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ABSTRACT

The medical gas infrastructure in Colombia faces a silent crisis of regulatory and operational obsolescence that
compromises patient safety and healthcare system efficiency. This article presents the results of comprehensive qualitative
research integrating comparative regulatory analysis, interviews with high-level trade association actors, and the
operational reality of Healthcare Provider Institutions in Antioquia. The study reveals a systemic disconnection between
pharmaceutical regulation of oxygen monitored by INVIMA and infrastructure network regulation monitored by Health
Secretariats, exacerbated by the validity of Colombian Technical Standard NTC 5318 from 2004, misaligned with modern
international standards such as ISO 7396-1:2019 and NFPA 99:2024. The COVID-19 pandemic evidenced critical
vulnerabilities in hospital oxygen supply systems, with demand increases of 74% that exposed the fragility of logistical
models based on high-pressure cylinders. The findings validate the relevance of the process innovation proposed by
BIOXIGEN S.A.S., based on supply centralization through cryogenic tanks and implementation of [oT telemetry, not only
as a logistical improvement but as a clinical safety imperative given the evidenced vulnerability. The research demonstrates
that regulatory obsolescence acts as a financial disincentive for safety investment, creating a “deregulation trap” that
perpetuates risk systems. It is concluded that technological innovation from the private sector must lead the modernization
of standards in the absence of state regulatory updates, transforming the supply model from “product sales” to “availability
guarantee” through intelligent remote monitoring systems..
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INTRODUCTION

1.1. Global Context: The Pandemic as a Revealer of
Systemic Vulnerabilities

The COVID-19 pandemic represented an unprecedented
stress test for healthcare systems worldwide, exposing
critical vulnerabilities in life support infrastructure,
particularly in medical oxygen supply systems. Globally,
oxygen demand increased exponentially, with reports of
increases of up to 100-200 times in some contexts (Agrawal
etal., 2024). In Brazil, studies revealed that not all telemetry
systems were operational during the crisis, identifying the
urgent need to improve oxygen infrastructure resilience and
patient safety (Brito et al., 2025). The World Health
Organization responded with the adoption of the Medical

Oxygen Access Resolution at the 76th World Health
Assembly, recognizing that no country should face oxygen
shortages in future health emergencies (Agrawal et al,
2024).

The increase in oxygen demand not only represented a
quantitative production challenge but revealed structural
deficiencies in storage, distribution, and monitoring
systems. Studies in Spanish hospitals documented that
hospital oxygen supply was overwhelmed when demand
exceeded supply capacity, particularly in intensive care
units where oxygen consumption increased dramatically
(Ribas-Solis et al., 2024). In China, the rapid design and
engineering application of medical oxygen supply systems
in novel coronavirus pneumonia treatment hospitals
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demonstrated the critical importance
infrastructure planning (Chen et al., 2021).
The pandemic also highlighted fire and explosion risks
associated with increased oxygen use. Research
documented that COVID-19 led to increased use of
ventilators and oxygen therapy, resulting in up to double the
oxygen-related fires and explosions in hospitals,
emphasizing the need for systemic risk mitigation measures
(Wood et al., 2021). The relevance of intelligent monitoring
systems has been widely documented. A pilot study during
COVID-19 demonstrated that a wireless IloT-based
intelligent oxygen monitoring system can accurately detect
increased oxygen concentrations with 1% accuracy and
low power consumption (345 pA), notifying staff via
SMS/email when thresholds are exceeded, being suitable
for oxygen therapy rooms, corridors, and patient rooms
during emergencies (Velicka et al., 2024). This type of
system represents a systemic measure to address potentially
life-threatening risks, especially considering that the
COVID-19 pandemic revealed insufficient hospital
preparedness for increased ventilator use, leading to up to
double the oxygen-related fires and explosions.

1.2. Oxygen as a Critical Resource: Lessons from COVID-
19

Medical oxygen emerged as the most critical therapeutic
resource during the pandemic. In India, the second wave of
COVID-19 exposed a constrained medical oxygen supply
chain, with “red-tapism” (excessive bureaucracy) identified
as “the elephant in the room,” where lack of coordination
and clear regulation significantly contributed to supply
crises (Vikas, 2022). The country faced unprecedented
challenges in medical oxygen production, supply, and
infrastructure augmentation, requiring rapid mobilization of
resources and innovative solutions (Agrawal & Verma,
2024).

International experiences demonstrated that proactive
strategies yielded better outcomes. Strengthening oxygen
systems, including infrastructure for production, supply,
distribution, and maintenance, proved to be life-saving and
cost-effective, reducing childhood pneumonia mortality by
48% (Asian Development Bank, 2022). This evidence
underscores that oxygen infrastructure is not merely a
logistical issue but a fundamental determinant of clinical
outcomes and population health.

The management of humanitarian supply chains during
COVID-19 provided valuable learnings for future
emergencies. Systematic literature reviews identified
critical success factors including supply chain flexibility,
multi-stakeholder collaboration, technology integration,
and robust contingency planning (Kumar et al., 2022).
These lessons are directly applicable to medical gas supply
systems, where resilience and adaptability are essential for
maintaining continuous availability during crisis situations.
1.3. The Regulatory Dichotomy: Between Medicine and
Infrastructure

Medical gases occupy a “regulatory gray zone” between the
pharmaceutical world and the physical infrastructure world.
From a legal perspective in Colombia, oxygen is an
essential medicine. Its production, packaging, and quality
control are strictly regulated by the National Institute for

of adequate

Food and Drug Surveillance (INVIMA) under Resolution
4410 of 2009, which establishes the Technical Regulation
of Good Manufacturing Practices (GMP) for Medical
Gases.

However, once the gas enters the hospital’s piping network
(the manifold or gas central), it ceases to be monitored as a
pharmaceutical product and becomes part of the hospital
infrastructure. Here, Resolution 3100 of 2019 comes into
play, defining the enabling conditions for health services.
The problem is that Resolution 3100 establishes general
infrastructure requirements (floors, walls, electrical and
hydraulic networks) but lacks specific technical depth for
complex medical gas networks.

This dichotomy creates a “Technical Surveillance Void™:
the medicine is pure and safe (guaranteed by INVIMA), but
the patient receives the gas through a piping network that
may be contaminated, have leaks, or be poorly designed
(superficially monitored by Health Secretariats under
general standards). The result is that pharmaceutical quality
is lost in the “last meter” of piping, putting patient safety at
risk without any entity assuming comprehensive
responsibility.

1.4. Definition and Scope of Process Innovation
According to Minciencias guidelines and the Oslo Manual,
BIOXIGENs initiative is rigorously classified as a Process
Innovation. Unlike product innovation, which would seek
to alter the physicochemical characteristics of the medicine
(something unfeasible given that oxygen is a standardized
molecule), process innovation focuses on reengineering the
value chain through which this vital resource reaches the
patient.

The proposed innovation intervenes in three critical
dimensions of the current process:

Technological Dimension: Replacement of multiple
cylinder batteries with stationary cryogenic tanks (VIE)
with controlled vaporization systems, increasing on-site
storage capacity and stabilizing network pressure.

Digital Dimension: Implementation of telemetry and
Internet of Things (IoT) systems for real-time remote
monitoring of levels, pressures, and flows, eliminating the
“operational blindness” that characterizes current manual
management.

Regulatory and Design Dimension: Development of
standardization protocols for the design, installation, and
maintenance of medical gas networks that exceed NTC
5318 requirements, voluntarily aligning with NFPA 99 and
ISO 7396-1.

This innovation transforms the supply model from
fragmented distribution to centralized, automated, and
monitored, capable of guaranteeing supply continuity under
safety standards superior to those required by the current
lax national regulations.

1.5. Research Objectives

This article aims to present the results of comprehensive
qualitative research that validates the relevance, feasibility,
and urgency of the process innovation proposed by
BIOXIGEN S.A.S. Specifically, it seeks to:

Document structural and regulatory gaps in medical gas
supply systems in Colombia.
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Analyze the perceptions and practices of key ecosystem
actors (trade associations, hospitals, suppliers).

Contrast Colombian operational reality with modemn
international standards and lessons learned from the
pandemic.

Demonstrate that technological innovation from the private
sector is necessary given state regulatory inaction.
Articulate a business model that transforms safety from
“cost” to “self-financing investment” through operational
efficiency.

2. METHODOLOGY

2.1. Methodological Design

This study employed a qualitative research approach with
descriptive and explanatory scope, designed under a
phenomenological paradigm to capture not only the
regulatory state de jure but the operational reality de facto
in the Colombian healthcare system. It was based on the
premise that regulatory documents do not reflect the totality
of the problem, making it necessary to investigate the
“safety culture” and “market dynamics” that govern the
medical gas sector.

The methodological design integrated multiple sources of
evidence to ensure data triangulation and validity of
findings: (1) documentary analysis of national and
international regulations; (2) semi-structured interviews
with key actors; (3) systematic review of recent scientific
literature on medical gas systems; and (4) comparative
analysis of technical standards.

2.2. Population and Sample

An intentional and stratified sample was defined to cover
the three decision levels of the medical gas ecosystem:
Macro Level (Regulation and Trade Association): An in-
depth interview was conducted with the Chamber of
Industrial and Medical Gases of the National Association of
Businessmen of Colombia (ANDI), represented by its
Executive Director, Ingrid Reyes. This actor is crucial for
their role as technical interlocutor between private industry
and the National Government (Ministry of Health, Ministry
of Commerce).

Meso Level (Hospital Management): Semi-structured
interviews were conducted with 10 managers of low and
medium complexity hospitals in the department of
Antioquia. This group represents the “client” of the
innovation and the legal person responsible for patient
safety. Selected hospitals included public and private
institutions with installed capacity between 50 and 200
beds.

Micro Level (Operation and Supply): Consultations were
conducted with 3 representatives of supplier companies and
technical experts in network installation, including the
BIOXIGEN engineering team and validation with third-
party experts in the sector with minimum experience of 10
years in design and installation of medical gas systems.
2.3. Information Collection Instruments

Semi-structured interview guides adapted to each actor
profile were designed, addressing four analytical
dimensions:

Cognitive Dimension: Level of knowledge about current
regulations (NTC 5318, Resolution 3100 of 2019,

Resolution 4410 of 2009) and international standards
(NFPA 99, ISO 7396-1). Familiarity with technical
concepts such as source redundancy, telemetry, and material
specifications was investigated.

Operational Dimension: Current maintenance practices,
failure frequency, inventory management, and emergency
response protocols for supply. Specific cases of service
interruptions and their clinical consequences were
documented.

Financial Dimension: Perception of the cost-benefit
relationship of investment in modern infrastructure versus
traditional models. Economic barriers to adoption of
advanced technologies and preferred financing models
were explored.

Institutional Dimension: Perception of the role and
technical competence of control entities (INVIMA, Health
Secretariats). The frequency and depth of enabling audits
related to medical gas systems was investigated.
Interviews were recorded with informed consent,
transcribed verbatim, and coded using Atlas.ti version 9.0
qualitative analysis software. An open coding process
followed by axial coding was applied to identify emerging
categories and relationships between concepts.

2.4. Systematic Literature Review

Parallel to fieldwork, a systematic review of scientific
literature published between 2021 and 2026 on medical gas
supply systems was conducted, with emphasis on: (a)
COVID-19 impact on oxygen infrastructure; (b) telemetry
and IoT technologies for medical gas monitoring; (c)
international standards ISO 7396 and NFPA 99; (d)
cryogenic systems in hospitals; and (e) regulation and
safety in hospital infrastructure.

Searches were conducted in academic databases (SciSpace,
Google Scholar, PubMed) using key terms in English and
Spanish. 298 initial results were retrieved, which after
deduplication and relevance filtering, resulted in 130
unique articles. The 30 most relevant articles were analyzed
in depth to extract findings on methodologies, key results,
and mentioned regulatory standards.

2.5. Comparative Analysis of Technical Standards

A detailed comparative analysis was conducted between
NTC 5318:2004 (current standard in Colombia), ISO 7396-
1:2019, and NFPA 99:2024, focusing on five critical
technical domains: (1) supply source redundancy; (2)
monitoring and alarm systems; (3) material specifications
and joining methods; (4) preventive maintenance
requirements; and (5) emergency response protocols.

2.6. Data Processing and Analysis

Collected information was processed through content
analysis and thematic coding techniques. Cross-analysis of
emerging categories with documentary findings allowed
construction of a results matrix structured in four main
findings. The principle of theoretical saturation was applied
to determine sample sufficiency, achieved when additional
interviews did not contribute new categories or analysis
dimensions.

2.7. Ethical Considerations

The study was conducted following ethical principles of
social science research. All participants signed informed
consent, confidentiality of personal and sensitive
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institutional data was guaranteed, and authorization was
obtained for the use of recordings and transcriptions for
academic and scientific dissemination purposes.

3. RESULTS

The integration of trade association interviews, expert
consultations, regulatory analysis, and systematic literature
review yields a concerning diagnosis about the state of
medical gas systems in Colombia. The results are structured
in four main findings that justify the intervention proposed
by BIOXIGEN.

3.1. Finding 1: Cognitive Dissonance and Generalized
Technical Ignorance

The most compelling result of the research is the
identification of profound technical illiteracy regarding
medical gases, transversal to all system actors. Figure 1
illustrates the fundamental difference between the
traditional cylinder-based model and the innovative model
proposed by BIOXIGEN.

Traditional Model
(High-Pressure Cylinders)

BIOXIGEN Innovative Model
(Centralized System + loT)

BIOXIGEN
24{7 Monitoring

HOSPITAL HOSPITAL ‘

{ Manual Management

® - -

TANK

’ CRYOGENIC

+ No remote monitoring

+ Reactive refilling

+ High delivery frequency
+ Risk of supply shortage

V Real-time telemetry
v Predictive management
v Greater autonomy

v Logistic cost reduction

Figure 1. Comparison between the traditional supply
model based on high-pressure cylinders (left) and the
innovative BIOXIGEN model based on centralized
system with cryogenic tank and IoT telemetry (right).

During the interview with ANDI, the Executive Director
was emphatic in stating: “Well, very few people in the
country know about medical gases, that’s a reality... there
is ignorance both from the authorities and from the staff in
the clinics themselves.”

This statement is not rhetorical; it has serious safety
implications. If clinical and administrative staff do not
understand the technical difference between a compressed
medical air system and a cryogenic oxygen network, it is
impossible for them to adequately manage associated risks.
The study revealed that this ignorance reaches public policy

makers. According to the trade association representative,
“the government has no idea... the authority doesn’t
understand, is it a medicine? Yes. So, where is the clean
room? And they try to regulate as if it were a conditional
medicine.”

This confusion leads to attempting to apply pharmaceutical
production logics (clean rooms, laminar flows) to
mechanical infrastructures (pipes, compressors), generating
inapplicable regulations or, worse, leaving regulatory voids
in critical engineering aspects. International literature
confirms this problem: a study on vulnerabilities in hospital
oxygen systems during COVID-19 highlighted that many
hospitals lacked technical understanding of the flow
limitations of their medical gas systems, which contributed
to avoidable supply crises (Chatburn et al., 2022).

Of the 10 interviews with hospital managers, only 2
demonstrated basic knowledge about the difference
between cylinder systems and centralized cryogenic
systems. None of the interviewees could explain the
concept of “source redundancy” or the requirements of the
ISO 7396-1 standard. 80% of managers indicated that
decisions about medical gas systems are completely
delegated to the maintenance department or external
suppliers, without qualified technical supervision by
hospital administration.

3.2. Finding 2: The “Financial Advantage” Trap through
Deregulation

Analysis of interviews with hospital managers exposed a
perverse economic reality: regulatory obsolescence acts as
a financial incentive not to invest in safety. In a context
where the Colombian healthcare system is experiencing a
structural liquidity crisis, with chronic payment delays by
EPSs and insurer liquidation processes, hospitals operate in
a survival economy.

As documented in the interviews: “Right now people are
focused on seeing how to recover their debt... if hospitals
are barely surviving to pay payroll, if a regulation comes
that tells them they have to invest in upgrading the gas
network, it would be very complex.” What is alarming is
that the lack of demanding and mandatory regulations is
perceived as a “relief.” One of the identified resistances is
that “since there is no clear regulation, well, let’s say that
leaves them with that advantage, let’s say, of not spending
their budget on something that the regulation does not
require.”

This dynamic creates a ‘“deregulation trap” where the
absence of rigorous standards perpetuates risk systems.
70% of interviewed hospitals indicated they have no
investment plans in medical gas system modernization in
the next 3 years, citing budgetary restrictions and absence
of regulatory requirements as main reasons.

International experience demonstrates that this situation is
not unique to Colombia. In India, during the second wave
of COVID-19, the medical oxygen supply chain was
constrained by “excessive bureaucracy” (red-tapism),
identified as “the elephant in the room,” where lack of
coordination and clear regulation significantly contributed
to supply crises (Vikas, 2022). However, countries that
implemented proactive strategies achieved better results:
strengthening oxygen systems, including infrastructure for
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production, supply, distribution, and maintenance, proved
to be life-saving and cost-effective, reducing childhood
pneumonia mortality by 48% (Asian Development Bank,
2022).

3.3. Finding 3: Documented Technical Obsolescence and
Operational Risks

Contrasting the reality of installed infrastructure (based on
NTC 5318) with international standards proposed in the

project (ISO 7396-1, NFPA 99), concrete technical gaps
were identified that constitute latent risks. Table 1
synthesizes these gaps in five critical technical domains.
Figure 3 illustrates the temporal gap in Colombian
regulation regarding international standards, while Figure 4
presents a risk matrix associated with traditional systems

Regulatory Gap in Medicinal Gas Regulation in Colombia

NTC 5318:2004

(Adopted in Colombla)

IS0 7396-1:2002

(International baseline)

BIOXIGEN
Innovation

(Voluntary adoption)

NFPA 99:2024
(Modern standard)

1SO 7396-1:2019
(International update)

REGULATORY GAP
15 years of obsolescence

21 years without updates

2000 2010

2015 2020 2020 2025

Figure 2. Temporal Gap in Regulation

Figure 2 is a timeline showing the 21-year regulatory gap between the Colombian standard NTC 5318:2004 and modern
international standards (ISO 7396-1:2019, NFPA 99:2024). The COVID-19 pandemic (2020-2021) exposed the
consequences of this obsolescence, while BIOXIGEN’s innovation (2025) represents the private sector’s response to state
regulatory inaction

Table 1. Technical Gaps between Current Practice and Modern International Standards

Current Situation (NTC

Technical 5318 / Common | Proposed Standard (BIOXIGEN

Domain Practice) Innovation / ISO 7396) Identified Risk

Redundancy Single source systems or | Systems with triple source | Supply cut in critical areas
with precarious manual | (Primary, Secondary, Reserve) | (ICU/Operating Room) due to main
reserve and automatic switching source failure or human error in

manual switching

Monitoring Analog local | Telemetry and IoT: Continuous | Supply shortage due to “operational
manometers, sporadic | digital monitoring, remote | blindness” (not knowing how much
visual review (“rounds”) | alarms in real-time, trend | gas remains) and late detection of

analysis massive leaks

Network Old networks, | Standardization of materials | Gas contamination with particles or

Safety heterogeneous (Copper K/L), welding under | oxides, chronic leaks, fire risk in
materials,  uncertified | inert atmosphere, leak tests enriched atmospheres
welds

Management Reactive: Gas is ordered | Predictive: Supplier manages | Stock shortage during demand peaks
when running out inventory based on real-time | (as in pandemic) due to lack of

consumption data logistical foresight
Preventive Irregular, based on | Scheduled protocols  with | Cumulative deterioration leading to
Maintenance failures documented traceability catastrophic failures
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The literature confirms these risks. A study on optimizing
medical gas pipeline systems highlighted that many
hospitals discovered during COVID-19 that their
infrastructure could not handle increased oxygen flow
demands, resulting in pressure drops and service
interruptions (Sharma, 2023). Furthermore, research on
reducing oxygen-related fire and explosion risks
emphasized that enriched oxygen atmospheres in poorly
designed systems significantly increase combustion hazards
(Wood et al., 2021).

3.4. Finding 4: Institutional Fragmentation and Authority
Void

The research confirmed the hypothesis of regulatory “no
man’s land.” The interview with ANDI ratified that there is
operational disconnection between the Ministry of Health
(which issues policy), INVIMA (which monitors the
product), and territorial entities (which monitor
infrastructure).

“There is a disconnection and international standards...
Definitely this issue of medical gas network regulation
needs to be updated.” Current regulations, dispersed in
general enabling resolutions (Res. 3100), do not provide
auditors with technical tools to evaluate a complex network.
This results in superficial audits where “the paper”
(documents, manuals) is reviewed but not the engineering
(pressures, purity at point of use).

This institutional void forces the private sector to assume a
self-regulation role. In the absence of an expert vigilant
state, companies like BIOXIGEN must become technical
guarantors before their clients, supplementing with their
know-how the deficiencies of the inspection, surveillance,
and control system.

International experiences demonstrate the importance of
clear regulatory frameworks. Studies on medical oxygen
management during COVID-19 identified that countries
with  well-defined regulatory structures and inter-
institutional coordination mechanisms responded more
effectively to supply crises (Ismail et al., 2022). The
absence of such frameworks in Colombia places
disproportionate responsibility on individual healthcare
institutions and private suppliers.

3.5. Synthesis and Validation of Innovation

The convergence of these four findings validates the
comprehensive innovation proposed by BIOXIGEN S.A.S.
Figure 2 presents the conceptual framework of this process
innovation, integrating the three intervention dimensions
(technological, digital, regulatory) toward a common
objective: guaranteeing continuous availability of medical
oxygen under modern safety standards.

BIOXIGIEN S.A.S. Innovation Framework

TECHNOLOGICAL
DIMENSION

DIGITAL
DIMENSION

+ 10T Telemetry
« Remote monitoring

REGULATORY
DIMENSION

+ Cryogenic tanks
 Vaporization systems
+ Certfied networks

* IS0 7396-1:2019
* NFPA 992024
+ Internal protocols

-

INTEGRATION:
Guarantee of Continuous Availability

]

EXPECTED RESULTS

v Improved patient safety

v Increased operational efficiency
v Enhanced emergency resilience
v Reduced hidden costs

Figure 3. BIOXIGEN S.A.S. Process Innovation
Framework

As can be seen in Figure 3, the integration of three
dimensions (technological: cryogenic tanks and certified
networks; digital: IoT telemetry and remote monitoring;
regulatory: voluntary alignment with ISO 7396-1 and NFPA
99) converges toward guaranteeing continuous availability,
generating expected results in patient safety, operational
efficiency, emergency resilience, and reduction of hidden
costs.

Table 2 presents a comparative synthesis of international
experiences during COVID-19, demonstrating that
countries that invested in modern infrastructure and
monitoring technologies achieved better clinical and
operational outcomes.

Table 2. International Experiences in Medical Oxygen Management during COVID-19

Documented
Demand Main  Challenges
Country/Region | Increase Identified Implemented Solutions | Reference
Brazil Variable by | Not all telemetry | Assessment of | Brito et al.,
region, systems expansion capacity in | 2025
significant operational; need | medical oxygen
peaks for resilience | pipelines
improvement
India Up to 100- | Excessive Rapid  infrastructure | Agrawal et
200x in some | bureaucracy (red- | augmentation; multi- | al.,  2024;
contexts tapism); lack of | stakeholder Vikas, 2022
coordination mobilization
Spain Dramatic Hospital ~ oxygen | Emergency Ribas-Solis
increase in | supply infrastructure et al., 2024
ICUs overwhelmed when
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demand exceeded | upgrades; flow
capacity optimization
China Rapid increase | Need for rapid | Design and | Chen et al.,
in treatment | design and | engineering 2021
hospitals engineering of | application of medical
oxygen systems oxygen supply systems
in novel coronavirus
pneumonia  treatment
hospitals
Global Exponential Insufficient hospital | WHO Medical Oxygen | Agrawal et
increase preparedness; Access Resolution; | al., 2024;
worldwide increased strengthening oxygen | Wood et al.,
fire/explosion risks | systems infrastructure | 2021
Colombia 74% increase | Dependence on | BIOXIGEN This study
(330 to 575 | obsolete cylinder | innovation:
TPD) models; lack of | centralization with
telemetry; cryogenic tanks and
regulatory gap of 21 | IoT telemetry
years

Table 3 presents a detailed comparison of technical requirements between the current Colombian standard and modern
international standards, evidencing the 21-year gap in critical aspects of safety, monitoring, and maintenance.

Table 3. Comparison of Technical Requirements: NTC 5318:2004 vs. Modern International Standards

ISO 7396- Implications of

Technical Aspect NTC 5318:2004 1:2019 NFPA 99:2024 Gap

Year of | 2004 (based on | 2019 2024 21-year

publication/adoption | ISO 2002) regulatory lag

in Colombia

Source redundancy | Recommends Requires triple | Requires Higher risk of

backup, not | source for | automatic catastrophic
mandatory critical areas redundancy with | supply failures
continuous
monitoring

Alarm systems Basic local alarms | Multi-level Integrated alarm | Late detection
alarms with | systems with | of critical
remote predictive situations
notification analytics

Remote monitoring | Not contemplated | Recommended | Required for | Operational
for optimization | critical systems | blindness  in

with IoT | current systems
integration

Material Generic (copper, | Specific Detailed Risk of

specifications stainless steel) (Copper  K/L, | specifications contamination
316L stainless | with certification | and corrosion
steel)

Joining methods | General welding Welding under | Certified welding | Risk of oxide

(welding) inert with documented | contamination
atmosphere traceability and weak joints
(TIG/MIG)

Pipe cleaning General cleaning | Specific Multi-stage Risk of ignition
cleaning cleaning with | by particulate
protocols  for | particle contamination
oxygen verification

Pressure tests Basic leak test Leak test + | Comprehensive Undetected
purity test at | testing with long- | leaks and
point of use term monitoring | pressure drops
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Preventive General Scheduled Mandatory Cumulative
maintenance recommendations | protocols with | protocols  with | deterioration
documentation | third-party audits | without control
Personnel training Not specified Recommended | Mandatory Technical
for operators certification for | incompetence
installers and | in critical
operators operations

Additionally, risk matrix evaluates probability of occurrence versus impact on patient safety for six identified risks in
traditional medical gas systems. High-risk zone (red) includes oxygen fires and ICU supply shortages; medium-risk zone
(yellow) includes gas contamination, human errors in management, and chronic leaks; low-risk zone (green) includes
equipment failures. Circle size represents magnitude of impact.

Risk Matrix in Traditional Medical Gas Systems

Impact on Patient Safety

0 T T

10 f—oxyglwn l'-d fire
Bubble size = Impact magnitude

8 Gas :o@nation

icu su‘nrtage

Human err:.anagement
Chraks
Equipr@fﬁilure

High Risk
Medium Risk
Low Risk

0 2 4

6 8 10

Probability of Occurrence

Figure 4. Risk Matrix in Traditional Medical Gas Systems

The figure presents a risk matrix for traditional medical gas
systems, illustrating the relationship between the
probability of occurrence and the impact on patient safety
for critical risk scenarios. The horizontal axis represents the
likelihood of each event, while the vertical axis indicates its
potential impact, both on a standardized 0-10 scale.
Colored horizontal bands classify risks into low, medium,
and high levels, facilitating rapid visual prioritization. Each
risk is represented by a bubble whose size reflects the
magnitude of impact, allowing simultaneous assessment of

4. DISCUSSION

The synthesis of the empirical findings invites a discussion
that extends well beyond engineering design decisions or
short-term cost comparisons. The evidence indicates a
deeper structural problem: medical oxygen and other
critical medical gases are frequently treated as routine
consumables rather than as life-preserving infrastructure
whose reliability is fundamental to patient safety and
system resilience. Recent global analyses argue that
medical oxygen should be conceptualized as an essential
public service embedded within interconnected systems of

severity and likelihood. High-risk events such as oxygen-
related fires, ICU supply shortages, and human error in
management are located in the upper region of the matrix,
indicating their critical relevance for patient safety and the
need for stringent control measures, whereas medium-risk
events, including gas contamination, chronic leaks, and
equipment failure, require continuous monitoring and
preventive maintenance to mitigate their potential
consequences

production, storage, distribution, clinical use, maintenance
capacity, financing, and regulation, where failures in any
single component can propagate rapidly across the entire
healthcare delivery chain (Graham et al., 2025). This
systemic framing is highly relevant to the Colombian
context analyzed in this study, where fragmented
institutional responsibilities, uneven technical capacity, and
outdated regulatory oversight collectively generate
predictable vulnerabilities in hospital oxygen delivery.

A central contribution of this study is the identification of
“technical ignorance” and “operational blindness” as
recurring institutional conditions. These are not merely
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individual skill deficits, but emergent properties of
organizational arrangements in which responsibility for
oxygen systems is diffuse, monitoring is intermittent, and
accountability is weak. Comparable findings have been
reported in multi-country facility assessments showing that
oxygen availability and functionality are constrained not by
the absence of equipment per se, but by poor maintenance
systems, limited biomedical engineering capacity, and high
rates of equipment non-functionality even when
infrastructure exists (Ijaz et al.,, 2025). From a risk
management perspective, the most consequential failures
are often incremental and cumulative—undetected leaks,
drifting pressures, malfunctioning alarms, undocumented
system modifications—rather than sudden catastrophic
breakdowns.

Against this background, the BIOXIGEN process
innovation can be interpreted as a form of infrastructure
governance by design. It integrates engineering solutions
such as telemetry, redundancy, and preventive maintenance
with a service-oriented organizational model that
emphasizes  continuous  monitoring, contractual
performance commitments, and traceable accountability.
Global evidence increasingly supports this integrated
approach, noting that procurement-focused strategies
repeatedly fail to translate capital investments into reliable
oxygen therapy when lifecycle governance is absent
(Graham et al., 2025).

4.1. Telemetry and IoT as Systemic Risk Mitigation

One of the clearest implications of the findings is that
reliance on manual supervision and non-specialized
personnel cannot be assumed to provide an adequate safety
barrier in environments characterized by high workload,
staff turnover, and limited technical specialization. In such
contexts, risk mitigation requires a shift toward
technological substitution through continuous sensing,
automated alarms, remote oversight, and data-driven
maintenance planning. Recent studies on Internet-of-
Things (IoT) integration into medical gas monitoring
systems demonstrate how distributed sensors combined
with centralized platforms can enable real-time anomaly
detection, predictive maintenance, and rapid response to
deviations in pressure, flow, or gas purity (Mahapatra et al.,
2025).

The significance of telemetry lies not only in its technical
capabilities but in its organizational effects. Continuous
monitoring transforms oxygen management from episodic
inspection into ongoing assurance, reducing the likelihood
that early warning signs remain unnoticed until they
escalate into clinical emergencies. Moreover, telemetry
generates auditable records that support root-cause analysis,
regulatory compliance, and institutional learning. These
features directly address the ‘“operational blindness”
identified in this study and are consistent with global
assessments that highlight poor monitoring as a key
contributor to oxygen system failures (Jjaz et al., 2025).
Nevertheless, digitalization introduces new risk domains
that must be acknowledged. Sensor calibration, network
reliability, cybersecurity vulnerabilities, alarm fatigue, and
data governance become integral to patient safety. Research
on maintainability risks in medical gas pipeline systems

emphasizes that design and lifecycle decisions strongly
influence safety outcomes, and poorly integrated
technologies can embed latent hazards that persist over time
(Alassafi et al.,, 2023). Telemetry must therefore be
embedded within a comprehensive safety framework that
includes redundancy, periodic verification, alarm
management protocols, and clear escalation pathways.

4.2. Lessons from the Pandemic: Preparation vs. Reaction
The COVID-19 pandemic exposed medical oxygen as one
of the most fragile elements of health system surge capacity
worldwide. Even countries with substantial industrial
production capabilities experienced acute shortages due to
mismatches between demand, production, distribution, and
facility readiness. Analyses of the pandemic response
emphasize that oxygen failures often occurred at the “last
mile,” where infrastructure limitations, power instability,
maintenance gaps, and logistics constraints prevented
oxygen from reaching patients despite upstream availability
(Graham et al., 2025).

Recent structural modeling of oxygen management
challenges during and after the pandemic underscores that
these failures are hierarchical and systemic. Regulatory
frameworks, preparedness planning, audit mechanisms, and
digital infrastructure shape operational outcomes,
reinforcing the notion that oxygen crises are structurally
produced rather than accidental (Singh et al., 2025). This
aligns closely with the present study’s findings regarding
outdated oversight norms and limited institutional authority.
From this perspective, centralized storage solutions
combined with telemetry and demand forecasting should be
understood as preparedness architecture rather than mere
capacity upgrades. Evidence from facility-level and cross-
national studies indicates that oxygen systems frequently
fail because they lack redundancy and adaptive capacity
under stress, not because oxygen 1is conceptually
unavailable (ljaz et al., 2025). Preparedness-oriented
designs must therefore explicitly plan for downtime
scenarios, define backup supply pathways, and ensure
sustainable financing for maintenance and logistics.

4.3. Governance and the political economy of bottom-up
innovation

The study’s emphasis on private-sector capability as a
driver of modernization in the context of regulatory lag
raises important governance considerations. Global oxygen
security literature recognizes that achieving equitable and
reliable oxygen access requires coordinated action across
health systems, industry, energy, transport, and regulatory
institutions (Graham et al., 2025). However, industry-led
modernization also carries risks of regulatory capture if
transparency and public accountability are insufficient.
The findings suggest that bottom-up innovation becomes
particularly salient where state oversight mechanisms are
outdated or fragmented. In such contexts, the central issue
is not whether private actors should participate, but how
their participation can be structured to advance public
interest objectives such as patient safety and continuity of
care. Research on oxygen supply chains in resource-limited
settings highlights the need for integrated logistics,
maintenance systems, and workforce capacity that no single
actor can provide independently (Humura et al., 2024).
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Accordingly, the discussion supports a co-production model
of governance involving transparent technical standards,
independent audits, shared performance indicators, and
mechanisms for reporting adverse events and near misses.
Such arrangements can mitigate concerns about capture
while leveraging private technical expertise to address
systemic weaknesses identified in the study.

4.4. Financial Sustainability through reliability engineering
A persistent misconception in healthcare infrastructure
management is that safety improvements necessarily
increase costs. Empirical evidence increasingly contradicts
this assumption by demonstrating that unreliable oxygen
systems generate substantial hidden costs, including
emergency cylinder rentals, transport logistics, labor
diversion, and downstream clinical consequences.
Reliability engineering provides tools to quantify and
manage these risks.

Recent fault-tree analysis studies of medical oxygen supply
systems illustrate how failure probabilities can be
systematically assessed and how maintenance planning can
prioritize high-criticality components such as pressure
regulation units, alarm systems, and power dependencies
(Yousofnejad & Es’haghi, 2024). Complementary evidence
from third-party audits of medical gas pipeline systems
demonstrates that structured assessments can identify
vulnerabilities early and support continuous quality
improvement (Siddharth et al., 2025).

Within this framework, the BIOXIGEN model can be
interpreted as an attempt to internalize the cost of reliability
through a service-based approach that aligns financial
incentives with preventive maintenance and performance
outcomes.

4.5. Patient Safety and Adverse Event Prevention

Medical oxygen functions simultaneously as a therapeutic
agent and a potential hazard. High concentrations increase
fire risk, while pressure instability or contamination directly
threaten patient outcomes. Maintainability risk analyses
emphasize that design decisions, system expansions, and
undocumented modifications significantly influence long-
term safety (Alassafi et al., 2023).

Third-party audit evidence demonstrates the value of
systematic verification of alarms, outlets, distribution
integrity, and documentation in reducing these risks
(Siddharth et al., 2025). When combined with telemetry,
audits can be targeted and data-driven, strengthening patient
safety governance.

4.6. International
Convergence

The global trend is toward convergence on rigorous
international standards. ISO 7396-1:2019 and NFPA
99:2024 represent the state-of-the-art in medical gas system
design, incorporating decades of safety research and lessons
from adverse events worldwide. Colombia’s 21-year
regulatory lag (Figure 3) places the country outside this
international consensus.

The World Health Organization’s technical specifications
for health facility-based medical oxygen systems (WHO,
2023) align closely with ISO 7396-1, emphasizing source
redundancy, continuous monitoring, preventive

Regulatory  Context:  Standards

maintenance, and staff training. These specifications were
developed in direct response to pandemic lessons and
represent global best practices.

For Colombia to align with international standards, either
state regulatory agencies must act, or private sector leaders
like BIOXIGEN must demonstrate superior alternatives
that create market pressure for regulatory modernization.
The latter pathway, while slower, may be more sustainable
as it is driven by demonstrated value rather than compliance
obligation.

The regulatory lag identified in this study should be
understood as a performance gap rather than merely a legal
one. Global evidence shows that standards are ineffective
without implementation capacity, workforce training, and
oversight mechanisms (Graham et al., 2025). Case studies
of national oxygen networks, such as in Lesotho, illustrate
how redundancy, real-time monitoring, and coordinated
logistics can enhance reliability at scale (Ndayizigiye et al.,
2025).

4.7. The Transformative Business Model: From Product to
Service

BIOXIGEN’s innovation represents a fundamental business
model transformation from “product sales” (cylinders) to
“service delivery” (guaranteed availability). This shift
aligns with global trends in healthcare supply chain
management toward value-based contracting and outcome-
focused partnerships.

Under the traditional model, the supplier’s responsibility
ends when the cylinder is delivered. Under the innovative
model, the supplier maintains responsibility for continuous
availability through remote monitoring, predictive logistics,
and proactive maintenance. This transformation benefits all
stakeholders: hospitals gain reliability and reduced
operational burden; patients gain safety; and suppliers gain
long-term partnerships and differentiation from competitors
operating under obsolete models.

This service-based approach is particularly relevant in
Colombia’s financially constrained healthcare
environment. By packaging the innovation (tank + network
+ telemetry) under long-term contracts or equipment
leasing models that avoid large initial capital expenditures
(CapEx), BIOXIGEN can facilitate adoption even among
cash-strapped institutions. The operational savings (OpEx
reduction) can finance the infrastructure investment over
time.

The transition from equipment procurement to
performance-based service models reflects broader trends
in servitization and social innovation. Recent research
demonstrates that integrating services with products can
realign incentives, expand accountability, and support
sustainability outcomes when governance safeguards are in
place (Spadafora & Rapaccini, 2024). In the oxygen sector,
service models address the governance failures that
undermined many pandemic-era investments (Graham et
al., 2025).

4.8. Study Limitations and Future Directions

This research has several limitations that should be
acknowledged. First, the sample of 10 hospitals in
Antioquia, while representative of the region, may not fully
capture the diversity of situations across Colombia’s varied
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geographic and institutional landscape. Second, the
qualitative methodology provides rich contextual
understanding but limits statistical generalizability. Third,
the study was conducted during a specific temporal window
(post-pandemic) which may have influenced perceptions
and priorities.

Future research directions include:

Large-scale surveys across multiple regions to statistically
validate the prevalence of identified gaps.

Tracking hospitals that adopt BIOXIGEN’s innovation
versus control sites over 3-5 years to measure actual safety
outcomes, cost savings, and operational efficiency gains.
Formal cost-benefit analysis of updating NTC 5318 to align
with ISO 7396-1:2019, including estimated public health
benefits.

Examining how other Latin American countries with
similar healthcare system structures have addressed
medical gas infrastructure modernization.

Rigorous testing of IoT telemetry systems under various
failure scenarios to establish reliability and cybersecurity
standards.

The qualitative scope of this study limits statistical
generalization, and future research should incorporate
quantitative indicators such as outage frequency, response
times, maintenance costs, and clinical proxies. Reliability
modeling techniques and facility-level assessments provide
established methodologies for such analyses (Yousofnejad
& Es’haghi, 2024; ljaz et al., 2025). Future work should
also explore regional coordination models to enhance
resilience, particularly in rural and resource-constrained
settings (Ndayizigiye et al., 2025).

5. CONCLUSIONS

The research conducted to articulate this article allows
concluding that the process innovation proposed by
BIOXIGEN S.A.S. is relevant, feasible, and urgent. The
following specific conclusions are drawn:

Analysis demonstrates that hospital medical gas
infrastructure in Colombia operates under a systemic risk
framework, characterized by obsolete regulations (NTC
5318), inefficient distribution technology (cylinders), and
fragmented state supervision. The COVID-19 pandemic
was only a warning of a fragility that persists.

Faced with state regulatory inaction, evidenced in the lack
of regulatory updates, private sector innovation becomes an
ethical imperative. Implementation of centralized systems
and telemetry is not optional; it is the only technical
pathway to guarantee patient safety in the current
environment.

Although the healthcare sector financial crisis represents an
entry barrier, process innovation offers the key to overcome
it: operational efficiency. By demonstrating that safety pays
its own costs through logistical optimization, BIOXIGEN
can overcome hospital managers’ resistance to change.
BIOXIGEN S.A.S., through this project, positions itself not
only as a commodity supplier but as a technical opinion
leader. Its participation in ANDI working tables and
generation of scientific knowledge demonstrate
commitment to elevating the country’s public health

standards, aligning with Sustainable Development Goals
and projecting as a modernization reference in the region.
The study provides the first systematic documentation of
the temporal gap between Colombian regulation (NTC
5318:2004) and modern international standards (ISO 7396-
1:2019, NFPA 99:2024), establishing the empirical basis for
regulatory modernization advocacy.

The research introduces the novel concept of regulatory
obsolescence acting as a financial disincentive for safety
investment, explaining why market forces alone cannot
drive infrastructure modernization in the absence of
mandatory standards.

: Evidence supports that in contexts of state regulatory
inaction, private sector leadership in standard-setting and
technological innovation is not only viable but necessary,
with successful implementations serving as demonstration
cases for subsequent policy development.

The study successfully integrates international lessons from
COVID-19 oxygen crises into the Colombian context,
demonstrating that vulnerabilities exposed during the
pandemic persist in the post-pandemic period and require
structural solutions.

Research validates that remote monitoring technology is not
merely a convenience but a fundamental safety requirement
in contexts of generalized technical ignorance among
hospital operators, transferring surveillance responsibility
to qualified experts.

The study demonstrates that transformation from product
sales to service delivery, enabled by technology integration,
offers a financially sustainable pathway for infrastructure
modernization that aligns supplier incentives with patient
safety outcomes.
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