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Abstract

Mass immunization by live attenuated vaccines is the primary strategy used by Ethiopia to control major transboundary animal
diseases. However, the biological products are sensitive to temperature fluctuations, which can compromise the success of
vaccination campaigns. The study established the cold-chain status of veterinary vaccines in Ethiopia. It also identified critical
control points (CCPs) amenable to thermal abuse. In addition, it determined the operational impact of cold-chain failures by
assessing the relationship between inappropriate vaccine administration and disease outbreaks in vaccinated animals. An audit
of cold-chain logistic processes was done by carrying out a retrospective study in Oromia, Amhara, and Somali regions, where
360 Peste des Petits Ruminants (PPR), Newcastle Disease (ND), and Contagious Bovine Pleuropneumonia (CBPP) vaccination
campaigns were performed between 2020 and 2025. The study revealed CCPs of cold-chain logistic processes, including
extended power cuts at the woreda store without a backup generator, transportation containers without validation, and improper
vaccination techniques in the field, for instance, using warm diluent and direct exposure of vaccine vials to UV radiation. Overall
cold-chain failure was 35.8%, and it was associated with disease outbreaks in 17.1% percent of herds vaccinated. Moreover,
there was a variation in outbreak prevalence between the agro-ecological regions with the highest outbreak prevalence in the
Somali region at 27.4%. Maintaining the potency of vaccines requires appropriate arrangements for a cold-chain logistic system.
Thus, the main interventions, which will mitigate the risk of vaccine failure, include the use of Solar Direct-Drive refrigerators,
temperature monitoring during transportation, education on the impact of UV radiation, and the application of relevant vaccine
handling techniques.
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1. Introduction

1.1. Socioeconomic Context of Livestock in
Ethiopia

Livestock production plays an important role in sub-Sa-
haran Africa’s agricultural economy, with Ethiopia home to
the largest herd of any country on the African mainland.
Within Ethiopia, domestic livestock consists of an estimated
70 million cattle, 42 million sheep, 52 million goats, and over
56 million poultry [1]. Livestock contributes 17-21% of Ethi-
opia’s total Gross Domestic Product (GDP) and upwards of
40% of total agricultural GDP while providing valuable for-
eign exchange through the export of animals and animal prod-
ucts [2]. For smallholder farmers in highland mixed-crop live-
stock systems and mobile herders in the lowland arid zones,
animals represent more than just a source of meat and dairy
products. They provide an investment, a safety net, a fertilizer,
and a draft animal. As such, animal health underpins food se-
curity, child nutrition, and the government’s poverty-reduc-
tion strategies [3].

1.2. Threats from Transboundary Animal
Diseases (TADs)

Despite tremendous opportunities for growth, Ethiopia’s
livestock industry has been ravaged by recurring outbreaks of
infectious diseases that are common in animals and sometimes
transferable to humans. Most prevalent are Peste des Petits
Ruminants, Foot-and-Mouth, Newcastle, and Contagious Bo-
vine Pleuropneumonia, which lead to enormous losses and
high mortality rates [4]. When livestock diseases strike, small-
holders bear the heaviest burden—facing shrinking milk and
meat yields, losing vital animal power right when fields need
plowing, and shouldering heavy emergency care costs while

trade restrictions choke market access [5]. The Ethiopian Min-
istry of Agriculture, with the support of the State Directory of
Animal Health, and in cooperation with other regions and in-
ternational partners, initiated an annual routine animal im-
munization program. The majority of the required vaccines
are produced locally, mostly by the National Veterinary Insti-
tute in Bishoftu, which has been manufacturing over 200 mil-
lion doses of various livestock vaccines for local use and for
export [6].

1.3. The Biology and Sensitivity of Live
Attenuated Vaccines

Mass immunization procedures known in tropical veteri-
nary medicine practice predominantly comprise the use of live
attenuated strains of bacteria and viruses. Compared to inacti-
vated vaccines, live attenuated microorganisms have the ad-
vantage to trigger the formation of balanced immune re-
sponses (humoral, cellular, and mucosal) and provide the host
with long-lasting protection after a single dose of vaccination
[7]. This is achieved due to the ability of live attenuated vac-
cines to replicate at the site of application and stimulate the
immune system similarly to natural pathogens but with re-
duced virulence [8].

Yet, the central weakness of such vaccines is connected to
the fragile nature of live viruses and bacteria that comprise
them. Inactivated microorganisms and their toxins are typi-
cally resistant to environmental conditions, whereas live ones
are rather unstable and sensitive to temperature, UV-light, ox-
idation, and agitation [9]. According to the World Organisa-
tion for Animal Health (WOAH), the recommended storage
temperature for most veterinary vaccines falls between +2
and+8<C, which necessitates a reliable cold chain between the
point of preparation and the target farm [10].
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Figure 1. Comprehensive multi-tier cold-chain distribution network and operational workflow of live veterinary vaccines in Ethiopia, high-
lighting primary vulnerability points along the logistical chain from manufacture to field administration.
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1.4. Statement of the Problem and Study
Rationale

While significant investments have expanded manufactur-
ing capacity at NVI, maintaining the cold-chain is particularly
challenging in remote and environmentally challenging agri-
cultural areas [11]. Rural areas in Ethiopia also have limited
and unpredictable electricity supply to the district storage fa-
cilities putting vaccines at risk of prolonged blackouts. Long
travel distances to remote pastoral crushing pens, hot ambient
temperatures (>30<C) and inconsistent field handling by field
staff raises significant concern about the potency of the vac-
cines actually administered [12].

When vaccines are thermally degraded before administra-
tion no protective immune response is mounted by the animal
leaving vaccinated herds at risk of disease outbreaks even with
officially recorded high vaccination rates [13]. The objective
of this study is to evaluate the cold-chain pipeline through the
operational process, measure field handling errors in three ma-
jor regions in Ethiopia and evaluate the impact cold-chain fail-
ure has on disease outbreaks after vaccination.

2. Materials and Methods

2.1. Study Settings and Agro-Ecological
Profiling

The research was conducted in three administrative regions
of Ethiopia, identified based on agro-ecological, infrastruc-
tural and livestock management characteristics that differed at
spatial levels and followed established epidemiological spatial
criteria [11, 18]:

1) Oromia Regional State: This high- and mid-altitude
agro-ecological zone is dominated by mixed farming
systems. Moderate levels of infrastructural development
are recorded, but large numbers of cattle, small rumi-
nants and equids require high vaccine coverage.

2) Amhara Regional State: This highland area has a frag-
mented pattern of transport infrastructure and is mostly
associated with smallholder mixed farming.

3) Somali Regional State: The eastern lowlands of Ethiopia
are semi-arid, characterized by extensive pastoral sys-
tems. Long distance movements of livestock, limited
veterinary services, hot climate (over 35°C) and lack of
electricity pose additional challenges.

Regional Veterinary Vaccine Cold-Chain Vulnerabilities in Ethiopia
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Figure 2. Diagrammatic summary of audited administrative regions in Ethiopia showing primary farming systems and observed cold-chain

breach rates [18, 22].

2.2. Audit Design and Sampling Methodologies

A retrospective operational evaluation combined with
structured prospective field audits was conducted between
January 2020 and December 2025. A total of 360 official vac-
cination campaigns targeting PPR, ND, and CBPP were ran-

domly selected for comprehensive cold-chain tracking, fol-
lowing standardized multi-stage cluster sampling protocols
for veterinary service evaluations [10, 12].

The audit closely tracked vaccine lots through every link in
the supply chain: starting at regional hubs, moving through
district distribution clinics, into field transit containers, and
ending at local vaccination points managed by animal health
officers, technicians, and community workers.
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2.3. Evaluation Criteria at Critical Control
Points (CCPs)

Field audit teams tracked operations using standardized
checklists, calibrated continuous digital thermistors (data log-
gers) and direct observational rubrics set by international vet-
erinary regulatory standards [9, 10] focused on five key pa-
rameters:

1) CCP 1: Secondary Warehouse Storage Stability. Contin-
uous daily logbooks were audited for temperature com-
pliance (+2°C to +8°C). Incidents of electrical grid out-
ages over six hours, functional status of back-up diesel
generators and the presence of functional Solar Direct-
Drive (SDD) systems were documented [11, 18].

2) CCP 2: Transport Insulation and Vehicle Validation. Sec-
ondary field transport methods were categorized as vali-
dated cold boxes with temperature logging vs. non-vali-
dated commercial coolers or cloth bags. Physical condi-
tion of ice packs on arrival at field crush pens was rec-
orded [10, 15].

3) CCP 3: Diluent Temperature Control. Temperature of
sterile diluents at the moment of reconstitution was rec-
orded. Reconstituting vaccines with diluents stored
above +15°Cwas flagged as non-compliant because
warm liquids can trigger sudden thermal shock and de-
nature fragile viral proteins [17, 20].

4) CCP 4: Solar Radiation Exposure. Audit teams observed
how field staff prepared vaccines on site, specifically
checking whether they kept reconstituted vials safely
shaded from direct sunlight. Lack of shielding of recon-
stituted viral vials from direct solar ultraviolet radiation
classified as a critical technical error resulting in ge-
nomic RNA damage [14, 16].

5) CCP 5: Time Elapsed Post-Reconstitution. Audit teams
monitored the exact time elapsed between dissolving the
freeze-dried vaccine pellet and injecting the last dose
from the vial, flagging any duration exceeding two hours
under field temperatures as non-compliant [7, 17].

2.4. Epidemiological Data Collection

To assess downstream field efficacy, reported outbreaks
that occurred within 30 to 90 days after the end of the cam-
paign were monitored in audited regions through epidemio-
logical surveillance procedures for Transboundary Animal
Diseases [5, 13]. Outbreak confirmations relied on a combi-
nation of clinical case evaluations, rapid field diagnostics such
as Ag-ELISA and lateral flow strips, and official disease sur-
veillance reports filed with local livestock health authorities
[19, 21].

2.5. Statistical Analysis

The collected quantitative audit data were compiled into
central spreadsheets and analyzed using descriptive and ana-
Iytical statistical procedures in statistical software packages
[18, 22]. Cross-tabulations were performed in relation to cold-
chain failure rates, handling errors, and breakthrough out-
breaks in the three target regions. Categorical variables were
evaluated using percentage breakdowns and regional averages,
with chi-square tests used to determine statistical significance
across groups [12].

3. Results

3.1. Cold-Chain Compliance at Woreda and
Transport Levels

Significant operational non-compliance was observed
across the multi-stage vaccine distribution chain. Of the 360
audited vaccination campaigns, 129 campaigns (35.8%) expe-
rienced at least one severe cold-chain breach during storage or
secondary transit (Table 1).

At the woreda clinic storage level, electrical grid failure was
the single largest contributor to cold-chain interruption. In
42.0% of visited district health centers, power outages lasting
between 6 and 36 consecutive hours were recorded. Only
18.5% of these clinics possessed operational backup diesel
generators with dedicated fuel allocations. Solar Direct-Drive
(SDD) units were present in less than 22% of surveyed high-
land facilities and fewer than 12% of lowland pastoral centers
in the Somali region. Consequently, storage temperatures in-
side standard absorption refrigerators regularly spiked to
+14<C to +22<C.

During secondary field transport from woreda clinics to
crush pens, non-validated transit packaging was documented
in 38.6% of campaign events. Field teams frequently relied on
basic insulated plastic boxes or standard canvas carry bags
packed with insufficient or completely melted ice packs, re-
sulting in continuous heat exposure for up to 8 hours before
field arrival [11, 18].

3.2. Field Handling and Technical
Reconstitution Compliance

Observations during active vaccination sessions revealed
significant deviations from standard operating procedures
(SOPs). Nationwide, 31.2% (n = 112/360) of audited sessions
involved improper handling during reconstitution and admin-
istration (Table 1) [12, 17].
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Table 1. Regional distribution of audited livestock vaccination campaigns, operational cold-chain breaches, field handling errors, and post-

vaccination breakthrough outbreaks in Ethiopia (2020-2025).

Resion Total Campaigns Woreda Storage Non-Validated Improper Reconstitution Confirmed Break-
g Audited (n) Power Outages (%) Field Transit (%) & Sun Exposure (%) through Outbreaks (%)

Oromia 145 38.6% 34.5% 28.1% 14.5%
Amhara 120 35.0% 30.8% 25.0% 11.2%
Somali 95 56.8% 54.7% 42.1% 27.4%
Total

otal / 360 42.0% 38.6% 31.2% 17.1%
Mean

The primary technical errors observed during field vaccina-
tion included [12, 17]:

1) Unchilled Diluent Usage: Reconstituting lyophilized
vaccines with diluents stored at ambient temperatures
(>25°C) was recorded in 34.5% of observed operations.

2) Direct UV Exposure: Reconstituted clear glass vaccine
vials were left exposed on open tables or rocks under di-
rect solar radiation in 31.2% of sessions [16].

3) Exceeded Post-Reconstitution Lifespan: In 22.8% of
sessions, field staff continued administering doses from
vials that had been reconstituted more than two hours
prior under ambient outdoor heat (>28°C).

3.3. Regional Performance Disparities

Significant variability in performance was observed among
administrative regions, associated with local infrastructural
density and climatic extremes [11, 18]:

1) Highland Mixed systems (Oromia & Amhara): Moderate
rates of non-compliance were observed, with total cold-
chain breach rates of 32.4% and 29.2% respectively (Ta-
ble 1). Shorter travel distances and cooler local temper-
atures helped protect fragile viral particles from degrad-
ing rapidly during transit.

30%

3 25%

20%

15% - Oromia (14.5%)

Oromia (14.5%)

Ambhara (11.2%)

10%

Disease Breakthrough Rate (%)

5%

0%
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2) Lowland Pastoral systems (Somali region): Severe oper-
ational inadequacies were evident. The regional audit re-
vealed stark operational vulnerabilities: cold-chain
breaches occurred in 48.4% of campaigns, while im-
proper field handling was documented in 42.1% of ses-
sions. Long distances between mobile pastoral herds,
ambient summer temperatures in excess of 38°C and the
absence of static refrigeration infrastructure contributed
to these high failure rates [12].

3.4. Post-Vaccination Breakthrough Outbreaks

The cumulative national post-vaccination breakthrough
outbreak rate across all audited campaign zones averaged 17.1%
(n = 62/360) (Table 1).

In herds receiving thermally compromised vaccine lots,
confirmed clinical outbreaks of PPR and Newcastle disease
were recorded within 30 to 90 days following official mass
vaccination events [13]. The Somali region recorded the high-
est breakthrough rate at 27.4%, compared to 14.5% in Oromia
and 11.2% in Amhara (Figure 3).

POST-VACCINATION BREAK THROUGH RATES BY
REGION.

Somali (27.4%)

National Average
(17.1%)

Somali (27.4%) National Average (17.1%)

Figure 3. Comparative percentage rates of confirmed post-vaccination disease breakthrough outbreaks across surveyed Ethiopian regions [13,

18].
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4. Discussion

4.1. Immunological Mechanisms of Vaccine
Failure

The high rate of post-vaccination outbreaks documented in
this study underscores how directly physical supply-chain in-
tegrity dictates host immunological protection. Live attenu-
ated viral vaccines depend on the integrity of surface proteins
(such as the hemagglutinin-neuraminidase and fusion proteins
of PPR and Newcastle viruses) to bind to host cell receptors
and initiate non-pathogenic intracellular replication [14].
When vaccine vials are exposed to temperatures above +8<C
or direct solar ultraviolet radiation [10, 16]:

1) thermal energy induces irreversible conformational
changes (denaturation) of viral capsid and envelope sur-
face proteins [15].

2) Ultraviolet radiation damages the virus by forming py-
rimidine dimers in its single-stranded RNA genome, de-
stroying its ability to replicate inside host cells [16].
When livestock are injected with these inactivated parti-
cles, host dendritic cells and macrophages process far
fewer antigens, preventing a robust immune response.
As a result, host lymphocytes are unable to generate ef-
fective memory T-cell populations or protective neutral-
izing antibody titers (>1: 8) [17]. Animals remain immu-
nologically naive despite being officially recorded as
vaccinated.

Thermal Exposure
(>8°C)

Solar UV Radiation

Irreversible Protein
Denaturation &
Viral RNA Degradation

J’;/,,;»«<4 log, HI\\\

Loss of Viral Replication
Capability in Host
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v
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Sub-Protective

Susceptibilityto

Immunization Failure Field Pathogens

Figure 4. Physiological and immunological pathway leading from physical cold-chain failure to field-level immunization breakdown in target

livestock [14, 15, 17].

4.2. Biological Inactivation Vs. Human
Operational Bottlenecks

A widespread belief among agricultural stakeholders is that
vaccine failures are due to manufacturing defects or field
strain antigenic drift. These audit findings show that opera-
tional human errors and infrastructural deficiencies account
for the majority of campaign failure [11, 12].

Comparable supply-chain and operational challenges have
been widely documented across sub-Saharan Africa. Research
across pastoral regions of Kenya, Uganda, and Chad reveals a
strikingly consistent pattern: more than 70% of live vaccine
potency is lost during the 'last mile' of distribution—the criti-
cal stretch between district storage facilities and remote field
crush pens [18, 19].

Reconstitution of lyophilized vaccines with unchilled dilu-

ents (>25 <C) presents an entirely preventable operational error.

When a cold lyophilized pellet comes into contact with a
warm diluent liquid the sudden thermal shock degrades fragile
viral particles within minutes, long before the vaccine is in-
jected into the animal [20].

4.3. Socioeconomic and Behavioral Impact on
Farmers

When disease outbreaks strike shortly after official vaccina-
tion drives, community trust in public veterinary services
erodes rapidly. Observing animals contract PPR or Newcastle
disease despite recent vaccination severely undermines pas-
toralists' willingness to participate in future government cam-
paigns [21]. In lowland pastoral areas, where achieving pro-
tection depends on herders voluntarily gathering their animals
at crush pens, this drop in compliance pushes national cover-
age below the critical 80% herd immunity threshold, leaving
endemic disease cycles unbroken [22].
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5. Conclusion

This study establishes that disease control and eradication
goals in Ethiopia will be as dependent on supply chain-logis-
tics and field administration factors, besides the National Vet-
erinary Institute’s produced vaccine’s quality. The instability
of electrical power in the district clinics, non-validated
transport processes, absence of vaccine reconstitution using
chiller units and ultraviolet shield are critical factors that could
lead to post-vaccination outbreaks of the targeted diseases.
Upgrading the rural infrastructure by utilizing the Solar Di-
rect-Drive, standardizing UV shields in the field, pre-cooling
of the diluent and continuous training of the field technicians
can offer a solution to the problem. These strategies will im-
prove livestock health and help sustain local livelihood secu-
rity in Ethiopia.

6. Recommendations

To give livestock health programs in Ethiopia a serious up-
grade, we really need to phase out those old-school absorption
fridges and swap them for modern Solar Direct-Drive units.
Relying on the sun means field teams can keep life-saving
vaccines safely chilled between +2<C and +8<C without hav-
ing to stress over unreliable power grids or constant blackouts.
Solar Direct-Drive (SDD) units should be paired with 10T
temperature sensors in transport cold boxes to trigger real-
time alerts if temperatures deviate. The field practices should
be standardized by using heat-sensitive Vaccine Vial Moni-
tors and enforcing the use of UV-shielding sleeves to protect
the open vials. Plus, we've got to make sure field teams follow
a strict 12-hour pre-cooling rule for diluents. Mixing a cold
vaccine with warm diluent can ruin the dose before it even
gets used, so chilling everything together ahead of time is an
easy way to protect the whole batch. Finally, constant training
of technicians and community animal health workers on ani-
mal vaccination and regular unannounced quality-assurance
visits by the regional veterinary bureaus will ensure compli-
ance and quality control.
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