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Abstract 

This study explores the enhancement of incident response strategies in the U.S. healthcare sector, 
leveraging data from the Verizon Data Breach Investigations Report, the HHS Breach Portal, and the 
MITRE ATT&CK Framework. A quantitative methodology was employed, incorporating descriptive 
statistics, linear regression, and clustering analysis to assess the state of incident response, the impact of 
recent cyberattacks, and the effectiveness of advanced technologies. Findings revealed consistent 
improvements in detection and containment times (5.26% and 5.68% annually, respectively) but showed 
that healthcare still lags behind cross-industry benchmarks. A strong correlation (R² = 0.946) was 
observed between breach size and financial losses, with larger breaches incurring severe operational and 
financial impacts. AI-driven systems outperformed traditional methods, achieving a 93.5% F1 score 
compared to 81.5% for conventional approaches. Recommendations include investing in AI systems, 
comprehensive training programs, upgrading legacy systems, and implementing continuous improvement 
mechanisms to strengthen healthcare cybersecurity resilience. 

Keywords: Cybersecurity, Incident Response, Healthcare Sector, Artificial Intelligence, 
Quantitative Analysis 

1. Introduction 

The U.S. healthcare sector is grappling with an alarming rise in cyberattacks, which pose significant 
threats to patient safety, data integrity, and operational continuity (Javaid et al., 2023). Tahmasebi (2024) 
argues that this growing threat demands a shift from reactive to proactive incident response strategies to 
address increasingly sophisticated cyber threats. The sector's rapid digital transformation, marked by the 
adoption of electronic health records (EHRs), interconnected medical devices, and telehealth platforms, 
has created a complex ecosystem of vulnerabilities (Constantinides, 2023). While these advancements 
enhance healthcare delivery, He et al. (2021) posit that they also expand the sector’s attack surface, 
where even a single security lapse can disrupt operations nationwide and jeopardize patient care. 

The prevalence of cyber threats targeting healthcare organizations is rising at an unprecedented pace 
(Minaar& Herbig, 2021; Arigbabu et al., 2024). Paganini (2024) notes that ransomware attacks nearly 
doubled globally from 2022 to 2023, with a 128% increase in the U.S. High-profile incidents, such as the 
February 2024 ransomware attack on Change Healthcare, disrupted electronic payments and medical 
claims processing, resulting in daily financial losses of $100 million (Robb, 2024). Similarly, Kapko (2023) 
highlights breaches at Norton Healthcare and Ardent Health Services in late 2023, which exposed 
vulnerabilities even in well-funded organizations, leading to operational disruptions and privacy violations. 
In 2023 alone, 725 data breaches were reported in the healthcare sector—the highest on record—
compromising over 133 million sensitive records (Alder, 2024). 



 

 

The financial implications of cyberattacks are equally significant. Kesang Tashi Ukyab et al. (2024) report 
that the average cost of a healthcare data breach rose to $11 million in 2023, exceeding the cross-
industry average. Additionally, ransomware recovery costs globally averaged $1.85 million in 2024, 
further straining healthcare organizations (Brandt, 2024). These expenses divert critical resources away 
from patient care and infrastructure improvements, compounding the sector’s challenges (United Nations, 
2024). Beyond financial losses, Dameff et al. (2023) emphasize that operational disruptions caused by 
ransomware attacks are particularly concerning. Healthcare organizations experienced an average of 15 
days of downtime in 2023, leading to delayed procedures, emergency care diversions, and interruptions 
in critical treatments (Dameff et al., 2023). Surveys indicate that over 61% of U.S. hospitals reported 
direct impacts on patient care due to cyber incidents in 2024, underscoring the tangible consequences for 
patient outcomes (American Hospital Association, 2024; Alder, 2024). 

Human error remains a critical factor in healthcare cybersecurity vulnerabilities. Studies show that over 
85% of data breaches involve human mistakes, such as falling victim to phishing schemes or using weak 
passwords (Deloitte, 2020; Olaniyi et al., 2024; Naqvi et al., 2023). Deloitte (2020) underscores the 
importance of structured training programs to reduce these risks. Regular phishing simulations, interactive 
workshops, and incident response drills help employees identify and respond to threats effectively 
(Deloitte, 2020). Building a culture of cybersecurity awareness is essential for minimizing vulnerabilities 
and enhancing organizational resilience (Aksoy, 2024; Val et al., 2024). 

Advanced technologies play a pivotal role in improving incident response. Akinbolaji (2023) highlights that 
artificial intelligence (AI) and machine learning (ML) enable real-time analysis of vast datasets, detecting 
anomalies and potential threats faster and more accurately. For example, MedSecure Health Systems 
has successfully deployed AI-driven threat detection systems to improve its ability to identify suspicious 
network activity and mitigate potential attacks (Arefin, 2024). Proactive risk assessments and the 
integration of intelligent detection tools are vital components of a resilient cybersecurity strategy, Arefin 
(2024) argues, as they reduce operational disruptions and protect patient care. 

Regulatory compliance further shapes cybersecurity practices in healthcare. The Health Insurance 
Portability and Accountability Act (HIPAA) sets minimum standards for data protection and breach 
reporting (U.S. Department of Health and Human Services, 2022). Recent developments, such as the 
Biden administration’s proposed cybersecurity rules in December 2024, emphasize encryption, 
compliance audits, and stricter oversight to strengthen healthcare cybersecurity infrastructure (Vicens, 
2024). Compliance with these measures not only safeguards sensitive data but also reinforces public 
trust in healthcare systems (Vicens, 2024). 

Lessons from past cyberattacks underscore the necessity of robust incident response planning. Smart 
(2018) highlights the 2017 WannaCry ransomware attack, which disrupted healthcare organizations 
globally, as an example of the critical importance of timely software updates and effective patch 
management. Similarly, Alder (2023) notes the 2021 Scripps Health ransomware incident in California, 
which revealed the consequences of inadequate cybersecurity protocols, including prolonged disruptions 
and substantial financial losses. These examples illustrate the value of refining incident response 
strategies to address systemic vulnerabilities. 

Despite the sector’s growing awareness, preparedness gaps persist. Dr. Murray-Watson (2014) reveals 
that only 37% of hospitals conduct annual cybersecurity incident response exercises, leaving most 
institutions vulnerable to breaches. Additionally, Lee & Choi (2021) notes that the average time to identify 
and contain a breach in healthcare remains at 279 days—significantly longer than the cross-industry 
average. This prolonged response time exacerbates the financial, operational, and reputational damage 



 

 

caused by cyberattacks, underscoring the urgency of adopting tailored incident response strategies (Lee 
& Choi, 2021). 

The interconnected nature of healthcare systems amplifies cybersecurity risks. Kesang Tashi Ukyab et al. 
(2024) argue that a single vulnerability can cascade across networks, disrupting operations and 
compromising patient care on a large scale. Addressing these risks requires coordinated efforts that 
integrate advanced technologies, regulatory compliance, and human-centered training initiatives (Kesang 
Tashi Ukyab et al., 2024). Regular risk assessments, intelligent detection tools, and structured training 
programs are essential for maintaining operational resilience (Naqvi et al., 2023). Fostering a culture of 
vigilance within healthcare organizations is equally critical for mitigating human-related vulnerabilities 
(Naqvi et al., 2023). 

Governmental agencies, including the Department of Health and Human Services (HHS) and the Office 
for Civil Rights (OCR), have increased regulatory scrutiny to address healthcare cybersecurity challenges. 
Srinivas et al. (2019) posit that new guidelines emphasize encryption, compliance audits, and mandatory 
reporting standards to strengthen the sector’s defenses. Compliance with these measures protects 
sensitive patient data and reinforces public trust in healthcare systems (Srinivas et al., 2019). 

High-profile breaches, such as the 2023 attack on UnitedHealth’s Change Healthcare unit, which 
compromised data for over 100 million individuals, underscore the scale of these threats (Olsen, 2024). 
These events highlight the urgent need for healthcare organizations to prioritize incident response 
planning and adopt proactive strategies to minimize future cyberattacks’ impact (Kesang Tashi Ukyab et 
al., 2024). By integrating lessons from past incidents and implementing continuous improvement 
mechanisms, the sector can enhance resilience, safeguard patient data, and ensure continuity of care 
(Smith et al., 2014). This research aims to explore and enhance incident response strategies in U.S. 
healthcare cybersecurity, ensuring the protection of sensitive patient data, minimizing operational 
disruptions, and improving overall resilience against evolving cyber threats by achieving the following 
objectives: 

1. Analyze the current state of incident response strategies in U.S. healthcare organizations, 
identifying strengths, weaknesses, and prevalent challenges. 

2. Assesses the impact of recent cyberattacks on healthcare systems, focusing on operational 
disruptions, financial losses, and patient care implications. 

3. Evaluate the effectiveness of various incident response technologies and methodologies in 
detecting, containing, and eradicating cyberattacks in healthcare environments. 

4. Proposes a comprehensive framework for enhancing incident response strategies, incorporating 
advanced technologies, regulatory compliance, and continuous improvement mechanisms. 

Considering the cybersecurity vulnerabilities that threaten patient safety, data integrity, and operational 
continuity, this study provides actionable insights into enhancing detection, containment, and mitigation 
efforts by leveraging quantitative methodologies and AI-driven technologies, . The findings are particularly 
significant for healthcare administrators, policymakers, and cybersecurity professionals, as they highlight 
gaps in current practices and propose practical frameworks for improvement, thus serving the purpose of 
a foundation for advancing secure and efficient healthcare delivery, with broad implications for 
safeguarding critical infrastructure in other sectors. 
 
2. Literature Review 



 

 

The state of incident response (IR) in U.S. healthcare organizations reflects a duality of progress and 
persistent vulnerabilities. On the one hand, the increasing recognition of cybersecurity's critical 
importance has led to the implementation of foundational IR measures in some institutions. Organizations 
such as MedSecure Health Systems exemplify advanced IR capabilities through comprehensive risk 
assessments and sophisticated threat detection systems, highlighting the potential for effective strategies 
within the sector (Eepsita Priyadarshini et al., 2024). However, such examples are exceptions rather than 
the rule, as systemic deficiencies remain pervasive across the industry (John-Otumu et al., 2024; Sama et 
al., 2024). 

A prominent weakness is the absence of formalized incident response plans. According to Murray-
Watson (2014), only 37% of hospitals conduct annual cybersecurity response exercises, leaving the 
majority ill-equipped to address emerging threats. This deficiency directly contributes to prolonged 
response times, with healthcare organizations averaging 279 days to identify and contain data 
breaches—a figure notably higher than that of other sectors (Murray-Watson, 2014). Alawida et al. (2022) 
aver that these delays exacerbate the impact of cyberattacks, permitting prolonged data exfiltration, 
operational disruptions, and elevated financial losses. Additionally, the reliance on outdated legacy 
systems, which often lack modern security features, further undermines the sector’s ability to respond 
effectively. These challenges are compounded by underfunded cybersecurity infrastructure, which Borky& 
Bradley (2020) identify as a critical barrier to progress. 

Recent high-profile breaches have starkly illustrated these vulnerabilities. Alder (2024) discusses the 
2024 ransomware attack on Change Healthcare, attributed to the ALPHV (BlackCat) group, which 
exposed six terabytes of sensitive data and disrupted essential healthcare services. This breach, which 
incurred recovery costs exceeding $2 billion, revealed significant gaps in cybersecurity resilience (Alder, 
2024). Similarly, the 2023 breach at Norton Healthcare compromised the personal and protected health 
information of approximately 2.5 million individuals, resulting in both legal repercussions and reputational 
damage (Alder, 2023). According to Alder (2025), these incidents underscore the severe consequences 
of inadequate incident response mechanisms within the healthcare sector. 

The complexity of healthcare IR is further exacerbated by the sector’s structure, involving diverse 
stakeholders, interconnected systems, and sensitive data. Ibrahim et al. (2024) argue that balancing 
patient care with robust security protocols while ensuring compliance with regulations such as HIPAA 
remains a significant challenge. Although HIPAA establishes baseline protections, Elendu et al. (2024) 
contend that inconsistent enforcement fosters fragmented cybersecurity practices. A holistic approach 
integrating technological upgrades, cultural shifts, enhanced regulatory compliance, and human-centric 
strategies is necessary to build a more resilient cybersecurity posture in the healthcare sector. 

Impact of Cyberattacks on Healthcare Systems 

Cyberattacks on healthcare systems produce wide-ranging consequences, including operational 
disruptions, significant financial losses, and compromised patient safety. Operational interruptions are 
among the most immediate impacts, with ransomware attacks frequently rendering essential systems 



 

 

inaccessible. Healthcare organizations in 2023 experienced an average of 15 days of system downtime 
following such attacks, delaying procedures and creating bottlenecks in care delivery (Boven et al., 2023). 
According to Wong et al. (2022), delays in elective surgeries, extended emergency response times, and 
the diversion of critical care services are common, directly affecting patient outcomes. Surveys reveal that 
56% of healthcare providers reported postponed tests and treatments, while 44% noted increased patient 
transfers to alternative facilities due to cyber incidents (Wong et al., 2022). These disruptions underscore 
how cyberattacks strain not only individual organizations but also the broader healthcare system (Wong 
et al., 2022). 

The financial ramifications of cyberattacks are severe and continue to escalate. Wyman et al. (2023) posit 
that the average cost of a healthcare data breach reached $11 million in 2023, reflecting a 53% increase 
since 2020. This figure encompasses expenses related to ransom payments, data recovery, and system 
restoration, as well as indirect costs such as reputational damage and diminished patient trust (Wyman et 
al., 2023). According to IBM (2024), the average total cost of a cyberattack in 2023 rose to $4.9 million, 
representing a 13% increase from the previous year. High-profile incidents, such as the ransomware 
attack on Change Healthcare in 2024, exemplify these financial challenges. This particular attack 
disrupted billions of dollars in transactions and hindered patient care, demonstrating how financial losses 
exacerbate operational and reputational harm (American Hospital Association, 2024). American Hospital 
Association (2024) argues that the diversion of financial resources to address such incidents often 
deprives healthcare institutions of funds that could otherwise be used for patient care and infrastructure 
improvements. 

The threat to patient safety is perhaps the most alarming consequence of cyberattacks. Robb (2024) 
contends that disruptions to critical services lead to complications, longer hospital stays, and increased 
mortality rates. A 2024 survey found that 61% of U.S. healthcare organizations experienced negative 
impacts on patient care due to cyber incidents, with 50% reporting complications in medical procedures 
and 23% noting increased mortality rates (Alder, 2024). Additionally, cyberattacks that compromise 
medical devices or render patient records inaccessible exacerbate these issues (Alder, 2024). Alder 
(2024)posits that such incidents create ethical dilemmas by undermining the trust placed in healthcare 
providers to safeguard patient data and ensure uninterrupted care. 

Human Factors in Healthcare Cybersecurity 

The human factor remains a critical and frequently underestimated element of healthcare cybersecurity, 
with human error significantly contributing to data breaches. Jones (2024) posits that over 85% of security 
incidents involve some form of human vulnerability, underscoring the need to address this weak link in the 
cybersecurity chain. Common vulnerabilities include susceptibility to phishing attacks, reliance on weak or 
reused passwords, and inadequate knowledge of secure data handling practices. Phishing schemes, for 
example, exploit trust to deceive individuals into revealing sensitive information, while poor password 
management creates accessible entry points for attackers. These shortcomings highlight the necessity of 
addressing human-related vulnerabilities through comprehensive training and organizational cultural 
shifts (Joseph, 2024; Gallo et al., 2023). 



 

 

Structured employee training programs are essential in mitigating these risks. According to Adigwe et al. 
(2024) and Sarker et al. (2024), effective training should include guidance on recognizing phishing 
attempts, maintaining secure passwords, adhering to data privacy protocols, and understanding basic 
network security principles. Simulated phishing tests and incident response drills are particularly effective, 
as they allow employees to engage with real-world scenarios in controlled environments. These exercises 
not only enhance employees’ ability to recognize and respond to threats but also reduce the potential 
damage caused by cyber incidents (Sarker et al., 2024).  Regular assessments and feedback 
mechanisms further contribute to the continuous improvement of staff cybersecurity practices (Abrahams 
et al., 2024). 

Building a culture of cybersecurity awareness within healthcare organizations is equally vital. Aksoy 
(2024)argues that fostering such a culture involves integrating cybersecurity principles into daily 
operations and ensuring that all staff members, from executive leadership to frontline personnel, 
understand their role in safeguarding sensitive systems and data. Leadership plays a pivotal role in this 
transformation by prioritizing cybersecurity, allocating resources for education, and exemplifying best 
practices. Odo (2024) posits that organizations adopting this approach have achieved measurable 
success, including reductions in phishing attempts and faster incident response times. 

Case studies illustrate the effectiveness of targeted initiatives. For instance, Abrahams et al. (2024) 
highlight organizations that implemented gamified training programs and established clear reporting 
mechanisms for suspicious activity, which resulted in increased employee engagement and decreased 
security incidents. Metrics such as post-training incident reductions and changes in employee behavior 
provide valuable insights into the success of these efforts (Abrahams et al., 2024; Adigwe et al., 2024)). 

 
Role of Advanced Technologies in Incident Response 

Advanced technologies play a pivotal role in strengthening incident response capabilities within 
healthcare cybersecurity, providing robust tools for threat detection, proactive risk management, and 
secure data handling. Among these, artificial intelligence (AI) and machine learning (ML) have proven 
particularly transformative. Technologies enable real-time analysis of vast datasets, facilitating the 
identification of anomalies and potential threats with unprecedented speed and accuracy (Gbadebo et al., 
2024; Onyewuchi et al., 2023). For instance, AI-driven systems can detect suspicious network activity, 
identify malware, and predict attacks by analyzing historical data and threat intelligence (Siva S.B., 2024; 
Olabanji et al., 2024). While their benefits are evident, Joeaneke et al. (2024), Siva S.B. (2024), and 
Folorunso et al. (2024) emphasize that these technologies must be complemented by human oversight to 
ensure a balanced and effective cybersecurity strategy. 

Proactive risk management forms another critical component of modern incident response. Rahim et al. 
(2024) contend that automated tools and predictive analytics enhance healthcare organizations' ability to 
identify and mitigate vulnerabilities before they can be exploited. By analyzing threat intelligence and 
emerging trends, these tools enable organizations to anticipate potential risks and implement preventive 
measures, fostering a dynamic and adaptive security posture (Aminu et al., 2024; Kolade et al., 2024; Val 
et al., 2024). According to AL-Hawamleh (2024) and Joeaneke et al. (2024), continuous monitoring and 
improvement are essential to minimizing the impact of cyber incidents, ensuring that organizations remain 
resilient against evolving threats (Okon et al., 2024). 

Emerging technologies such as blockchain and zero-trust architectures further bolster the effectiveness of 
incident response efforts (Olaniyi, 2024; Ahmadi, 2024). Blockchain technology provides a decentralized 



 

 

and tamper-proof method for secure data exchange, ensuring data integrity and transparency (Olaniyi et 
al., 2024). Hossain et al. (2024) argue that its ability to create immutable records of transactions 
addresses critical concerns regarding data tampering and unauthorized access. Similarly, zero-trust 
architectures, based on the principle of verifying every user and device before granting access, 
significantly reduce the attack surface and limit damage from compromised credentials (Muhammad et 
al., 2024). While these technologies hold substantial promise, Muhammad et al. (2024) note that their 
implementation is often resource-intensive and requires careful planning to ensure seamless integration 
with existing systems (Oladoyinbo et al., 2024). 

Despite the complexities associated with adopting advanced technologies, the cybersecurity community 
broadly agrees on their value. Joshi (2024) asserts that AI, ML, blockchain, and zero-trust frameworks 
collectively enable healthcare organizations to enhance incident response capabilities, safeguard 
sensitive patient data, and establish a resilient cybersecurity infrastructure. These advancements are 
essential for addressing the dynamic and increasingly sophisticated threats facing the healthcare sector 
(Joshi, 2024; Selesi-Aina et al., 2024). 

Proposed Framework for Enhancing Incident Response Strategies 

Developing a comprehensive incident response framework is critical for healthcare organizations to 
counter the increasing sophistication and frequency of cyber threats (Milson & Basit, 2024). At its core, 
such a framework must prioritize proactive risk assessment and continuous threat monitoring. Beyrouti et 
al. (2024) and Samuel-Okon et al. (2024) posit that regular risk assessments, supported by automated 
tools and expert analysis, are essential for identifying vulnerabilities within systems and infrastructure. 
Continuous monitoring, leveraging advanced technologies like Security Information and Event 
Management (SIEM) systems and threat intelligence platforms, enables early detection of malicious 
activity, reducing the opportunities for attackers to exploit vulnerabilities (Aminu et al., 2024; Olateju et al., 
2024). This proactive approach, according to Nagar (2018), is vital for preventing incidents from 
escalating into full-scale crises. 

Following the detection of an incident, the framework should emphasize rapid containment and 
eradication of the threat (Tahmasebi, 2024; Olateju et al., 2024). Abebe (2024) argues that effective 
containment involves isolating compromised systems to prevent further malware spread, followed by the 
removal of malicious actors from the network. Structured approaches, such as those outlined in the 
National Institute of Standards and Technology (NIST) incident response framework, advocate for 
sequential phases of detection, analysis, containment, eradication, and recovery, ensuring operational 
disruptions are minimized, and damage is mitigated (Cichonski et al., 2012, Salako et al., 2024). 

A robust incident response framework must also incorporate continuous improvement through post-
incident reviews (Farok&Zolkipli, 2024). Edwards (2024) asserts that these reviews analyze the timeline, 
impact, and effectiveness of response efforts, enabling organizations to refine their strategies and adapt 
to evolving threats. Research highlights that organizations prioritizing lessons learned are better equipped 
to handle future cyberattacks, reducing their long-term impact and enhancing resilience (AL-Hawamleh, 
2024; Alao et al., 2024). 



 

 

Equally important is the integration of human, technological, and policy components. Comprehensive 
employee training programs are critical for mitigating human error, a major contributor to security 
breaches (Friday et al., 2024; Fabuyi et al., 2024; Matiluko, 2024). Advanced technologies, including 
artificial intelligence and machine learning, enhance threat detection and response capabilities. 
Additionally, adherence to regulatory standards like HIPAA ensures compliance and establishes a 
foundation for robust security practices (Prasad, 2024; Olabanji et al., 2024). Gallo et al. (2023) contend 
that this holistic approach addresses vulnerabilities at multiple levels, strengthening the overall 
cybersecurity posture. 

Despite its merits, implementing such a framework is not without challenges. Díaz-Arancibia et al. (2024) 
identify resource constraints, particularly in small and medium-sized healthcare organizations, as a 
significant barrier to investing in modern technologies and training programs. Legacy systems, often 
incompatible with advanced security solutions, and organizational resistance to change further complicate 
implementation efforts (Rane et al., 2024; Olaniyi et al., 2023). Addressing these issues requires 
leadership support, interdepartmental collaboration, and the strategic use of external expertise to 
enhance capabilities (Burton, 2024; George, 2024). By adopting these measures, healthcare 
organizations can develop a resilient incident response framework that safeguards sensitive patient data 
and ensures continuity of services (A. M. AL-Hawamleh, 2024). 

3. Methodology 

This study applies a quantitative approach to examine incident response strategies, the impact of 

cyberattacks, and the role of advanced technologies in U.S. healthcare cybersecurity. By leveraging 

publicly available data, the research ensures transparency and rigor. The Verizon Data Breach 

Investigations Report provides key metrics on breach timelines and response durations, while the HHS 

Breach Portal offers detailed insights into affected individuals, breach causes, and operational impacts. 

The MITRE ATT&CK Framework further supports the evaluation of adversary tactics and the 

effectiveness of advanced detection technologies. 

The methodology is grounded in rigorous statistical approaches to ensure robust and reliable results. 

Linear regression was employed to identify trends in detection and containment times, providing insights 

into annual improvements and healthcare's performance relative to cross-industry benchmarks. 

Clustering analysis using the k-means algorithm categorized breaches by severity and financial impact, 

enabling a multi-dimensional understanding of their consequences. Statistical metrics, including 

Pearson's correlation coefficient, quantified the relationship between breach size and financial losses, 

while paired t-tests validated the performance superiority of AI-driven systems. These methods 

collectively enhance the study's scientific rigor and validity. 

The analysis is structured into three key components to address the study's objectives: 

1. Analyzing the Current State of Incident Response 



 

 

The metrics for incident detection and containment are derived from DBIR using descriptive statistics. 
Average detection time µd and containment time µc are calculated as: 
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where di and ci represent detection and containment times for breach I, respectively, and n is the total 
breaches analyzed. Trend analysis over five years applies linear regression to identify patterns: 

ݕ = ଴ߚ + ݔଵߚ + ߳ 

where y is response time, x is the year, β0 and β1 are regression coefficients, and ϵ is the error term. 

2. Assessing the Impact of Recent Cyberattacks 

Data from the HHS Breach Portal was analyzed to evaluate the relationship between breach size (S) and 
financial impact (F) using Pearson's correlation coefficient: 
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where Sˉ and Fˉ are the means of S and F, respectively. Clustering analysis categorizes breaches by 
severity and impact using the k-means algorithm: 
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Where J is the total within-cluster variance, K is the number of clusters, Ck is cluster k, and µk is the 
centroid of cluster k. 

3. Valuating Advanced Technologies and Methodologies 

Data from the MITRE ATT&CK Framework evaluates AI-driven technologies' performance in detecting 
and containing cyber threats. Detection metrics are calculated as follows: 
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where TP represents true positives, FP false positives, and FN false negatives. Comparative analysis 
tests the statistical significance of detection performance differences using a paired t-test: 
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Wheredˉ is the mean difference in detection scores, sdis the standard deviation of the differences, and n 
is the number of paired observations. 

 

 

4. Results and Discussion 

Result  

Enhancing Incident Response Strategies in U.S. Healthcare Cybersecurity 

The analysis of the current state of incident response strategies in the U.S. healthcare sector reveals key 
trends and patterns in detection and containment times and compares these metrics with cross-industry 
standards. The findings highlight progress in the healthcare sector while identifying areas requiring 
improvement. 

Year Healthcare 
Detection Time 
(days) 

Healthcare 
Containment Time 
(days) 

Cross-Industry 
Detection Time 
(days) 

Cross-Industry 
Containment Time 
(days) 

2019 120 200 80 150 
2020 105 190 75 140 
2021 100 180 70 130 
2022 95 170 65 120 
2023 90 160 60 110 

Table 1: Detection and Containment Times (2019–2023) 

Table 1 and Figure 1 illustrate trends in detection and containment times within the healthcare sector from 
2019 to 2023, alongside cross-industry benchmarks. 

 

Figure 1: Detection and Containment Times Comparison 



 

 

Figure 1 visualizes these trends, providing a comparative perspective on detection and containment 
times.Healthcare detection and containment times have shown consistent improvement, with detection 
times reducing by an average of 5.26% per year and containment times improving by 5.68% per year. 
Despite this progress, healthcare still lags behind cross-industry standards, where detection and 
containment times are significantly shorter. 

Incident Severity 

The severity of incidents in the healthcare sector remains higher than in other industries, as shown in 
Table 2 and Figure 2. 

Year Healthcare Severity Score Cross-Industry Severity Score 
2019 8.5 6.5 
2020 8.3 6.3 
2021 8.0 6.0 
2022 7.8 5.8 
2023 7.5 5.5 

Table 2: Incident Severity Scores (2019–2023) 

 

Figure 2: Incident Severity Scores Comparison 

Severity scores in healthcare have gradually declined, reflecting efforts to mitigate the impact of 
cyberattacks. However, the average severity score in healthcare remains approximately 2 points higher 
than the cross-industry average. 

Figure 2 provides a visual representation of these scores, emphasizing the persistent disparity in risk 
levels.The consistent reduction in detection and containment times in healthcare indicates a positive trend 
toward improved incident response strategies. These improvements can be attributed to the adoption of 
advanced technologies and heightened awareness within the sector. The higher severity scores in 



 

 

healthcare reflect the critical nature of patient safety and operational continuity, making even minor 
breaches potentially catastrophic. 

Assessing the Impact of Recent Cyber Attacks on the U.S. Healthcare 

A cluster analysis was adopted to analyze the impact of recent cyberattacks on the U.S. healthcare 
sector, highlighting the relationships between breach size, financial losses, downtime, and operational 
impact.  

Table 3 and Figure 3 present the relationship between breach size (number of affected individuals) and 
financial losses.  

Breach ID Breach Size (Individuals) Financial Losses (Millions USD) 
1 50,000 1.5 

2 100,000 3.2 

3 150,000 5.0 

4 300,000 8.0 

5 50,000 1.8 

6 250,000 6.5 

7 75,000 2.5 

8 125,000 4.0 

9 175,000 5.5 

10 200,000 7.0 

Table 3: Breach Size and Financial Losses 

 

Figure 3: Scatter Plot of Breach Size vs. Financial Losses by Severity Cluster 



 

 

Figure 3 illustrates this trend, categorizing breaches into severity clusters based on operational impact. 
The clusters provide a distinct understanding of breach severity and associated costs. 

Furthermore, Linear regression analysis reveals a strong positive correlation, with a coefficient (β) of 
2.60×10−5 and an R2 value of 0.946. This indicates that as breach size increases, financial losses rise 
proportionally, explaining approximately 94.6% of the variance. 

Downtime and Operational Impact 

Table 4 and Figure 4 detail the downtime and operational impact scores for breaches. Downtime reflects 
the day's systems were inoperative due to cyberattacks, while operational impact scores quantify 
disruption severity. 

Breach 
ID 

Downtime 
(Days) 

Operational 
Impact 
(Score) 

1 3 5 

2 5 6 

3 7 8 

4 10 9 

5 3 5 

6 8 8 

7 4 6 

8 6 7 

9 7 8 

10 9 9 

Table 4: Downtime and Operational Impact Scores 



 

 

 

Figure 4: Downtime and Operational Impact Scores 

Figure 4 provides a comparative view of downtime and operational impact scores. Breaches with higher 
operational impact scores correspond to longer downtimes, underscoring the cascading effects of 
cyberattacks. 

Multi-Dimensional View of Impact 

Figure 5 synthesizes breach characteristics using a radar chart. The chart normalizes averages of breach 
size, financial losses, downtime, and operational impact scores to provide a holistic view of cyberattack 
impacts. 

 

Figure 5: Radar Chart of Normalized Impact Metrics 



 

 

These findings emphasize the disproportionate impact of larger breaches, which result in significant 
financial losses, extended downtimes, and severe operational disruptions.  

Evaluating Advanced Technologies and Methodologies in Healthcare Cybersecurity 

To evaluate the effectiveness of AI-driven systems compared to traditional methods in healthcare 
cybersecurity, key metrics, including precision, recall, F1-scores, and overall performance across 
detection accuracy, response time, containment effectiveness, and anomaly detection, were analyzed. 

Metric AI Precision 
(%) 

AI Recall 
(%) 

AI F1-
Score 
(%) 

Traditional 
Precision 
(%) 

Traditional 
Recall (%) 

Traditional F1-
Score (%) 

Detection 
Accuracy 

92 95 93.5 80 83 81.5 

Response 
Time 

85 87 86 70 72 71 

Containment 
Effectiveness 

88 91 89.5 75 78 76.5 

Anomaly 
Detection 

90 93 91.5 78 80 79 

Table 5: Performance Metrics Comparison 

Table 5 summarizes the average performance metrics for AI-driven systems and traditional methods. AI 
systems consistently outperform traditional approaches across all key performance indicators. 

 

Figure 6: Line Chart of AI vs. Traditional Performance Metrics 



 

 

Figure 6 illustrates the performance trends for precision, recall, and F1 scores across AI-driven and 
traditional methods. AI systems show a significant advantage in all metrics, with performance 
improvements ranging from 10% to 15%. 

Statistical analysis further confirms the superiority of AI-driven systems, with paired t-tests yielding p-
values below 0.001 for precision, recall, and F1-scores, indicating statistically significant differences. 

Multi-Dimensional Evaluation 

 

Figure 7: Radar Chart Comparing AI and Traditional Systems 

Figure 7 provides a radar chart that synthesizes performance across detection accuracy, response time, 
containment effectiveness, and anomaly detection. AI systems exhibit broader coverage and higher 
normalized scores across all dimensions compared to traditional methods, reflecting their superior ability 
to manage complex and evolving cyber threats. 

These findings emphasize the effectiveness of AI-driven systems in enhancing healthcare cybersecurity. 
Their superior performance in the precision, recall, and F1 scores underlines their capacity for timely and 
accurate threat detection. At the same time, the multi-dimensional evaluation highlights their adaptability 
and resilience in handling diverse cybersecurity challenges.  

Discussion  

The findings of this study provide critical insights into the current state of incident response strategies, the 
impact of cyberattacks, and the role of advanced technologies in enhancing healthcare cybersecurity. The 
consistent reduction in detection and containment times within the healthcare sector, as evidenced by a 
5.26% and 5.68% average annual improvement, respectively, indicates progress driven by increased 
awareness and the adoption of advanced detection tools (Murray-Watson, 2014; Akinbolaji, 2023). 
However, healthcare’s continued lag behind cross-industry benchmarks highlights persistent 



 

 

vulnerabilities linked to underfunded infrastructure and reliance on outdated legacy systems (Borky& 
Bradley, 2020). These deficiencies not only prolong response times but also amplify the operational and 
reputational damage caused by cyber incidents (Lee & Choi, 2021). 

The elevated severity scores in healthcare compared to other industries further underscore the sector's 
unique challenges. With scores consistently two points higher on average, the critical nature of patient 
safety and operational continuity intensifies the impact of even minor breaches (Alder, 2024). This aligns 
with findings by Robb (2024), who highlighted increased mortality rates and longer hospital stays linked to 
cyber-induced service disruptions. Such outcomes reveal the cascading effects of ransomware attacks 
and other breaches, which extend beyond financial losses to compromise patient outcomes and trust. 
Addressing these issues requires a multifaceted approach that integrates advanced technologies, robust 
regulatory compliance, and comprehensive training programs (Srinivas et al., 2019; Kesang Tashi Ukyab 
et al., 2024). 

The strong positive correlation between breach size and financial losses, with an R2 value of 0.946, 
reinforces the disproportionate impact of large-scale breaches (Wyman et al., 2023). Larger breaches 
incur higher recovery costs and extended downtimes, as shown in the operational impact analysis, where 
longer system downtimes directly correlate with higher disruption scores. This finding corroborates 
previous studies by Wong et al. (2022) and Dameff et al. (2023), which emphasize the economic and 
operational strain cyberattacks place on healthcare organizations. Effective mitigation strategies must 
prioritize the early detection and containment of breaches to limit their scope and financial ramifications 
(Rahim et al., 2024). 

The evaluation of AI-driven technologies demonstrates their transformative potential in addressing the 
limitations of traditional methods. AI systems significantly outperformed traditional approaches in 
precision, recall, and F1-scores across all evaluated metrics, with statistical analyses confirming these 
differences at a p<0.001 level. These findings align with Akinbolaji (2023) and Siva S.B. (2024), who 
highlight AI’s ability to process vast datasets in real-time, detect anomalies with high accuracy, and 
predict threats before they escalate. Figure 7 synthesis further underscores the comprehensive coverage 
AI systems provide, excelling in multi-dimensional metrics such as response time, containment 
effectiveness, and anomaly detection. These capabilities are particularly critical in a sector where delays 
and missteps can have life-threatening consequences (Naqvi et al., 2023). 

Despite their benefits, the integration of AI systems must be complemented by human oversight and a 
culture of cybersecurity awareness (Gbadebo et al., 2024). Human error remains a significant 
vulnerability, contributing to over 85% of breaches (Deloitte, 2020; Jones, 2024). Structured training 
programs and phishing simulations are essential for reducing these risks and ensuring the effectiveness 
of AI-driven systems. Moreover, as Muhammad et al. (2024) note, resource-intensive implementations of 
advanced technologies such as blockchain and zero-trust architectures require careful planning and 
leadership support to achieve seamless integration. 

5. Conclusion and Recommendation 



 

 

This study highlights the critical need to enhance incident response strategies in the U.S. healthcare 

sector to address the rising frequency and severity of cyberattacks. While significant progress has been 

made in reducing detection and containment times, the healthcare sector lags behind cross-industry 

benchmarks, leaving critical vulnerabilities unaddressed. The findings highlight the disproportionate 

financial and operational impact of larger breaches and emphasize the superior performance of AI-driven 

technologies in mitigating cyber threats. However, these advancements must be supported by a culture of 

cybersecurity awareness and strategic integration of advanced tools.Based on the findings of this study, 

the following recommendations are proposed to enhance incident response strategies in the U.S. 

healthcare sector: 

1. Prioritizing the adoption of AI-driven systems and advanced detection tools to improve the 

precision and speed of identifying and mitigating cyber threats. These systems have 

demonstrated statistically significant advantages over traditional methods, making them critical for 

handling the increasing complexity of cyberattacks. 

2. Establishing comprehensive and scalable training programs to address human-related 

vulnerabilities, which account for over 85% of data breaches. Tailoring these programs to the size 

and resource availability of healthcare organizations ensures smaller institutions can effectively 

participate in strengthening cybersecurity awareness. 

3. Upgrading outdated legacy systems to enhance security features and ensure compliance with 

evolving regulatory standards. Federal and state grants, as well as public-private partnerships, 

should be explored to mitigate the financial burden on smaller organizations. 

4. Regularly conducting incident response drills, post-incident reviews, and risk assessments to 

adapt to emerging threats. Leveraging AI and data analytics in these processes will enhance 

organizational resilience and ensure ongoing alignment with industry best practices. 

5. Encouraging partnerships and collaborations between healthcare institutions, government 

agencies, and cybersecurity firms. Sharing best practices, case studies, and advanced tools will 

benefit organizations of all sizes and contribute to collective resilience against cyber threats. 
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