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Abstract
The COVID-19 pandemic served as a global stress test for public health surveillance systems, exposing critical weaknesses in data timeliness, coordination, and analytic capacity. In response, governments and health institutions worldwide turned to digital technologies ranging from electronic health record (EHR) linked reporting platforms to mobile contact tracing apps and AI-driven analytics to close gaps and accelerate decision-making. These innovations signaled a pivotal shift from reactive, manual surveillance to digital, real-time, and predictive public health infrastructure. This article examines how Health Information Technology (Health IT) is reshaping the future of epidemic intelligence through three major transformations: technical integration, including interoperable data systems and standards such as HL7 FHIR; ethical governance, which balances privacy with public health objectives; and institutional sustainability, encompassing workforce development, long-term investment, and global interoperability. Case studies from countries including South Korea, Singapore, and the United Kingdom illustrate both the promise and the challenges of digitally enabled surveillance. As the world prepares for future pandemics, the lessons of COVID-19 call for a new model that embeds digital capacity as core public health infrastructure. Achieving this vision will require strategic alignment across sectors, transparent governance, and a global commitment to equity in digital readiness.
1.0. Introduction 
 	The COVID-19 pandemic marked a critical inflection point for global public health, exposing longstanding weaknesses in disease surveillance systems and revealing the urgent need for modernization. As SARS-CoV-2 spread rapidly across borders, the limitations of traditional public health infrastructure—built largely on manual reporting, siloed data systems, and delayed laboratory confirmations—became glaringly evident. These analog systems, while historically adequate for slower-moving outbreaks, proved ill-equipped to detect and respond to a fast-evolving global pandemic. The reactive nature of such surveillance approaches hindered timely containment, limited situational awareness, and exacerbated disparities in data capacity and coordination both between and within countries[1,2].
 	In the early stages of the pandemic, even foundational epidemiological questions such as where infections were increasing, which populations were most vulnerable, or whether hospitals were approaching capacity remained difficult to answer. This was largely due to fragmented data collection across jurisdictions, institutions, and care settings. Inconsistent reporting formats and delayed case confirmations further hampered efforts to model transmission dynamics, allocate resources, and implement evidence-based interventions. Although some surveillance systems were theoretically robust, the absence of interoperability, automation, and real-time analytics meant they could not keep pace with the virus's trajectory[3].
 	It was within this strained landscape that digital health technologies emerged as indispensable components of the global response. Tools such as electronic health records, cloud-based data warehouses, mobile contact tracing applications, and artificial intelligence-driven analytics were deployed with unprecedented speed and scale. These technologies augmented and, in some cases, replaced conventional surveillance methods by enabling faster case identification, large-scale symptom tracking, and the integration of clinical, demographic, and behavioral data in near real-time. Perhaps most critically, they opened the door to predictive modeling and automated alert systems, which traditional surveillance methods were largely incapable of supporting[4,5].
 	In retrospect, the pandemic functioned as a global stress test for public health surveillance, a moment in which outdated systems faltered and digital innovations proved their worth. The experience demonstrated that digital health technologies are no longer optional enhancements but essential components of a resilient public health infrastructure. As governments and institutions shift from emergency response to long-term preparedness, it has become clear that Health Information Technology must be treated as a fundamental element of 21st-century epidemic intelligence and health security[6].
2. Digital Innovations in Real-Time Surveillance
 	The urgency of the COVID-19 pandemic triggered a global surge in digital innovation, fundamentally reshaping how public health surveillance operates in real time. As traditional manually driven systems struggled under the pressure of rapidly escalating case numbers, governments and health institutions increasingly turned to Health Information Technology (Health IT) to close critical gaps. These tools were designed to improve data collection, enhance situational awareness, and enable more agile and responsive decision-making. Deployed at unprecedented speed, these digital interventions marked a pivotal transformation in the monitoring, prediction, and control of infectious disease outbreaks[1,7].
 	One of the most consequential changes during the pandemic was the integration of electronic health record (EHR) data into public health reporting workflows. Automating the flow of clinical data into national surveillance databases allowed health authorities to bypass conventional reporting delays and gain near-instantaneous visibility into COVID-19 testing, hospitalization rates, and intensive care unit utilization[8]. In the United Kingdom, the NHS COVID-19 Data Store aggregated information from EHRs, laboratory systems, and logistics chains to power a central dashboard used for resource allocation and policy planning. Similarly, in the United States, the HHS Protect platform integrated data from over 200 sources to support forecasting models and inform federal response strategies[9–11].
 	Mobile technologies also played a crucial role in expanding the reach, speed, and granularity of surveillance activities. Digital contact tracing applications such as Singapore’s TraceTogether and South Korea’s cell-tower-based tracking system enabled authorities to quickly identify and notify individuals potentially exposed to the virus. Often supplemented with QR code-based venue check-ins and real-time mobility data, these tools allowed for targeted containment strategies that avoided the economic and social costs of full-scale lockdowns. In parallel, symptom monitoring and self-assessment platforms such as the UK’s COVID Symptom Study app collected population-level health data that helped identify emerging transmission clusters and patterns in near real time[12,13]. In addition to improving detection and monitoring, artificial intelligence (AI) and machine learning (ML) technologies were used to anticipate outbreak dynamics and inform clinical decision-making. For example, South Korea employed AI systems that analyzed mobility and contact data to predict potential superspreading events. In the United States, researchers leveraged natural language processing to identify early syndromic trends from free-text clinical notes in EHRs, offering earlier warnings of respiratory illness spikes. Other machine learning models were used to support hospital triage, estimating patient deterioration risk based on vital signs and comorbidities in real time[14].
 	Despite the clear benefits of these innovations, their effectiveness varied significantly across settings, revealing important contextual factors. First, digital readiness—including the presence of robust infrastructure, skilled personnel, and regulatory flexibility—was essential for rapid implementation. Countries with pre-existing integrated health data systems were far better positioned to scale up digital surveillance tools. Second, effective governance was key[15]. Where oversight mechanisms were transparent and policies ensured equitable access, public engagement and tool uptake were higher. Third, public trust proved indispensable. The legitimacy of surveillance tools depended heavily on how they were introduced and managed, particularly in societies with histories of data misuse or limited privacy protections. Moreover, digital surveillance did not replace traditional epidemiology but rather enhanced its reach, precision, and timeliness. These innovations enabled public health responses that were far more dynamic and data-driven than would have been possible under legacy systems[16]. However, their rapid adoption also surfaced new challenges including data standardization issues, questions about ethical use, and concerns over technological equity that must be addressed as digital tools transition from emergency response mechanisms to permanent features of the public health landscape[17].
As illustrated in Figure 1, modern public health surveillance is increasingly characterized by its capacity to synthesize multiple digital data streams in real time, enabling predictive modeling, responsive intervention, and evidence-based policy-making at scale[18].
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Figure 1. The Digital Public Health Surveillance Ecosystem. A conceptual framework illustrating how diverse data sources—including electronic health records, laboratory systems, mobile apps, and social media—feed into an integrated surveillance system via interoperability standards (e.g., HL7, FHIR) and advanced analytics (AI/ML). The outputs support public health decision-making through dashboards, alerts, outbreak modeling, and policy tools.
 3 Data Integration and Interoperability
 	The effectiveness of pandemic surveillance depends not only on data collection but also on the ability to integrate, interpret, and act upon information from diverse sources in real time. During the COVID-19 crisis, Health Information Technology (Health IT) played a central role in enabling this integration. However, the process was far from seamless. The global emergency revealed both the potential and the persistent challenges of cross-system data harmonization, highlighting the urgent need for robust interoperability frameworks and widely adopted data standards[19].
 	Interoperability, defined as the capacity of disparate systems and organizations to exchange, interpret, and use data in a cohesive manner, emerged as a critical determinant of surveillance responsiveness. International standards such as Health Level Seven (HL7) and Fast Healthcare Interoperability Resources (FHIR) offered foundational tools to align clinical and public health data. These standards enabled better communication among electronic health records (EHRs), laboratory information systems, and public health databases[20]. In the United States, FHIR-based application programming interfaces (APIs) facilitated the real-time exchange of structured data into centralized surveillance systems like HHS Protect, which consolidated hospital capacity, case numbers, testing outcomes, and supply chain data from over 6,000 healthcare institutions. Similarly, the World Health Organization’s Epidemic Intelligence from Open Sources (EIOS) platform aggregated data from news outlets, social media, and official health reports to generate early signals of outbreaks worldwide[21,22].
 	Integrated platforms like these offered numerous advantages. They significantly reduced delays in reporting, improved situational awareness of disease progression, and enabled more accurate predictive modeling. By linking EHR data to geospatial and demographic information, health authorities could identify emerging hotspots, assess the effectiveness of interventions, and make data-informed decisions about vaccine distribution. Interoperability also contributed to data quality by minimizing duplicate entries and improving the resolution of individual case records across systems[23]. Nevertheless, these advances were constrained by major technical and institutional hurdles. One persistent challenge was semantic heterogeneity, or the inconsistency in how health conditions, procedures, and laboratory results were coded across different systems. In the absence of universal terminologies or standardized value sets such as SNOMED CT and LOINC, the process of aggregating data often required labor-intensive cleaning, manual mapping, and reconciliation. Compounding this issue, many public health agencies lacked the digital infrastructure or trained personnel needed to implement new data standards quickly, which led to significant delays and bottlenecks in integration efforts[20,24].
 	Non-standardized reporting protocols across jurisdictions further complicated both national and global coordination. While some countries operated under centralized data governance models that facilitated uniform data flow, others had highly decentralized systems where data collection and reporting varied widely. These inconsistencies created fragmented and unreliable data landscapes. Efforts to build real-time dashboards were often hindered by incomplete, infrequent, or overly aggregated data, which undermined the ability to conduct timely and granular analyses[25]. Additionally, the pandemic also exposed the fact that interoperability is as much a matter of governance as it is of technology. Many countries lacked clear policies regarding data ownership, access rights, and stewardship responsibilities. In several instances, the absence of legal frameworks and data-sharing agreements delayed the exchange of vital information during key phases of the outbreak response. In some contexts, bureaucratic barriers were even more obstructive than technical limitations, impeding the seamless flow of critical data[26].
 	Despite these challenges, the COVID-19 experience underscored that integrated data systems are not optional but essential for pandemic preparedness and response. Building a resilient and equitable surveillance infrastructure for the future will require sustained investment in interoperability tools, universal data vocabularies, and coordinated cross-sector partnerships. Only through such efforts can health systems ensure that they are equipped to respond swiftly, transparently, and effectively to the next global health crisis[27,28].
4.0. Ethics, Privacy, and Public Trust
 	The rapid deployment of digital surveillance technologies during the COVID-19 pandemic brought urgent ethical concerns to the forefront, particularly regarding the balance between public health protection and individual civil liberties. Although these technologies were instrumental in tracking virus transmission, predicting outbreaks, and guiding public health interventions, they also introduced significant risks related to personal privacy, informed consent, and social trust[29]. The global experience emphasized a critical truth: technological effectiveness alone is insufficient. For surveillance systems to succeed, they must also be ethically sound and socially legitimate[30].
 	At the core of these concerns lies a fundamental tension between public safety and personal privacy[31]. Tools such as contact tracing applications, digital quarantine enforcement systems, and geolocation tracking mechanisms enabled rapid identification of transmission networks. However, they often required the collection of sensitive data, including users’ locations, proximity histories, and health statuses[32]. In many countries, these surveillance mechanisms were implemented under emergency legislation with limited public oversight or predefined expiration timelines. The extension of such powers beyond the immediate crisis raised serious concerns about the normalization of intrusive surveillance and the potential for unintended long-term uses[33]. Additionally, Design differences in digital surveillance technologies reflected broader variations in national approaches to privacy governance. Some countries, including Singapore and South Korea, adopted centralized systems where personally identifiable information was stored and managed by state agencies. Others, such as Germany and Switzerland, opted for decentralized models that used the Google-Apple Exposure Notification (GAEN) framework, which emphasized anonymity and local data storage. These architectural choices had significant implications for public trust and adoption. In contexts where governments provided clear communication, involved civil society stakeholders, and implemented safeguards for data use, public acceptance was generally higher[34].
 	Ethical surveillance requires more than minimal compliance with data protection laws. It must be guided by principles of transparency, proportionality, data minimization, and purpose limitation. Individuals should be clearly informed about the nature of the data being collected, the purposes of its use, the entities with access to it, and the duration of its retention. Data collection should be limited to what is strictly necessary for legitimate public health objectives, and any secondary use—such as for policing or commercial purposes—should only occur with explicit justification and public consent[35,36].
 	Several international frameworks offer valuable guidance for ethical digital health practices. The OECD Principles on Artificial Intelligence, the European Union’s General Data Protection Regulation (GDPR), and the World Health Organization’s Guidance on Ethical Data Use all emphasize key values such as accountability, human rights, and responsible governance by design. Equally important is the incorporation of equity into ethical deliberations[37]. Digital tools must be evaluated for their distributional effects, ensuring that marginalized populations are not disproportionately excluded, stigmatized, or misrepresented due to algorithmic bias or data inequities[32]. Moreover, public trust is not just an ethical ideal; it is a functional necessity for effective surveillance. Systems that are perceived as coercive, opaque, or unaccountable are less likely to garner the public cooperation required for successful implementation. Embedding ethical considerations throughout the full lifecycle of digital surveillance tools—from design and deployment to evaluation and decommissioning—is essential for building lasting public confidence[38]. This approach will not only enhance pandemic response but also lay the groundwork for resilient and inclusive surveillance systems in the future.
As illustrated in table 1, countries adopted a wide range of privacy models in their digital contact tracing strategies. These models reflect varying degrees of centralized control and individual data sovereignty, underscoring the trade-offs between public health coordination and personal privacy protections.
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Table 1. Comparative Matrix of Privacy Models in Contact Tracing. A comparative matrix outlining the privacy design choices of four national contact tracing systems—Singapore, South Korea, Germany, and Switzerland—across five key dimensions: system architecture, data storage method, level of anonymity, and user consent mechanisms. The matrix highlights the tension between centralized efficiency and decentralized privacy preservation in digital public health surveillance. Adapted from publicly available national protocols and published analyses, including the MIT Technology Review COVID Tracing Tracker and WHO privacy assessments.


5.0. Toward a Resilient Digital Public Health Infrastructure
 	As the acute phase of the COVID-19 pandemic fades, the focus must shift from emergency-driven innovation to long-term institutionalization. The rapid deployment of digital tools during the crisis revealed their transformative potential for disease surveillance and public health decision-making. However, many of these technologies were developed as stopgap solutions under crisis conditions. Without sustained investment, policy reform, and structural integration, the momentum of pandemic-era digital innovation could be lost. Building a resilient digital public health infrastructure requires deliberate and coordinated efforts to embed Health Information Technology (Health IT) as a foundational element of both national and global health systems.[39]
 	The first priority is to institutionalize digital surveillance platforms. During the pandemic, many countries rapidly created dashboards, data exchanges, and analytic systems tailored to immediate needs[40,41]. These ad hoc solutions must now be standardized, secured, and integrated into routine public health operations. Institutionalization involves more than technological upgrades[42]. It requires the development of formal governance frameworks that establish oversight responsibilities, data-sharing agreements, and ethical safeguards. Digital surveillance should be recognized as critical public health infrastructure, subject to the same strategic planning, regulatory oversight, and sustained funding as laboratory networks, emergency stockpiles, and hospital systems[43].
 	A second pillar of resilience lies in workforce development. The pandemic revealed a global shortage of professionals with the digital and analytical skills necessary to support advanced surveillance efforts. Building a workforce for digital epidemiology will require cross-disciplinary training programs that equip public health practitioners with expertise in data science, machine learning, informatics, and geospatial analysis. Public health must follow the lead of clinical medicine in developing hybrid professional roles—such as the clinician-informatician—who can navigate both technical and domain-specific knowledge. These professionals will serve as vital connectors between data infrastructure and public health action[44].
 	As depicted in Figure 2, the long-term sustainability of digital surveillance systems depends on four interdependent pillars: institutionalization, workforce development, long-term funding, and interoperability. Each of these components reinforces the system’s capacity to anticipate, detect, and respond to public health threats at scale. Together, they form the foundation for a modernized surveillance architecture that is not only responsive during emergencies but also durable and equitable in routine public health practice.
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Figure 2: A circular conceptual framework illustrating the four foundational components of a resilient digital public health surveillance system: Institutionalization, Workforce Development, Long-term Funding, and Interoperability. These interconnected elements emphasize the need for structural, financial, and cross-border continuity to sustain digital health surveillance capacity beyond crisis periods. Original figure created by the authors, informed by global digital health infrastructure guidelines and post-COVID policy recommendations.
 	Third, sustainable progress depends on long-term funding and coherent policy alignment. Digital health infrastructure cannot thrive on short-term, crisis-driven financial support. Governments must commit to stable, recurring budget allocations and pursue strategic public-private partnerships to fund infrastructure maintenance, strengthen cybersecurity, enhance platform interoperability, and support ongoing innovation. In parallel, policy frameworks must be aligned to facilitate secure data exchange while upholding individual privacy rights. This is especially important in the context of transboundary health threats, where disjointed regulatory regimes can hinder timely response and coordination[45].
 	Equally essential is the extension of interoperability beyond national borders. The global nature of infectious disease threats demands a transnational digital surveillance architecture capable of enabling real-time, cross-border data sharing and coordinated action[46]. Achieving this vision requires the alignment of technical standards such as FHIR (Fast Healthcare Interoperability Resources) and SNOMED CT, as well as the development of legal agreements and ethical frameworks for cross-jurisdictional data governance. Platforms like the World Health Organization’s Epidemic Intelligence from Open Sources (EIOS) offer promising foundations for such global integration. The concept of a global digital public health commons—a federated yet interconnected network of national surveillance capacities—could significantly enhance early warning systems, reduce fragmentation, and improve the equity and efficacy of global health responses[47].
 	However, building this infrastructure is not only a technical endeavor. It is also a deeply political and ethical challenge. Trust must be cultivated among nations, and equity must be embedded in both design and implementation. Many low-resource countries face structural disadvantages in digital readiness, lacking the tools, infrastructure, and workforce needed to fully participate in a globally integrated system. Without deliberate efforts to address these digital divides, digital surveillance risks replicating or even amplifying the inequalities that public health systems seek to overcome[48].
Conclusion 
 	The COVID-19 pandemic did not simply disrupt global health systems; it redefined the infrastructure needed to sustain them. Digital innovation played an indispensable role in managing the crisis, from enabling real-time surveillance and predictive modeling to supporting coordinated public health responses. The lesson is clear: digital technologies are no longer optional enhancements. They are foundational components of 21st-century public health systems. However, technology alone cannot guarantee resilience. To ensure that digital tools serve all populations equitably, ethically, and effectively, strategic governance, sustained investment, and robust cross-sector collaboration are essential[49]. Countries must move beyond fragmented, ad hoc innovation and instead build integrated, interoperable systems grounded in transparency, informed consent, and public trust. This includes addressing persistent global disparities in digital capacity and establishing reliable mechanisms for coordinated data sharing across borders.
 	Pandemic preparedness must now be fundamentally reframed. Just as vaccines, diagnostics, and clinical infrastructure are viewed as essential elements of health security, so too must digital data systems be recognized as critical public health infrastructure[50]. The crises of the future will test not only our clinical capabilities but also our digital readiness. Rewriting the code of preparedness requires designing systems that are as intelligent, inclusive, and adaptive as the public health challenges we are certain to face.
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