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Abstract
Fog computing is a decentralized computing infrastructure that processes data at or near its source, reducing
latency and bandwidth usage. This technology is gaining traction in healthcare due to its potential to
enhance real-time data processing and decision-making capabilities in critical medical scenarios.

A systematic review of existing literature on fog computing in healthcare was conducted. The review
included searches in major databases such as PubMed, IEEE Xplore, Scopus, and Google Scholar. The search
terms used were "fog computing in healthcare," "real-time diagnostics and fog computing," "continuous
patient monitoring fog computing," "predictive analytics fog computing," "interoperability in fog computing
healthcare," "scalability issues fog computing healthcare," and "security challenges fog computing
healthcare." Articles published between 2010 and 2023 were considered. Inclusion criteria encompassed
peer-reviewed articles, conference papers, and review articles focusing on the applications of fog computing
in healthcare. Exclusion criteria were articles not available in English, those not related to healthcare
applications, and those lacking empirical data. Data extraction focused on the applications of fog computing
in real-time diagnostics, continuous monitoring, predictive analytics, and the identified challenges of
interoperability, scalability, and security.

Fog computing significantly enhances diagnostic capabilities by facilitating real-time data analysis, crucial
for urgent diagnostics such as stroke detection, by processing data closer to its source. It also improves
monitoring during surgeries by enabling real-time processing of vital signs and physiological parameters,
thereby enhancing patient safety. In chronic disease management, continuous data collection and analysis
through wearable devices allow for proactive disease management and timely adjustments to treatment
plans. Additionally, fog computing supports telemedicine by enabling real-time communication between
remote specialists and patients, thereby improving access to specialist care in underserved regions.

Fog computing offers transformative potential in healthcare, improving diagnostic precision, patient
monitoring, and personalized treatment. Addressing the challenges of interoperability, scalability, and
security will be crucial for fully realizing the benefits of fog computing in healthcare, leading to a more
connected and efficient healthcare environment.

Categories: Medical Simulation, Quality Improvement, Health Policy
Keywords: artificial intelligence, data security, medical diagnostics, real-time data processing, healthcare technology,
fog computing

Introduction And Background
Digital technologies have significantly reshaped healthcare delivery, introducing innovative methods that
enhance diagnostics and patient care. Among these advancements, fog computing has emerged as a key
technological paradigm, pushing data processing closer to where data originates, namely, at the network's
edge [1,2]. This approach contrasts sharply with traditional cloud computing (Table 1), which relies on
centralized data centers.
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Feature Cloud computing Fog computing

Data
processing
location

Centralized in remote data centers Decentralized, at or near the source of data

Latency Higher due to longer distance data travels Lower, as data are processed closer to their origin

Bandwidth
usage

Higher, as large amounts of data are
transmitted to and from the cloud

Lower, due to local data processing and reduced data transmission

Real-time
capability

Limited by network latency
Enhanced, suitable for time-sensitive applications such as emergency
response and critical care monitoring

Security risks
Higher, due to extensive data transmission
and centralized storage

Reduced, with data processed and often stored locally, minimizing
exposure to cyber threats

Interoperability
Dependent on internet and cloud services'
protocols

Requires local interoperability standards but is less dependent on
external networks

Scalability Easily scalable with cloud resources Scalability depends on local infrastructure capabilities

Cost
Potentially lower upfront, with ongoing
operational expenses

Higher upfront costs for local infrastructure, potentially lower
operational costs

TABLE 1: Comparison of cloud computing and fog computing in healthcare.

By minimizing the distance data must travel for processing, fog computing effectively reduces latency and
bandwidth use, crucial for real-time healthcare applications [3]. These characteristics are particularly
valuable in critical medical scenarios such as emergency response, continuous monitoring in intensive care
units, and during complex surgical procedures where immediate data analysis is paramount [4-6]. The
advantages and the architecture of the fog computing model are given in Figure 1 [7].

FIGURE 1: Architecture and advantages of fog computing model.

Fog computing, an extension of cloud computing, decentralizes data processing and storage by bringing
computational resources closer to the data source. In healthcare, fog computing enables real-time data
processing, enhancing patient care through swift decision-making and continuous monitoring. By
positioning computational resources at the network edge, it reduces latency, which is crucial for time-
sensitive medical applications such as remote patient monitoring, telemedicine, and emergency response
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systems. This architecture supports efficient data management and analysis from wearable devices, medical
sensors, and hospital information systems. Additionally, fog computing enhances data security and privacy
by minimizing data transmission to central servers, thereby reducing vulnerability to cyber threats. Its
scalable nature accommodates the growing volume of healthcare data, ensuring robust, real-time analytics,
and improved patient outcomes. Fog computing's integration in healthcare signifies a pivotal advancement
toward a more responsive, secure, and efficient medical data ecosystem.

Despite the promising advantages of fog computing, its practical implementation in healthcare settings is
hindered by several knowledge gaps. Firstly, there is an apparent lack of standardization across the diverse
array of medical devices and data formats, which complicates the integration of fog computing solutions.
Each device or system often operates independently without compatibility consideration, leading to
potential issues in data coherence and system interoperability [8,9]. Secondly, scalability poses another
significant challenge. The healthcare sector's data volume is expanding rapidly, driven by increases in the
number of connected devices and the granularity of data collected. Fog computing systems must be capable
of scaling to accommodate this growth without compromising data processing speed or system reliability
[10,11]. Thirdly, security concerns are particularly acute in the healthcare sector due to the sensitive nature
of personal health information. The decentralized processing inherent in fog computing creates multiple
points of potential vulnerability, necessitating robust security protocols to safeguard against unauthorized
access and data breaches [12,13].

The primary aim of this review is to systematically investigate and address the interoperability, scalability,
and security challenges of fog computing in healthcare, with the objective of enhancing real-time data
processing capabilities and improving patient care outcomes.

Review
Enhancing diagnostic capabilities
Fog computing significantly enhances diagnostic capabilities in healthcare by enabling real-time data
analysis and processing. This advanced technological framework is particularly crucial for urgent medical
diagnostics, where rapid and accurate data analysis can be the difference between life and death [14]. By
processing data closer to its source, fog computing reduces latency, improves response times, and enhances
the accuracy of medical diagnostics, which is essential in critical care situations such as stroke detection and
during surgical procedures [15,16].

Real-Time Data Processing

Stroke detection exemplifies an area where fog computing’s impact on diagnostics is particularly profound.
Immediate diagnosis and intervention are critical for stroke victims, as the treatment window for effective
intervention is exceedingly narrow. Typically, the first few hours after a stroke are crucial; delays in
treatment can lead to significant and irreversible damage. Fog computing facilitates the real-time processing
of data from CT scans, MRIs, and other monitoring devices directly at the site of patient care, whether in an
ambulance or at the emergency room [17]. This enables healthcare providers to make quicker decisions about
treatment strategies based on the rapid assessment of imaging and physiological data [18,19]. For example,
in the case of ischemic stroke, where timely restoration of blood flow is necessary, fog computing can
support real-time imaging analytics to assess the extent of a clot and guide thrombolytic procedures. This
capability not only speeds up the diagnostic process but also enhances the precision with which treatments
are administered, thereby improving patient outcomes.

Enhancing Monitoring Capabilities During Surgeries

During surgical procedures, the ability to monitor vital signs and other physiological parameters in real time
is crucial for patient safety. Fog computing plays a critical role here by providing the computational power to
process data from multiple monitoring devices simultaneously. This includes real-time analysis of
electrocardiograms, blood pressure, oxygen saturation, and other critical metrics that must be closely
watched during surgery. By leveraging fog computing, data from these devices can be processed locally,
without the delays that cloud computing might introduce. This means anomalies are detected almost
instantaneously, allowing for immediate response by the surgical team [20-24]. For instance, if a patient’s
blood pressure drops suddenly during surgery, fog computing can help in quickly analyzing the trend data
from the monitoring devices to alert the anesthesiologist, who can then take swift action to stabilize the
patient [22].

Supporting Advanced Imaging Techniques

Advanced imaging techniques, such as intraoperative MRI, are increasingly used during complex surgeries,
including those for cancer or neurological disorders. These imaging techniques generate large volumes of
data that require rapid processing to be useful during a procedure. Fog computing provides the necessary
infrastructure to process these large datasets locally, facilitating real-time imaging that guides surgical
decisions [25-27]. This is particularly important in neurosurgery where slight deviations can have significant
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consequences. By processing imaging data on-site, surgeons can view updated scans quickly, allowing for
precise modifications to their surgical approach based on the most current anatomical information. The
layers involved in the data processing from input to the output stream in fog computing are given in Figure
2.

FIGURE 2: Layers of data transmission in fog computing model.

Facilitating Predictive Analytics

Fog computing also enhances diagnostic capabilities through predictive analytics, which can anticipate
patient complications before they become critical. By analyzing historical data and real-time inputs from
patient monitoring systems, fog computing enables predictive models that can forecast potential declines in
patient health [16,28,29]. For instance, in critical care units, predictive analytics can help in anticipating
septic shock or other complications, enabling preemptive treatment that can save lives. This application not
only improves patient outcomes but also optimizes the use of healthcare resources.

Integrating With Telemedicine

Moreover, fog computing's capability extends to supporting telemedicine, especially in remote or
underserved regions where immediate access to specialist care is not available. In scenarios such as
telesurgery or remote diagnostics, fog computing can process diagnostic data locally, thereby facilitating
real-time communication between local practitioners and remote specialists. This integration ensures that
patients in remote locations receive expert care with the same speed and efficiency as those in advanced
medical facilities [30-32].

Improving patient care
Continuous Monitoring in Chronic Disease Management

Chronic diseases, such as diabetes, heart disease, and asthma, require ongoing management and
monitoring. Traditional approaches often rely on periodic visits to healthcare facilities, which can miss
fluctuations in the patient's condition between appointments. Fog computing changes this dynamic by
enabling continuous data collection through wearable devices and home monitoring equipment. These
devices can measure vital signs, glucose levels, heart rhythms, and other relevant health metrics in real
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time. The data collected are processed locally, allowing for immediate responses and adjustments in patient
care plans. For example, in the management of diabetes, continuous glucose monitors (CGMs) can transmit
data to a fog computing system, which analyzes trends and can trigger alerts if glucose levels move outside
of prescribed ranges. This system not only informs the patient and their healthcare provider but can also
automatically adjust insulin doses delivered by a connected insulin pump, thus maintaining optimal glucose
levels more effectively [33-35].

Enhancing Personalized Medicine

Personalized medicine, which tailors medical treatment to the individual characteristics of each patient,
benefits significantly from fog computing [36-38]. This approach often requires the integration and analysis
of large datasets, including genomic data, medical history, environmental factors, and lifestyle information.
Fog computing facilitates the local processing of these diverse data types, enabling healthcare systems to
create customized treatment plans that are dynamically adjusted based on real-time data inputs. In
oncology, for example, personalized treatment plans based on genetic mutations can be adjusted in real
time as new data from ongoing patient monitoring and lab results become available. Fog computing systems
can quickly process these data, allowing oncologists to modify chemotherapy regimens or other treatments
to optimize efficacy and minimize side effects, based on the patient’s current health status and treatment
response [39-41].

Supporting Remote Patient Monitoring

Remote patient monitoring, crucial for patients living in rural or underserved areas, is another area where
fog computing has a significant impact. By processing data locally, fog computing reduces the dependence
on continuous internet connectivity, which can be unreliable in such regions. Patients with chronic
conditions can use wearable devices that monitor their health metrics and send data to a nearby fog node,
which processes the data and can alert healthcare providers if intervention is needed. This not only ensures
timely medical attention but also increases the patient's ability to manage their health proactively [42-44].
For instance, heart failure patients can be monitored continuously with wearable devices that track heart
rate, activity levels, and other vital signs. The fog computing system can analyze these data to predict
potential exacerbations, enabling preemptive adjustments to treatment before a critical event occurs.

Facilitating Advanced Home Care

As healthcare shifts toward more home-based treatments, fog computing supports the advanced home care
necessary for complex patient needs. Home healthcare devices, integrated through fog computing, can
perform functions such as monitoring sleep patterns, medication adherence, and rehabilitation progress.
These devices collect data that a fog node can analyze to provide insights into the patient’s recovery and
health status [45]. Adjustments to medications or therapies can be made almost instantaneously based on
these data, promoting better health outcomes and reducing the need for hospital readmissions.

Integrating Wearable Technologies

The integration of wearable technologies with fog computing significantly enhances patient engagement
and self-management. Wearables that monitor physical activity, heart rate, and other health indicators
provide patients with immediate feedback about their health status. This real-time feedback, processed
through fog computing, empowers patients to make informed decisions about their daily activities and
management of their conditions. It also facilitates a more collaborative approach to healthcare, where
patients and providers can work together more closely to manage health conditions effectively [46-48].

Data management and security
Localized Data Processing for Enhanced Security

The traditional model of transmitting data to centralized cloud servers poses significant security risks,
including potential data breaches and unauthorized access during transmission. Fog computing mitigates
these risks by processing data locally, at or near the point of collection. This means that sensitive data, such
as patient health records and real-time monitoring data, do not traverse the internet or other networks
extensively, thereby reducing the exposure to potential cyber threats. Localized processing not only secures
data but also complies with strict healthcare regulations like the Health Insurance Portability and
Accountability Act (HIPAA) in the US or the General Data Protection Regulation (GDPR) in Europe. These
regulations mandate rigorous data security measures and patient privacy protections, which are more
controllable and enforceable when data remains on local devices or nearby nodes rather than being sent to
remote servers [49-51]. For example, a hospital using fog computing can ensure that all patient data
generated through medical devices are processed and analyzed within its local network, significantly limiting
access to this sensitive information and reducing the risk of data breaches.

Efficient Data Management With Fog Computing
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Healthcare facilities generate vast amounts of data daily, from electronic health records and lab results to
imaging data and real-time patient monitoring systems. Managing these data efficiently is crucial not only
for patient care but also for operational management and medical research. Fog computing enhances data
management by providing the computational power to handle large datasets at the network's edge [52,53].
This setup allows healthcare providers to quickly access and use these data for real-time decision-making
and patient care without the latency involved in querying distant cloud servers. Moreover, fog computing
supports scalable data infrastructure, which is adaptable to the increasing influx of data from various
sources, including newer medical devices and Internet of Things (IoT) sensors. This scalability ensures that
healthcare systems can continue to expand without the corresponding exponential increase in data
management costs and complexity. For instance, a fog node can aggregate and analyze data from multiple
sources and only send necessary or relevant information to the cloud for further analysis or long-term
storage, thereby optimizing network and storage resources. Various actions performed in each layer of the
fog computing model are given in Figure 3.

FIGURE 3: Events in each layer of the fog computing model.

Real-Time Data Analytics for Immediate Insights

The capability of fog computing to support real-time data analytics further underscores its importance in
healthcare. By analyzing data as they are generated, healthcare providers can gain immediate insights into
patient conditions, potentially lifesaving in critical care scenarios [14,54,55]. For instance, real-time analysis
of cardiac monitor data in a fog computing setup can immediately identify patterns indicative of an
impending heart attack, allowing for rapid intervention. This immediate processing capability is crucial not
only for emergency responses but also for routine care, where early detection of potential health issues can
lead to more effective management and treatment strategies. It enhances the overall quality of care by
enabling healthcare providers to act quickly based on the latest data, ensuring that patient care decisions are
informed by the most current and comprehensive information available [14,56].

Enhancing Privacy Through Data Localization

In addition to security, privacy is a critical concern in healthcare. Patients expect their health information
to be handled with the utmost confidentiality. Fog computing strengthens privacy by keeping data localized,
and reducing the number of checkpoints through which data must pass, thus minimizing the visibility of
sensitive information to unauthorized parties [57,58]. Local processing within a fog node means that
detailed patient data can be anonymized or minimized before being transmitted to central servers for further
analysis or storage, adhering to privacy best practices and regulations. Furthermore, fog computing enables
healthcare organizations to implement robust access control mechanisms at the network edge. These
controls can be finely tuned to limit access to sensitive data based on roles or requirements, ensuring that
only authorized personnel can view or process patient information. This localized control is vital in
environments where data sensitivity is high and the potential impact of unauthorized access could be severe
[59-64]. The applications of fog computing in healthcare are tabulated in Table 2.
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Application Description Impact on healthcare

Real-time stroke
detection

Processing data from imaging devices in real time,
facilitating rapid diagnosis and treatment

Reduces time to treatment, critical for conditions like
ischemic strokes, potentially reducing long-term disability

Surgical
monitoring

Monitoring and analyzing vital signs and other
parameters during surgeries in real time

Enhances patient safety by enabling immediate reactions
to physiological changes

Continuous
chronic disease
management

Using wearable devices to monitor and manage chronic
conditions like diabetes in real time

Improves disease management by providing constant
feedback and allowing immediate adjustments in treatment

Telemedicine
support

Local processing supports real-time communication
between remote specialists and patients, facilitating
teleconsultations

Expands access to specialist care, particularly in remote
areas, improving outcomes by providing timely expert
interventions

Advanced home
care

Integration of fog computing with home health devices
to monitor and manage post-hospitalization recovery

Reduces readmission rates by providing continuous,
personalized monitoring and adjusting treatments based on
real-time data

TABLE 2: Fog computing applications in healthcare and their impact.

Challenges
Interoperability Challenges

Healthcare systems typically employ a diverse array of devices, software systems, and data formats. Many of
these systems are designed to function independently without considering integration with other
technologies. This disparity makes it difficult to achieve seamless communication and data exchange
between different devices and layers within the fog computing architecture. The lack of standardization
across devices and protocols can lead to significant integration issues, which in turn can result in
incomplete data analyses, errors, and increased costs [65]. For example, a wearable device from one
manufacturer might use different communication protocols compared to another, or it might collect data in
a format that is not readily compatible with the hospital's existing data systems as shown in Figure 4 and
Table 3.
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FIGURE 4: Challenges with fog computing in healthcare.

Challenge Description Proposed solutions

Interoperability
Difficulty in seamless integration of diverse medical
devices and systems

Development and enforcement of universal standards for device
communication and data formats

Scalability
Need to handle growing data volumes and device
connectivity without performance degradation

Enhance local processing power and develop scalable network
architectures

Security
High risk of data breaches and unauthorized access
due to decentralized data processing

Implement advanced encryption, use blockchain technology for
secure data transactions, and continuous security monitoring

Technical
limitations

Limitations in local computational power, especially
in remote or resource-limited healthcare settings

Deploy AI and ML to optimize data processing efficiency and
manage computational loads

Maintenance
Managing and updating numerous decentralized
nodes can be complex and resource-intensive

Utilize sophisticated management tools and skilled personnel,
automate updates and maintenance routines

TABLE 3: Key challenges and proposed solutions for fog computing in healthcare.
AI: artificial intelligence; ML: machine learning.

To address these challenges, there is a critical need for universal standards that ensure all devices and
systems can communicate effectively, regardless of their make or model. This would require collaboration
between technology developers, healthcare providers, and regulatory bodies to create and enforce these
standards.

Scalability Issues

As the volume of data generated by healthcare devices continues to grow exponentially, the infrastructure
supporting fog computing must also scale accordingly. This scaling involves not just physical infrastructure,
such as servers and storage devices, but also the network architecture and software systems that manage
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and process data. Scaling fog computing solutions involves complex logistics and significant investment,
especially in ensuring that data processing capabilities can handle large influxes of data without
degradation in performance [65]. For instance, adding more devices to a system (such as in a large hospital)
can strain the local fog nodes if they are not designed to scale efficiently. This can lead to slower data
processing speeds and reduced reliability, which are unacceptable in clinical settings where decision-making
speed and accuracy are critical.

Technical Limitations

These limitations often pertain to the computational power available at the edge of the network, security
concerns, and the maintenance and management of the fog computing infrastructure. Local data processing
requires substantial computational resources, which might not be feasible for smaller healthcare providers
or in remote locations. The energy consumption associated with operating powerful local servers also poses
environmental and economic concerns, particularly if the energy needs to be sustained 24/7 to support
critical healthcare operations. While fog computing enhances data security by localizing data processing, it
also introduces new security challenges. Each node in a fog computing architecture represents a potential
entry point for cyber threats. Ensuring robust security across numerous decentralized nodes increases
complexity and requires sophisticated security protocols and constant vigilance to guard against breaches.
Maintaining and managing a distributed fog computing system involves significant operational challenges
[65]. The administration of multiple fog nodes, each potentially running different applications and systems,
can be cumbersome and resource-intensive. Ensuring consistent updates, managing system failures, and
troubleshooting issues across a dispersed infrastructure require advanced management tools and skilled
personnel, which can be a strain on healthcare providers' resources.

Future directions
The ongoing development of universal standards for interoperability marks a pivotal direction in the realm
of fog computing within healthcare. As this sector transitions into a more cohesive ecosystem of
interconnected devices and systems, establishing uniform protocols is crucial. Anticipated advancements
may involve the formulation of open platforms where both device manufacturers and software providers
conform to standardized communication and data norms. Such standardization would enable seamless data
exchanges and integration across diverse devices and systems, thus elevating the utility and operational
efficiency of fog computing in clinical contexts. These initiatives necessitate a collaborative approach
among technology developers, healthcare providers, and regulatory authorities to balance clinical demands
with innovation. The incorporation of artificial intelligence (AI) and machine learning (ML) within fog
computing stands to transform healthcare service delivery profoundly. By deploying AI and ML at the
network's edge, real-time data processing can yield instant insights into patient health, predicting potential
issues before they escalate. For instance, systems enhanced with AI could monitor data from wearable
devices continuously, identifying early symptoms of heart failure or other chronic ailments, which
facilitates preventative care or timely medical interventions. Additionally, AI can refine fog computing
network operations by dynamically managing resources and optimizing computational load distribution,
thereby enhancing performance and reducing both operational costs and energy usage.

Enhanced security measures are essential, given the sensitive nature of personal health information. Future
enhancements in fog computing should concentrate on advancing security protocols to defend against
increasingly complex cyber threats. Techniques such as sophisticated encryption, blockchain technology,
and perpetual security monitoring tailored for fog environments could be pivotal. Blockchain technology, in
particular, shows considerable promise for securing transactions and data exchanges across decentralized
networks, ensuring both data integrity and traceability. Integrating blockchain could facilitate secure,
transparent management of patient records, allowing data sharing among authorized parties while blocking
unauthorized access. Personalized healthcare services represent another significant potential advancement
in fog computing, utilizing the extensive data generated by the Internet of Medical Things (IoMT). Future
systems might employ advanced analytic tools to deliver personalized health recommendations directly to
patients through their devices, based on real-time data analysis that encompasses medical, lifestyle,
environmental, and genetic information. This comprehensive approach to health management could be
complemented by personalized virtual health assistants, which would process data locally to offer real-time
health advice, medication reminders, and direct interactions with healthcare providers, thereby improving
patient engagement and adherence to treatment plans. Optimizing resource allocation within healthcare
facilities is a likely focus for future advancements in fog computing. By analyzing data from various sources,
such as patient admissions, treatment outcomes, and operational metrics, fog computing can assist
healthcare administrators in optimizing staffing, managing equipment use, and minimizing wait times. This
enhances both care quality and overall operational efficiency. Environments like smart hospitals, powered by
fog computing, could automatically adjust resources in response to patient influx and hospital capacity,
using predictive analytics to forecast future demands and ensuring resource use remains efficient while
maintaining high care standards.

Conclusions
Fog computing presents a transformative opportunity in healthcare, enhancing diagnostic precision, real-
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time patient monitoring, and personalized treatment. By processing data closer to its source, fog computing
addresses critical latency and bandwidth challenges, making it ideal for time-sensitive applications such as
emergency responses and complex surgeries. The decentralized architecture bolsters security by minimizing
data exposure to cyber threats and enhances patient privacy through localized data processing.
Nevertheless, significant challenges persist, including the necessity for interoperability standards, scalability
solutions, and robust security protocols to address the intricacies of decentralized systems. As healthcare
systems increasingly integrate fog computing, future developments must focus on universal interoperability
standards, leveraging AI and ML for dynamic resource management and predictive analytics, and advancing
security measures to protect sensitive health information. These advancements promise to enhance clinical
operations, facilitating personalized treatment, improving patient outcomes, and optimizing resource
allocation. The integration of fog computing in healthcare stands poised to transform care delivery,
enhancing efficiency, responsiveness, and patient-centricity. The continued advancement of this technology
will be critical in fulfilling the increasing needs of modern healthcare, eventually leading to a more
connected and robust healthcare environment.
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