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Background: Prevention of infectious diseases among children is crucial to improve child health and sur-
vival. However, many countries in Sub-Saharan Africa struggle to achieve vaccination targets due to sup-
ply chain challenges, which lead to vaccine shortages, stockouts, and increased costs. We evaluated the
effects of aerial logistics (centralized storage and delivery by drones) on vaccine stock, stockouts, vacci-
nation coverage and vaccine preventable outcomes in the Western North Region of Ghana.
Methods: The study combined retrospective quasi-experimental and cross-sectional designs to evaluate
supply chain, programmatic, and clinical outcomes. Surveys to health providers were used to collect
information from a random sample of 156 facilities, and secondary data on vaccination coverage and clin-
ical outcomes was analyzed at the district level for the years 2017–2021.
Results: Facilities served by aerial logistics reported significant reductions in the duration of vaccine
stockouts (30 %, p-value < 0.05), as well as in the frequency of missed opportunities for vaccination
(44 %, p-value < 0.05). Being served by aerial logistics was associated with increased satisfaction with
access to vaccines. Significant differences in vaccination coverage were found for most vaccines, in a
range between 13.1 and 37.5 percentage points in vaccination coverage for served districts. Infectious
diarrhea cases in children between 5 and 9 years old were reduced by 41.6 % (p-value < 0.05).
Conclusion: End-to-end aerial logistics appears as an effective tool to improve the performance of the
supply chain for vaccines. The strategy potentially increases the resilience of the health system and con-
tributes to increased vaccination coverage and higher levels of satisfaction among providers in the
Western North Region of Ghana.

� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Prevention of infectious diseases among children is crucial to
improve child health and survival [1]. However, many countries
in Sub-Saharan Africa struggle to achieve the Global Vaccine Action
Plan (GVAP) of universal access to immunization, with only 13 %
and 19 % achieving the 80 % coverage target in 2015 and 2016
respectively [2] due to several supply chain challenges, which lead
to vaccine shortages, stockouts, missed opportunities for vaccina-
tion, and increased overall costs to the health systems.

The vaccines and health products supply chains within the
Ghana Health Service are structured in a multi-tiered system, with
the National Vaccine and Health Commodities Depot serving as a
central hub for storage and distribution. Regional Health Direc-
torates manage supply chains within their regions, distributing
vaccines to District Health Directorates and healthcare facilities.
Despite this structure, the supply chains face challenges such as
limited infrastructure, especially in remote areas, leading to inad-
equate storage, unreliable transportation networks, and weak cold
chain systems. Disruptions due to stockouts, delayed deliveries, or
poor forecasting and planning can lead to the unavailability of
vaccines.

Vaccination deficits are life threatening to children and pose an
economic threat to health and social protection systems. A study
conducted in 2017 and 2018 in Northern Ghana reported a total
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economic toll of $5,230,035 per year ($777 per case) in the region
due to PCV13-type Pneumonia and Meningitis cases [3]. In addi-
tion, rural areas were disproportionately affected because of insuf-
ficient storage capacities and challenges of traveling long distances
by ground transportation to pick up vaccines. Although Ghana has
made significant progress in tackling vaccine preventable diseases
[4], there is still room to improve certain supply chain performance
metrics, like stockouts, wastage, and cold chain storage capacity.

Drone technology has evolved to become a key tool in strength-
ening supply chains for health commodities. It has the potential to
overcome difficult terrain, reduce health worker labor, solve vehic-
ular issues with its associated costs [5], overcome the logistic chal-
lenges in hard-to-reach areas [6], and improve planning capacity.

With the aim to make additional progress towards Universal
Health Coverage, the government of Ghana contracted Zipline in
2019, an aerial end-to-end logistics technology, to set up distribu-
tion centers (DCs) and improve equitable distribution of health
products, particularly in rural communities. The operation is based
on autonomous drones, which deliver essential medicines, blood,
and vaccines to health facilities [7]. With six hubs in Ghana, Zipline
covers more than 2,200 health facilities that provide services to
approximately twelve million people. As of November 2022, over
6 million doses of vaccines from the National Immunization Pro-
gramme and about 2.4 million medical products had been deliv-
ered by drones in the country.

Districts who have challenges with logistics, especially to deli-
ver vaccines to hard-to-reach facilities, have made Zipline an inte-
gral part of their supply chain (Ghana’s Ministry of Health -
Programme of Work, 2021). The hub located in the Western North
Region currently serves 365 facilities across 19 districts. Among
those facilities, 202 (55.3 %) have Zipline as their sole provider
for vaccines.

In this study, we combined analytical methods to explore asso-
ciations between aerial logistics and vaccine related outcomes,
including supply chain performance, vaccination coverage,
vaccine-preventable diseases, and providers’ perceived quality
and satisfaction.
2. Methods

2.1. Study design

The study combined two types of designs. A cross-sectional
approach was used to explore the performance of the supply chain
for vaccines, providers’ behaviors when vaccines were stocked-out,
and their satisfaction with access to vaccines. Served and non-
served facilities were used for comparison purposes. In addition,
a retrospective quasi-experimental design was used to evaluate
changes in vaccination coverage and clinical outcomes at the dis-
trict level within the same region between the years 2017 and
2021. This part of the analysis was conducted at the district level,
and the comparison involved high and low levels of exposure to
aerial logistics.
2.2. Study population

For the cross-sectional component of the study, we randomly
selected 78 health facilities that were served by Zipline for the dis-
tribution of vaccines, and 78 facilities that were not. Data collec-
tion involved phone interviews to health providers in charge of
vaccines at the facilities. The sample of facilities was stratified to
ensure comparability across facility types (e.g., National Commu-
nity Health Planning and Services (CHPS Compounds), Health Cen-
ters, and Hospitals). The interviews were conducted by Zipline’s
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fulfillment operators and data was digitally registered in forms
that fed the study dataset.

For the quasi-experimental component, district level data on
vaccination coverage and vaccine preventable diseases was pro-
vided by the Western North Regional Health Directorate of Ghana
for the years 2017–2021.
2.3. Exposure to aerial logistics

For the cross-sectional component, since data was collected at
the facility level, the exposure to aerial logistics was obtained from
Zipline’s fulfillment database, while the list of unexposed facilities
was obtained from the Ghana Statistical Service. For the retrospec-
tive quasi-experiment, data was obtained at the district level, and
we used the proportion of facilities within the district that were
exposed to aerial logistics to define the exposed/non-exposed cat-
egories. Across districts, the exposure proportion to aerial logistics
ranged between 23 % and 85 %. High exposure was defined for dis-
tricts with exposure proportions greater than 75 % (Suaman,
Aowin, Sefwi Akotombra, and Bodi), whereas districts with expo-
sure proportions under 26 % were considered as low exposure
(Bia West and Bia East). Districts with exposure levels between
those thresholds were excluded from the analysis (Juaboso, Sefwi
Wiawso, and Bibiani Anhwiaso Bekwai).
2.4. Statistical analysis

For the cross-sectional component, we used descriptive statis-
tics to identify supply chain and provider satisfaction outcomes
between exposed and non-exposed facilities. Chi-Square tests,
T-Tests and ANOVAS were used depending on the nature of the
variables. For the retrospective component, district-level
difference-in-differences (DID) models were fit for each vaccine,
setting the time of exposure as the first quarter of 2020, when
the Zipline’s distribution center began operating in the area.

Unadjusted means for vaccination coverage across all vaccines
were estimated and presented graphically. In addition, the DID
models were adjusted by projected births and population poverty
proportions, obtained from the latest Population and Household
Census in Ghana. Results were reported as pre-post changes in per-
centage points. For health outcomes, DID models were not con-
ducted given violations of the parallel trends assumption.
Alternatively, multiple linear regression models were fit using
post-intervention data and adjusting by total births and districts’
poverty levels. Post-regression marginal effects were estimated.

For both components of the investigation, the analysis was con-
ducted on Stata V.17.0 (Stata Corp, TX, 2021). The research protocol
was submitted to the Ghana Health Service Ethics Review Commit-
tee and approved on 22nd November 2021 (reference number
GHS-ERC 015/09/21).
3. Results

For the cross-sectional component, 156 participants including
nurses, physician assistants, medical doctors, midwives, and public
health officers were interviewed, of which 78 were served by
Zipline and 78 were controls. Most of the participants (63.5 %)
were within the 40–49 age range, and 67.3 % were identified as
males. In terms of their health professions, 63.5 % were nurses, fol-
lowed by physician assistants (12.8 %).

The Zipline group tended to be younger (over a third of the sam-
ple under 29 years old), and there was a relatively higher presence
of women among that group (39.7 % vs. 25.6 %). Nurses were more
present in the Zipline group (71.8 % vs. 55.1 %), while a higher
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proportion of physician assistants was found in the comparison
group (16.7 % vs. 9.0 % in the Zipline group) (See Table 1).

Fig. 1 shows the number of times each vaccine was mentioned
when asked about frequent stockouts. The anti-meningococcal
vaccine was the most frequently mentioned (65 times by controls
and 57 times by Zipline-exposed facilities), whereas the oral polio
vaccine was frequently mentioned by control facilities (50 vs. 13
times). Except for the rotavirus vaccine, all other vaccines (except
DPT), were more frequently mentioned by control facilities than by
Zipline served facilities.

The mean duration of the last stockout in days was 30 % lower
in the Zipline group (30 days for served facilities vs. 43 days for
non-served ones, P < 0.05). Almost two thirds of control facilities
reported at least one missed opportunity for vaccination during
the previous month (65 %) as compared to 36 % of served facilities.
This relative reduction of 44 % was statistically significant
(p < 0.01).

Fig. 2 presents the strategies that providers reported when in
need of a stocked-out vaccine. Among served facilities, 62 provi-
ders (79.5 %) reported ordering from Zipline. Interestingly, 10 pro-
viders (13.5 %) at facilities not served by Zipline also mentioned
placing orders with the company, probably indirectly via facilities
within the served areas. On the other hand, the most common
behavior among non-served facilities was to borrow the vaccines
from other facilities (48 providers; 61.5 %).

Other less frequent behaviors for the Zipline group were to bor-
row from other facilities (22 providers; 28.9 %) and to order from
the Immunization Program (EPI) (18 providers; 24.1 %). Facilities
in the comparison group less frequently ordered from the EPI (12
providers; 15.4 %) and referred the patient to other facilities (13
providers; 17.3 %).
3.1. Perceived changes and satisfaction

In terms of perceived changes in access to vaccines since aerial
logistics were implemented in their areas, 71 providers (91.1 %) at
served facilities perceived that access to vaccines improved consid-
erably, and 4 (5.1 %) mentioned that access improved slightly. Only
one provider (1.3 %) reported no changes.

All providers (n = 156) were asked about their satisfaction with
access to vaccines in their districts using a numerical scale from 1
to 10 (higher score = better access). The average satisfaction score
was 8.6 (95 % CI 8.41–––8.80) for served facilities, and 7.8 (95 % CI
7.34–––8.33) among the non-served ones. The difference was sta-
tistically significant (p-value < 0.05).
Table 1
Participants’ characteristics.

Variable Category Zipline (n = 78)

Age Groups (years) 20–29 27 (34.6)
30–39 49 (62.8)
40–49 1 (1.3)
50–59 1 (1.3)

Sex Female 31 (39.7)
Male 47 (60.3)

Position Nurse 56 (71.8)
Physician Assistant 7 (9.0)
Medical Doctor 3 (3.9)
Midwife 5 (6.4)
PH Officer 5 (6.4)
Others 2 (2.6)

Time in facility Under 6 months 4 (5.1)
6–12 months 21 (26.9)
1–2 years 10 (12.8)
2–3 years 24 (308)
Over 3 years 19 (24.4)
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3.2. Factors associated with providers’ satisfaction

Additional statistical analyses were conducted to explore fac-
tors associated with increased or decreased satisfaction among
providers (Fig. 3). In the unadjusted analysis, t-test for independent
samples showed that being served by Zipline (mean 10 % increase
in satisfaction) and ordering from Zipline when stocked out (mean
increase of 7.8 %) were positively associated with increased satis-
faction overall. Providers’ reduced satisfaction was associated with
missed opportunities to vaccinate (�9.0 %), stockout of yellow
fever vaccine (�7.4 %), oral polio vaccine stockout (�8.1 %), pneu-
mococcal vaccine stockout (�11.4 %), and BCG vaccine stockout
(�14.1 %).

In addition, we conducted adjusted multiple linear regression
analyses to quantify the association between being served by aerial
logistics and improved satisfaction (Table 2). After adjusting for
provider characteristics, including sex, age, time in the facility,
and role within the healthcare team, a significant association per-
sisted. Being served by aerial logistics was associated with almost
0.8 additional points in the 1–10 satisfaction scale.
3.3. Difference in differences models

For each of the vaccines under analysis, graphical representa-
tions were created for vaccination coverage before and after the
implementation of aerial logistics for the high and low exposure
groups. Pre-intervention parallel trends were assessed for each
vaccine and only those that satisfied the assumption were kept
for further analysis. The third dose of rotavirus vaccine and the
Meningococcal vaccine were excluded from the analysis due to
unparallel trends pre-exposure to aerial logistics.

Fig. 4 presents, as an example, the vaccination coverage for BCG,
IPV, Pentavalent, Rotavirus, and Pneumococcal vaccines, before and
after the incorporation of aerial logistics (represented by the black
vertical line). It is relevant to notice that the lower exposure group
showed consistently higher vaccination rates, including propor-
tions above 100 %, a fact that was validated by the Western North
Region and explained as relatively inaccurate estimations of the
denominators due to the use of population census projections
(see the charts for all vaccines in Supplemental Materials).

For the analytical component of the DID analysis, we fitted indi-
vidual models and adjusted by births and district poverty. As
example, Table 3 presents the output of the model for IM Polio vac-
cine at 14 weeks. The table shows a pre-post DID estimator of 18
percentage points in favor of the aerial logistics group (see the
models for all vaccines in Supplemental Materials).
Not Zipline (n = 78) Total P-Value

18 (23.1) 45 (28.9) 0.036
50 (64.1) 99 (63.5)
8 (10.3) 9 (5.8)
1 (1.3) 2 (1.3)
20 (25.6) 51 (32.7) 0.021
58 (74.4) 105 (67.3)
43 (55.1) 99 (63.5) 0.019
13 (16.7) 20 (12.8)
1 (1.3) 4 (2.6)
8 (10.3) 13 (8.3)
4 (5.1) 9 (5.8)
9 (11.5) 11 (7.1)
3 (3.9) 7 (4.5) 0.134
15 (19.2) 36 (23.1)
12 (15.4) 22 (14.1)
17 (21.8) 41 (26.3)
31 (39.7) 50 (32.1)



Fig 1. Frequently stocked out vaccines among served and non-served facilities.

Fig 2. Behaviors when stocked-out for a needed vaccine. The percentages do not add up to 100 % since the question allowed for multiple responses.
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Fig. 5 presents summary findings for each of the individual
models. Significant differences in vaccination rates between high
and low exposure to aerial logistics were evident in all cases (p-
value < 0.05). The second dose of pentavalent virus vaccines
showed the highest pre-post difference (37.5 percentage points),
followed by the 2nd dose of the pneumococcal vaccine (36.7 per-
centage points). All vaccines incorporated to the chart resulted in
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statistically significant results, setting alpha at 0.05, and the pre-
post differences ranged between 37.5 and 13.1 percentage points
(second dose of MR vaccine).

Using published data of potential lives saved per thousand vac-
cinated children [8] a country specific back-of-the-envelope esti-
mation added up to 727 (227–1,319) potential lives saved due to
increased vaccination of over fifteen thousand additional children



Fig 3. Factors associated to provider’s satisfaction with access to vaccines.
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with five of the vaccines under analysis (MR, PCV, Pentavalent,
Rotavirus, and Yellow Fever).

3.4. Associations between aerial logistics and health outcomes

A violation of the parallel trends assumption precluded the fit of
DID models for pneumonia and infectious diarrhea cases diagnosed
at public health facilities. Therefore, we explored associations
between aerial logistics and these outcomes via multiple linear
regression models using only data from the years 2020 and 2021
(post-exposure). The aim for this part of the analysis was to gener-
ate hypotheses based on associations between the exposure to aer-
ial logistics and certain diseases that can be prevented through
vaccines. While there were no significant associations between
the incidence of pneumonia for any age group and the exposure
to aerial logistics, there was a strong inverse association between
high exposure to aerial logistics and infectious diarrhea among
children between the ages of 5 and 9 years old after adjusting for
total births and poverty at the district level.

The model was fit with and without vaccination coverage for
rotavirus and adjusted by births and district level poverty. The
association remained significant in both cases, suggesting an inde-
pendent mechanism beyond the increased vaccination rate.

As presented in Table 4, aerial logistics were associated with
36.5 fewer monthly cases of diarrhea in this age group, represent-
ing a reduction of 41.6 %, which also translates into approximately
430 fewer cases per year in the region.

4. Discussion

This study explored supply chain, programmatic, and health
outcomes in relation to aerial logistics in theWestern North Region
Table 2
Factors associated with providers’ satisfaction.

Satisfaction Coef. St. Err. p-value 95 % CI LL 95 % CI HL

Aerial Logistics 0.798 0.264 0.003 0.28 1.32
Male sex �0.195 0.247 0.431 �0.68 0.29
Age 0.133 0.214 0.535 �0.29 0.56
Time in Facility 0.01 0.051 0.836 �0.09 0.11
Role/Position �0.02 0.018 0.259 �0.06 0.02
Constant 7.908 0.488 – 6.94 8.87
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of Ghana. According to providers, certain vaccines (Meningococcal,
Polio, and Rotavirus) were reported as problematic in terms of
stocking issues. The oral polio vaccine was disproportionately
mentioned as problematic by the comparison group.

Missed opportunities to vaccinate children can have long last-
ing effects on vaccination coverage [9] and expose children to
infectious diseases, leading to disability and mortality while also
imposing a negative economic impact to the country [10]. The
assessment of missed opportunities showed 44 % reduction in
facilities exposed to aerial logistics, a finding that aligns with pre-
vious reports on missed opportunities for vaccination in relation to
aerial logistics in Ghana [11]. This difference could be attributed to
improved availability due to centralized storage, and improved
access for facilities who lack or have insufficient onsite cold storage
capabilities.

This scenario is also visible when respondents reported on their
strategies when facing a vaccine stockout. Almost 80 % of Zipline-
served providers reported placing orders with Zipline. This strategy
allows them to access the vaccines in <60 min, which prevents
them from referring the patients to other facilities or rescheduling
the visit, among other undesirable alternatives.

Health providers reported considerable improvements since
aerial logistics were implemented in the region. Zipline-served
providers graded their satisfaction significantly above the non-
served ones. Also, both being served by Zipline and ordering from
the company when facing a stockout showed to be significantly
associated with increased satisfaction with access to vaccines. On
the other hand, frequent stockouts of diverse vaccines, and missing
opportunities for vaccination were associated with decreased
satisfaction.

It is important to address that stockout rates among Zipline
facilities were reduced for most but not all vaccines. The rotavirus
vaccine presented a unique case where facilities served by Zipline
reported higher stockouts compared to non-served facilities. This
discrepancy could be attributed to several factors, including a shift
in supply request patterns, issues related to delivery scheduling
and demand forecasting, and challenges in inventory management.
In addition, Zipline generates a different scenario, in which facili-
ties are incentivized to stock less vaccines, given the quick access
to them when critical inventory points are reached. Stockouts in
rotavirus vaccines among Zipline facilities could also be explained
by a temporary unavailability of those vaccines at Zipline’s Distri-



Fig. 4. Unadjusted visual representation of the pre-post trends in vaccination coverage for districts with high and low exposure to aerial logistics.

Table 3
Adjusted Difference-in-Differences model for Intramuscular Polio vaccine.#

Adjusted Coverage for IM Polio
vaccine

SE p-value

Before
Control 136.7
Zipline 77.7
Diff (T-C) �59.0 4.4 <0.01

After
Control 121.0
Zipline 80.0
Diff (T-C) �41.0 5.1 <0.01
Diff-in-Diff 18.0 6.8 <0.01

# Adjusted by total births and district poverty.

P. Kremer, F. Haruna, R. Tuffour Sarpong et al. Vaccine 41 (2023) 5245–5252
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bution Center, reflecting the need for better demand forecasting on
the side of the company.

The DID model aimed to explore causality in the association
between aerial logistics and vaccination coverage. Gooding et al.
[9] found that stockouts of vaccines significantly decrease the
number of children immunized in the short term, usually for sev-
eral months. When a stockout occurs, about half of the demand
is permanently lost. In our study, districts with higher presence
of Zipline showed consistently positive pre-post differences in vac-
cination rates. Importantly, even in cases where vaccination rates
in the higher exposure group did not show sharp increases, most
of the pre-post effect was driven by reductions in the performance
of the low exposure. This effect could likely relate to the disruptive
effect of the COVID-19 pandemic, where the provision of health
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Fig 5. Mean pe-post differences in vaccination coverage for high exposure facilities as compared to low exposure facilities. All results were statistically significant at
alpha = 0.05.

Table 4
Incidence of monthly cases of diarrhea among children aged 5–9.

Diarrhea 5–9 Coef. St. Err. p-value 95 % CI LL 95 % CI UL

Aerial logistics �36.565 10.111 <0.01 �56.659 �16.471
Rotavirus 3 doses �0.331 0.108 <0.01 �0.545 �0.117
Births 0.202 0.052 <0.01 0.099 0.305
Poverty 0.179 0.411 0.665 �0.638 0.995
Constant 51.208 20.402 0.014 10.663 91.753
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services was negatively impacted across the globe. The pandemic
disrupted child immunization, especially among countries with
limited resources [12,13]. Restriction of movement across cities,
shortage of health staff due to high demand of healthcare takers
and isolation of staff who had been infected by COVID-19, among
other factors contributed to a reduction in routine vaccine cover-
age during the pandemic [14]. In this context, and with no reason
to assume a differential impact of the COVID-19 pandemic
between the high and low exposure groups, observing stability or
mild improvements in the high exposure group represented a
meaningful and positive impact.

With regards to health outcomes, the association between aer-
ial logistics and a reduction in the incidence of infectious diarrhea
in children between 5 and 9 years old potentially suggests an indi-
rect effect. The finding of positive and significant association ini-
tially supported the hypothesis of reduced cases as a result of
increased vaccination for rotavirus diarrhea. However, the step-
wise fitting of the model allowed to observe that the effect was
not solely captured by vaccination rates (although this indepen-
dent variable showed a significant negative association). In this
context, we considered alternative interpretations of the reduction
in diarrhea cases in association with aerial logistics that remained
significant after adjusting for vaccination coverage. A reduction in
diarrhea cases could be an indirect result of the increased capacity
of response at primary care centers, resulting in increased demand,
increased trust in the health services and improvements in the
delivery of preventive measures. This interpretation is supported
by research presenting a negative association between lack of
resources in rural facilities and the incidence of diarrhea and pneu-
monia in children [15]. Aerial logistics improves the availability of
a wide range of products, including oral rehydration salts and other
5251
products to prevent and treat infectious diarrhea. In addition, an
increased demand and improved access to health services would
trigger more and better health interventions, including the preven-
tion of infectious diseases, nutritional counseling, and other activ-
ities impacting the incidence of diarrhea beyond the role of
vaccines. Furthermore, it is worth considering that rotavirus vacci-
nation mainly contributes to reductions in diarrhea cases among
children under the age of 2 years. Hence, it is likely that a reduction
among children between five and nine years old would be a result
from other factors. Among them it would be necessary to rule out
changes in water and sanitation infrastructure, which are key
determinants of infectious diarrhea. This type of analysis exceeded
the aims of our study, and more research is needed to confirm or
reject our hypothesis.
5. Limitations

Several limitations of this analysis need to be addressed. First,
the groups of served and non-served facilities in the first part of
the study showed significant demographic differences among the
responding providers which were likely related to higher levels
of rurality among Zipline facilities. We cannot rule out a certain
amount of bias impacting the findings due to a suboptimal
exchangeability between the groups.

Another relevant limitation of this analysis relies on the poten-
tial of spillovers. Certain facilities that were not captured in
Zipline’s fulfillment database reported receiving products from
the company. This situation is not unknown and takes place when
a facility that is out of the radius of operations to be served, but
orders products through neighbor facilities that are within reach.
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This type of spillover effect would create bias in the results by
underestimating the effectiveness of aerial logistics. In addition,
it is safe to assume a certain amount of response bias since primary
data was collected by Zipline enumerators. This could have influ-
enced the participants in providing more favorable responses
regarding the effect of aerial logistics.

Also, the absence of a dichotomous definition for the exposure
at the district level presents a limitation, since both groups (high
and low exposure) were composed by a mix with served and
non-served facilities. This incorporates a spillover effect that could
bias the estimates in any direction.

In addition, we observed unreliable vaccination coverage met-
rics in the lower exposure group of districts, with coverage propor-
tions over 100 %. This is a frequent issue in several LMICs where the
population denominators suffer from flawed estimations, usually
not accounting for internal migrations and other demographic
changes. Additionally, individuals often receive vaccines in loca-
tions different from their places of residence, influenced by factors
such as availability, affordability, and other factors. Although
methods exist to correct these data flaws, such as satellite imagery
of nighttime radiance and triangulation with household surveys
[16], these resources were not available in the Western North
Region of Ghana. Nonetheless, we expect our results to remain
meaningful given that the focus of the analysis was placed on
the pre-post differences in coverage, and we assume the distor-
tions to remain relatively unchanged during the timespan of our
analysis.

While certain findings from this study could be considered valid
for other regions in Ghana, and even for other countries with sim-
ilar socio-demographic, infrastructure, and health systems’ charac-
teristics, other results are unique for theWestern North Region. For
example, the findings on increased access to vaccines at facilities
after the adoption of aerial logistics could have a correlate in other
regions or countries where rural facilities experience frequent
stockout due to road conditions and other infrastructure chal-
lenges. On the other side, the analysis showed that part of the pos-
itive effects in vaccination coverage were driven by reductions in
the performance of non-served districts, which could be attributed
to the disruptions caused by the COVID-19 pandemic. In this
regard, our findings are likely not generalizable to other geograph-
ical settings where health systems were better prepared or more
resilient.

6. Conclusions

End-to-end aerial logistics has potentially contributed to short-
ening immunization gaps and seemed to have increased access to
vaccines within the Western North region of Ghana. Healthcare
providers served by aerial logistics were more likely to immunize
children without missing opportunities for vaccination. In light of
these findings, it is likely that aerial logistics have increased Ghana
Health System resilience in the context of the COVID-19 pandemic,
not only avoiding vaccination rates declines, but even increasing
coverage across served districts. Although more research is needed
to understand and quantify these effects, it was also suggested that
an improved supply chain performance could generate indirect
effects, enabling better health outcomes not necessarily related
to the commodities being supplied. Nonetheless, the socio-
demographic characteristics of the Western North Region in Ghana
and its health systems and services need to be considered before
extrapolating these results.
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