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ABSTRACT: Event-driven architectures built on Apache Kafka are increasingly used in healthcare information
systems to coordinate patient record updates, laboratory results, billing events, and care-coordination workflows across
distributed Java microservices. This architectural pattern introduces a distinct authentication challenge: Kafka
consumer groups, by design, allow flexible, dynamic membership as service instances scale, restart, and rebalance,
creating a persistent-identity problem for security models that assume static, individually provisioned trust
relationships. Because the event streams carried by these pipelines routinely include Protected Health Information
(PHI) subject to regulatory obligations, weak or inconsistently enforced consumer authentication represents both a
security and compliance exposure. This article presents a research-grounded architecture for certificate-based mutual
TLS (mTLS) authentication specifically designed for Kafka consumer groups operating within Java healthcare event-
driven pipelines, addressing certificate lifecycle management, consumer group rebalancing under short-lived
credentials, and integration with topic-level access control. The article evaluates the proposed architecture through a
structured analysis covering handshake performance under production-representative load, certificate rotation
scheduling across a simulated seven-service healthcare pipeline, and security posture improvement following
hardening, using a constructed evaluation environment modeled on realistic healthcare microservice traffic patterns.
Findings indicate that certificate-based mTLS, properly integrated with automated rotation and consumer-group-aware
credential handling, achieves handshake success rates exceeding 98.7 percent and reduces simulated security incident
rates by approximately 87 percent relative to a pre-hardening baseline, while introducing latency overhead that remains
within acceptable bounds for near-real-time healthcare event processing. The article further presents a defense-in-depth
framework combining mutual TLS, topic-level access control, and field-level encryption, together with operational
guidance for certificate lifecycle governance in regulated healthcare environments. The findings offer healthcare
platform engineering and security teams an evidence-based blueprint for hardening Kafka-based event pipelines
carrying regulated patient data.

KEYWORDS: Mutual TLS; Kafka; consumer groups; healthcare IT security; Java microservices; certificate lifecycle
management; event-driven architecture; PHI protection; HIPAA; defense-in-depth; access control.

I. INTRODUCTION

1.1 Background

Healthcare organizations have increasingly adopted event-driven microservice architectures, built predominantly in
Java and coordinated through Apache Kafka, to manage the real-time flow of clinical and administrative data across
distributed systems, including electronic health record updates, laboratory result delivery, billing and claims events, and
care-coordination workflows. This architectural shift offers substantial operational benefits, including loose coupling
between services, resilience to individual service failures, and natural support for asynchronous, high-throughput data
flows characteristic of modern healthcare IT environments. However, the same architectural properties that make Kafka
attractive for healthcare event streaming, particularly its consumer group model, in which multiple consumer instances
share partition ownership dynamically and rebalance automatically as instances join, leave, or fail, introduce
authentication and authorization challenges not fully addressed by security models designed for more static service
topologies.

Because these event streams routinely carry Protected Health Information (PHI) as defined under the Health Insurance
Portability and Accountability Act (HIPAA), the security of the Kafka consumer authentication layer is not merely an
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operational concern but a regulatory and compliance obligation. Weak or inconsistently enforced consumer
authentication creates the potential for unauthorized access to PHI-bearing event streams, whether through
compromised credentials, misconfigured access controls, or insufficiently hardened transport security, any of which
could constitute a reportable security incident under applicable healthcare data protection regulations.

1.2 Problem Statement

Many production Kafka deployments rely on Simple Authentication and Security Layer (SASL) mechanisms using
shared credentials or, in less mature deployments, unauthenticated or weakly authenticated inter-service
communication secured only by network-layer controls. These approaches provide limited assurance of consumer
identity, limited support for fine-grained, per-service credential lifecycle management, and limited resilience against
credential compromise, since a single leaked shared credential may grant broad access across a consumer group.
Certificate-based mutual TLS authentication offers stronger, cryptographically verifiable per-consumer identity, but its
integration with Kafka's dynamic consumer group rebalancing model, in which consumer instances scale elastically and
certificates must be provisioned, validated, and rotated without disrupting group membership or message processing
continuity, has received limited systematic treatment specifically for Java healthcare event-driven pipelines. This article
addresses that gap.

1.3 Purpose and Scope

This article presents and evaluates an architecture for certificate-based mutual TLS authentication designed specifically
for Kafka consumer groups operating within Java healthcare event-driven pipelines. The scope covers consumer group
authentication architecture, certificate lifecycle management including automated rotation compatible with dynamic
group rebalancing, integration with topic-level access control and field-level encryption as complementary defense-in-
depth layers, and the operational governance practices required to sustain security posture over time within a regulated
healthcare context. As with related applied security research, this article provides an architectural blueprint and
structured experimental evaluation rather than a complete, deployable reference implementation.

1.4 Significance of the Study

For healthcare platform engineering and security teams, this article provides an evidence-based architecture and
performance evaluation specifically addressing the intersection of Kafka's dynamic consumer group model and
certificate-based authentication, a combination not extensively addressed in general-purpose Kafka security literature,
which typically treats authentication configuration as static. For the broader healthcare IT security literature, the article
extends applied cryptographic authentication research into the specific context of event-driven, PHI-bearing data
pipelines, an increasingly common but comparatively underexamined architectural pattern relative to more traditional,
request-response-oriented healthcare system integrations such as HL7 interface engines.

1.5 Structure of the Article

Section 2 reviews the literature on TLS authentication, Kafka security architecture, and healthcare data protection
requirements. Section 3 states the research objectives and questions. Section 4 describes the methodology. Section 5
characterizes the Kafka consumer group authentication problem in detail. Section 6 presents the proposed certificate-
based mTLS architecture, and Section 7 describes certificate lifecycle management. Section 8 addresses defense-in-
depth integration with complementary controls. Section 9 presents experimental findings, Section 10 analyzes security
posture improvement, Section 11 examines operational performance, and Section 12 addresses governance and
compliance considerations. Section 13 discusses the findings' implications, Section 14 identifies implementation
challenges, Section 15 proposes deployment recommendations, Section 16 identifies future research directions, and
Section 17 concludes the article.

II. LITERATURE REVIEW

2.1 Transport Layer Security and Mutual Authentication

The Transport Layer Security (TLS) protocol, standardized in its current version 1.3 by Rescorla (2018), provides the
cryptographic foundation for mutual authentication between communicating parties, extending the more common
server-only authentication model to require both client and server to present and validate X.509 certificates. Dierks and
Rescorla's earlier TLS 1.2 specification (2008) remains relevant background for understanding the protocol's evolution,
particularly regarding handshake structure and cipher suite negotiation, both directly relevant to the handshake
performance evaluation presented in Section 11 of this article. The National Institute of Standards and Technology's
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guidelines for TLS implementation selection and configuration (NIST SP 800-52 Rev. 2, 2019) provide authoritative
guidance on cipher suite and protocol version selection for federal and regulated-industry systems, informing the
configuration recommendations developed in Section 7 of this article.

2.2 Zero Trust Architecture Principles

Kindervag's foundational zero trust concept (2010) argued that network location should not be treated as a proxy for
trust, a principle subsequently formalized in NIST Special Publication 800-207 (2020), which establishes architectural
guidance for verifying every access request based on identity and context rather than network perimeter position. This
article's certificate-based mTLS architecture directly implements zero trust principles at the Kafka consumer group
layer: rather than relying on network segmentation alone to restrict consumer access, each consumer instance must
cryptographically prove its identity via certificate presentation regardless of its network location, consistent with zero
trust's core tenet of continuous, identity-based verification.

2.3 Kafka Security Architecture

Narkhede, Shapira, and Palino's definitive treatment of Kafka architecture (2017) documents the platform's native
support for SSL/TLS encryption and authentication, SASL-based authentication mechanisms, and Access Control Lists
(ACLs) for topic-level authorization, establishing the baseline security capability set this article's architecture builds
upon. Confluent's Kafka security architecture documentation (2023) provides current, practitioner-oriented guidance on
configuring mutual TLS authentication for Kafka clients, though this guidance, consistent with the gap this article
addresses, is generally presented for static client configurations rather than the dynamic consumer group rebalancing
scenarios of central concern to this article's healthcare pipeline context.

2.4 Microservices Security and Service Mesh Approaches

Sun, Nanda, and Jaeger (2015) examined security-as-a-service approaches for microservice-based cloud applications,
establishing early architectural patterns for centralizing security concerns, including authentication, across distributed
service topologies rather than implementing security logic independently within each service, a principle reflected in
this article's centralized certificate lifecycle management approach (Section 7). Newman's treatment of microservices
architecture (2021) and Indrasiri and Siriwardena's enterprise microservices guidance (2021) both address service mesh
architectures, including mutual TLS enforcement via sidecar proxies, as an increasingly common pattern for securing
inter-service communication, though neither work addresses the specific interaction between service mesh mTLS
enforcement and Kafka's application-layer consumer group semantics that this article's architecture must reconcile.

2.5 Healthcare Data Protection Requirements

The HIPAA Security Rule, as modified by subsequent regulatory updates (U.S. Department of Health and Human
Services, 2013), establishes technical safeguard requirements for electronic Protected Health Information, including
access control, transmission security, and audit control requirements directly relevant to the architecture proposed in
this article. The Cloud Security Alliance's guidance on securing event-driven architectures (2022) extends general cloud
security principles to the specific context of event streaming platforms, emphasizing that the durability and replay
characteristics of event logs, valuable for operational resilience, correspondingly extend the potential exposure window
for any unauthorized access, reinforcing the importance of strong, continuously enforced consumer authentication
rather than point-in-time access validation alone.

2.6 Gaps in Existing Literature

While TLS-based mutual authentication, Kafka security architecture, and healthcare data protection requirements are
each well documented individually, comparatively little published literature directly addresses the specific architectural
challenge of reconciling certificate-based mTLS authentication with Kafka's dynamic consumer group rebalancing
model within the context of regulated healthcare event-driven pipelines. This article addresses that gap through an
architecture and evaluation explicitly designed around this intersection.

III. RESEARCH OBJECTIVES AND QUESTIONS

This article is guided by five research objectives, summarized alongside their corresponding research questions in
Table 1.

TABLE 1 Research Objectives and Corresponding Questions
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Characterize the Kafka consumer group @ How does Kafka's dynamic consumer group rebalancing
RO1 authentication problem for healthcare | model  interact  with  certificate-based = mTLS
pipelines authentication requirements?

Desian a certificate-based mTLS How should certificate provisioning, validation, and

RO2 : rotation be architected to remain compatible with elastic
architecture for consumer groups .
consumer group scaling?
What latency and throughput overhead does certificate-
RO3 Evaluate ~ handshake  performance and based mTLS introduce under production-representative

operational impact healthcare pipeline load?

How much does certificate-based mTLS hardening

RO4 Assess security posture improvement reduce simulated security incident rates relative to a pre-
hardening baseline?

Develop governance guidance for regulated | What certificate lifecycle governance practices best

RO3 healthcare environments support sustained HIPAA-aligned security posture?

IV. METHODOLOGY

4.1 Research Design

This article employs a design-and-evaluate methodology combining (1) architectural design of a certificate-based
mTLS authentication layer for Kafka consumer groups, (2) a certificate lifecycle management framework compatible
with dynamic group rebalancing, (3) a controlled experimental evaluation of handshake performance and security
posture using a constructed healthcare pipeline simulation, and (4) a structured governance analysis mapping technical
controls to HIPAA Security Rule requirements. This combination allows the article to assess architectural, operational
performance, and compliance dimensions jointly.

4.2 Simulated Environment Construction

The evaluation environment simulates a representative Java healthcare event-driven pipeline comprising seven
services: patient record management, laboratory results, billing, appointment scheduling, medical imaging metadata,
pharmacy orders, and referral management, each operating as a Kafka consumer group with membership sizes ranging
from three to twenty-four instances reflecting realistic healthcare service scaling patterns. The evaluation environment
was operated over a simulated twelve-month period incorporating realistic certificate rotation cadences, consumer
group scaling events, and a constructed set of security incidents representing credential compromise, unauthorized
access attempts, and misconfiguration scenarios, used to compare pre- and post-hardening security posture.

4.3 Performance Evaluation Protocol

Handshake latency and throughput were measured across a range of concurrent connection levels (10 to 500 concurrent
consumer connections) and cipher suite strength tiers, consistent with NIST SP 800-52 Rev. 2 (2019) guidance on TLS
configuration options, to characterize the performance envelope of certificate-based mTLS under varying healthcare
pipeline load conditions. Consumer group rebalance behavior was evaluated specifically under certificate rotation
events, measuring rebalance duration and message processing continuity to assess operational impact.

4.4 Security Posture Evaluation Protocol

Security posture improvement was assessed by comparing a constructed pre-hardening baseline, representing a Kafka
deployment secured only by network segmentation and shared SASL credentials, against the proposed certificate-based
mTLS architecture, across a consistent set of simulated attack and misconfiguration scenarios injected into the twelve-
month simulated operational period described in Section 4.2.

4.5 Limitations
As with comparable applied security research relying on constructed evaluation environments, the findings presented

here should be interpreted as indicative of relative architectural and operational trade-offs rather than guaranteed
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production performance or security outcomes for any specific healthcare organization's deployment. Real-world
healthcare IT environments vary substantially in scale, existing security control maturity, and regulatory context, and
production deployment should include organization-specific risk assessment and validation, potentially in consultation
with compliance and legal counsel given the regulated nature of the data involved.

V. THE KAFKA CONSUMER GROUP AUTHENTICATION PROBLEM

5.1 Consumer Group Authentication Modes Compared
Table 2 compares common Kafka consumer authentication modes against the dimensions most relevant to healthcare

pipeline security: per-consumer identity granularity, credential rotation support, and resilience to credential

compromise.

TABLE 2 Kafka Consumer Group Authentication Modes — Comparison

Low - lateral movement
Network segmentation only None (network-based trust) | Not applicable within segment
undetected
. . Low - single leaked
SASL/PLAIN (shared | Low (often shared across = Manual, disruptive to . .
. credential compromises
credential) group) rotate
group
SASL/SCRAM (per- Manual or  semi- Moderate j pber
Moderate consumer revocation
consumer) automated .
possible
Certificate-based mTLS | High (cryptographic per- Ao oI, S = SerHven) eois
e tnsrnes i) rebalgnce-aware hqnt compromise
(Section 7) window

5.2 Certificate Risk Profile Across Healthcare Services
Figure 1 presents a composite risk profile across the seven simulated healthcare services, plotting certificate age,

consumer group size, and PHI exposure sensitivity, with bubble size representing composite risk.

Certificate Risk Profile by Healthcare Microservice (Bubble Size = Composite Risk)

P'“

o
i
PHI Exposure Sensitivity Index

e
A0 (agy, >

- 300
2t tation, 50

FIGURE 1 Three-dimensional bubble chart plotting certificate age, consumer group size, and PHI exposure sensitivity
across seven healthcare microservices, with bubble size representing composite certificate risk.
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As shown in Figure 1, referral-sve and pharmacy-svc exhibit the highest composite risk in the simulated environment,
driven respectively by large consumer group size combined with moderate certificate age, and by high PHI exposure
sensitivity combined with extended certificate age. This risk profiling approach, informing the rotation prioritization
discussed in Section 7, illustrates that certificate risk in a consumer-group context depends jointly on credential
freshness and group-level exposure factors, not on certificate age alone.

5.3 The Rebalancing-Rotation Conflict

The central technical tension this article addresses arises from the interaction between two independently necessary
processes: Kafka's consumer group rebalancing, which redistributes partition ownership whenever group membership
changes, and certificate rotation, which necessarily changes a consumer's presented identity credential. Naively rotating
a consumer's certificate without coordinating with the group's rebalancing behavior risks the consumer being treated as
a new, distinct identity upon reconnection, potentially triggering unnecessary rebalancing, transient partition ownership
gaps, or, in poorly configured deployments, authentication failures that remove the consumer from the group entirely
during the rotation window. Section 6 presents an architecture designed to avoid these failure modes.

VI. CERTIFICATE-BASED MTLS ARCHITECTURE FOR CONSUMER GROUPS
6.1 Layered Handshake Architecture
Figure 7 presents the layered architecture underlying the proposed mTLS handshake process for Kafka consumer

authentication, from initial client certificate presentation through to authorized access to PHI-bearing event payloads.

Layered mTLS Handshake Stack for Kafka Consumer Authentication

EmApplication Payload
J°HI Event Data)

crypted Channel
stablishment

pic-Level
)i cess Control

nsumer Group
“thorization (ACL)

Chain
lidation

-lient Certificate
Presentation

FIGURE 7 Layered mTLS handshake stack showing client certificate presentation, CA chain validation, consumer
group authorization, topic-level access control, encrypted channel establishment, and application payload access.

Each layer illustrated in Figure 7 represents a discrete, independently auditable checkpoint: client certificate
presentation and CA chain validation establish cryptographic identity, consumer group authorization confirms the
validated identity is permitted to join the specific consumer group requested, topic-level access control (Section 8)
applies fine-grained authorization beyond group membership alone, and encrypted channel establishment ensures the
subsequent PHI-bearing application payload is protected in transit. This layered design allows each control to be
independently tested, monitored, and, where necessary, updated without requiring changes to adjacent layers.
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6.2 Configuration Parameters
Table 3 summarizes the primary configuration parameters exposed by the proposed mTLS consumer group filter
component.

TABLE 3 mTLS Consumer Group Filter - Configuration Parameters

mtls.cert.validity.days Validity period for issued consumer certificates 30
. Overlap window during which old and new certificates

mtls.rotation.overlap.hours . 4
are both valid

mils.rebalance.grace.sec Grace perlqd allow;ng in-flight rebalance to complete 30
before rotation applies

mtls.revocation.check.mode OCSP stapling or CRL-based revocation checking ocsp_stapling

mils.ca.chain.depth.max Ma.xnn.um permitted certificate chain depth for 3
validation

mtls.consumer.identity.claim Certlﬁ.cate. ﬁ.eld .used (D GUHTE GOIINEY (3rm) SAN:URI
authorization identity

6.3 Consumer Group Ring Topology
Figure 4 presents the ring topology of a representative consumer group, illustrating individual consumer instances and
their mutual TLS trust links to the Kafka broker's certificate authority validation point.

Consumer Group Ring Topology with Mutual TLS Trust Links

Kafka Broker
(mTLS Enforced)

m
I\

/ |
[ codhumar
¥

nnnnn
nnnnnn

FIGURE 4 Ring topology of a nine-member Kafka consumer group, showing individual consumer instances and their
mutual TLS trust links converging at the Kafka broker's mTLS enforcement point.

The ring topology in Figure 4 emphasizes a key architectural property of the proposed design: each consumer instance
maintains an independent mTLS trust relationship with the broker, meaning that the compromise, rotation, or removal
of any single consumer's certificate does not affect the trust relationships of other group members, in contrast to shared-
credential authentication modes (Table 2) in which credential changes can affect the entire group simultaneously.

IJIRSET©2025 | AnISO 9001:2008 Certified Journal | 14848



http://www.ijirset.com/

Impact
Factor

8.699

ﬂ“‘g‘ 1@ International Journal of Innovative Research of
[FII; X 3§ Science, Engineering and Technology (JIRSET)

|www.ijirset.com |A Monthly, Peer Reviewed & Refereed Journal| e-ISSN: 2319-8753| p-ISSN: 2347-6710|
Volume 14, Issue 5, May 2025
|DOI: 10.15680/1JIRSET.2025.1405515

6.4 Rebalance-Aware Rotation Design

To resolve the rebalancing-rotation conflict identified in Section 5.3, the proposed architecture implements overlapping
certificate validity (Table 3's rotation overlap parameter): a consumer instance's new certificate becomes valid before
its prior certificate expires, allowing the instance to establish a new authenticated connection using the new certificate
while its existing session, and corresponding partition assignments, remain undisturbed under the old certificate until
the overlap window closes. This design avoids forcing a rebalance purely as an artifact of routine certificate rotation,
reserving rebalancing for its intended purpose of responding to genuine group membership changes.

VII. CERTIFICATE LIFECYCLE MANAGEMENT

7.1 Lifecycle Stages and Automation Triggers
Table 4 summarizes the certificate lifecycle stages implemented by the proposed architecture, together with the
automation trigger governing each transition.

TABLE.4. Certificate Lifecycle Stages and Automation Triggers

New consumer instance startup / service @ Certificate issuance service

Provisioning deployment (internal CA)

Active validity Continuous, monitored for approaching expiry Certificate lifecycle monitor

Time-based (default 30-day validity, per Table 3)

or risk-triggered (Figure 1 risk score threshold) Certificate lifecycle monitor

Rotation initiation

mTLS consumer group filter

Overlap validity Rotation initiated, prior certificate not yet expired (Section 6.4)

Confirmed compromise, anomalous usage Security operations /

Revocation (if needed) . Lo .
pattern, or service decommissioning automated anomaly trigger

Overlap window closes or service instance

terminated Certificate lifecycle monitor

Expiry / decommission

7.2 Certificate Lifecycle and Rotation Schedule
Figure 6 presents a representative certificate lifecycle and rotation schedule across the seven simulated healthcare
services over a rolling multi-month timeline, illustrating both active validity windows and scheduled rotation events.

Certificate Lifecycle and Rotation Schedule by Service

WM Active Certificate Validity Window
m— Scheduled Rotation Event

referral
pharmacy
imaging
appointment

billing

lab-results

, Patlent-record

8

'oney,
R
lati,g 7 10
mey,
g

FIGURE 6 Three-dimensional timeline showing active certificate validity windows and scheduled rotation events
across seven healthcare microservices.
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7.3 Risk-Prioritized Rotation Scheduling

While the default rotation cadence (30 days, per Table 3) applies uniformly across services, the architecture supports
risk-triggered early rotation informed by the composite risk scoring illustrated in Figure 1, allowing services exhibiting
elevated PHI exposure sensitivity or unusually large consumer group size to be prioritized for more frequent rotation
independent of the default schedule. This risk-prioritized approach reflects a proportionate security investment
principle: uniform rotation cadences across services with materially different risk profiles either over-invest in low-risk
services or under-invest in high-risk ones, whereas risk-informed scheduling directs rotation frequency toward services
where it delivers the greatest security benefit.

VIII. DEFENSE-IN-DEPTH INTEGRATION
8.1 Complementary Control Layers
Table 5 summarizes the three complementary control layers combined in the proposed defense-in-depth framework,

together with the specific risk each layer addresses.

TABLE 5 Defense-in-Depth Control Layers

Unauthorized consumer group | Any network-reachable client could

Mutual TLS Authentication . ..
membership attempt to join a consumer group

A compromised or misconfigured
consumer could read unrelated PHI-
bearing topics

Tt Lavel ACL Biffsima Authorlged consumer accessing topics

beyond its operational need
Broker-level data exposure (e.g., disk | PHI readable directly from broker
compromise, misconfigured broker | storage regardless of transport or
access) group-level controls

Field-Level PHI Encryption at
Rest

8.2 Overlap of Security Control Coverage
Figure 8 presents a three-dimensional visualization of the overlap between the three control layers summarized in Table
S, illustrating that full defense-in-depth coverage is achieved only in the region where all three controls apply jointly.

Overlap of Security Control Coverage Across the Event Pipeline

Mutual T!
Authenticat|

FIGURE 8 Three-dimensional intersecting-sphere visualization of overlapping security control coverage across mutual
TLS authentication, topic-level ACL enforcement, and field-level PHI encryption at rest.
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The overlap visualization in Figure 8§ reinforces a core defense-in-depth principle directly relevant to the architecture
proposed in this article: no single control, including the certificate-based mTLS authentication that is this article's
primary focus, provides complete protection in isolation. mTLS authentication addresses consumer identity and
transport security but does not, by itself, constrain what an authenticated consumer may access (addressed by topic-
level ACLs) or protect data at rest on broker storage (addressed by field-level encryption). The architecture accordingly
treats mTLS as a necessary but not sufficient control, to be deployed alongside the complementary layers summarized

in Table 5.

IX. EXPERIMENTAL EVALUATION AND FINDINGS

9.1 mTLS Compliance Posture by Service
Figure 3 presents the distribution of mTLS compliance status across consumer instances for each simulated healthcare

service, distinguishing fully compliant, partially compliant, and non-compliant instances.

mTLS Compliance Posture by Service (Stacked)

EE Fully Compliant
B Partial Compliance
Non-Compliant

Share of Consumer Instances (%)

FIGURE 3 Stacked 3D column chart showing the share of consumer instances that are fully compliant, partially
compliant, or non-compliant with mTLS policy, by healthcare service.

As shown in Figure 3, imaging-svc and referral-svc exhibit the lowest full-compliance shares (69 percent and 73
percent respectively) among the seven simulated services, consistent with their elevated risk profiles identified in
Figure 1. Partial compliance, defined as instances operating with valid but soon-to-expire certificates or incomplete
revocation-check configuration, represents a meaningful share across all services, underscoring the operational
importance of the automated lifecycle management described in Section 7 rather than relying on manual compliance

verification.

9.2 Production mTLS Health Gauges
Figure 5 presents three summary health gauges reflecting aggregate mTLS handshake success rate, certificate validity
rate, and revocation check coverage across the full simulated environment at the conclusion of the twelve-month

evaluation period.
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Production mTLS Health Gauges — Healthcare Event Pipeline

98.7% 299.4% 96.1%

mMTLS Handshake Cartificate Revocation Check
Success Rate Validity Rate Covera: ae

FIGURE 5 Three summary gauges showing mTLS handshake success rate (98.7%), certificate validity rate (99.4%),
and revocation check coverage (96.1%) across the simulated healthcare pipeline.

9.3 Handshake Performance by Load Level
Table 6 presents mTLS handshake latency and success rate across increasing concurrent connection levels, measured

per the protocol described in Section 4.3.

TABLE 6 Handshake Performance by Load Level

10 6.2 9.8 99.8%
50 7.1 11.4 99.6%
100 8.4 13.9 99.3%
250 11.6 19.2 98.9%
500 16.3 27.5 98.7%

9.4 Handshake Latency Across Cipher Strength Tiers
Figure 2 presents a wireframe visualization of mTLS handshake latency as a joint function of concurrent connection
load and cipher suite strength tier, illustrating the performance cost associated with stronger cipher configurations

recommended by NIST SP 800-52 Rev. 2 (2019).

mTLS Handshake Latency Wireframe Across Load and Cipher Strength

Handshake Latency (ms)

FIGURE 2 Wireframe mesh showing mTLS handshake latency as a function of concurrent connection load and cipher
suite strength tier.
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The wireframe surface in Figure 2 illustrates that cipher strength tier contributes a larger marginal latency cost than
connection load across most of the evaluated range, suggesting that organizations facing strict latency budgets should
prioritize connection-level scaling (e.g., connection pooling, broker-side resource allocation) over reducing cipher
strength as a latency mitigation strategy, since the latter directly weakens the security properties the architecture is

designed to provide.

X. SECURITY POSTURE IMPROVEMENT ANALYSIS

10.1 Monthly Incident Rate Comparison
Figure 10 presents monthly simulated security incident counts across the twelve-month evaluation period, comparing

the pre-hardening baseline against the certificate-based mTLS architecture, with hardening rolled out beginning in the
fourth simulated month.

Monthly Security Incident Rate — Before vs. After mTLS Hardening (Step Comparison)

L 17.5
£
F 150 €
) =
i 125 5
100 ©
v
£
P 75 >
E’
F 50 3
w
25
~ 0.0

Post-mTLS
Hardening

ug ~

ep, Pre-Hardening

OCtNovD (Projected)
ec

FIGURE 10 Monthly security incident counts comparing the pre-hardening baseline against the certificate-based mTLS
architecture, with hardening introduced in month four.

As shown in Figure 10, the simulated incident rate declines sharply following hardening rollout, stabilizing at 1 to 3
incidents per month by the final quarter of the evaluation period, compared to a pre-hardening baseline averaging
approximately 15.6 incidents per month, representing an approximate 87 percent reduction in simulated incident rate

following full hardening rollout.

10.2 Incident Category Breakdown
Table 8 presents the breakdown of simulated security incidents by category, before and after hardening, isolating which

incident types the certificate-based mTLS architecture most directly addresses.
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TABLE 8 Security Incident Category Breakdown - Before vs. After Hardening

Unauthorized consumer group join 53 0.3 94 8%
attempt

Credential reuse / sharing violation 34 0.2 94.1%
Stale/expired certificate accepted 2.6 0.4 84.6%
Topic access beyond operational scope | 2.1 0.6 71.4%
Unencrypted  fallback  connection 17 01 94 1%
attempt

Total (All Categories) 15.6 1.6 89.7%

The category breakdown in Table 8 indicates that the largest absolute reductions occur in incident categories most
directly addressed by certificate-based mTLS authentication itself, unauthorized consumer group join attempts and
credential reuse violations, while the comparatively smaller reduction in topic access scope violations (71.4 percent)
reflects that this incident category is more directly addressed by the topic-level ACL layer (Section 8.1) than by mTLS
authentication alone, consistent with the defense-in-depth reasoning developed in Section 8.2.

10.3 Certificate Rotation Compliance by Service
Table 9 presents certificate rotation compliance rate by service at the conclusion of the evaluation period, measuring
the share of certificates rotated within the policy-defined window (Table 4).

TABLE 9 Certificate Rotation Compliance by Service

patient-record-svc 96.2% 3.1
lab-results-sve 91.4% 5.8
billing-sve 97.8% 24
appointment-svc 93.6% 4.2
imaging-svc 85.1% 8.9
pharmacy-svc 98.9% 1.6
referral-svc 88.7% 7.3

XI. OPERATIONAL PERFORMANCE ANALYSIS
11.1 Processing Latency by Pipeline Stage

Table 10 presents average end-to-end processing latency contributed by each stage of the mTLS-secured event pipeline,
measured under production-representative load.
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TABLE 10 Processing Latency by Pipeline Stage

mTLS Handshake (initial connection) 8.4 13.9
Certificate Validation & Revocation
3.2 6.1

Check
Topic-Level ACL Evaluation 1.1 2.4
Message Deserialization & Field-Level

. 4.6 8.3
Decryption
Application Processing 18.9 34.2
End-to-End (steady-state, excluding initial
handshake) 203 L

As shown in Table 10, the mTLS handshake cost is incurred only at initial connection establishment rather than per-
message, meaning its contribution to steady-state, per-message processing latency is negligible; the dominant steady-
state latency contributors are field-level decryption and application processing, both operating on every message
regardless of the underlying transport authentication mechanism. This finding supports the conclusion that certificate-
based mTLS authentication, despite its non-trivial initial handshake cost (Table 6), does not materially degrade steady-
state healthcare event processing throughput once consumer connections are established.

11.2 Rebalance Behavior Under Certificate Rotation

Table 7 presents consumer group rebalance behavior observed during certificate rotation events, comparing the
proposed rebalance-aware rotation design (Section 6.4) against a naive rotation approach lacking overlapping
certificate validity.

TABLE 7 Consumer Group Rebalance Behavior Under Certificate Rotation

Naive rotation (no overlap | Yes, in 94% of rotation Measurable delay in 88%
. 2.4 seconds .

window) events of rotation events

Rebalance-aware rotation | No, in 96% of rotation | Not applicable (no Measurable delay in 4%

(proposed, Section 6.4) events rebalance triggered) of rotation events

XII. GOVERNANCE AND COMPLIANCE CONSIDERATIONS

12.1 Certificate Expiration Risk Surface

Figure 9 presents a composite risk surface across days-to-certificate-expiry and service criticality tier, with a floor
contour projection used operationally to prioritize governance attention toward the highest-risk combination of
imminent expiry and high service criticality.
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Certificate Expiration Risk Surface with Floor Contour Projection
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FIGURE 9 Composite certificate expiration risk surface across days-to-expiry and service criticality tier, with floor
contour projection.

12.2 HIPAA Security Rule Mapping
Table 11 maps the architecture's technical controls to relevant HIPAA Security Rule technical safeguard categories

(U.S. Department of Health and Human Services, 2013), supporting compliance documentation and audit preparation.

TABLE 11 HIPAA Security Rule Mapping to Technical Controls

Certificate-based mTLS consumer identity .
Access Control (§164.312(a)) verification: topic-level ACLs Sections 6, 8.1

. Certificate  lifecycle  event  logging; .
il ol (e ) handshake and revocation audit trail pecteg

. TLS 1.3 cryptographic integrity protection .
Integrity (§164.312(c)) of event payloads in transit Section 6.1

Transmission Security (§164.312(e)) ﬁlég;lﬁgr%; reer;:rypted CLE TR S b Sections 6, 8.1

This mapping is intended to support, rather than substitute for, formal compliance assessment; organizations should
validate control implementation against their specific HIPAA compliance program requirements, typically in
consultation with compliance and legal functions, before relying on this architecture as evidence of regulatory

compliance.
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12.3 Certificate Authority Governance

The architecture assumes an internally operated or trusted managed certificate authority responsible for issuing
consumer certificates per the lifecycle stages in Table 4. Governance of this certificate authority, including root key
protection, issuance policy enforcement, and audit logging of all issuance and revocation actions, represents a
foundational trust dependency for the entire architecture: compromise of the certificate authority itself would
undermine the identity guarantees the architecture is designed to provide, regardless of how correctly the consumer-
group-level mTLS enforcement (Sections 6 and 7) is implemented. Organizations lacking mature internal certificate
authority operations should evaluate managed PKI services with appropriate healthcare compliance certifications
before implementing the architecture proposed in this article.

XIII. DISCUSSION

13.1 Rebalance-Aware Design Is the Critical Architectural Contribution

The rebalance behavior findings in Section 11.2 (Table 7) represent this article's most operationally significant finding:
naive certificate rotation, lacking the overlapping validity window developed in Section 6.4, triggers unnecessary
consumer group rebalancing in the substantial majority of rotation events, introducing message processing delay in
most cases. Because certificate rotation is a routine, recurring operational event under any sound certificate lifecycle
policy (Table 4), an architecture that treats each rotation as a potential service disruption risk is unlikely to achieve
sustained production adoption regardless of its security merits. The rebalance-aware design's near-elimination of
rotation-triggered rebalancing (Table 7) is accordingly the technical contribution most directly responsible for making
certificate-based mTLS operationally viable for continuously operating healthcare event pipelines.

13.2 Security Improvement Is Concentrated in Identity-Related Incident Categories

The incident category analysis in Section 10.2 (Table 8) demonstrates that certificate-based mTLS authentication
delivers its strongest security improvement precisely where theory would predict, unauthorized consumer group access
and credential-related incidents, while delivering comparatively more modest improvement in categories better
addressed by complementary controls such as topic-level ACLs. This pattern validates the defense-in-depth framing
developed in Section 8: organizations should not expect certificate-based mTLS alone to address the full spectrum of
Kafka-related security risk, and should budget security investment across all three control layers summarized in Table 5
rather than concentrating exclusively on authentication.

13.3 Performance Overhead Is Front-Loaded and Manageable

The performance findings in Section 11.1 indicate that certificate-based mTLS's latency cost is concentrated at initial
connection establishment (Table 6) rather than distributed across steady-state message processing (Table 10), a
favorable cost profile for healthcare event pipelines characterized by long-lived consumer connections punctuated by
periodic, policy-driven rotation rather than frequent reconnection. Organizations operating pipelines with unusually
high connection churn, for example, due to aggressive auto-scaling policies that frequently create and destroy consumer
instances, should weight the handshake latency findings in Table 6 more heavily in their architectural risk assessment
than organizations operating more stable, long-lived consumer deployments.

13.4 Compliance Value Extends Beyond Security Improvement Alone

Beyond the measured security incident reduction (Section 10.1), the HIPAA Security Rule mapping in Section 12.2
(Table 11) suggests that the architecture's audit logging and access control properties carry compliance documentation
value independent of their direct security benefit, potentially supporting more efficient security risk assessments and
audit responses. This dual value proposition, security improvement and compliance documentation support, may
strengthen the business case for adoption in healthcare organizations where security investment must be justified
against both risk-reduction and regulatory-compliance criteria.

XIV. IMPLEMENTATION CHALLENGES AND LIMITATIONS

Table 12 summarizes recurring implementation challenges identified through the architectural analysis and evaluation,
alongside recommended mitigations.
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TABLE 12 Implementation Challenges and Mitigations

Certificate authority
operational maturity

Legacy service compatibility

Revocation check latency and
availability

Cross-team certificate
ownership
Rotation compliance
variability
Testing complexity for

rebalance-aware rotation

Many healthcare IT organizations lack
mature internal PKI operations

Older Java services may use outdated
TLS libraries incompatible with mTLS
requirements

OCSP responder unavailability can delay
or block handshakes

Security, platform, and application teams
may have unclear rotation responsibility

Services vary in rotation compliance rate
(Table 9)

Overlap-window rotation logic requires
careful integration testing

Evaluate managed PKI services
with healthcare compliance
certification (Section 12.3)

Phased rollout with compatibility
testing (Section 15.1)

OCSP stapling with cached fallback
(Table 3 default configuration)

Establish clear RACI for certificate
lifecycle stages (Table 4)

Automated compliance monitoring
with escalation for services below
threshold

Dedicated staging environment
simulating consumer group scaling
and rotation concurrently

XV. RECOMMENDATIONS FOR PRODUCTION DEPLOYMENT

Based on the findings and discussion above, this article proposes six recommendations for organizations deploying

certificate-based mTLS for Kafka consumer groups in healthcare event pipelines, summarized in Table 13.

TABLE 13 Recommendations for Production Deployment

Adopt overlapping certificate validity (Section
6.4) rather than retrofitting after naive rotation | Platform Engineering

Implement  rebalance-aware
rotation from the outset

Deploy the full defense-in-
depth control set

Prioritize rotation by
composite risk score

Establish OCSP stapling with
cached fallback

Map controls to compliance

issues emerge

Pair mTLS with topic-level ACLs and field-level
encryption (Section 8) rather than mTLS alone

Security Engineering

Use risk-triggered rotation (Section 7.3) for high-
exposure services rather than uniform cadence | Security Engineering

alone

Avoid revocation-check availability becoming a

handshake failure point

Platform Engineering

Complete the HIPAA Security Rule mapping | Security —Engineering /

requirements early (Table 11) during design, not retroactively Compliance
Vahda.te certlﬁcat§ g Assess internal PKI capability or select a . .
operational maturity before I 4 PKI der (Section 12.3 Security Leadership
el compliant manage provider (Section 12.3)
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15.1 Suggested Phased Rollout Plan
Table 14 proposes a three-phase rollout plan for organizations introducing certificate-based mTLS authentication into
an existing Kafka-based healthcare event pipeline.

TABLE 14 Suggested Phased Rollout Plan

Establish certificate authority
Phase 1 - PKI and Pilot | operations; pilot on 1-2 lower-risk | 1-2 pilot services 6—-8 weeks
services

Phase 2 - Rebalance Validate rebalance-aware rotation
under realistic scaling; expand to 3—4 services 6—8 weeks

Validation moderate-risk services

Phase 3 - Full Fleet qul .c?ut to all s..er\flces with risk- . Ongomg,

Hardening prioritized rotation; enable full | Full service fleet beginning at
defense-in-depth stack week 14

XVI. FUTURE RESEARCH DIRECTIONS

Future research could extend this article's architecture and findings in several directions. First, empirical validation
against live, organization-specific healthcare Kafka deployments would test the performance and security posture
figures presented here beyond the constructed evaluation environment used in this article. Second, further research is
warranted on integrating hardware security module (HSM) backed certificate storage for the highest-risk healthcare
services, potentially strengthening the compromise resilience properties discussed in Section 5.1 beyond what software-
based certificate storage provides. Third, extending the risk-prioritized rotation model (Section 7.3) to incorporate real-
time threat intelligence, rather than static risk scoring alone, would represent a natural evolution toward more adaptive
certificate lifecycle governance. Finally, research examining the interaction between the architecture proposed here and
emerging post-quantum cryptographic standards would help healthcare organizations plan certificate infrastructure
investments with a longer-term cryptographic agility horizon in view.

XVII. CONCLUSION

This article presented and evaluated an architecture for certificate-based mutual TLS authentication specifically
designed for Kafka consumer groups operating within Java healthcare event-driven pipelines, addressing the specific
technical tension between Kafka's dynamic consumer group rebalancing model and the credential rotation inherent to
sound certificate lifecycle management. The proposed rebalance-aware rotation design, combined with risk-prioritized
certificate lifecycle governance and integration with complementary topic-level access control and field-level
encryption layers, achieved a 98.7 percent mTLS handshake success rate and an approximate 87 percent reduction in
simulated security incident rate relative to a pre-hardening baseline, while introducing latency overhead concentrated at
initial connection establishment rather than steady-state message processing.

For healthcare platform engineering and security teams, the architecture and findings presented here offer an evidence-
based blueprint for hardening Kafka-based event pipelines carrying regulated patient data, addressing both the technical
performance and regulatory compliance dimensions of the certificate-based authentication challenge. As healthcare
organizations continue to adopt event-driven architectures for an expanding range of clinical and administrative
workflows, the capacity to authenticate dynamically scaling consumer populations with strong, cryptographically
verifiable, and operationally sustainable identity guarantees represents an increasingly necessary foundation for secure,
compliant healthcare data exchange.
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APPENDIX A: SAMPLE CERTIFICATE ROTATION POLICY REFERENCE

Table Al presents an illustrative certificate rotation policy reference consistent with the lifecycle stages described in

Se

ction 7.1, provided as a starting template for organizations formalizing their own rotation policy documentation.

TABLE Al Illustrative Certificate Rotation Policy Reference

Balances operational rotation
Standard validity period 30 days overhead  against  compromise-
window minimization

Applied to services exceeding the

High-risk service validity period 14 days comiasie mek el (o 1)

Sufficient  for  rebalance-aware
Rotation overlap window 4 hours transition (Section 6.4) without
excessive dual-validity exposure

Revocation response time o Limits exposure window following
. Within 1 hour . .
(confirmed compromise) confirmed credential compromise

Compliance monitoring cadence Daily automated scan; weekly | Supports the compliance rates

management report tracked in Table 9
Policy exception approval | Security leadership, documented and = Ensures exceptions do not become
authority time-bound undocumented permanent deviations
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APPENDIX B: GLOSSARY OF KEY TERMS

TABLE B1 Glossary of Key Terms

Certificate Authority (CA)

Consumer Group

Consumer Group
Rebalancing

Defense-in-Depth

mTLS (Mutual TLS)

OCSP Stapling

PHI (Protected Health
Information)

Rebalance-Aware Rotation

Topic-Level ACL

Zero Trust Architecture

A trusted entity that issues and signs digital certificates, establishing the root of
trust for certificate validation.

A Kafka construct allowing multiple consumer instances to share partition
ownership and coordinate message consumption.

The process by which Kafka redistributes partition ownership among consumer
group members when membership changes.

A security strategy employing multiple independent, complementary controls
rather than relying on any single control.

A TLS configuration in which both client and server present and validate
certificates, establishing bidirectional authentication.

A mechanism allowing a server to proactively provide certificate revocation
status, reducing client-side revocation check latency.

Individually identifiable health information subject to protection under HIPAA.

A certificate rotation design using overlapping validity windows to avoid
triggering unnecessary consumer group rebalancing.

An access control list restricting which authenticated identities may read from
or write to a specific Kafka topic.

A security model requiring continuous, identity-based verification of every
access request regardless of network location.
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