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ABSTRACT
Objectives To assess the upstream pharmaceutical 
supply chains of 10 high- use pharmaceuticals to detect 
vulnerabilities that may increase the risk of medicine 
shortages.
Design Cohort study.
Setting Dutch outpatient setting in 2022.
Participants A total of 407 authorised medicinal products 
for 10 pharmaceutical substances with the largest number 
of outpatients.
Main outcome measures The diversity of active 
pharmaceutical ingredient (API) and finished 
pharmaceutical product (FPP) manufacturers, their 
geographic locations and the interdependencies between 
these manufacturers and marketing authorisation holders 
(MAHs).
Results For the 407 authorised medicinal products, 
50 of the 90 API manufacturing sites were in Asia, and 
38 were in Europe. For five pharmaceutical substances, 
most of the API sites were located outside Europe. Of the 
128 FPP manufacturing sites, 94 were in Europe and 31 
in Asia. For all 10 substances, at least 47% of FPP sites 
were located in Europe. API manufacturing for 122 of 
the 407 products (30%) was entirely performed outside 
Europe, and FPP manufacturing for 66 of the 407 products 
(16%). For four substances, more than half of the products 
depended on API manufacturing outside Europe. The 
number of distinct API and FPP manufacturing sites per 
substance was at least four. For amoxicillin, 16 of the 32 
products (50%) entirely depended on one and the same 
API site. For omeprazole, 39 of the 85 products (46%) 
entirely depended on one and the same FPP site. MAHs 
applied dual sourcing for API and FPP manufacturing 
for 61 (15%) of the authorised medicinal products. For 
three pharmaceutical substances, none of the authorised 
medicinal products listed at least two API and FPP 
manufacturing sites.
Conclusion Our study of the supply chains of high- use 
pharmaceutical substances indicates the need for a 
granular assessment of the interdependencies between 
MAHs, API and FPP manufacturers to identify upstream 
supply chain vulnerabilities.

INTRODUCTION
A continuous supply of quality- assured, safe, 
effective and affordable medicines is essen-
tial for a well- functioning health system.1 

Until the beginning of the 21st century, 
the availability of medicines did not signifi-
cantly concern high- income countries. Then, 
discrepancies between supply and demand 
began to emerge frequently.2–4 Currently, 
medicine shortages are ‘the new normal’.5 6 
The main causes of medicine shortages are 
related to manufacturing and quality issues,7 8 
which are part of the upstream supply chain, 
from active pharmaceutical ingredient (API) 
to finished pharmaceutical product (FPP) 
manufacturing and packaging, rather than 
the downstream distribution.9 Despite the 
increased focus on the availability of medi-
cines during the COVID- 19 pandemic, short-
ages further increased post- COVID- 19,10–12 
underscoring the necessity of addressing the 
ongoing challenges in the pharmaceutical 
supply chain.

The pharmaceutical supply chain is 
complex, involving multiple interdependent 
stakeholders and relying on a global distribu-
tion network. Marketing authorisation holders 
(MAHs) are responsible for their authorised 
medicinal products and for the qualification 
and selection of the involved (number of) 
manufacturers. MAHs often rely on manu-
facturers located worldwide to produce APIs 

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ This study offers insights into the pharmaceutical 
supply chains, focussing on the diversity of active 
pharmaceutical ingredients and finished pharma-
ceutical product manufacturers and their geograph-
ic locations.

 ⇒ The use of the Dutch Medicines Evaluation Board 
database to analyse the research question is ide-
al since this is the official source to register this 
information.

 ⇒ We visualised the 10 upstream pharmaceutical sup-
ply chains using Sankey diagrams, illustrating the 
complex interdependencies among stakeholders.

 ⇒ Our cohort of 10 pharmaceutical substances is un-
likely to be representative of all medicines.
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and FPPs.13 MAHs may decide to manufacture APIs and 
FPPs in- house, which offers control over quality, quantity 
and timelines, thus providing the flexibility to rapidly 
respond to manufacturing problems requiring expertise 
and resources. However, manufacturing generic products 
is increasingly outsourced, enlarging external depen-
dency and introducing complexity into the upstream 
supply chain.14 A much- raised additional concern is the 
geographical location and concentration of manufac-
turing sites, particularly in Asia.15–17 Studies on manufac-
turing sites and their geographic locations are limited. 
For the API market in general, we found data regarding 
the geographic distribution of manufacturers in relation 
to turnover. According to the researchers, API manufac-
turing for the European market is predominantly situated 
in Asia (56%), followed by Western Europe (24%) and 
North America (12%), with limited contributions from 
the rest of the world (8%).18

The supply chain may be disturbed by manufacturing 
issues, natural disasters or geopolitical disputes. Problems 
with API availability may disrupt FPP manufacturing, 
impact the marketing of authorised medicinal products 
by MAHs, prohibit dispensing by the pharmacist, and ulti-
mately restrict patient access. A robust supply chain would 
prevent a problem occurring at one point in the supply 
from causing disruptions elsewhere. To enhance supply 
chain resilience, ensuring supplier diversity is considered 
crucial.19 20 For a viable market, a supplier base of at least 
three different API and FPP manufacturers per phar-
maceutical substance is considered desirable according 
to participants at a WHO- convened technical consulta-
tion.21 Dual sourcing strategies per authorised medicinal 
product—establishing two suppliers for a given ingre-
dient or component in a regulatory product dossier—is 
also a well- known measure.20 22

Supply chain resilience is in the spotlight of global phar-
maceutical policies.17 23 The European Commission is 
analysing the supply chains of medicines on the European 
Union (EU) list of critical medicines to identify vulnera-
bilities. Foreseen EU policy measures to strengthen these 
supply chains include regulatory flexibilities and recom-
mendations to diversify manufacturers and increase 
Europe’s manufacturing capacity.24–26 Insight into inter-
dependencies among stakeholders—such as the number 
of API manufacturers supplying FPP manufacturers and 
the subsequent number of FPP manufacturers supplying 
different MAHs, along with their geographic locations—
can help to identify supply chain vulnerabilities. Although 
geographic concentration is often reported as an issue, 
and medicine shortages and pharmaceutical supply chain 
vulnerabilities have been linked by some researchers,27–30 
no studies have specifically analysed the interdependen-
cies among stakeholders in the upstream pharmaceutical 
supply chain. There is currently also no method that could 
be translated into public health resilience planning.

This research aimed to assess pharmaceutical supply 
chains by evaluating the diversity of API and FPP 
manufacturers, their geographic locations and the 

interdependencies between MAHs and these manufac-
turers. We selected 10 pharmaceutical substances with the 
largest number of outpatients in the Netherlands since 
supply disruptions of these medicines may affect a signifi-
cant share of the population.

METHODS
Study population and data collection
For this cohort study, 10 pharmaceutical substances with 
the largest number of patients in the Dutch outpatient 
setting were chosen because the number of patients is 
a key element in determining a shortage’s impact.31 As 
a result of choosing the number of patients (instead of, 
for example, the total annual volume), all treatments 
were counted equally, regardless of treatment duration. 
The 10 high- use pharmaceutical substances in 2021 orig-
inated from the database of the Dutch Foundation for 
Pharmaceutical Statistics,32 33 which contains complete 
information on the Dutch outpatient setting, including 
the outpatient pharmacies in hospitals. The pharmaceu-
tical substances were classified according to the WHO’s 
Anatomical Therapeutic Chemical (ATC) classification 
system, which classifies active pharmaceutical substances 
into five hierarchical levels according to the organ or 
system on which they act and their therapeutic, pharma-
cological and chemical properties. ATC on the fifth level 
indicates the active substance, also known as API.34 We 
included pharmaceutical substances containing one or a 
fixed combination of two active components.

The medicinal products containing these 10 pharma-
ceutical substances authorised in the Netherlands, along 
with their responsible MAHs and the involved API and 
FPP manufacturers and their geographic locations, were 
identified using the Dutch Medicines Evaluation Board 
(MEB)35 database in July 2022. We excluded products for 
parenteral use, such as solutions for injection or infusion. 
These products are mainly prescribed in hospital settings 
and therefore not included in the data from the Dutch 
Foundation for Pharmaceutical Statistics.

Study outcomes and data analysis
For the authorised medicinal products, a researcher 
(DJP) obtained distinct MAHs, API and FPP manufac-
turers, and geographic locations of the manufacturers at 
the country and continent levels. The geographic loca-
tions were limited to API and FPP manufacturing sites 
because they are more geographically bound than MAHs, 
and regulatory requirements are involved when changing 
them.36

We calculated the median number of authorised 
medicinal products per MAH and the IQR and range. For 
authorised medicinal products, we plotted the number of 
API versus FPP manufacturing sites on a bubble chart. 
For products containing two pharmaceutical substances, 
we only plotted the manufacturers of the substances with 
the fewest API manufacturers because it represented the 
worst case and, thus, greatest overall vulnerability.
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We mapped the pharmaceutical supply chains using 
Sankey diagrams containing nodes and links to visualise 
stakeholder interdependencies. The nodes represent the 
API manufacturer, the FPP manufacturer, authorised 
medicinal products and the MAH, respectively. The links 
show their interactions. The width of the nodes is propor-
tional to the number of links; a wider node means more 
interaction with next- stage stakeholders.

Descriptive statistics present the characteristics of 
authorised medicinal products and manufacturing sites. 
Graphics were created using Microsoft Office 365 Excel 
and Adobe Illustrator (Sankey diagrams).

Patient and public involvement
Neither patients nor the public were involved in the 
conception, design or execution of this study.

RESULTS
The ten pharmaceutical substances with the largest 
number of patients in the outpatient setting in the 
Netherlands included two ATC fifth- level substances 
containing more than two active components. These 
two substances were replaced by the next two ATC fifth- 
level substances that met the inclusion criteria. For the 
selected substances, 407 medicinal products for outpa-
tient use were authorised in the Netherlands in July 
2022 (figure 1). In total, 37% of the Dutch population 
(6.5 million people) received a prescription for one or 
more of the selected medicinal products (see online 
supplemental table S1).

The 407 products included authorised off- patent 
medicinal products predominantly intended for oral use 
(378; 93%), with a few for inhalation (21; 5%) or rectal 

Figure 1 Selection of pharmaceutical substances with the largest number of patients in the Dutch outpatient setting and the 
related authorised medicinal products for analysis. ATC, Anatomical Therapeutic Chemical.
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use (8; 2%). The number of authorised medicinal prod-
ucts per pharmaceutical substance ranged from 21 for 
levonorgestrel/ethinylestradiol and salbutamol to 85 
products for omeprazole. The 407 authorised medicinal 
products were the responsibility of 70 distinct MAHs (see 
online supplemental table S1), and their manufacturing 
involved 90 distinct API sites and 128 distinct FPP sites. 
Three manufacturing sites produced APIs as well as FPPs. 
In our cohort of 407 products, the 70 MAHs were respon-
sible for a median of three (IQR: 2–6) authorised medic-
inal products (range: 1–42). Of the 70 MAHs, 49 had 
marketing authorisations for products for one of the ten 
pharmaceutical substances. Three MAHs had marketing 
authorisations for products for nine of the ten pharma-
ceutical substances.

API manufacturing
The 90 API manufacturers for the 407 authorised medic-
inal products were mostly located in Asia (50; 55%), 
a large minority in Europe (38; 42%) and rarely in the 
Americas (2; 3%) (see table 1 and online supplemental 
figure S1). The number of distinct API manufacturing 
sites per pharmaceutical substance ranged from four for 
levonorgestrel/ethinylestradiol to 17 for pantoprazole. 
For desloratadine, diclofenac, metoprolol, pantoprazole 
and simvastatin, more than half of the API manufacturing 
sites were located outside Europe (54%–82%). For amox-
icillin and omeprazole, the API sites were equally divided 
outside and within Europe. For the remaining three 
substances, a minority of the sites were located outside 
Europe (range: 0%–40%), thus the majority were located 
within Europe (60%–100%). For all pharmaceutical 

substances, at least two API manufacturing sites were 
located in Europe.

Among the 407 authorised medicinal products, 122 
entirely relied on APIs manufactured outside of Europe 
(table 1). For four substances (desloratadine, diclofenac, 
pantoprazole and simvastatin), the authorised medic-
inal products predominantly relied on only API manu-
facturing sites outside of Europe (range: 52%–66%). 
For colecalciferol, metoprolol and omeprazole, the API 
manufacturing sites were outside and within Europe. For 
the remaining three substances, the minority of the prod-
ucts relied on API sites outside Europe (range: 0%–25%). 
The number of authorised medicinal products per 
substance specified per country of the manufacturing site 
is displayed in online supplemental figure S1.

FPP manufacturing
The 128 FPP manufacturing sites for the 407 authorised 
medicinal products were mainly situated in Europe (94; 
74%), to a lesser extent in Asia (31; 24%) and rarely in 
the Americas (3; 2%) (see table 2 and online supple-
mental figure S1). The number of distinct FPP manufac-
turing sites per pharmaceutical substance ranged from 
seven for levonorgestrel/ethinylestradiol to 23 for simvas-
tatin. For pantoprazole, a small majority (53%) of FPP 
sites were located outside Europe and for amoxicillin the 
FPP sites were equally divided outside and within Europe. 
For the other eight substances, the minority of FPP sites 
were located outside Europe (range: 0%–48%). For all 
ten pharmaceutical substances, at least five FPP manufac-
turing sites were present in Europe.

Table 1 Number and geographic location (continent) of active pharmaceutical ingredient (API) manufacturing sites and related 
medicinal products

Pharmaceutical substance

API manufacturing sites per 
continent (n)

Related authorised medicinal products per continent 
(n)

Total Europe
Other 
continents Total Europe

Europe and other 
continents*

Other 
continents

Overall 90 38 (42%) 52 (58%) 407 146 (36%) 139 (34%) 122 (30%)

 

Amoxicillin 6 3 (50%) 3 (50%) 32 24 (75%) 0 (0%) 8 (25%)

Colecalciferol 5 3 (60%) 2 (40%) 82 47 (57%) 18 (22%) 17 (21%)

Desloratadine 15 3 (20%) 12 (80%) 34 0 (0%) 15 (44%) 19 (56%)

Diclofenac 8 3 (38%) 5 (62%) 29 7 (24%) 3 (10%) 19 (66%)

Levonorgestrel/ethinylestradiol 4 4 (100%) 0 (0%) 21 21 (100%) 0 (0%) 0 (0%)

4 4 (100%)

Metoprolol 13 6 (46%) 7 (54%) 34 13 (38%) 16 (47%) 5 (15%)

Omeprazole 12 6 (50%) 6 (50%) 85 14 (16%) 56 (66%) 15 (18%)

Pantoprazole 17 4 (24%) 13 (76%) 33 0 (0%) 16 (48%) 17 (52%)

Salbutamol 6 5 (83%) 1 (17%) 21 20 (95%) 0 (0%) 1 (5%)

Simvastatin 11 2 (18%) 9 (82%) 36 0 (0%) 15 (42%) 21 (58%)

*The regulatory dossier for an authorised medicinal product may list several API manufacturers on different continents.
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Of the related authorised medicinal products, 66 of the 
407 (16%) were entirely manufactured outside Europe 
(table 2). For all substances, the minority of the autho-
rised medicinal products relied solely on FPP manufac-
turing outside Europe (range: 0%–38%). The number 
of authorised medicinal products per substance speci-
fied per country of the manufacturing site is displayed in 
online supplemental figure S1.

Diversity of manufacturers
The regulatory dossiers of 346 of the 407 products (85%) 
listed either one API manufacturing and multiple FPP 
sites (83; 20%), one FPP manufacturing and multiple 
API sites (157; 39%) or one API and one FPP site (106; 
26%) (figure 2). For 61 authorised medicinal products 
(15%), at least two API and FPP sites were listed. For four 
substances, most authorised medicinal products (69%–
78%) relied on one API manufacturing site. For eight 
substances, more than half of the authorised medicinal 
products (52%–95%) relied on one FPP manufacturing 
site (see online supplemental table S2). For amoxicillin, 
colecalciferol and levonorgestrel/ethinylestradiol, none 
of the authorised products listed two or more manufac-
turing sites for the APIs and FPPs (see online supple-
mental figure S2). For simvastatin and pantoprazole, most 
of the authorised medicinal products (both 61%) listed at 
least two manufacturing sites for the APIs and FPPs.

Interdependency
The flow of the 10 upstream pharmaceutical supply 
chains is illustrated in Sankey diagrams showing the 
journey from API manufacturer to FPP manufacturer, 
ending in an authorised medicinal product under the 
responsibility of an MAH (see online supplemental 

figure S3). We identified two main patterns of supply 
chains, the ‘isolated chain’ and the ‘intertwined 
chain’, for example, as depicted in the diagrams of 
desloratadine (figure 3A) and simvastatin (figure 3B), 

Table 2 Number and geographic location (continent) of finished pharmaceutical product (FPP) manufacturing sites and 
related medicinal products

Pharmaceutical substance

FPP manufacturing sites per 
continent (n) Related authorised medicinal products per continent (n)

Total Europe
Other 
continents Total Europe

Europe and other 
continents*

Other 
continents

Overall 128 94 (73%) 34 (17%) 407 286 (70%) 55 (14%) 66 (16%)

 

Amoxicillin 10 5 (50%) 5 (50%) 32 23 (72%) 0 (0%) 9 (28%)

Colecalciferol 21 17 (81%) 4 (19%) 82 56 (68%) 14 (17%) 12 (15%)

Desloratadine 21 15 (71%) 6 (29%) 34 20 (59%) 1 (3%) 13 (38%)

Diclofenac 19 16 (84%) 3 (16%) 29 24 (83%) 3 (10%) 2 (7%)

Levonorgestrel/ethinylestradiol 7 6 (86%) 1 (14%) 21 18 (86%) 0 (0%) 3 (14%)

Metoprolol 18 14 (78%) 4 (22%) 34 25 (74%) 5 (15%) 4 (12%)

Omeprazole 10 7 (70%) 3 (30%) 85 77 (91%) 3 (3%) 5 (6%)

Pantoprazole 17 8 (47%) 9 (53%) 33 14 (42%) 14 (42%) 5 (16%)

Salbutamol 11 11 (100%) 0 (0%) 21 21 (100%) 0 (0%) 0 (0%)

Simvastatin 23 12 (52%) 11 (48%) 36 8 (22%) 15 (42%) 13 (36%)

*The regulatory dossier for an authorised medicinal product may list several FPP manufacturers on different continents.

Figure 2 Number of authorised medicinal products 
with the corresponding number of manufacturing sites 
of active pharmaceutical ingredients (APIs) and finished 
pharmaceutical products (FPPs) according to the Dutch 
Medicines Evaluation Board database (n=407). Red=one 
manufacturing site for APIs and FPPs; orange=one 
manufacturing site for APIs or FPPs; green=at least two 
manufacturing sites for APIs and FPPs.
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respectively. The isolated chain involves (in extremis) 
one MAH depending on one API and one FPP manu-
facturer. The intertwined chain consists of multiple 
API and FPP manufacturers serving multiple MAHs.

Of the 70 distinct MAHs, 11 (16%) depended on 
one API manufacturer and one FPP site (isolated 
chain), 14 (20%) on one API manufacturer and 
multiple FPP sites, 20 (28%) on multiple API sites 
and one FPP manufacturer and 25 (36%) on multiple 
API and FPP sites (intertwined chain). When an MAH 
relied on several manufacturers, the same combi-
nations of API and FPP manufacturers (intertwined 
chain, figure 3A,B) occurred.

Simvastatin was remarkable because 29 of the 36 
(81%) authorised medicinal products listed the same 
API manufacturer (figure 3B; light blue). On closer 
examination, only nine of these products (25%) 
entirely depended on this manufacturer. A further 
analysis of the manufacturer dependencies for all 
substances showed that amoxicillin was notable for 
50% of authorised products relying on one and the 
same API manufacturer, and omeprazole was notable 
for 46% of authorised products relying on one and 
the same FPP manufacturer (see online supplemental 
table S2).

Figure 3 Exemplary supply chains for desloratadine (A) and simvastatin (B).
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DISCUSSION
Principal findings
This study on the upstream pharmaceutical supply chains 
of 10 high- use pharmaceuticals unravelled several overall 
existing concerns. For these substances, a significant 
proportion of the API and FPP manufacturing sites were 
located in Europe, and an even higher proportion of 
the related authorised medicinal products listed an API 
or FPP manufacturing site in Europe. All 10 substances 
had a supplier base exceeding at least three different API 
and FPP manufacturers, which is desirable for a viable 
market.21 Dual sourcing for API and FPP manufacturing, 
however, was present for a minority of the authorised 
medicinal products.

The dependency on API and FPP manufacturing sites 
in Asia15 16 was less pronounced than expected. For the 
10 substances, 42% and 73% of the API and FPP manu-
facturing sites, respectively, were located in Europe and 
were involved in the manufacturing of 70% and 84% of 
the related authorised medicinal products, respectively. 
However, for four pharmaceutical substances, more 
than half of the products (52%–66%) did rely on non- 
European API manufacturers. For each pharmaceutical 
substance, at least four different API and seven different 
FPP manufacturers were listed, thus exceeding a supplier 
base of at least three manufacturers for APIs and FPPs.21 
Nevertheless, some substances were overdependent on 
one and the same manufacturer, such as amoxicillin 
(strongly depending on one and the same API manufac-
turer) and omeprazole (strongly depending on one and 
the same FPP manufacturer). MAHs had adopted a dual 
sourcing strategy for API and FPP manufacturing for only 
15% of the authorised medicinal products. For the three 
substances, none of the authorised products listed two 
or more manufacturing sites for the APIs and FPPs. This 
limited share of products with dual sourcing for APIs and 
FPPs and the overdependency on specific manufacturers 
were serious supply chain vulnerabilities observed in this 
study.

Comparison with previous research
Studies on API and FPP manufacturers and their 
geographic locations have been limited. For the API 
market in general, we found data regarding the geographic 
distribution of manufacturers in relation to turnover 
according to suppliers.18 Since the underlying numbers 
are lacking, the data are difficult to interpret. Recently, 
the European Commission published the results of the 
assessment of the supply chain vulnerabilities conducted 
in 2024 for a first tranche of 11 critical medicines from the 
Union list.25 Using data collected from both EU member 
states and MAHs, several aspects were evaluated including 
diversification and geographic location of manufacturers. 
The risk thresholds/levels applied in this assessment (eg, 
high risk with <4 manufacturing sites), suggest that even 
more substances are at high risk compared with our 
findings. Similar to our study, this assessment found that 
MAHs were relatively less dependent on non- EU finished 

product manufacturers compared with their dependency 
on non- EU API manufacturers.

A recent study on generic APIs linked their manufac-
turing characteristics to medicine shortages in the USA.30 
This linkage provides an interesting possibility for further 
research.

Strengths and limitations
The major strength of our study is that we could analyse 
API as well as FPP manufacturing sites, the responsible 
MAHs and their interdependencies. Our study showed 
that an analysis of the geographic location of only manu-
facturing sites is limited, since the geographic distribu-
tion of manufacturing sites differed from the geographic 
distribution of the sites for the medicinal products. 
Whereas 42% of the API manufacturing sites were located 
in Europe, 70% of the authorised medicinal products 
listed an API manufacturing site in Europe (36% in 
Europe only and 34% in Europe and another continent). 
For FPP manufacturing, 73% of the sites were in Europe 
and 84% of the authorised medicinal products listed a site 
in Europe. Larger differences were observed at the indi-
vidual substance level. Our analysis also yielded insights 
into the implementation of dual sourcing for over 400 
authorised medicinal products.

Our study has three limitations. First, our cohort 
of 10 high- use pharmaceutical substances out of over 
13,00020 is unlikely to be representative of all medi-
cines. For example, all of our substances are related 
to off- patent products. However, diverse supply 
chains were expected for high- use medicines because 
they are usually marketed by many MAHs. Also, the 
manufacturing of these off- patented medicines intro-
duced complexity into the upstream supply chain due 
to increased outsourcing.37 As these off- patent medi-
cines are often expected to have a relatively robust 
supply chain, our approach highlights the minimum 
risks that the supply chain may face. The overdepen-
dency on one and the same manufacturer, as observed 
for some substances in this study, is expected more 
often for other pharmaceutical substances, such as 
substances for niche medicines. For these low- use 
pharmaceutical substances, dual- sourcing may not 
always be possible, for example, because of a single 
supplier, or be particularly costly considering the 
small scale of production.20 26 For the 10 substances in 
the present study, we also detected different patterns 
in the supply chains (isolated and intertwined supply 
chains), but we could not identify an overall sourcing 
strategy based on our data. Second, the included 
products were selected based on marketing authori-
sation in the Netherlands. Although MAHs may have 
different product portfolios in various countries, 
similar supply chain patterns are expected for prod-
ucts licenced in other countries in the EU or the 
European Economic Area (EEA), because most regu-
latory pathways in this region lead to authorisation 
in multiple member states or the entire EU or EEA.38 
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Third, we focused only on API and FPP manufacturers 
and MAHs. Supply vulnerabilities can also be related 
to other factors, such as raw material and interme-
diate manufacturers, packaging sites, wholesalers and 
distributors. The selected stakeholders are a crucial 
starting point, since they represent stringently regu-
lated, core entities in the supply chain and informa-
tion on them could be extracted from a regulatory 
authority’s database.

Implications for policymakers and clinicians
Our granular analysis of the upstream pharmaceutical 
supply chains, displayed in Sankey diagrams, better facil-
itates the identification of supply chain vulnerabilities 
than numerical metrics. This facilitation will contribute 
to establishing effective measures to mitigate medicine 
shortages.

This study provides transparency in the API and FPP 
manufacturing and related MAHs of 10 high- use pharma-
ceuticals. Although the information on authorised medic-
inal products and related MAHs was readily available in 
the public database of medicine agencies, the specific 
manufacturing sites were not disclosed. Product- specific 
information regarding supply chains is closely guarded 
by the MAHs as trade secrets or confidential commer-
cial information.39 40 Even though authorities have access 
to information on the specific manufacturing sites, 
this information is not necessarily available in a format 
enabling automated processing.20 More transparency and 
standardised data on the supply chain, such as informa-
tion on the APIs and FPPs that manufacturers prefer,41 
would allow for an improved analysis of vulnerabilities 
by MAHs or authorities. Various stakeholders have advo-
cated the need for further transparency.17 20

The EU is conducting an analysis of the supply chains 
for medicines on the EU list of critical medicines to iden-
tify vulnerabilities and determine how these can best be 
addressed.24 However, supply chains for pharmaceutical 
substances not included on the current EU list of critical 
medicines, also showed vulnerabilities, such as strong 
dependency on one and the same FPP manufacturer 
(omeprazole) and manufacturing sites mainly located 
outside Europe (simvastatin). Policymakers should not 
overlook substances that are not indicated as critical at 
a regional or national level since supply interruptions 
for non- critical substances may also have a considerable 
societal impact due to the significant number of patients 
affected. Our study showed that the supply chains for 
these 10 substances may be vulnerable due to the lack 
of dual sourcing, and overdependency on a specific 
manufacturer.

We acknowledged that our cohort consisted of only 
10 pharmaceutical substances. Larger and more system-
atically differentiated samples (such as substances with 
established supply shortages) may yield different find-
ings. We encourage future researchers to investigate this 
topic for complementary insights.

In addition to transparency concerning API and FPP 
manufacturers and MAHs, an analysis of the relationship 
between supply chain vulnerabilities and the occurrence 
of medicine shortages in daily practice could provide 
further insights to help establish secure, resilient pharma-
ceutical supply chains.

CONCLUSION
Our study on the supply chains of high- use generic phar-
maceutical substances identified the need for a gran-
ular assessment of the interdependencies between API 
and FPP manufacturers and MAHs to identify upstream 
supply chain vulnerabilities. Policymakers should direct 
and amend their policies to effective measures to miti-
gate medicine shortages. They may also need to acquire 
a better understanding of the supply chains and its resil-
ience. To aid, the method used in this study could be trans-
lated into a tool for public health resilience planning.
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