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ABSTRACT

Enterprises operating at hyperscale spanning over 100,000 endpoints, servers, and cloud assets
face unique challenges in managing vulnerabilities effectively. Traditional vulnerability
management (VM) tools and workflows struggle to cope with the volume, velocity, and
contextual complexity of findings in such environments. Manual triage, CVSS-only scoring, and
siloed remediation processes result in delayed response times, audit failures, and heightened
risk exposure. As the attack surface grows dynamically, organizations require scalable,
automated solutions that provide continuous visibility, contextual risk prioritization, and
orchestrated remediation.

This paper proposes a modular, automation-driven framework for vulnerability management at
scale. The architecture integrates continuous asset discovery, threat enrichment, risk-based
prioritization, and response automation using tools such as Tenable, ServiceNow, and Cortex
XSOAR. It shifts prioritization from static scoring models to contextual models incorporating
exploitability, asset criticality, and threat intelligence sources like EPSS and CISA KEV.
Evaluations conducted across large enterprises demonstrate a 55% reduction in mean time to
remediation (MTTR), a 2.3x improvement in SLA adherence, and a 75% reduction in manual
remediation effort. Case studies validate the framework's effectiveness in complex, compliance-
driven industries such as healthcare and financial services. The paper concludes with strategic
recommendations and future directions involving Al-based risk modeling, SBOM integration,
and Zero Trust enforcement. This research offers a repeatable blueprint for security leaders
seeking to operationalize vulnerability management in high-scale environments through
automation, intelligence, identity and access governance and cross-platform integration.
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1. INTRODUCTION

As the digital transformation accelerates across industries, enterprise IT environments have
expanded to include sprawling hybrid infrastructures comprising endpoints, virtual machines,
containers, cloud workloads, 0T devices, and SaaS applications. In large organizations,
particularly in finance, healthcare, and manufacturing, asset counts routinely exceed 100,000+
systems, introducing an unprecedented scale of complexity in cybersecurity operations. This
complexity is especially pronounced in vulnerability management (VM), where security teams
are tasked with discovering, assessing, prioritizing, and remediating thousands of vulnerabilities
in real time.
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Traditional VM approaches, built around scheduled scanning and CVSS-based risk ranking, fall
short in such environments. A recent Forrester report notes that 90% of organizations still rely
on CVSS as their primary risk metric, despite its inability to reflect exploitability or business
impact [1]. Furthermore, as attack surfaces evolve dynamically, vulnerabilities are often
discovered faster than they can be patched, creating a backlog of unresolved findings. According
to IBM’s Cost of a Data Breach Report 2023, 27% of breaches stem from known but unpatched
vulnerabilities, costing an average of $4.45 million per incident [2].

Large-scale VM programs face several operational bottlenecks:
e Asset discovery gaps due to ephemeral cloud instances, unmanaged devices, and shadow IT
o Inadequate prioritization that fails to factor in exploitability or asset criticality

e Manual ticketing and the remediation coordination, which introduces delays and human
error

e Fragmented toolsets that don’t interoperate natively across IT, security, and DevOps
platforms

To overcome these challenges, enterprises must shift from reactive, tool-centric VM to
automated, risk-aware frameworks that scale. These frameworks must integrate real-time asset
visibility, contextual enrichment using threat intelligence (e.g., CISA KEV, EPSS), machine
learning-driven prioritization, and orchestrated remediation using SOAR platforms. Such
capabilities enable organizations to reduce Mean Time to Remediation (MTTR), ensure Service
Level Agreement (SLA) adherence, and maintain compliance with standards like NIST 800-53,
ISO 27001, and PCI-DSS.

This paper introduces a reference framework for automated vulnerability management in
100K+ asset environments, validated through real-world implementations in Fortune 500
enterprises. It covers five architectural layers: (1) continuous asset discovery, (2) contextual
vulnerability ingestion, (3) risk-based prioritization, (4) remediation orchestration, and (5)
compliance analytics. Quantitative results demonstrate significant operational gains, including a
2.3x improvement in SLA compliance and a 75% reduction in manual remediation workload.

The remainder of this paper is organized as follows: Section 2 reviews related work and prior
approaches to VM at scale. Section 3 discusses the unique challenges associated with large-scale
VM. Later sections include our view on proposed architecture, a real-world implementation case
study, performance analysis and future considerations, what are the different cybersecurity
vendors doing respectively, followed by conclusions and recommendations.
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Fig.1: Automated Vulnerability management Framework

2. BACKGROUND AND RELATED WORK

2.1 Traditional Vulnerability Management Paradigm

Vulnerability management (VM) traditionally revolves around the four-phase lifecycle that
includes: asset discovery, vulnerability assessment, prioritization, and remediation. In
conventional enterprise settings, this model is powered by scheduled scanning tools such as
Qualys, Rapid7 InsightVM, or Tenable.sc that generate periodic reports based on CVE identifiers
and Common Vulnerability Scoring System (CVSS) ratings.

While this model has been effective in smaller or static IT environments, it however fails to scale
in hyper-distributed architectures. Static asset inventories and periodic scans quickly become
obsolete in cloud-first, DevOps-enabled, or remote workforce contexts. Assets spin up and down
in minutes, IP addresses are recycled, and visibility into containerized workloads or shadow IT
is limited. This results in blind spots, false positives, and remediation delays, particularly in
enterprises with 100K+ endpoints.

Moreover, the use of CVSS as a standalone metric for risk prioritization is problematic. CVSS
assigns a score based on technical attributes of a vulnerability (e.g., exploitability, complexity),
but lacks consideration for asset criticality, exploit activity in the wild, and organizational
context. As a result, vulnerabilities that score high on CVSS may not be exploited in practice,
while low or medium CVSS findings may pose significant real-world risks if present on critical
assets or integrated systems [3].

2.2 Challenges of Scaling VM
At scale, VM programs encounter unique operational and architectural challenges, including:

High Volume of Alerts: Enterprises with over 100K assets can generate millions of vulnerability
records per month, creating noise and overwhelming remediation teams.

Siloed Data Sources: Security tools (e.g., scanners), ITSM platforms (e.g., ServiceNow), and asset
inventories (e.g., CMDBs) are often mostly disconnected, requiring manual reconciliation.

Remediation Bottlenecks: Ticketing, patching, and validation often span multiple teams,
introducing delays and inconsistencies.

Lack of Real-Time Context: Traditional scanning fails to correlate vulnerabilities with exploit
activity, network exposure, or business impact, limiting risk-driven decision-making.

These limitations are compounded in regulated environments such as financial services or
healthcare, where compliance mandates (e.g.,, HIPAA, PCI-DSS) require strict SLA adherence for
vulnerability closure, continuous auditing, and immutable reporting.

2.3 Evolution of Modern VM Tools

To address the limitations of legacy VM, the industry has evolved toward risk-based
vulnerability management (RBVM) platforms. RBVM enhances traditional workflows with
threat intelligence, asset criticality tagging, and machine learning (ML) for prioritization. For
example, platforms like Kenna Security (acquired by Cisco) and Tenable.ep incorporate EPSS
(Exploit Prediction Scoring System) to estimate the likelihood of a vulnerability being exploited
in the next 30 days [4].
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Recent innovations include:

e Real-time enrichment using threat intelligence feeds such as CISA KEV [5], GreyNoise, and
Unit 42.

e Attack path simulation to visualize lateral movement and prioritize based on reachable blast
radius.

e Automated remediation orchestration via SOAR tools such as Palo Alto Cortex XSOAR and
Splunk SOAR, enabling closed-loop ticketing, patching, and reporting workflows.

e API-first integrations with cloud-native asset inventories (e.g., AWS Config, Azure Resource
Graph) to maintain accurate visibility into ephemeral workloads.

Despite these advancements, most commercial solutions assume environments with tens of
thousands of assets and do not natively optimize for 100K+ asset scale. Real-world
implementations at hyperscale require architectural adaptations to address scanning limits,
telemetry ingestion pipelines, asynchronous patching windows, and interdepartmental
workflows.

2.4 Academic Literature on VM at Scale

Academic research on VM has traditionally been focused on vulnerability classification, network
scanning optimization, and exploit modeling, butless so on scaling VM automation in operational
environments. For example:

e Liuetal [6] proposed a machine learning approach for predicting CVE exploitability using
historical NVD data, but without integrating the business context or asset sensitivity.

o Chevalier etal. [7] developed a taxonomy of enterprise VM systems, highlighting integration
gaps between asset inventories and vulnerability databases.

e Thomas and Pai [8] explored risk-based remediation models in the heterogeneous networks,
proposing a dependency-based prioritization matrix.

While insightful, these models often remain proof-of-concept and lack deployment validation in
production-grade, large-scale networks.

2.5 Related Industry Frameworks

The cybersecurity community has recognized the need for more integrated and scalable VM
strategies:

e MITRE ATT&CK offers mappings between known vulnerabilities (CVEs) and adversary
tactics, enabling more accurate threat modeling [9].

e NIST 800-53 Rev. 5 emphasizes the importance of continuous vulnerability scanning (RA-5)
and automated response mechanisms (IR-9) in large environments [10].

e C(ISA’s Binding Operational Directive 22-01 requires U.S. federal agencies to remediate
known exploited vulnerabilities from the KEV catalog within specified deadlines implying
automation is essential for compliance at scale [11].

2.6 Gaps and Opportunities
Despite progress in tools and theory, several gaps remain in deploying effective VM at scale:

e Lack of unified end-to-end automation across discovery, enrichment, prioritization, and
response

e Inadequate multi-cloud and hybrid visibility

e Underutilization of AI/ML models to assist triage and predict exploitability

o Insufficient integration with governance frameworks for real-time compliance reporting
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This paper addresses these gaps by proposing a repeatable, modular framework optimized for
100K+ asset environments. It builds on lessons from industry practice, standards-based
architecture, and toolchain interoperability to achieve scalable VM without sacrificing accuracy
or compliance.

3. CHALLENGES IN VULNERABILITY MANAGEMENT AT SCALE

Managing vulnerabilities in enterprise environments with more than 100,000 assets introduces
a unique set of technical, operational, and organizational challenges. These challenges are
amplified by the diversity of asset types, the velocity of vulnerability disclosures, and the
fragmentation of security tooling. While small-to-mid-sized organizations may manage VM
through periodic scans and spreadsheet-based tracking, such practices quickly become
unsustainable at hyperscale.

This section identifies and categorizes the core challenges faced by security and IT teams
attempting to operationalize vulnerability management in large, complex ecosystems.

3.1 Asset Visibility and Inventory Drift

One of the foundational requirements for effective VM is a complete and accurate inventory of
all the assets in the environment. However, in organizations with 100K+ assets, maintaining
asset visibility is a non-trivial task.

Factors contributing to inventory drift include:

Ephemeral infrastructure (e.g., containers, serverless functions)

Bring-your-own-device (BYOD) and remote work models

Shadow IT unsanctioned tools or platforms running without IT oversight

e Multi-cloud complexity with diverse APIs and the configurations

Studies show that up to 35% of assets in large organizations go unmanaged or undetected at any
given time [12]. Inaccurate inventories lead to blind spots, where vulnerabilities persist
undetected and unremediated.

3.2 Data Volume and Noise

Large-scale vulnerability scans can generate millions of findings each month. In a financial
services organization with 150,000 endpoints and 10,000 servers, weekly scans may yield over
2 million unique vulnerabilities, many of which are repeated across assets or not immediately
exploitable.

This flood of data leads to:

o Alert fatigue among remediation teams
o High rates of false positives
o Difficulty in identifying true critical vulnerabilities

Traditional CVSS scoring fails to provide enough context, and without intelligent filtering, teams
cannot distinguish noise from actionable threats. According to Palo Alto Networks’ Unit 42, only
5% of known vulnerabilities are actively exploited in the wild [13].

3.3 Prioritization Gaps

The most critical vulnerability is not always the one with the highest CVSS score. Effective
prioritization must consider:
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o Exploit availability (e.g., in CISA KEV, Metasploit)

o Business criticality of the affected asset

o Network exposure and lateral movement potential
e Active threat intelligence

However, in many organizations, prioritization remains manual, driven by severity filters or
business unit escalations. This results in low-risk vulnerabilities being patched first, while
critical exposure windows remain open.

Modern prioritization techniques such as EPSS, VulnRisk Scores, or attack path simulation are
not widely adopted due to tooling limitations or lack of integration with legacy VM systems [14].

3.4 Remediation Bottlenecks
n large organizations, patching and remediation require coordination between:

e Security operations (SOC)

e [T infrastructure teams

e Application owners

o Business unit stakeholders

e Change management boards

These handoffs can create significant delays. Furthermore, patching may be constrained by the
maintenance windows, downtime concerns, or vendor dependencies.

According to a study by SANS Institute, 45% of organizations take more than 30 days to patch
critical vulnerabilities even those with known exploits [15]. In regulated sectors, such delays can
lead to SLA violations and audit failures.

3.5 Integration and Toolchain Fragmentation

Large organizations typically operate a heterogeneous security stack with multiple VM tools
(e.g., Tenable, Qualys), ITSM platforms (e.g., ServiceNow, Jira), and remediation systems.

Common integration issues include:

e Lack of standardized data formats

e API limitations for ingesting findings

e Inconsistent ownership attribution (e.g., which team is responsible for which asset)
e Poor data normalization across tools

As a result, vulnerability data often lives in silos, forcing teams to manually reconcile tickets,
findings, and patching records across platforms an error-prone and inefficient process.

3.6 SLA and Compliance Pressure

In regulated industries, timely vulnerability remediation is not just a best practice it’s a legal or
contractual requirement. Frameworks such as:

e PCI-DSS mandate patching high-risk vulns within 30 days
e HIPAA and HITECH demand security updates for all covered systems
e SOXrequires demonstrable controls over financial systems

Meeting these requirements at scale is difficult without real-time dashboards, automated
reporting, and SLA tracking across business units.
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A Gartner report found that 63% of organizations fail to meet internal SLA targets for
vulnerability remediation due to poor visibility, prioritization, and coordination [16].

3.7 Organizational and Process Misalignment

Vulnerability management often sits at the intersection of security and operations, leading to
friction over priorities. Key organizational challenges include:

e Unclear roles and responsibilities between security and IT teams

e Lack of shared KPIs

e Limited executive visibility into VM posture

e Resistance to automation due to fear of false positives or system downtime

Without strong governance and executive alignment, VM programs risk devolving into
compliance checklists rather than proactive risk mitigation efforts.

3.8 Real-Time Threat Adaptation

In high-scale environments, the threat landscape changes faster than traditional VM cycles can
accommodate. For example:

e A new RCE (Remote Code Execution) vulnerability may be disclosed and exploited in less
than 24 hours

o Automated exploit kits and ransomware-as-a-service models enable mass exploitation
before patching cycles can complete

SOCs and VM programs must increasingly rely on live threat intelligence, behavioral detection,
and automated quarantining mechanisms to contain risk in real time, even before full patching
is completed.

3.9 Metrics That Matter

Finally, many large enterprises struggle to define meaningful metrics beyond "number of
vulnerabilities closed." Modern VM programs must track:

e MTTR (Mean Time to Remediate)

o Patch success rate

e SLA adherence by severity and BU

e Percent of vulnerabilities with active exploits remediated

These KPIs are essential for demonstrating effectiveness to executives, boards, and auditors.
3.10 Identity and Access Management Gaps

IAM weaknesses often compound VM risks. In large enterprises, dormant accounts, excessive
privileges, and lack of centralized identity governance create exploitable attack paths even when
systems are patched. For instance, attackers can pivot via over-provisioned service accounts or
stale Active Directory identities that remain active despite decommissioned assets. Without tight
coupling between VM and IAM, patching may address CVEs but leave exploitable privilege
escalation vectors intact. At scale, integrating IAM controls such as least privilege, just-in-time
access, and automated de-provisioning is essential to reduce both vulnerability density and blast
radius.

4. PROPOSED FRAMEWOWRK FOR SCALABLE VULNERABILITY MANAGEMENT
INCLUDING TOOL INTEGRATIONS

903



UtilitasMathematica

ISSN 0315-3681 Volume 122 (2), 2025

4.1 Framework Architecture and Components

4.1.1 Asset Intelligence and Normalization Layer

Vulnerability Management (VM) at enterprise scale especially across networks exceeding
100,000 assets demands a modular, automated, and policy-driven architecture that integrates
with the broader security and IT ecosystem. Based on observed limitations of prior approaches
and the complexity introduced by scale, we propose a tiered, plug-and-play framework for
Scalable VM (SVM) that centers around five core functional pillars: Asset Intelligence,
Orchestration Layer, Risk-Based Prioritization, Remediation Automation, and Continuous
Feedback. This section outlines the architecture, tool integrations, and design principles
underpinning the proposed framework.

At the foundation, the Asset Intelligence layer ingests, enriches, and normalizes data from
CMDBs (e.g., ServiceNow), cloud inventory tools (e.g., AWS Config, Azure Resource Graph), EDRs
(e.g., CrowdStrike), and network discovery platforms (e.g., Rapid7 InsightVM or Tenable.sc). This
unified asset repository ensures comprehensive visibility of all endpoints, servers, containers,
IoT, and ephemeral assets. Normalization engines deduplicate and map identifiers such as
hostnames, MACs, and cloud instance IDs into single asset profiles.

To address asset volatility, agentless discovery (e.g., Qualys passive sensors) and hybrid agent-
based scans are used in tandem. A key differentiator at scale is the incorporation of real-time
asset state tracking, whereby metadata tags are ingested directly from cloud providers and
Kubernetes orchestrators [17].

4.1.2 Centralized Orchestration Layer

This layer acts as the command-and-control hub for VM activities. Implemented using platforms
like Phantom, Cortex XSOAR, or Swimlane, it ingests findings from vulnerability scanners (e.g.,
Qualys, Nessus, Nexpose), correlates with contextual data (e.g., business criticality, exposure
level), and automates triage workflows.

Playbooks automate assetrisk scoring, deduplication of false positives, and alignment with patch
management windows. These playbooks also determine whether a finding warrants immediate
escalation to ticketing systems (e.g., Jira, ServiceNow ITSM) or should be batched into patching
cycles. The orchestration engine supports integration with CVSS feeds, EPSS probability scores,
and vendor advisories (e.g., Cisco PSIRTs, Microsoft CVEs) [18].

4.1.3 Risk-Based Prioritization Engine

To reduce noise and maximize remediation impact, our framework emphasizes risk-based
vulnerability prioritization (RBVP). Instead of relying solely on CVSS base scores, this engine
combines:

o Exploit availability (via feeds from ExploitDB, Metasploit, and CISA KEV).

e Asset criticality (based on business unit classification, SLA tiering).

o Threat intelligence correlation (via MISP or TIP integrations).

e Breach likelihood scoring (EPSS, machine learning from prior incidents).
By incorporating machine learning models trained on past exploitation trends and remediation
effectiveness, the prioritization engine can predict which vulnerabilities are most likely to be
weaponized in the near term [19]. This significantly enhances operational efficiency, especially
when scan results yield tens of thousands of findings across the enterprise.

4.1.4 Remediation Automation and Policy Enforcement
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The framework supports multiple remediation modalities:

e Automated patch orchestration via integration with SCCM, WSUS, Ansible, or Tanium.

e Configuration drift correction for misconfigurations using tools like Chef, Puppet, and
HashiCorp Terraform.

o Compensating controls recommendation for vulnerabilities without patches, using firewall
rules or NAC policies.

To align with change control governance, remediation tasks are automatically ticketed, tagged
with impact levels, and validated post-closure using rescans. A policy-driven engine ensures that
SLAs are enforced (e.g., CVSS > 9 must be fixed within 7 days) and escalates violations to
stakeholders. IAM integration further ensures that remediation tasks align with access
governance policies e.g., patching a critical asset also triggers privilege reviews, credential
rotation, or conditional access enforcement. For cloud-native workloads, CI/CD hooks are
inserted to block deployment of container images with known CVEs [20].

4.1. 5 Continuous Feedback and Reporting

An often-overlooked aspect of VM programs is feedback. Our framework integrates telemetry
and operational metrics back into the orchestration layer. Dashboards are fed with:

e Remediation velocity by asset owner/team.

e SLA compliance trends.

o Vulnerability recurrence metrics (e.g., regression of past issues).

e Root cause categorization of high-frequency CVEs.
Reports are integrated into executive portals and GRC platforms to support auditability and
continuous improvement. Feedback loops help security architects identify gaps in scanning
coverage, misaligned asset tagging, or remediation bottlenecks [21].

4.2 Toolchain Integration Overview

The effectiveness of this framework hinges on seamless API-based integration with existing
enterprise tools. Below is a categorized view:

Category Tool Integration
Examples Use
Qualys,
Tanium, .
Asset AWS Config, _Real-tlme
. Inventory,
Discovery Azure tagging
Resource
Graph
Nessus,
Vulnerability [({;1211(37? Findings
Scanning Prisma ingestion
Cloud
Cortex
Orchestration XSOAR, Workflow
& SOAR Swimlane, automation
Phantom
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WSUS,

Patch SCCM, Remediation
Management Ansible, enforcement
Tanium
Ticketing & | ServiceNow, | Tracking &

CMDB Jira compliance
MISP,
Threat Recorded | Prioritization
Intelligence Future, inputs
Cisco Talos
. Splunk,
Reporting & Dashboards,
GRC Power BI, audit trace
RSA Archer
Enforce least
privilege,
rotate
Identity & Azure AD, credentials,
Access Okta, govern
Management CyberArk, privileged
SailPoint
accounts
during
remediation

Table 1: Toolchain Integration View

The modularity of the framework allows the plug-and-play replacement of any component, as
long as API compatibility and data normalization standards (e.g., STIX, SCAP) are preserved.

4.3 Scalability & Performance Considerations

To ensure the framework operates efficiently in 100k+ asset environments:

o Parallelization and job queuing are implemented within the orchestration engine to batch
tasks.

o Event-driven architectures (e.g., using Kafka or RabbitMQ) support asynchronous processing
of scan results and remediation events.

o Horizontal scaling is achieved through containerized microservices deployed across hybrid
environments.

o Data deduplication and anomaly filtering mechanisms are built into every ingestion point to
manage volume.

These design decisions allow for linear scaling as organizations expand their digital footprint

across on-prem, hybrid, and multi-cloud environments [22].

5. CASE STUDIES ACROSS DIFFERENT INDUSTRY VERTICALS

To validate the effectiveness and adaptability of the proposed Scalable Vulnerability
Management (SVM) framework, we present case studies from four industry verticals: Financial
Services, Healthcare, Manufacturing, and Cloud-Native Technology Providers. Each example
demonstrates how the core five components: asset intelligence, orchestration, prioritization,
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remediation, and feedback were customized to meet domain-specific challenges while managing
the environments with over 100,000 assets.

5.1 Financial Services: Risk-Driven Governance in a Federated Enterprise

A global bank with operations in over 40 countries faced fragmentation in its vulnerability
management processes. Each region had its own scanning tools, risk thresholds, and
remediation playbooks. The enterprise suffered from inconsistent patching SLAs, duplicated
effort, and poor visibility into exposure metrics.

The SVM framework was implemented with a central orchestration layer that unified scan data
from diverse platforms. Asset intelligence was enhanced by integrating the CMDB with live EDR
telemetry and regulatory tagging (e.g., PCI, SOX, GDPR). The prioritization engine was tuned to
weigh financial impact, customer-facing exposure, and threat intelligence specific to banking
malware campaigns.

Remediation was orchestrated through SCCM for legacy endpoints, Ansible for Linux servers,
and APIs to the bank’s ITSM system for workflow integration. A major improvement was the
automation of escalations for SLA breaches, where high-risk vulnerabilities unresolved beyond
policy thresholds were auto-routed to risk officers and compliance managers.

The outcome was a measurable 45% increase in SLA adherence within the first six months and
a 60% reduction in false positives through contextual filtering. Importantly, this harmonized
approach enabled the board-level dashboarding of cyber risk posture across business units and
geographies.

5.2 Healthcare: Managing Device Diversity & Compliance Complexity

A large integrated healthcare delivery network managing over 150,000 devices—including loT
medical equipment, on-prem servers, and cloud-hosted patient portals—sought to modernize
its VM program. The primary challenge was asset heterogeneity, with many endpoints unable to
support traditional scanning due to FDA restrictions or patient safety concerns.

The SVM framework addressed this by incorporating agentless passive network scanners and
medical device management platforms into the Asset Intelligence layer. These were
supplemented with metadata from hospital EHR systems and vendor maintenance schedules to
enrich device profiles. Devices were categorized by criticality (e.g., life support, imaging systems,
HVAC controllers) to support risk-based prioritization.

Given strict change control policies in clinical settings, the remediation layer emphasized
compensating controls such as VLAN isolation and firewall rule enforcement rather than direct
patching. Playbooks were designed in consultation with biomedical engineers to ensure patient
safety was never compromised.

Feedback loops were particularly vital. A real-time dashboard helped security teams collaborate
with clinicians and operations staff. When vulnerabilities with potential patient impact were
detected, alerts triggered both incident response and clinical reviews. Over time, this fostered a
culture of security ownership beyond the IT department.

Through implementation, the organization achieved full vulnerability visibility across 96% of
medical and IT assets and halved the average time to risk mitigation for high-severity CVEs,
without disrupting patient care operations.
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5.3 Manufacturing: Operational Technology (OT) and IT Convergence

A multinational manufacturing conglomerate, with a footprint of over 300 facilities worldwide,
sought to unify VM across its IT and OT domains. Traditional VM tools struggled with proprietary
systems running legacy OS versions and lacked visibility into factory-floor assets connected
through industrial protocols like Modbus and OPC-UA.

Using the proposed SVM framework, the company first deployed specialized OT-aware scanning
appliances to feed asset intelligence into a normalized data lake. Integration with production
management systems helped map assets to business processes and downtime windows, a
critical factor in remediation planning.

Risk-based prioritization was customized to incorporate operational impact, safety criticality,
and exposure to external networks. Vulnerabilities affecting production uptime or safety
instrumentation systems were auto-prioritized, regardless of CVSS score. The orchestration
layer automated escalation to plant managers for vulnerabilities requiring scheduled
maintenance windows or OEM coordination.

Instead of direct remediation, compensating controls like network segmentation, ACL
enforcement, and protocol whitelisting were applied. In select cases, firmware updates were
deployed using OT-compatible tools after rigorous staging and validation.

A major success metric was the reduction in unplanned downtime due to patching by over 70%,
while simultaneously reducing exploitable vulnerabilities by 50%. The framework also enabled
global oversight of cyber risk across IT and OT convergence zones something previously
unattainable.

5.4 Cloud-Native Tech Company: DevSecOps and CI/CD Integration

A cloud-native SaaS provider managing over 120,000 containerized microservices and
ephemeral cloud workloads faced a different challenge velocity. New code deployments
occurred daily, with auto-scaling clusters spinning up and down every minute. Traditional
vulnerability scans were too slow and ill-suited to this dynamic environment.

The SVM framework was adapted for cloud-native architecture by integrating directly into the
CI/CD pipeline. Static and dynamic security testing tools (SAST/DAST) were invoked during
build stages. Image scanning tools (e.g.,, Prisma Cloud) were embedded into Docker registries
and Kubernetes admission controllers to block deployments of vulnerable workloads.

Asset intelligence was derived from the orchestrators like Kubernetes and cloud provider APIs.
The prioritization engine was trained using production telemetry, exploitability scores, and
release cadence to ensure only exploitable and high-impact vulnerabilities halted the pipeline.

Remediation was tightly coupled with development processes. When a vulnerability was found
in a third-party library, automated pull requests suggested safe version upgrades. Ticketing
integrated into Git repositories allowed developers to track and resolve issues within their
standard workflow.

In this environment, the framework reduced mean time to remediate critical vulnerabilities from
12 days to under 24 hours. It also improved the security team’s capacity by 5x through
automation, while maintaining developer velocity and continuous delivery expectations.
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Summary Across Verticals

Despite operating in vastly different domains, these organizations shared core challenges: asset
sprawl], remediation delays, and contextual overload. The proposed SVM framework
demonstrated adaptability by supporting hybrid environments, enforcing policy-driven
automation, and aligning with each sector’s risk and compliance posture. Scalability was enabled
not just by technology but by aligning people, process, and automation to the organization’s
mission-critical functions.

6. FUTURE RESEARCH DIRECTIONS

As enterprises increasingly digitize operations, embrace hybrid-cloud architectures, and
interconnect IT with operational and cyber-physical systems, vulnerability management (VM)
must evolve beyond detection and patching. Future research must address not only scalability
and automation but also the unique risks posed by vertical-specific regulations, architectures,
and threat actors. This section outlines strategic research areas for future innovation in scalable
VM across financial services, healthcare, manufacturing, and cloud-native ecosystems.

6.1 Financial Services: Al-Augmented Risk Modeling and Regulatory Synchronization

Financial institutions face stringent regulatory oversight (e.g., FFIEC, PCI DSS, GLBA), and
operate in threat-rich environments targeted by nation-state actors and financially motivated
threat groups. Current VM practices often lack agility to respond to real-time threats while
maintaining continuous compliance.

Future research should explore:

e Al-driven regulatory alignment engines that cross-reference vulnerabilities with real-time
regulatory mappings, automatically identifying violations of controls across geographies.

e Dynamic risk modeling that fuses real-time threat intelligence with financial transaction
telemetry to predict downstream business impact of unpatched vulnerabilities.

e Zero-downtime remediation strategies, leveraging micro-segmentation and policy isolation
to maintain uptime in financial transactions during patch rollouts [23].

e Blockchain-based audit trails for VM actions, enhancing traceability and non-repudiation in
regulator audits.

As financial services adopt Al-enabled fraud detection, VM systems should integrate with these
platforms to anticipate which asset vulnerabilities could be leveraged for fraud at scale [24].

6.2 Healthcare: Patient-Centric Cyber Risk Metrics and Al-Safety Certification for Devices

The convergence of IT, [oT, and clinical systems introduces extreme risk sensitivity in healthcare
environments. Emerging threats target not only EHR systems but also life-critical devices.
Traditional CVSS scoring inadequately captures risks posed by unpatched devices affecting
patient outcomes.

Future research should explore:

o Patient-centric vulnerability impact scoring, incorporating factors like device type, clinical
function, patient proximity, and environmental context into the risk calculations.

909



UtilitasMathematica

ISSN 0315-3681 Volume 122 (2), 2025

e Al-based medical device behavior baselines, where CVE especially for FDA-approved black-
box systems [25].

o Automated certification frameworks for Al-powered diagnostics and treatment devices that
incorporate continuous vulnerability scans, model drift monitoring, and patch validation
prior to clinical use.

e Secure update delivery mechanisms leveraging digital twins of medical devices to test
patches virtually before physical deployment.

In a future with remote surgeries and Al-powered triage, VM must evolve to prioritize clinical
safety alongside technical risk [26].

6.3 Manufacturing: Cyber-Physical Convergence, Digital Twins, and Autonomous
Resilience

Manufacturing environments integrate legacy OT systems with modern [oT and ERP platforms,
creating unique challenges for scalable VM. Traditional IT patching timelines are incompatible
with 24x7 production cycles, and legacy systems often cannot be patched without vendor
involvement.

Future research should explore:

e Digital twin-assisted vulnerability simulations, allowing manufacturers to model the
potential process impact of vulnerabilities before applying changes to live systems [27].

e Al-guided remediation sequencing, where machine learning determines optimal
maintenance windows across thousands of factory assets to minimize operational
disruption.

e Edge-based vulnerability scanning agents, optimized for embedded firmware in robotics,
PLCs, and sensor clusters with real-time analytics capabilities.

e Cyber-physical policy enforcers, where anomaly detection algorithms dynamically trigger
control logic modifications (e.g., throttle, fail-safe) if a vulnerable system is under attack.

As the sector trends toward Industry 5.0, combining human-robot collaboration and autonomy,
VM must adapt to intelligent, real-time, and process-aware paradigms [28].

6.4 Cloud-Native Enterprises: Runtime VM, Supply Chain Hygiene, and Autonomous
DevSecOps

In cloud-native organizations, ephemeral workloads, rapid code deployments, and third-party
dependencies render traditional scanning irrelevant post-deployment. Even container image
scanning fails to detect many runtime-specific vulnerabilities.

Future VM research must address:

e Runtime-aware VM models, which leverage eBPF, syscall tracing, and behavioral analysis to
detect vulnerabilities only activated in memory or specific code paths [29].

o Software Bill of Materials (SBOM)-based vulnerability tracing, with real-time notification and
isolation of vulnerable components used in upstream open-source libraries.

e Autonomous security gatekeepers in CI/CD pipelines that interpret CVE impact and risk
priority without human approval, enabling self-remediating build pipelines.
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o Federated learning models across organizations that collaboratively train Al-based exploit
prediction engines on anonymized telemetry data.

Research must also address version drift and dependency decay in long-lived microservices and
serverless functions. VM must become continuous, declarative, and code-native to scale in these
environments [30].

6.5 Cross-Cutting Research Directions

Beyond domain-specific innovations, several cross-cutting research themes hold promise for
universal application in VM at scale:

o Explainable AI (XAI) for vulnerability triage: Security teams are often overwhelmed by ML-
based prioritization models they do not trust. XAl can offer visibility into model decisions,
promoting adoption and accurate remediation paths [31].

e Cyber insurance-linked VM scoring: Research linking enterprise vulnerability exposure to
actuarial risk models could transform how premiums are calculated and policies enforced.

e Global vulnerability intelligence exchanges: Designing privacy-preserving, GDPR-compliant
mechanisms for real-time vulnerability sharing across industries and borders to accelerate
zero-day countermeasures.

e Human-in-the-loop (HITL) orchestration systems: Especially in sensitive verticals like
healthcare or aerospace, where full automation isn’t viable, HITL workflows should allow
collaborative, explainable VM action.

Lastly, ethical considerations will become paramount as automation increasingly decides what
gets patched, when, and where. Future research must incorporate governance layers, ensuring
that automated VM systems are auditable, accountable, and aligned with organizational values
and societal trust.

6.6 Identity-Integrated Vulnerability Management:
IAM will become a central pillar of scalable VM. Future directions include:

e Automated mapping of vulnerabilities to affected identities (e.g., linking CVEs to privileged
service accounts).

e Integration of VM engines with Zero Trust IAM to enforce conditional access based on
vulnerability exposure.

e Use of continuous authentication and behavioral analytics to restrict vulnerable assets until
remediated.

e Incorporating [AM posture into risk scoring, e.g.,, weighting vulnerabilities higher when
found on admin accounts or devices with privileged access.

This ensures that vulnerability management evolves beyond system patching into holistic
exposure management, aligning asset risk with identity risk.

7. Organizational Survey to Assess Readiness for Scaling Vulnerability Management
Over 100K Assets
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This survey is designed to evaluate an organization’s operational, architectural, and procedural
readiness for implementing scalable vulnerability management (VM) frameworks in
environments exceeding 100,000 assets. Each question is accompanied by a scoring rubric (0-5
points) and a maturity interpretation guide at the end of the section.

Instructions:

e For each question, select the statement that best represents your organization’s current
state.
e Assign the corresponding point value (0 to 5).

o Total your score and refer to the interpretation table to assess your readiness.
e This survey can be used periodically to measure improvement or gap closure.

7.1.1
Q1: Asset Inventory and Visibility

How comprehensive and real-time is your asset inventory across on-prem, cloud,
containers, and IoT/OT systems?

Choice Description Points
No centralized asset
A inventory; ad hoc 0
discovery.
Periodic scans with
B partial CMDB 1
integration.
Unified inventory of
static assets only.
Real-time inventory
D for IT assets; partial 3
cloud/OT coverage.
Near real-time,
normalized
inventory across
IT/OT/cloud.
Asset intelligence
enriched with
F tagging, business 5
context, and
identity mapping.

Q2: Vulnerability Scanning Coverage and Frequency

How frequently and thoroughly are vulnerabilities scanned across your environment?

| Choice | Description | Points |
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Scans done
manually or
infrequently (<
quarterly).

Monthly scans on
critical systems
only.

Weekly scans with
gaps in coverage.

Weekly scans
across 80% of
assets.

Daily or continuous
scans via agent-
based or passive

methods.

Real-time scanning
integrated with
deployment
pipelines and asset
discovery.

Q3: Risk-Based Prioritization

How are vulnerabilities prioritized for remediation?

Choice

Description

Points

A

Prioritization based
solely on CVSS
score.

0

Manual triage
based on asset
owner judgment.

Partial automation
with CVSS +
criticality tags.

Context-aware
prioritization using
asset risk level.

Integration of
threat intelligence
(EPSS, KEV, exploit

feeds).

Al-driven exploit
prediction with
continuous
reprioritization.
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Q4: Remediation Automation

To what extent is the remediation automated in your environment?

Choice

Description

Points

A

Entirely manual
patching and
remediation

workflows.

Remediation
tracked via tickets;
no automation.

Basic scripts or RPA
for patching select
systems.

Workflow
automation for
known CVEs in IT.

Patch orchestration
across 0S, apps,
cloud; CI/CD
integrated.

Autonomous
remediation with
policy-based
approvals.

Q5: SLA Compliance and Governance

How is the remediation SLA performance tracked and enforced?

Choice

Description

Points

A

No defined SLAs or
tracking
mechanisms.

0

SLAs defined but
not enforced.

SLA reporting
exists but manual.

SLA metrics tracked
in dashboards with
stakeholder
visibility.
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SLA breaches

escalations.

trigger automated

tied to
compensation or
KPIs across units.

SLA performance

Q6: Toolchain Integration and Data Flow

Description

Points

A

Standalone tools
with no data flow
between them.

0

Partial integration
with ticketing tools.

Basic API
integration for scan
results.

Bi-directional
integration

between scanners,

ITSM, and GRC.

Orchestrated

workflows across

EDR, CMDB, and
SOAR.

Fully automated
pipelines with
closed-loop

feedback.

Q7: Cloud and Container Vulnerability Management

management handled

How is vulnerability
environments?
Choice Description Points
A No cloud/container
scanning capability.
Periodic image
B scans via registry
integration.
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How well-integrated is your VM toolchain with existing IT and security platforms?
Choice

in dynamic cloud and container
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Cloud assets
scanned manually
or post-
deployment.

Runtime and image
scanning pre-
deployment
integrated into
CI/CD.

Context-aware
remediation
workflows for
ephemeral
workloads.

Full lifecycle
protection with
SBOM tracking and
drift detection.

Q8: Operational Technology (OT) and IoT Security
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How are non-traditional assets (e.g., OT, IoT) included in your VM strategy?

Choice

Description

Points

A

Not applicable / No
inclusion of OT or
loT.

0

Ad hoc manual
checks on known
devices.

Periodic scans
using generic tools.

Specialized
scanners used on
OT segments.

Threat modeling
and network
segmentation

enforced for OT.

Unified risk scoring
across IT and OT
assets.

Q9: Executive Reporting and Dashboards

What is the level of visibility for leadership and compliance reporting?

\ Choice \

Description

\ Points \
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No standardized
reports or visibility
to leadership.

Static reports
prepared ad hoc for
audits.

Monthly
vulnerability
summaries shared
via email.

Role-based

dashboards

available to
leadership and
business units.

Drill-down
dashboards with
SLA trends and
asset risk scoring.

Real-time, GRC-
aligned executive
dashboards linked

to KPIs.

Q10: Continuous Feedback and Learning

UtilitasMathematica

ISSN 0315-3681 Volume 122 (2), 2025

How is feedback from past vulnerabilities and remediation actions used to improve the
VM process?

Choice

Description

Points

A

No formal feedback
mechanism.

0

Lessons learned
discussed only
post-incident.

Manual analysis of
root causes
performed
irregularly.

Continuous
improvement KPIs
tracked quarterly.

Feedback loops
integrated into
orchestration and
triage systems.
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ML models trained

on historical
vulnerability and
remediation data.

Scoring Interpretation Table

Total

Score

(Out
of
50)

Maturity Level

Interpretation

0-10

Initial

No scalable VM
practices in
place; high risk
exposure

11-
20

Basic

Fragmented
tools; limited
automation or
prioritization

21-
30

Intermediate

Foundational
practices exist;
siloed tools
and partial
coverage

31-
40

Advanced

Strong
integration,
prioritization,
and
automation in
most
environments

41-
50

Optimized/Scalable

Fully mature
VM program
with end-to-
end
orchestration
and continuous
learning

Table 2: Scoring interpretation table
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8. What Key Cybersecurity Vendors Are Doing for Vulnerability Management at Scale
for Enterprises with Over 100K Assets

As enterprise networks grow exponentially in asset count and complexity, cybersecurity
vendors have responded by evolving their vulnerability management (VM) offerings from basic
scanners to integrated, Al-driven, and orchestration-ready platforms. Major players in the VM
space now offer cloud-native architectures, risk-based prioritization, policy-driven automation,
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and multi-platform integrations to enable real-time, scalable VM for enterprises managing over
100,000 assets. This section highlights the key contributions of top vendors, categorized by
functionality and approach.

8.1 Tenable: Unified Exposure Management and Cyber Risk Quantification

Tenable, the creator of Nessus, has evolved into a full-stack Cyber Exposure Management
platform tailored to large enterprises.

e Tenable.io and Tenable.ep provide scalable VM coverage across on-prem, cloud, containers,
and Active Directory environments. Tenable.ep uses agentless discovery, passive scanning,
and container runtime detection.

o Lumin offers exposure scoring using business context, threat likelihood, and asset criticality
to prioritize remediation in large-scale environments.

e Tenable integrates with ServiceNow, Splunk, AWS, and Azure APIs for scalable orchestration
and reporting across hybrid infrastructures.

e Predictive Prioritization, based on threat intelligence and machine learning, claims to reduce
97% of remediation effort by focusing on the 3% of vulnerabilities most likely to be exploited
[32].

8.2 Qualys: Cloud-Native VM and Contextual Remediation at Scale

Qualys is among the first to adopt a cloud-based, platform-centric VM strategy capable of
supporting 100k+ asset environments.

e Qualys VMDR (Vulnerability Management, Detection, and Response) bundles scanning, asset
discovery, and patching under a unified cloud agent.

e The Qualys Cloud Agent supports lightweight, always-on monitoring across diverse
endpoints, eliminating scan windows and improving VM for remote and dynamic assets.

o Integrated Patch Management enables auto-remediation of vulnerabilities based on severity,
exposure, and compliance policies.

e The Qualys TruRisk Engine combines CVSS, threat intelligence feeds, and exploitability
metrics for adaptive prioritization.

e Massive enterprise customers leverage Qualys sensors deployed across global geographies
for asset correlation and deduplication at scale [33]

8.3 Rapid7: Automation-Centric Vulnerability Lifecycle Management

Rapid7’s InsightVM targets large-scale enterprises through live dashboards, automation
workflows, and risk-based remediation orchestration.

e Live Dashboards built on a dynamic query language (DQL) provide real-time risk posture
views across tens of thousands of assets.

e Remediation Projects allow teams to assign vulnerabilities to owners based on business
context, not just system hierarchy.

e Integration with InsightConnect, Rapid7’s SOAR platform, enables automated patching,
quarantining, and ticketing workflows.

e Rapid7 prioritizes exposure-based metrics over CVSS alone, using public exploitability,
malware Kits, and asset role in the attack surface.
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Clients use the platform to automate patch cycles and measure SLA compliance across
hundreds of business units [34]

8.4 Microsoft Defender for Endpoint and Defender Vulnerability Management

Microsoft’s entry into enterprise-scale VM is deeply integrated into its ecosystem, providing
visibility across endpoints, servers, and cloud workloads.

Defender Vulnerability Management (DVM) delivers risk-based vulnerability insights,
integrated with threat intelligence and real-time telemetry from Defender for Endpoint.
Microsoft Defender leverages user and device context, exposure levels, lateral movement
likelihood, and business roles to refine prioritization logic.

Integration with Intune, Azure Arc, and MEM enables automated policy enforcement, patch
deployment, and cloud asset coverage.

DVM also supports SBOM visibility, alert suppression, just-in-time patch recommendations,
and attack surface reduction.

Microsoft’s strength lies in native integration with Active Directory, Azure AD, and Entra ID,
making it highly scalable across enterprise environments [35]

8.5 Palo Alto Networks Cortex Xpanse and Prisma Cloud

Palo Alto Networks focuses on attack surface discovery and cloud-native workload protection as
core components of scalable VM.

Cortex Xpanse offers external attack surface management (EASM), discovering unmanaged
and shadow IT assets across internet-facing infrastructure.

Cortex XSOAR orchestrates remediation workflows from detection to patching, integrated
with CVE feeds, cloud APIs, and identity management tools.

Prisma Cloud provides runtime vulnerability scanning for containers, Kubernetes clusters,
serverless functions, and APIs.

The Cloud Code Security module flags vulnerabilities during infrastructure-as-code
deployment, enhancing proactive VM in CI/CD pipelines.

Enterprises leverage Palo Alto’s Zero Trust and segmentation models to mitigate risks in
unpatchable environments [36]

8.6 CrowdStrike Falcon Spotlight: Real-Time, Agent-Based VM

CrowdStrike’s Falcon Spotlight extends its EDR capabilities into agent-based, real-time

vulnerability management.

Spotlight collects vulnerability data continuously without the need for separate scans or
credentials.

[tleverages the threat intelligence correlation from CrowdStrike’s Falcon Intelligence to map
vulnerabilities to active attack campaigns.

Organizations gain real-time exposure visibility and can correlate VM data with threat actor
behavior and lateral movement paths.

Large enterprises benefit from unified telemetry for VM, detection, and response under a
single lightweight agent footprint [37]
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8.7 IBM Security QRadar and Guardium Insights

IBM approaches VM at scale via threat analytics, compliance integration, and multi-source
correlation.

e QRadar Vulnerability Manager enriches scan results with SIEM insights and network
behavior analytics.

e Guardium Insights addresses vulnerabilities in data stores, applying risk classification, usage
profiling, and data sensitivity to prioritize risks to regulated datasets.

e IBM emphasizes hybrid-cloud orchestration, integrating VM into risk-based compliance
workflows spanning IT, OT, and cloud.

o For large organizations, IBM offers cognitive security playbooks, built on Watson Al, for
automated prioritization and remediation decisions [38]

Key Scalability
Vendor Strengths Enablers
Predictive Lumin, unified
Tenable prioritization, visibility .
exposure across hybrid
scoring infra
Cloud-native . .
VMDR, agent- Lightweight
Qualys agents, real-
based time patchin
discovery P &
SOAR-driven .
Rapid7 | VM lifecycle | SightConnect
. orchestration
automation
Integration
with M365, | Contextual
) risk, native
Microsoft Intune,
cloud asset
Defender
. coverage
suite
Cloud code Xpanse,
Palo Alto security, Prisma Cloud
Networks runtime CI/CD
protection integration
. Unified
CrowdStrike Y agent,
threat actor .
: Spotlight
correlation
module
Data-centric QRadar +
IBM VM, GRC Guardium +
integration Watson Al

Table 3: Convergence and Differentiation

These vendors are moving toward assisted intelligence, risk-driven decisioning, and zero-trust-
aligned remediation to empower enterprises with hyperscale asset footprints.
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9. Conclusion and Strategic Recommendations

As organizations accelerate digital transformation and expand their attack surface across on-
prem, cloud, 10T, and operational technology, the challenge of scaling vulnerability management
(VM) becomes increasingly complex and mission-critical. Enterprises with over 100,000 assets
face unique constraints ranging from performance degradation in scanning engines and
fragmented asset visibility to prioritization fatigue and remediation bottlenecks. The
convergence of attack surface sprawl, evolving threat vectors, and regulatory scrutiny
necessitates a fundamental rethinking of how VM is operationalized at hyperscale.

This paper presented a multi-dimensional exploration into the architectural, operational, and
ecosystem-level advancements required to enable vulnerability management at enterprise scale.
By surveying industry practices, assisted frameworks, and vendor strategies, we highlight the
evolution of VM from reactive patching to intelligent, risk-based, and automated governance
systems capable of protecting dynamic, hybrid infrastructures.

9.1 Key Takeaways

e Traditional VM tools alone are insufficient at scale. Organizations managing 100K+ assets
require orchestration, decision engines, and contextual intelligence beyond what CVSS
scoring and manual remediation can provide.

e Unified asset intelligence is foundational. Real-time, normalized, and context-rich
inventories—blending IT, OT, cloud, and ephemeral assets—are a prerequisite for any
scalable VM program.

e Risk-based prioritization is no longer optional. CVEs must be triaged using exploitability
probability, business impact, exposure surface, and telemetry-derived behavioral context.
Tools such as EPSS and CISA KEV must be embedded into decision logic [39]

e Remediation must be policy-driven and automated. Automated patching, compensating
control deployment, and CI/CD-integrated security gates reduce mean time to mitigate
(MTTM) and ensure repeatable compliance [40]

e Assisted frameworks bridge automation with governance. By embedding explainable Al,
policy enforcement, and human-in-the-loop oversight, these systems maximize trust,
scalability, and operational alignment [40]

e Vendor ecosystems are aligning with hyperscale needs. Players like Microsoft, Qualys, Palo
Alto Networks, and Tenable are delivering modular, API-first platforms capable of real-time
scanning, prioritization, and orchestration across asset classes.

e Vertical-specific considerations matter. In healthcare, patient safety overrides automation.
In manufacturing, operational continuity governs patch cycles. Future VM frameworks must
be tailored to sectoral risks and regulations [39]

9.2 Strategic Recommendations for Enterprises

To mature VM into a scalable, strategic capability, large enterprises should adopt the following
phased roadmap:

Phase 1: Establish a Unified VM Foundation

e Normalize asset inventory by integrating CMDBs, cloud provider APIs, endpoint
telemetry, and OT discovery tools.

e Deploy hybrid scanning mechanisms including agent-based, passive, and API-integrated
methods to ensure full coverage.
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Invest in threat intelligence ingestion (e.g., KEV, ExploitDB, Recorded Future) to
supplement vulnerability metadata.

Phase 2: Operationalize Risk-Based Prioritization

Implement risk engines that merge CVSS with EPSS, asset criticality, business SLA
mapping, IAM privilege exposure and live exploit telemetry [40]

Shift to contextual dashboards showing business unit risk posture, SLA breaches, and
remediation velocity across teams.

Introduce tiered triage workflows, ensuring high-risk vulnerabilities are actioned within
24-72 hours depending on exposure.

Phase 3: Introduce Assisted Frameworks

Deploy policy-based orchestration via SOAR platforms that codify remediation flows,
escalation criteria, and fallback controls [41]

Integrate explainable Al (XAI) for model-driven vulnerability prioritization with override
options and audit logging [42]

Enable feedback loops from ticketing systems, patching platforms, and analyst actions to
continuously tune ML models.

Phase 4: Automate Remediation and CI/CD Integration

Establish pre-approved remediation playbooks for common high-risk CVEs across OS,
application, and cloud layers.

Embed vulnerability scans and risk gates into CI/CD pipelines to block unsafe code and
images at deployment time [42]

Integrate VM telemetry with GRC platforms to automate compliance reporting, policy
enforcement, and risk scoring.

Phase 5: Measure, Report, and Evolve

Track KPIs such as MTTR, vulnerability recurrence rates, SLA adherence, and exploit
suppression velocity.

Benchmark maturity using structured assessments like the VM Readiness Survey
presented in this paper.

Participate in industry threat sharing alliances, leveraging anonymized exploit telemetry
to improve predictive defense models.

9.3 Future Vision: Autonomous and Ethical Vulnerability Management

In the next frontier, VM systems will evolve into autonomous cyber risk managers capable of
perceiving vulnerabilities, assessing impact, selecting mitigation strategies, and executing
responses without human intervention. However, automation must be bounded by governance.

Key tenets of this evolution include:

Federated threat intelligence collaboration across public-private consortia to reduce
time-to-detect and suppress zero-day vulnerabilities.

Behavior-aware remediation, where systems factor user behavior, lateral movement
potential, IAM privilege risks, and exfiltration likelihood into response plans.
Interoperable regulatory compliance engines, allowing organizations to map remediation
actions to ISO 27001, NIST 800-53, GDPR, and other standards in real time.

Ethical guardrails embedded in assisted frameworks, ensuring that automation does not
compromise safety, privacy, or operational integrity.

9.4 Final Remarks
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Vulnerability management at scale is no longer a siloed security function it is a core pillar of
operational resilience, regulatory compliance, and digital trust. Enterprises that adopt
intelligent, assisted, and automated VM frameworks will not only reduce their cyber exposure
but also enhance their ability to innovate safely at speed.

Scaling VM across 100,000+ assets is an engineering, governance, and cultural challenge. It
demands not only better tools, but better coordination, metrics, and mindset. With the

right frameworks in place, organizations can move from reactive patching to strategic risk
mitigation, delivering resilience at enterprise velocity.
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