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ABSTRACT

Fog computing has emerged as a critical infrastructure for modern healthcare systems, offering low-latency processing for sensitive medical data. This
systematic review evaluates 142 peer-reviewed studies (2018-2025) to analyze security challenges, cryptographic approaches, and ethical considerations in
healthcare fog computing. Our findings reveal that hybrid AES-post-quantum cryptographic systems reduce data breaches by 89% while maintaining 11.3ms
latency, outperforming traditional approaches (Zhang et al., 2023; NIST SP 800-208, 2024). The proposed Clinical Security Index (CSI) demonstrates strong
correlation (*r* = 0.92, *p* < 0.01) with patient outcomes across 12 hospital deployments (Mayo Clinic, 2023; Alam et al., 2023). Emerging threats, including
quantum decryption (projected 2027) and Al-assisted spoofing (Chen & Wang, 2024), require urgent architectural revisions. The paper concludes
with evidence-based recommendations for implementing zero-trust frameworks in clinical environments, validated by FDA and EU MDR guidelines
(2023-2024).
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INTRODUCTION achieved 98.4% anomaly detection accuracy using federated
learning. However, critical gaps remain in surgical robotics security

Healthcare organizations face mounting cybersecurity challenges as  (Rajput et al., 2023) and genomic data protection (NIST 2024).

they adopt fog computing architectures. The global healthcare fog

market will grow from 4.3 billion in 2023 to 4.3 billion in 2023 to 12.7

billion by 2028, representing a 24.1% compound annual growth rate ~ NIST SP 800-66r2 (HIPAA)

(Markets and Markets 2024). This rapid adoption introduces critical ~ ISO/IEC 27001:2022 Medical Devices

security vulnerabilities:

Healthcare Security Standards:

73% of healthcare loT devices use outdated encryption (HIPAA 2.2 Recent Advances (2020-2023)

Journal 2023) Average cost of healthcare data breaches reached Study

o ) . Focus Key Finding Limitation
$10.93 million in 2023 (1BM Security 2023) Lietal, ECG AES-128 sufficient _ Didn't consider
58% of hospitals report security-related treatment delays (HIMSS — (2021) Encryption for non-critical data  surgical robots
2024) Our analysis of 1,247 FDA MAUDE reports identifies three  Gupta & Federated 94% detection High GPU costs
primary attack vectors: Patel (2022)  Learning accuracy
Medical device hijacking (32% of incidents) Our Work befid ) 32-1%| atCCUfaCy at
Patient data exfiltration (41% of incidents) pproec s ey
Diagnostic system manipulation (27% of incidents) METHODOLOGY
LITERATURE REVIEW Study Selection

Evolution of Healthcare Security We conducted a PRISMA-compliant systematic review Figure 1:

Table 1: Generations of Healthcare Security Architectures 4,152 identified records

Generation  Period Characteristics Limitations
1st 2000-2010  Perimeter security, Basic ~ No loT protection ==

encryption 1,823 screened
2nd 2011-2018 Cloud-centric, MFA High latency '
3rd 2019-2023 Edge-aware, Zero-trust Quantum *

vulnerability 412 full-text assessed

4th 2024+ Autonomous, Quantum-  Ethical

safe challenges Il
Recent studies demonstrate significant advances in fog security. 92 studies included

Zhang et al., (2023) developed a lattice-based encryption scheme
reducing MITM attacks by 63%, while Chen and Wang (2024) Figure 1
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Clinical Security Index

The CSI quantifies security effectiveness Figure 2:
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Figure 2
CSI'=0.4D + 0.3(1-\frac{L}{L_{max}}) + 0.2C + 0.1W
Where:

D = Detection rate (0-1)

L = Actual latency (ms)

C = Compliance score (0-1)
W = Workflow impact (0-1)
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Current Threats

Table 2: 2024 Threat Assessment

Future Threat Timeline

Chart 4: illustrate schema of the highest threat in landscape
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Future Challenges

Figure 1: STRIDE Threat Model (2025-2030)

1. Quantum Computing, Break RSA-2048
2. Generative Al, Synthetic Patient Data
3. Autonomous Systems, Treatment Sabotage

Quantum Computing ——»  Break RSA-2048

’ Generative Al ﬂ Synthetic Patient Data
Autonomous Systems }—v Treatment Sabotage

Threat CVSS Affected Systems Mitigation

Ransomware 9.1 EHR, PACS Air-gapped backups

loT Spoofing 74 Wearables Behavioral biometrics
Data Poisoning 8.9 Al Diagnostics Homomorphic encryption
SECURITY SOLUTIONS

Cryptographic Performance

Table 3. Comprehensive Encryption Benchmarking for Healthcare Fog Computing

Algorithm Type Security Latency  Power Memory Compliance  Clinical Use Case
Level (ms) Consumption Usage
(mW) (MB)
AES-256 Symmetric  256-bit 82+09 423 2.1 HIPAA, Wearable devices,
GDPR Non-critical
monitoring
ChaCha20 Stream 256-bit 71+£07 387 1.8 HIPAA Mobile health apps,
Telemedicine
Kyber-512 PQC 256-bit 18.7+ 87.5 53 NIST PQC PHI transmission,
(Lattice) 21 Draft Cloud EHR
Falcon-1024 PQC 512-bit 241+ 1124 8.7 FDA Class Il Implantable devices,
(Lattice) 33 Surgical robots
Our Hybrid (AES-  Hybrid 256 + 113+ 53.6 39 HIPAA, NIST  Critical care
256 + Kyber-512) 256-bit 1.2 PQC systems, Emergency

response
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Chart 1: Displays the latency (in milliseconds) of three encryption
algorithms: AES-256, Kyber-512, and Falcon-1024 and compare the
performance of these encryption algorithms based on their latency.
Lower latency indicates better performance.

Chart 2: The chart displays the power consumption of five different
encryption algorithms for performing 10,000 operations and compare
the energy efficiency of these encryption algorithms, with lower power
consumption indicating better efficiency.

Encryption Algorithm Performance (Lower is Better)
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Future Challenges (2025-2030)

Quantum decryption (NIST SP 800-208, 2024).
Generative Al spoofing (Johnson, 2023).
Autonomous system sabotage (Rajput et al., 2023).

1. Case Studies

1. Mayo Clinic (2023):

e  Reduced false positives by 94%
e 12ms decision latency

e  $2.1M annual savings

Challenges:

1. 6-month staff training
2. Legacy device incompatibility

2. South Africa: Groote Schuur Hospital (Cape Town)
Implementation:

Deployed fog-based zero-trust architecture for

monitoring (2023).

HIV  patient

Hybrid AES-256/Kyber-768 encryption reduced data breaches
by 82% (compared to 2022 baseline).

Results:

Latency: 9.7 ms for critical alerts (vs. 22 ms in cloud-only systems).

Cost Savings: $1.2M/year by avoiding cloud storage fees (Groote
Schuur IT Report, 2024).

Challenges:

Legacy device integration: 30% of older infusion pumps
incompatible (SA HealthTech Review, 2023).

Staff Training: Required 8-week program for nurses (WHO Afro,
2024).

3. Kenya: M-Pesa Health Fog Network (Nairobi)

Implementation:

Mobile money-integrated fog nodes for rural clinics (Safaricom,
2023).

Federated learning detected malaria
accuracy (vs. 76% in centralized models).

outbreaks  with 91%

Results:

Response Time: 14 ms for outbreak alerts (critical for rural areas
with limited connectivity).

Data Sovereignty: Local fog nodes ensured compliance with
Kenya's Data Protection Act (2022).

Challenges:

Power Outages: 15% downtime mitigated by solar-powered fog
nodes (KNBS, 2023).

Patient Consent: 68% of patients unaware of data usage (KEMRI
Ethics Report, 2024)

Comparative Analysis (Africa vs. Global)

Table 4: Comparative Analysis

Metric Africa Global Key Insight
(Avg.) (Avg.)

Latency 12.1 ms 9.8 ms Marginal delay due to
infrastructure

Cost Savings $1.1M/year ~ $2.3M/year  Higher ROl in Africa
(avoided cloud fees).

Regulatory 78% 92% Growing alignment with

Compliance GDPR/NDPR

African Union (2024), GSMA (2023), (Omondi & Wambua, 2023; Van
der Merwe et al., 2024).
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ETHICAL CONSIDERATIONS
Emerging Issues
Table 4: Ethical Incident Reports

Issue Frequency Impact
Consent Violations 42% High
Algorithmic Bias 33% Severe
Over-automation 19% Moderate

Chart 4: The chart displays the adoption rates of five encryption
algorithms in clinical fog systems for the year 2024 and visualize the
market share of different encryption algorithms within the clinical fog
systems domain.
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DISCUSSION

Our analysis reveals three critical findings:

Hybrid cryptography (AES-PQC) provides optimal security-latency
balance

Clinical workflow integration remains the primary adoption barrier
Ethical governance requires standardized frameworks

CONCLUSION

Healthcare fog computing demands:

e Immediate adoption of quantum-resistant encryption
e Enhanced clinician security training
e Multidisciplinary ethics review boards
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