ for children 18 mo and older is 0.0951 (P = 0.219).

Impact of Nutritional Interventions for Acute Malnutrition. If
nutrition counseling after a finding of MAM or counseling and
food supplementation after a finding of SAM had positive
effects over time on the intake of a food category, then the
associated parameters [Time since first MAM and Time since first
SAM represented in Eqs. 1 and 2 as ðMm × tmÞ] (Materials and
Methods) should be positive (after controlling for baseline
MAM and SAM incidence). Table 2 shows that the signs of
the parameters on Time since MAM and Time since SAM are all
positive in the food intake equations, although significance is
weak. The two strongest effects are due to Time since SAM;
ASF increases by about 5.3% per month (0.053; P = 0.129),
and grains increase by about 10% per month (P = 0.014).
These results suggest that counseling effectively promotes ASF
consumption within the household as the supplemental feeding
provided upon an SAM diagnosis during the trial did not have
a specified ASF component. As with the NDV vaccination
treatment effect, the nutritional interventions have both indi-
rect and direct effects on HAZ and WHZ, shown in Table 4
(bottom two blocks of results; direct effects are also shown in
the HAZ and WHZ regression results in Table 3). The esti-
mated effects of MAM and SAM treatments on HAZ are all
negative. This is somewhat unintuitive, especially given the
effect of SAM on ASF consumption in the food regressions.
Including MAM @ one or more visits is intended to control for
the fact that HAZ will tend to be lower in children diagnosed
with MAM. It could be that this summary statistic may not be
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fully controlling for this baseline characteristic sufficiently. In
contrast, however, the effects of time since MAM and SAM
have consistently positive effects on WHZ, except for the indi-
rect effect of SAM. Despite this, the total estimated monthly
increase in WHZ in response to an intervention for SAM is
about 4.8% (P = 0.056). MAM interventions were information
based, and SAM interventions were implemented on a quarterly
timescale (between visits).
Effect of household income. Households with higher per capita
income show greater ASF consumption (Table 2), and condi-
tional on food intake, HAZ is higher in higher-income

households (0.028; P = 0.045) (Table 3). The total direct and
indirect effect of household income on HAZ is 0.032 (P =
0.018). The direct and total effects of higher income on WHZ
were not statistically significant (P = 0.373 and P = 0.270,
respectively).
Effect of child gender. Girls had weakly higher HAZ and WHZ
as compared with boys (Table 3). The higher HAZ scores as
measured directly with the Female Child indicator variable are
in addition to the implied HAZ benefits from weakly higher
ASF consumption (Table 2) and in ASF consumption relative
to grains (SI Appendix, Table S4) shown for girls. The total

Table 4. Estimated direct, indirect, and total effects of treatment (NDV vaccination), time in trial, and MAM and
SAM diagnoses and interventions

Estimate P > jzj
90% CI

Average treatment effect: HAZ†

Direct Average monthly 0.0071 0.380 �0.0062 0.0203
Indirect Average monthly 0.0045* 0.084 0.0002 0.0089
Total Average monthly 0.0116 0.170 �0.0023 0.0255
Direct Full trial 0.1269 0.380 �0.1111 0.365
Indirect Full trial 0.0817* 0.084 0.0039 0.1596
Total Full trial 0.2087 0.170 �0.0416 0.459

Average treatment effect: WHZ†

Direct Average monthly 0.0060 0.253 �0.0026 0.0145
Indirect Average monthly �0.0005 0.286 �0.0013 0.0003
Total Average monthly 0.0054 0.302 �0.0032 0.0141
Direct Full trial 0.1074 0.253 �0.0470 0.2619
Indirect Full trial �0.0095 0.286 �0.0243 0.0052
Total Full trial 0.0979 0.302 �0.0582 0.254

Time in trial: HAZ‡

Direct Average monthly 0.0227*** 0.008 0.0086 0.0368
Indirect Average monthly 0.0045** 0.043 0.0008 0.0082
Total Average monthly 0.0272*** 0.001 0.0135 0.0409
Direct Full trial 0.4088** 0.008 0.1546 0.6629
Indirect Full trial 0.0810** 0.043 0.0151 0.1470
Total Full trial 0.4898*** 0.001 0.2432 0.7364

Time in trial: WHZ‡

Direct Average monthly 0.0063 0.138 �0.0007 0.0134
Indirect Average monthly �0.0011** 0.045 �0.0019 �0.0002
Total Average monthly 0.0053 0.219 �0.0018 0.0124
Direct Full trial 0.1143 0.138 �0.0126 0.2411
Indirect Full trial �0.0191** 0.045 �0.0348 �0.0034
Total Full trial 0.0951 0.219 �0.0322 0.2225

Time since MAM and SAM diagnosis intervention effect: HAZ‡

Direct MAM �0.0095 0.607 �0.0398 0.0208
Indirect MAM 0.0003 0.954 �0.0076 0.0081
Total MAM �0.0092 0.617 �0.0395 0.0211
Direct SAM �0.0133 0.562 �0.0510 0.0244
Indirect SAM �0.0124 0.429 �0.0382 0.0134
Total SAM �0.0257 0.312 �0.0675 0.0161

Time since MAM and SAM diagnosis intervention effect: WHZ‡

Direct MAM 0.0202 0.130 �0.0018 0.0421
Indirect MAM 0.0001 0.870 �0.0011 0.0013
Total MAM 0.0203 0.129 �0.0017 0.0423
Direct SAM 0.0494* 0.042 0.0094 0.0893
Indirect SAM �0.0017 0.708 �0.0094 0.0059
Total SAM 0.0476* 0.056 0.0067 0.0886

Average treatment effect estimates for HAZ and WHZ are based on Eq. 3 (Materials and Methods) and the applicable parameter estimates from regressions presented in Tables 2 and 3.
Time in trial effects were calculated based on Eq. 5 and parameter estimates from Tables 2 and 3. MAM and SAM diagnosis and intervention effects (applied to both the primary
treatment group and the control group) are calculated based on Eq. 4 (Materials and Methods) and parameter estimates from Tables 2 and 3. All estimates in this table and associated
P values and CIs were generated using Stata 17 nlcom routine. *Statistically significant at P < 0.10; **statistically significant at P < 0.05; ***statistically significant at P < 0.01.
†Treatment households only.
‡All households.
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direct and indirect estimated difference in HAZ of girls relative
to boys is 0.15, indicating that growth benefits accrued at least
equally to girls as well as boys.

Discussion

Despite measurable progress over the past two decades, child-
hood growth faltering, especially stunting, remains unaccept-
ably high in many countries and communities in Africa (1, 6).
Rural communities highly dependent on household food pro-
duction and with limited off-farm income or liquid assets to
bridge seasonal food availability are especially vulnerable (15,
16). The study community in Siaya County, Kenya reflects this

vulnerability. We have focused on chickens as a widely held
autochthonous resource, managed at the household level by
women, that can provide foods high in protein and rich in
micronutrients that are critically important in preventing stunt-
ing (17–19). We initiated the vaccine intervention recognizing
that the pathway from veterinary vaccination to increased
chicken productivity through household decision-making to
improved nutrition and child growth is complex and impacted
by multiple known and unknown factors. Nonetheless, our
data show statistically significant impacts on the intermediate
measure of increased ASF consumption, estimated at a 24%
increase over the course of the trial, that translated into
improved child growth parameters. This supports concerted

Fig. 4. Estimated direct, indirect, and total effects of treatment on child growth over the course of the trial. The estimated indirect effect of vaccinating
household chickens on child growth, through the effect on food intake, is the maroon solid line in each panel. The marginal monthly indirect effect is 0.0045
(P = 0.084) for HAZ and �0.0005 (P = 0.286) for WHZ (Table 4). These estimates are the slopes of the indirect effect lines in each panel. The maroon shaded
triangles are 90% CIs for the indirect effects. Direct effects (blue dashed lines) and total effects (green dashed lines) are shown without CIs to limit visual
complexity. The monthly total treatment effects are 0.0116 (P = 0.17) for HAZ and 0.0054 (P = 0.30) for WHZ, which are the slopes of the green dashed lines
for HAZ and WHZ, respectively (Table 4). Fig. 3 provides a complementary perspective on the total treatment effect. Table 4 estimates are based on regres-
sion results presented in Tables 2 and 3.

Fig. 3. Overall effect of being in a treatment group household on child growth relative to the control group. The histograms represent the distributions of
HAZ and WHZ scores for control group age over 18 mo of age for those who have been in the trial at least 15 mo. Thick solid black vertical lines are control
group means, and the dashed black lines are one SD from the distribution mean (SDs are 1.22 for HAZ and 0.922 for WHZ). The red lines represent the
mean Z score plus the total effect of treatment (direct plus indirect effects; 0.209 for HAZ and 0.098 for WHZ). The lightly shaded maroon areas are 90% CIs
for the total treatment effect; P values for the total effects are P = 0.170 for HAZ and P = 0.302 for WHZ. Estimates for average total effects and CIs are taken
from Table 4.
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NDV vaccination of household chickens, for which willingness
to pay studies indicate strong household interest (20), as part of
a multipronged approach to enhance childhood nutrition and
reduce stunting in rural communities where chickens are a
common household resource.
The gains measured in treatment households relative to con-

trol households very likely underestimate the impact of NDV
vaccination on ASF consumption and childhood growth due to
several inherencies of the trial design. First is that, for ethical
reasons, the control households also received an intervention:
medication for parasites in their chickens (as did the treatment
households in addition to NDV vaccination). This medication
plus any unmeasured veterinary advice provided at the time of
treatment is reflected in the increase in flock size in the control
households over baseline (13) and may be a driver of the signif-
icant effect of “time in trial” effects on ASF intake reported
here. The second is that vaccine was only delivered at quarterly
intervals—sufficient to maintain immunity in previously vacci-
nated chickens but misses all chicks hatched in the interim, the
age group most susceptible to dying from NDV (11, 21). This
challenge is addressed in the final discussion paragraph. Third,
all households received data on their children’s growth and ad
hoc dietary and poultry management guidance that may have
influenced their decisions on both flock management and child-
ren’s diets. Notably, girls appear to be at least equal beneficiaries
of the substitution toward ASF consumption. Although not
linked to a treatment effect, overall the coincident increase in
both HAZ and WHZ in girls relative to boys is discrepant from
prior studies in other regions of Kenya, where girls had signifi-
cantly lower HAZ and WHZ (22). We speculate that this reflects
the primary role of women in management of household poultry
linked to dietary consumption choices (23–26).
Translating the increase in flock size gained through NDV

vaccination to a change in a young child’s diet is mediated
through a household decision by, in rural Kenya, usually mater-
nal or a female relative (6, 7, 17, 24, 27). The most significant
increase in flock size in treatment households as compared with
control households was due to an increase in laying hens (13).
Based on prior studies of indigenous chicken productivity in this
region, an increase in one hen per flock would result in average
production of six to seven eggs per month, with a potential
increase of 6 g of protein per egg (28, 29). The impact of
increased egg production on child growth is supported by a study
demonstrating that each instance of child consumption of an egg
during a prior 3 d period was significantly linked to an increase
in child height (7). In the present study, the positive and negative
signs of the treatment coefficient in the ASF and grains regres-
sions on HAZ and WHZ, respectively, are consistent with the
substitution away from high-carbohydrate, low-protein grains
toward high-protein ASF, leading a higher-protein diet but fewer
total calories. This implies that although the treatment provided
households with more in-home, accessible protein, there is still a
trade-off in resource-constrained households: a small drop in
WHZ for a larger increase in HAZ. This type of apparent substi-
tution is not inevitable but is a common behavioral response in
resource-constrained decision-making. In contrast to vegetables
and fruits, ASF are much less influenced by season (30) and thus,
may enhance HAZ to a greater degree due to HAZ reflecting
growth over time.
Unidentified effects on child growth of being in a NDV

treatment household, here denominated as direct treatment
effects in the WHZ and HAZ regressions, are captured by the
Treatment Group × Time in trial interaction term. As child
growth measures, collection of data on the type and quantity of

foods consumed by the child, and antiparasite medications given
to the flocks were common to both treatment and control groups
and we rigorously controlled for possible bias in household partic-
ipation over time (SI Appendix, Fig. S1, Supplementary Text S1,
and Tables S1–S3), we posit that the direct effects appear to
derive from either households observing vaccination or the
increased time that the animal health technicians were on the
premises due to the additional time requirement for vaccination.
The latter provided more time for household members to interact
with the animal health technicians and potentially receive addi-
tional advice regarding poultry and livestock husbandry, crop man-
agement, or other issues affecting food production and availability.
The direct observation of NDV vaccination may also have had an
effect. Campbell et al. (31) identified that knowing a neighbor
who vaccinated his or her chickens had the most significant impact
on the decision of a given household to vaccinate. Whether house-
holds in the treatment group that routinely observed the vaccina-
tion process invested more of their own resources into poultry
management was not captured in our study.

In addition to the effect of being in a treatment household
on child growth mediated through food consumption, house-
hold income has consistent positive impacts on ASF consump-
tion, ASF and vegetable consumption relative to grains, and
HAZ. This result is consistent with prior findings that ASF and
vegetables tend to be more income responsive than other food
groups, while grains are less responsive to income or decline as
a share of food expenditures (32, 33). Importantly, even mod-
est income increases can help bridge the seasonal fluctuations in
on-farm food availability and avoid periods of undernutrition
in young children at the time they are most vulnerable to child-
hood stunting (15, 16, 34).

Prior studies have established a link between the health of
poultry and livestock in rural smallholder farms and both
decreased human disease and enhanced childhood growth
(6, 9). While previous studies have documented the impacts of
livestock ownership on child nutrition (6, 35, 36), we provide
evidence on the impact of livestock health interventions. The
positive impact of NDV vaccination on flock size and its trans-
lation into increased ASF consumption and improved child
growth provide a compelling rationale for the minimal invest-
ments required for widespread vaccination in rural households.
The high percentage of chicken ownership in our study site in
Siaya County in western Kenya is representative of rural house-
holds across Africa and other rural, low-income regions within
Asia and South and Central America. A willingness to pay
study indicated that households in Tanzania with similar char-
acteristics as in western Kenya were willing to pay roughly twice
the market price for NDV vaccines, which are readily available
in east Africa (20). However, the small number of chickens per
household disincentivizes market-based delivery mechanisms,
and the opportunity cost to individual household members,
usually women, to travel and purchase vaccines is a disincentive
(20, 21). This additional burden on women is consistent with
studies examining the impact of early childhood interventions
on mothers (37). Subsidizing animal health technicians to
deliver vaccines to households is proposed to overcome these
disincentives and provide a pathway to enhance household
poultry productivity with impacts on household well-being and
reduced childhood growth faltering.

Materials and Methods

Ethical Approval. The research was approved by the Ethical and Animal Care
and Use Committees (Scientific Steering Committee protocol no. 3159) of the
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Kenya Medical Research Institute and by the University of Nairobi Faculty of Vet-
erinary Medicine Animal Use and Bioethics Committee to conduct research on
enhancing childhood nutrition and growth. Informed consent covered the study
overview, objectives of the study, potential benefits to the household partici-
pants, potential risks to the participants and mitigation steps, contact information
for both medical and veterinary personnel involved in the study, and contact
information for the ethical review committees. Participation was voluntary, and
the decision was at the household level; there was no community-wide presenta-
tion or interdependency among households that may pressure a given house-
hold to participate. Both oral and written consents (in Luo, the language of the
community) were obtained from the household head, and written consent has
been retained.

Trial Design and Participant Selection. The longitudinal, randomized, con-
trolled trial was conducted in the Rarieda subcounty of Siaya County in western
Kenya within a health and demographic surveillance system (HDSS) site run by
the Kenya Medical Research Institute and the US Centers for Disease Control
and Prevention (38). HDSS data from December 2016 (6 mo prior to the study
initiation) indicated 667 potentially eligible households meeting the criteria of
1) chicken ownership, 2) a child 3 y or younger, and 3) location within a 5.5-km
radius of St. Elizabeth Lwak Mission Hospital, which could provide nutritional
support for children identified as suffering from acute malnutrition.

Vaccination. Animal health technicians delivered the intervention (vaccination
of chickens against NDV) quarterly, independent of the food consumption and
anthropometric data collection. All chickens in treatment households were vacci-
nated with two drops of NDV AVIVAX I-2 thermostable vaccine (109.7 egg infectious
doses per milliliter) intranasally or intraocularly (depending on the chicken’s age at
recruitment) and then, every 3 mo thereafter (13). AVIVAX I-2 is a freeze-dried live
attenuated Newcastle disease vaccine prepared from the La Sota strain manufac-
tured by the Kenya Veterinary Vaccines Production Institute. In all households,
treatment and control, all chickens were also treated with endo- and ectoparasiti-
cides, piperazine citrate, and carbaryl every 3 mo by the animal health technicians.

Data Collection. Assessments were conducted at the time of enrollment as a
baseline and then, approximately quarterly for up to 18 mo to collect anthropo-
metric data on children, the type and quantity of foods consumed, and household
socioeconomic data. In the event the mother (or principal caregiver/respondent)
or child was not present at the time of the scheduled visit, the interviewers
returned twice more within the week. If the third attempt was unsuccessful, the
household visit was scheduled for the next quarter. Child growth was measured
using a Shorrboard for length (<2 y) and height (≥2 y) and caregiver/child stand-
ing scale for weight. MUAC was assessed using three standardized colored tapes:
red (<115 mm) indicating SAM, which triggered referral to a program that pro-
vided vitamin A and fortified maize flour and nutritional counseling; yellow (115
to 124 mm) indicating MAM, which triggered nutritional counseling; and green
(>125 mm), which was considered healthy growth and the caregiver was encour-
aged to continue with nutritious feeding. For dietary assessment, caregivers were
requested to recall the type of food, quantity, and the number of times the child
was fed each type of the food in the 3 d prior to the interview. The interviewers
asked about each specific food and provided a standardized set of containers to
assist in estimating the quantity of each food item. Socioeconomic data included
the mother’s (or principal caregiver’s) age and level of education; the number of
family members; and household income consisting of both on-farm and off-farm
earnings, where Kenya shillings were converted to US dollars using the year
2016 average as an exchange rate reference (1 US dollar = 101.50 shillings) and
discounted at an annual rate of 3.5%. All data were collected by community
health interviewers in the local language (Luo), entered onto an electronic data
capture tool, downloaded, and stored in a Microsoft Access database. All datasets
underwent validation and consistency checks to identify and resolve errors before
they were merged using unique household identifiers on each of the participat-
ing households.

Blinding. Households were not notified of which group they belonged to but
were informed (oral and written) that their chickens would receive treatment to
prevent disease. The enumerators who conducted the household interviews and
collected both food consumption data and the anthropometric measurements
were blind to the control and treatment group allocation. The animal health

technicians and the enumerators were never on the premises at the same time
to prevent enumerators from identifying the group. Household allocation data
were unmasked only at the end of the study by the investigators.

Data Analysis. Child height, age, and sex were referenced to the World Health
Organization standards to create continuous measures for HAZ score and WHZ
score using Epi Info (39) upon importation of anthropometric variables. Stunting
and wasting were defined as greater than two SDs below the World Health Orga-
nization reference mean for HAZ and WHZ, respectively. Analyses on all the rela-
tional factors over the study period were done using STATA, version 17 (40).

Statistical regression analysis was performed to 1) model the determinants of
food consumption by children over the course of the study, including treatment
effects, and 2) model the determinants of the biometric outcomes and WHZ and
HAZ scores, including food consumption and treatment effects. The response var-
iables in the food consumption regressions are the natural logarithms of the
number of food servings for each of four food groups: ASF, fruits, vegetables,
and grains. The food intake regression equations can be written as

lnðSf Þ ¼ αf0 þ αft t þ αfTt ðT × tÞ þ∑
m
αfmM

e
m þ αfmtðMm × tmÞ

þ ∑
K

k¼1
αfkXk þ εf , [1]

where lnðSf Þ is the logarithmic transformation of the four food group servings,
with f ∈ ðA, V , F, GÞ representing ASF, vegetables, fruit, and grains, respec-
tively. Greek letters are parameters to be estimated, t is time since first house-
hold visit [Time in Trial (months)], and T is an indicator variable equaling one if a
household is in the Treatment Group and zero otherwise. M represents two mal-
nutrition indicators: MAM and SAM; the subscript m identifies MAM and SAM
indicator variables, the superscript e indicates whether a child was ever diag-
nosed with MAM or SAM during the full trial, the superscript tm measures time
since first record of MAM or SAM, respectively. X represents other control varia-
bles (including interaction terms) in each equation, and εf is a random error
term.

We hypothesize that a treatment effect of NDV vaccination of household
chickens on a child’s diet would accumulate over the course of the trial. To cap-
ture this effect, we created an interaction variable ðT × tÞ in Eq. 1 by multiplying
T and t. Because T equals zero for control households and one for treatment
households, ðT × tÞ equals the time in trial for treatment households and is
zero for control households. The control group is, therefore, the base case, and
αft represents the direction and rate of change in consumption of food group f
over the course of the trial in the control group. The parameter αfTt associated
with ðT × tÞ represents the difference in the rate of change in food consumption
in the treatment group relative to consumption in the control group. If αfTt > 0,
consumption of food category f is increasing relative to consumption in the con-
trol group. The treatment indicator is included directly in each food and Z score
equation to control for conditional baseline differences in treatment and control
groups in relation to each dependent variable. The time in trial variable t cap-
tures changes in the dependent variable over the course of the trial that are not
attributable to the treatment itself.

The category of variables Mm ∈ ðMAM, SAMÞ in Eq. 1 relates to two
forms of malnutrition: MAM and SAM. The related category Me

m ∈
ðMAM½ever�, SAM½ever�Þ indicates whether a child was ever diagnosed
with MAM or SAM during the trial and is used to control for unobserved base-
line conditions that contribute to MAM and SAM risk. The base case is no
acute malnutrition. The interaction term ðMm × tmÞ takes the value of zero for
each individual until a first finding of either MAM or SAM, after which it
counts months (in increments of days) since this first finding until the end of
the trial to assess whether these interventions had measurable effects on out-
comes over time.

Food consumption history in our data reflects the transition from breastfeed-
ing as the primary source of child nutrition through a period of increased intake
of other food sources up to month 18 (Fig. 2). This age-dependent transition was
captured in the food consumption regressions (represented generally by Xk in
Eq. 1) by utilizing an indicator variable >18 mo taking a value of one if a child
was over 18 mo old at the time of a household visit and zero otherwise and
interacting this variable with child age, age squared (to capture the diminishing
increase in servings through 18 mo), and a variable indicating whether a child
was currently being breastfed (Breastfed = 1, Not Breastfed = 0). Further regres-
sors in Eq. 1 include the natural logarithm of per capita household income, an
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indicator for female child (vs. male), the age and education level of the mother
or principal caregiver, and a sine/cosine pair (trigonometric functions of month)
to capture seasonality in food intake.

HAZ and WHZ regressions were estimated simultaneously with food intake
equations represented by Eq. 1. These regressions can be represented as

Z ¼ βz0 þ βzt t þ βzTtðT × tÞ þ∑
m
βe,zm Me

m þ βzmtðMm × tmÞ

þ∑
4

f¼1
βzf lnðSf Þ þ ∑

K

k¼1
βzkXk þ εz,

[2]

where Z ∈ ðWHZ, HAZÞ are weight-to-height and height-to-age measures,
respectively, and the rest of the content shown in Eq. 2 is as described for Eq.
1. However, there are differences between regressions [1] and [2]. First, Eq.
2 includes the four categories of food intake, lnðSf Þ, as explanatory variables
to capture food intake effect on biometric outcomes. Second, because height
to age tends to reflect the cumulative effects of nutrition during the entire
growth path of a child, while weight to height tends to more reflect recent
nutrition, the explanatory variables in these regressions differ between the
two regressions. Third, we include current breastfeeding status in the WHZ
regression, but in the HAZ regression, we use an indicator of whether a child
was ever breastfed (Never Breastfed vs. Breastfed Ever) during the trial prior
to a given visit. We provide robustness analysis for specifying these differ-
ences in HAZ and WHZ regressors in SI Appendix, Supplementary Text S3 and
Table S5.

Our data contain up to six records per child, one for each household visit. We
apply a random effects model to account for unobserved similarities in children/
households between visits. The error component of the regressions can be repre-
sented as εy,it ¼ ui þ vit, where y ∈ ðz, fÞ and the i and t indices identify child
and visit number, respectively (subscripts are omitted from Eqs. 1 and 2 to mini-
mize notational clutter). Robust SEs are clustered by individual child. The food
intake and Z-score regressions (six equations) were estimated simultaneously in
Stata 17 using the gsem routine with random effects for each individual child
(40). To account for systematic sample selectivity bias that might accompany this
attrition, we use inverse probability weights (41–43) based on predicted proba-
bilities generated from a Probit regression shown and discussed in SI Appendix,
Supplementary Text S1 and Table S3.

Of particular interest are the effects of treatment on food intake, the effects of
food intake on biometric scores, and the effects of treatment on Z scores condi-
tional on food intake. Eqs. 1 and 2 allow for estimation of what we refer to as
direct effects of treatment on food intake and biometric scores as well as indirect
effects of treatment on Z scores through measured food consumption effects.
The indirect effects are defined as the effects of treatment on Z scores through
food consumption as measured in these regressions. The direct effect is defined
as the measured effect of the treatment variables ðT × tÞ and ðMm × tmÞ
included directly in the Z regressions and represents effects of treatment on
nutritional outcomes not otherwise represented by our food consumption data
and therefore, not captured in the food intake–related parameter estimates in
regressions [1] and [2]. These effects are methodologically “direct” in the sense
that they are captured directly in Eq. 2 parameters, but they may reflect complex
and varied pathways from treatment to nutritional outcomes for the children in
the study. The full effect of treatment on Z ∈ ðWHZ, HAZÞ can be described as
Total Treatment Effect on Z

¼ Direct Effect on Zþ Indirect effect on Z through food intake ðfÞ:
The sum of direct and indirect treatment effects is calculated mathematically
based on Eqs. 1 and 2 as

dZ
dT

¼ ∂Z
∂Tt

þ ∑
4

f¼1

∂Z
∂lnðSf Þ

∂lnðSf Þ
∂Tt

 !
∂Tt
∂T

¼ βZTt þ ∑
4

f¼1
αfTtβ

z
f

 !
t,

[3]

where T is a treatment indicator variable equaling one if a child is in a treatment
household and zero otherwise. The direct effects of treatment on Z are βZTt , and
the indirect effects of treatment on Z through measured impacts of treatment on
food consumption are the sum of the effects of treatment on food intake (αfTt)
and the effects of food intake on Z (βzf ). These effects are conditional on the dura-
tion of t ¼ ðTime in Trial ðmonthsÞÞ, up to a maximum of t ¼ 18.

Household and child participation may affect both the control and treatment
groups over the course of the trial. If a child was found to be moderately or
acutely malnourished, they were referred to a therapeutic feeding program
regardless of whether they were in the treatment or control group. A mathemati-
cally analogous calculation for estimating the direct effects of MAM and SAM
intervention after diagnosis is calculated as

dZ
dtm

¼ ∂Z
∂Mmtm

∂Mmtm
∂tm

þ ∑
4

f¼1

∂Z
∂lnðSf Þ

∂lnðSf Þ
d∂tm

∂Mmtm
∂tm

¼ βzmt þ ∑
4

f¼1
βzfα

f
mt ,

[4]

where ðMm × tmÞ in Eqs. 1 and 2 is abbreviated as Mmtm;
Mm ∈ ðMAM, SAMÞ; and ∂Z

∂Mmtm
∂Mmtm
∂tm and ∂lnðSf Þ

∂Mmtm
∂Mmtm
∂tm are estimated by one

parameter each in each equation in Tables 2 and 4, respectively, associated with
Time since [first] MAM and Time since [first] SAM.

There are other known and unknown reasons that food intake and Z scores
might be affected by trial participation independent of being in a treatment or
control household. The full change in biometric scores Z that occurs over time
during the course of study participation is

dZ
dt

¼ ∂Z
∂t

þ ∑
4

f¼1

∂Z
∂lnðSf Þ

∂lnðSf Þ
∂t

¼ ðβzt þ βzTtTÞ þ ∑
4

f¼1
βzf ðαft þ αfTtTÞ:

For the control group, the treatment indicator T = 0, so the “time in control
group,” which nets out the treatment effect, simplifies to

dZ
dt

���
T¼0

¼ βzt þ ∑
4

f¼1
αftβ

z
f : [5]

Eq. 5 is the baseline for potential effects of trial participation on biometric out-
comes. Because the control group status is the base case in the regression, it
reflects effects of known and unknown factors affecting both groups. We desig-
nate this as the time in trial effect. Total effects of other regressors in both food
and Z-score regressions are calculated from regression parameters in an analo-
gous fashion. These indirect and total effects are calculated using the Stata nlcom
routine (40).

Data Availability. All study data are included in the article, the SI Appendix,
and on the Open Science Framework (OSF) at https://osf.io/m4vs2/?view_
only=1428f4bb179b4d7bbde8a00c81d95b5d (or see ref. 44).
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