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Abstract

Healthcare organizations struggle with integrating heterogeneous legacy systems in real-time environments. This 18-
month prospective study examined Apache Camel and Red Hat Fuse implementations across three U.S. healthcare
delivery systems (patient populations: 1.2M, 850K, and 2.1M respectively). We collected performance metrics from 23
production integration flows, conducted semi-structured interviews with 18 IT practitioners and clinical users, and
documented 7 significant implementation failures with detailed root cause analyses. Contrary to vendor claims, we
found that median data integration latency was reduced from 2,847 ms (legacy point-to-point baseline) to 189 ms
(Camel/Fuse implementation), representing a 93% improvement (p<0.001). However, we also discovered critical
deployment challenges: initial CPU overhead was 340% higher than expected due to inadequate JVM tuning, requiring
4 months of performance optimization. Clinical workflow time savings averaged 34% per transaction, translating to
approximately 2.7 full-time employee equivalents recovered per institution annually. This paper presents raw
experimental data, comprehensive failure case analyses with remediation timelines, and practitioner perspectives rarely
discussed in vendor materials. Our implementation framework emphasizes modular architecture, phased rollout
strategies, and organizational change management that practitioners identified as essential for success. The work
contributes quantifiable evidence for healthcare IT leaders evaluating enterprise integration platforms in complex
operational environments, with particular attention to the gap between vendor expectations and real-world deployment
realities.

Keywords: Apache Camel; Red Hat Fuse; healthcare data integration; real-time processing; performance optimization;
implementation challenges; HL7/FHIR standards; health information exchange; enterprise integration patterns; clinical
workflow automation

1. Introduction

Modern healthcare delivery depends critically on data
flowing seamlessly across dozens of disparate systems. The
three healthcare delivery systems we studied collectively
operated 18-34 major information systems, generating an
aggregate of 1.2 billion transactions annually. Yet despite
this  volume and

complexity,  system-to-system

communication remains problematic. Electronic health
records (EHRs), laboratory information systems (LIS),
pharmacy systems, radiology information systems (RIS),
picture archiving and communication systems (PACS), and
departmental workflows operate in relative isolation.
Legacy point-to-point integrations created what one IT
director characterized as 'spaghetti architecture'—System
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A connected to B, B to C, C to D, with 47 separate data
bridges at one institution, each requiring independent
and modification when

monitoring, maintenance,

upstream systems changed.

The business impact of poor integration is substantial. The
RAND Corporation estimated that inadequate health IT
interoperability costs the U.S. healthcare system between
$27.3 and $50.1 billion annually through inefficient care
coordination,  duplicate
opportunities, and administrative overhead [1]. Patient

testing, missed  clinical
safety is also affected: studies indicate that data silos
contribute to approximately 15-30% of preventable
medical errors [2]. Yet despite this well-documented
problem, healthcare IT investment patterns show that
clinical leadership prioritizes new clinical applications and
revenue-generating systems over integration
infrastructure, which is perceived as boring, invisible, and

non-differentiating.

We began this investigation because academic and
practitioner literature on healthcare integration platform
implementations is surprisingly sparse and problematic.
Most published studies describe theoretical frameworks
without implementation experience, or consist of vendor-
sponsored pilots where success is predetermined. Vendor
webinars claim remarkable results but provide limited
technical depth or honest discussion of challenges. IT
practitioners we spoke with expressed frustration that
implementation guides glossed over real problems: the
organizational change required, the skill gaps in their
teams, the operational surprises encountered during
deployment. Our research questions were deliberately
practical
improvement

and grounded: How much performance

actually occurs? What surprises and
challenges do deployment teams encounter? Where do
implementations fail and why? What organizational factors

predict success?

Apache Camel and Red Hat Fuse represent an alternative
architectural approach to healthcare integration. Rather
than point-to-point connections (geometrically complex as
systems multiply) or traditional Enterprise Service Bus (ESB)
platforms requiring substantial vendor licensing and
professional services), Camel and Fuse offer a lightweight,
open-source, container-friendly integration platform.
Camel provides a domain-specific language (DSL) and
routing engine that can be embedded or deployed
with

orchestration, monitoring, and governance features. Both

independently; Fuse wraps Camel container

technologies have achieved substantial enterprise
adoption, yet their healthcare-specific applications remain
understudied empirically. This paper addresses that gap by
presenting 18 months of prospective data collection from

three institutions.

2. Background and Related Work
2.1 Healthcare Interoperability: Standards and Challenges

Healthcare data integration challenges have been
recognized for over two decades. The Health Level Seven
International (HL7) standard emerged in 1987, specifically
designed to facilitate data exchange in healthcare settings
[3]. HL7 v2 became the de facto standard for hospital
information system communication, yet its design reflects
1980s technology assumptions: HL7 v2 messages are pipe-
delimited text, requiring custom parsing logic and frequent
ad hoc modifications for different vendor implementations.
The result is that nominally 'standard' HL7 v2 messages are
often incompatible across systems—a phenomenon
practitioners’ term 'HL7 by agreement' (each pair of

systems agrees on their own variant).

Integrating Healthcare Enterprise (IHE) standards emerged
in 1998 as an effort to define implementation profiles for
healthcare interoperability, specifying not just message
format but transaction choreography, security
requirements, and semantic meaning [4]. Despite these
efforts, healthcare organizations continue to struggle. A
2023 HIMSS survey found that 65% of healthcare IT leaders
identified integration as a major operational challenge [5].
The challenge persists because system procurement
decisions are driven by clinical functionality (EHR features,
pharmacy capabilities, imaging quality), not integration
capability. Organizations end up with incompatible
platforms that nonetheless become clinically critical,

sometimes within years of deployment.

More recently, FHIR (Fast Healthcare Interoperability
Resources), released as a standard by HL7 International,
has gained adoption. FHIR uses RESTful web service
architecture and JSON data modeling, aligning with

contemporary software engineering practices [6].
However, FHIR adoption remains incomplete. Legacy
systems operate on HL7 v2; newer systems (particularly
cloud-based) often support FHIR; and many healthcare
organizations must support both simultaneously, creating

a dual-protocol integration challenge.
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2.2 Evolution of Integration Architecture Approaches

Healthcare organizations have historically pursued three
distinct architectural approaches to data integration, each
with tradeoffs. Point-to-point integration creates direct
connections between systems—rapid to implement for 2-3
systems, but increasingly complex as systems multiply. At n
systems, point-to-point requires up to n(n-1)/2 distinct
connections. One studied institution had accumulated 47
separate point-to-point integrations, each unique in
implementation, each requiring custom error handling and
monitoring. The operational burden is substantial: changes
to upstream system formats require identifying and
updating all downstream consumers.

Traditional Enterprise Service Bus (ESB) platforms (Mule
ESB, Oracle SOA Suite, IBM Integration Bus) centralize
integration logic. A single integration platform receives
messages from all source systems, applies transformations
and routing logic, and delivers to target systems. This
reduces point-to-point complexity but creates a different
problem: the ESB becomes a central bottleneck and single
point of failure. Operational oversight requires deep
expertise in the specific ESB platform. Additionally, ESB
platforms historically required substantial vendor licensing
(S500K-$2M+ annually) and professional services
investments ($200K-$500K+ per project), making them
feasible only for large enterprises.

Lightweight integration platforms including Apache Camel,
MuleSoft, Boomi, and others represent a third approach:

distribute integration logic across multiple runtime
instances, often containerized, with no central bottleneck.
Integration logic is explicitly versioned, deployable as code,
and scalable horizontally. This architectural approach aligns
with contemporary cloud-native and microservices
thinking. However, migration from point-to-point or
traditional ESB to lightweight platforms requires significant
re-architecting. Additionally, the technology stack assumes
developer familiarity with modern software practices
(containerization, version control, API design, distributed
systems) that may exceed existing healthcare IT team
capabilities.

2.3 Empirical Evidence on Healthcare Integration
Implementation

Peer-reviewed literature specifically examining healthcare
integration platform implementations is sparse. Hohpe and
Woolf's Enterprise Integration Patterns [7] provides
essential theoretical foundations and design patterns, but
contains limited healthcare-specific discussion. Health IT
implementation literature focuses primarily on EHR
adoption (e.g., [8, 9]) rather than integration infrastructure.
Vendor-sponsored case studies and webinars are
numerous but treat implementation success as inevitable,
rarely discussing failures or organizational challenges. Our
study aims to provide empirical data from independent,
prospective implementation observation across three
healthcare delivery systems, documenting both successes
and failures with quantitative metrics and qualitative
insights.

Clinical Systems
EHR Systems

Laboratory
Pnarmacy

PACS/HIS g

Integration Platform

External Systems

Apache Camel Labs
Aed Hat Fuse Pharamcles

Message Broker HIE
Data Transform Payers

Data Heposnory Layer
Master Patient index
Clinical Data Warehouse
FHIR Repository
Analytics Platform

Figure 1: High-Level Healthcare Integration Architecture [2,11]
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The core integration layer utilizes Apache Camel's
enterprise integration patterns to implement powerful
message routing, transformation, and error handling
capabilities. Red Hat Fuse provides the enterprise-grade
with

management, and clustering capabilities essential for

runtime environment advanced monitoring,

healthcare production environments.

Message transformation represents a critical component of
the architecture, addressing the diverse data formats
prevalent in healthcare systems. The platform supports
multiple transformation approaches including XSLT for
XML-based HL7 messages, JSONPath for FHIR resources,

and custom Java transformations for complex data
mapping requirements. The transformation layer ensures
semantic consistency across integrated systems while
preserving data integrity and clinical meaning.

The security architecture incorporates multiple layers of
protection including transport-level encryption, message-
level security, and complete audit logging. OAuth 2.0 and
SAML integration provide secure authentication and
authorization mechanisms compatible with existing
healthcare identity management systems. All integration
flows include detailed audit trails to support compliance

reporting and security monitoring requirements.

Security Layer

l

!

Authentication Authorization Audit &
OAuth 2.0 Role-based ACCess Compliance
SAML Attribute-based Message Logging
LDAP Access Control Performance Metrics
Certificate Permission Management Compliance Reports

l

Integration Message Flow

Encrypted Transport —+ Message Validation — Route Processing

Security Events

|

Figure 2: Security Architecture Components [7,14]

The monitoring and management architecture provide
real-time visibility into integration performance and system
health. Red Hat Fuse Management Console offers complete
dashboards for monitoring message flows, identifying
bottlenecks, and managing system configuration.
Integration with enterprise monitoring platforms such as
Prometheus and Grafana enables advanced analytics and

alerting capabilities.

3. Methods
3.1 Study Design and Setting

We conducted a prospective mixed-methods observational

study at three healthcare delivery systems in the United
States (detailed characteristics in Table 1). Study duration
was 18 months per site, spanning from implementation
project initiation through 12 months of production
operation. All three sites had independently initiated
Apache Camel and Red Hat Fuse implementation projects;
research team members were not involved in vendor
selection, contract negotiation, or deployment planning.
This study
implementation as it naturally occurred, with research

observational approach allowed us to

questions developed iteratively through initial site visits.

Site A: Urban academic medical center affiliated with a
major research university. Three hospital campuses,
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serving 1.2 million patient encounters annually. Existing
integration infrastructure consisted of 47 point-to-point
connections, primarily using legacy middleware platform
Site A's
Camel/Fuse was vendor consolidation and move toward

(Informatica PowerCenter). motivation for
container-based deployment aligned with broader cloud

migration strategy.

Site B: Suburban integrated delivery network with two
acute care hospitals, one ambulatory surgery center, and
25 outpatient clinics. Serves 850,000 patient encounters
annually. Existing integration used combination of point-to-
point custom code (C# and SQL Server) and an aging BizTalk
implementation from 2008. Site B's motivation was
modernization and ability to reduce BizTalk licensing costs,
which had become significant as the software entered
extended support phase.

Site C: Rural and suburban hospital system with five acute
care hospitals, one critical access hospital, and 45 primary
care clinics across a wide geographic area. Serves 2.1
patient
architecture was predominantly point-to-point custom

million encounters annually. Integration
code (Visual Basic legacy code, increasingly VB.NET) with
limited middleware. Site C's motivation was technology
modernization and ability to hire and retain IT staff
experienced in Java (not VB), as talent acquisition was

becoming difficult in their geographic region.
3.2 Quantitative Data Collection

We instrumented 23 production integration flows across
the three sites using built-in Camel metrics collection and
JMX monitoring. Data collection began 6 months prior to
Camel deployment to establish baseline performance
metrics from legacy systems. For each integration flow, we
collected the following monthly metrics:

e Message throughput: transactions per minute,

distinguishing  successful messages  from

erro r/retry events

e Latency statistics: p50 (median), p95, and p99
percentile latencies in milliseconds

e System availability: percentage of time integration
flow was operational (defined as able to accept and
process messages)

e Error rates: percentage of messages resulting in
errors, transient failures, or requiring human
intervention

e Infrastructure utilization: CPU percentage, heap
memory utilization, garbage collection frequency
and duration

Legacy baseline measurements were collected from pre-
existing systems for 6 months prior to Camel deployment.
For flows that were new integrations (no legacy
equivalent), we collected Camel metrics for 12 months
post-deployment. All measurements used standardized
Prometheus time-series

monitoring infrastructure:

database with custom exporters for Camel metrics.
3.3 Qualitative Data Collection

We conducted 18 semi-structured interviews with 6
participants per site. Interview participants were selected
through purposive sampling to capture diverse professional
perspectives: IT architects/leaders, integration engineers,
clinical informaticists, and direct end-users (nurses,
physicians). Inclusion criteria were: currently employed in
relevant role, involved in integration implementation or
dependent on integration outputs, available for 60-90-

minute recorded interview.

Interview guides were developed iteratively based on initial
site visits and preliminary findings. Core interview topics
included: previous integration experience and platform
history, timeline  and

implementation resource

requirements, technical challenges encountered,
organizational or change management issues, clinical
and recommendations for other

workflow impacts,

organizations considering similar implementations.
Interviews were conducted by research team members
(not by vendor or IT management), recorded with
professionally transcribed, and

participant consent,

analyzed using structured thematic analysis.

Qualitative data were analyzed independently by two
researchers using thematic analysis methodology [10].
Initial coding was deductive (codes derived from research
questions) and refined inductively through iterative data
review. Inter-rater agreement was calculated using Cohen's
kappa; disagreements were resolved through discussion
with input from a third reviewer. We did not use
automated coding software, as preliminary testing
suggested that automated approaches missed contextual

nuance important in technical discussions.
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Table 1: Study Site Characteristics - Urban Academic Center, Suburban Health Network, and Rural Hospital System
[14]

Site

Type

A Academic center

B  Suburban network

C Rural system

3.4 Incident Documentation

We defined a 'significant incident' as any unplanned
production outage of an integration flow lasting greater
than 15 minutes, or any data quality issue affecting more
than 100 messages or affecting a clinically critical workflow.
All significant incidents were documented prospectively
using a standard template capturing: incident timeline,
error messages and logs, root cause analysis, remediation
steps, time to
implemented.

resolution, and prevention measures
This
comparison across incidents and organizations.

structured approach enabled

4. Quantitative Results: Performance Metrics
4.1 Latency Analysis

We tracked latency for 11 integration flows that had direct
legacy predecessors. For these flows, we compared 6
months of legacy baseline data with 12 months of Camel
production data. The results are presented in Table 2.
Median latency decreased from 2,847 milliseconds (range:
1,200-8,900 ms) in the legacy environment to 189
milliseconds (range: 45-890 ms) on Camel/Fuse. This
represents a 93% improvement (p<0.001, paired t-test).
The improvement was consistent across all 11 flows, with
no flow showing worse latency on Camel.

However, latency characteristics changed in important
ways. Legacy systems achieved predictability through batch
processing occurring at fixed times. Lab results batch-
processed at 2 AM; pharmacy batches at midnight;
admission updates at 6 AM. This temporal predictability
meant operations staff understood when data updates
would occur. Latency variation was low (inter-quartile
range: 240 ms) because most messages arrived during the
batch window. Camel's event-driven architecture produced
lower absolute latency but higher variability. Peak-hour

Annual Patients Start Date

1.2M Jan 2022
850K Mar 2022
2.1M Jun 2022

latency could approach p99 levels (890 ms) while off-peak
latency dropped to single-digit milliseconds. This variability,
though acceptable from a clinical perspective (patient
safety does not require sub-100ms latencies), initially
concerned operations teams unfamiliar with message-
driven architectures. Two operations managers mentioned
in interviews that they initially considered the variability a
'sign of instability' before understanding the underlying
architectural difference.

Latency improvement was driven by multiple factors: (1)
elimination of batch processing delays—messages no
longer queue for next batch cycle; (2) more efficient routing
and transformation logic using Camel's DSL versus legacy
custom code; (3)
through streaming processors rather than loading entire

reduced transformation overhead

messages into memory. Legacy systems frequently
required custom VB.NET or C# code to parse and transform
messages, often involving intermediate file creation.
Camel's routing language made transformation logic more

declarative and optimizable.
4.2 Throughput and Message Volume

Monthly message volumes across the 23 flows varied

substantially  (Table 2). Smallest flow: 2.1M
messages/month (lab results distribution at Site C); largest
flow: 67.3M messages/month (ADT—

admission/discharge/transfer—events distributed across
multiple systems at Site A). Average monthly volume across
all flows: 18.4M messages. Total 18-month message
three sites: 7.47 billion

volume across messages

successfully processed.

Interesting observation: several flows showed increased
message volume after Camel implementation. This was
partly intentional—new integrations between systems that
had been disconnected could now operate. For example,
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Site B created a new integration flow from nursing
documentation system (Evernote Notes, legacy system) to
EHR (Epic), making nursing notes available in the patient's
EHR context. Prior to Camel, this integration didn't exist;
nurses had to consult the legacy system separately. The
4.2M messages/month in this new flow represented
that
systematically. Clinical teams appreciated this integration,

documentation was previously not flowing

though it increased overall message volume.
4.3 System Availability

Monthly unplanned downtime (integration flow unable to
accept/process messages) averaged 127 minutes across
the three sites (Table 3). Site A: 143 minutes monthly
average; Site B: 98 minutes; Site C: 140 minutes. This
99.76%
Contractual service-level agreements (SLAs) were set at

translates to approximately availability.
99.5% availability, which all three sites achieved. However,

vendor materials and Red Hat documentation refer to

99.95% availability for 'properly-tuned' Camel installations,
suggesting that our implementations did not meet vendor
expectations. When we discussed this with integration
teams, the response was consistent: 'Achieving 99.95%
would require eliminating nearly all maintenance windows
and implementing zero-downtime deployment, which our
operational processes don't currently support.'

Notably, downtime distribution was not uniform across the
18-month study period. Initial 6 months (implementation
and early production): average 287 minutes monthly
downtime. Second 6 months: 168 minutes monthly
average. Final 6 months: 98 minutes monthly average. This
reflects curve effects and

improvement learning

stabilization of operational processes. Site B, which
invested most heavily in professional services (Red Hat),
achieved 98-minute average from month 1; Site C, which

invested less, took 12 months to reach similar levels.

Table 2: Performance Comparison - Legacy Systems versus Camel/Fuse Implementation (Latency, Throughput,

Availability, Improvement %) [14, 9]

Metric

Median Latency 2,847 ms

Avg Throughput 8.3M/mo 18.4M/mo

Availability 99.2%

Latency p99 8,900 ms

4.4 Infrastructure Costs

Infrastructure costs surprised implementation teams.
Camel's lightweight reputation suggested minimal resource
requirements. Initial vendor estimates were 2-4 container
instances, each with 2GB heap memory. In practice, all
three sites required significantly larger deployments. Site A
required 8 containers for peak load handling; Site B
required 6 containers; Site C required 7 containers. Peak
CPU utilization averaged 45% per container (Table 3),
compared to legacy systems averaging 12% (though legacy
systems were idle 80% of the time). The higher CPU
utilization reflects Camel's event-driven, non-blocking
processing model—the platform stays busy processing

messages rather than batch-processing then going idle.

‘ Legacy ‘ Camel Improvement

189 ms 93%
+121%

99.76% +0.56%

890 ms 90%

CPU overhead was initially 340% higher than expected at
Site B. During first-month performance testing, Camel
implementation showed 45% CPU utilization on 2-core
container processing legacy baseline message volumes.
Initial hypothesis was that Camel was inefficient. Root
cause analysis revealed: (1) JVM settings were default, with
small heap (1GB), causing frequent garbage collection; (2)
thread pool settings sized for

were inadequately

concurrent  message  processing;  (3)  message
transformation logic was inefficient (developers had ported
inefficient legacy transformation code directly to Camel).
Remediation required: JVM tuning (increasing heap to 4GB,
switching to G1GC garbage collector), thread pool
configuration, and refactoring transformation logic. This

optimization consumed approximately 240 engineer-hours
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and took 4 months to complete.

Lesson identified by Site B operations team: 'Camel is
efficient, but you have to tune it for your workload. It's not

a push-button deployment.'. This statement does not
appear in vendor documentation, yet proved essential for
other organizations' understanding.

Table 3: Operational Metrics by Healthcare System - Average Monthly Downtime, CPU Utilization, Containers
Deployed, Integration Flows per Site [5, 7, 14]

Metric

Avg Monthly Downtime 143 min 98 min

Avg CPU Utilization

Containers Deployed

Integration Flows

5. Implementation Failures and Root Cause Analysis

Our study documented 7 significant incidents (unplanned
outages >15 minutes or data quality issues affecting >100
messages). Rather than omit or minimize these, we present
them as essential learning for other organizations. Each
incident involved 6-40 hours of troubleshooting and
between vendor and

exposed gaps expectations

operational reality.

5.1 Incident 1: HL7 Message Parser Timeout (Site A, July
2022)

Timeline: Month 3 of production deployment. Critical lab
integration flow (ADT to lab system) began timing out
during morning batches (8-10 AM), resulting in delayed
result delivery.

Symptom: Integration flow logs showed repeated timeout
exceptions when parsing HL7 messages from the hospital
information system (HIS). Messages would queue, timeout
after 30 seconds, retry, timeout again. Eventually messages
were discarded. Clinical team noticed 2-3 hour delay in lab
result availability.

Root Cause: HIS system had recently been updated (vendor
patch). The update included a new message variant in HL7
that wasn't recognized by Camel's HAPI HL7 parser.
Specifically, a new optional field (insurance information)
was added to OBR (observation request) segment with a
different encoding than legacy messages. The parser would
encounter this field and reject the entire message as

Site A  SiteB Site C
140 min
48% 42% 45%
8 6 7
8 7 8
malformed.
Remediation: Camel's HAPI parser provides built-in

validation; developers had enabled strict validation, which
rejects any unknown or unexpected fields. Integration
team disabled strict validation (accepting malformed HL7
per HL7 by-agreement principle), then added explicit
mapping for the new field. Took 18 hours to identify root
cause (examining raw HL7 messages), 8 hours to implement
and test fix. Total duration: 26 hours.

HL7 v2 is
implementations vary. (2) Camel's HAPI parser is excellent

Lessons: (1) not standardized—vendor
but requires understanding HL7 quirks. (3) Upstream
system changes can break integrations unexpectedly. (4)
Monitoring must distinguish between parsing errors and
flow errors; this incident was invisible until clinical staff
noticed delayed results. This incident was not mentioned in

vendor training or documentation.
5.2 Incident 2: FHIR API Rate Limiting (Site B, August 2022)

Timeline: Month 2, during planned data migration testing.
Camel flows attempting bulk patient record uploads to Epic
EHR (using FHIR API) began failing with HTTP 429 (Too
Many Requests) responses.

Symptom: Initial problem reports: 'Camel is broken, it's not
sending data to Epic.' Integration logs showed successful
message processing but downstream Epic API returns 429.
Messages were being dropped because Camel's thread
pool was blocked waiting for APl responses that would
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never succeed.

Root Cause: Epic FHIR API has built-in rate limiting: 50
transactions per second per APl credentials. During data
migration, Camel was configured to upload data as fast as
possible, launching ~80 concurrent upload requests. This
exceeded Epic's rate limit. Epic was working correctly;
Camel's retry policy (retry immediately on failure)
exacerbated the problem by hammering the API further.

Integration configuration lacked backoff strategy.

Remediation: Implemented Camel redelivery policy with
exponential backoff (initial delay 1 second, maximum delay
30 seconds). Coordinated with Epic technical team to
increase rate limit for integration service account to 100
transactions/second (Epic has flexibility for trusted
integration partners, but this must be negotiated). Took 2
hours to identify rate limiting as root cause, 4 hours to
implement backoff policy, 6 hours of testing. Total: 12
hours. This incident revealed a gap in pre-implementation
planning—integration performance testing should include

upstream system constraints.

Lessons: (1) Upstream API rate limits must be understood
and planned for before integration goes live. (2) Camel
requires explicit retry and backoff policies; defaults are not
production-ready. (3) Healthcare vendors often have
undocumented rate limits or API constraints.

5.3 Incident 3: Message Ordering Violation (Site C,
October 2022)

Timeline: Month 4. Pharmacy medication orders flowing
through Camel began arriving at the dispensing system out
of sequence.

Symptom: Pharmacists reviewing medication orders
noticed incorrect sequencing. Order 1 (metformin) would
arrive second; Order 2 (lisinopril) would arrive first.
Pharmacy system's drug interaction checker was flagging
false interactions (warning about interaction between
lisinopril and metformin when metformin was prescribed
first, which is clinically appropriate). The system was

essentially checking interactions in wrong clinical context.

Root Cause: Camel flow was optimized for throughput

using parallel message processing. Multiple threads

processed messages concurrently, providing better

hardware utilization. However, pharmacy domain had
implicit sequencing constraint: messages must be
processed in order, because downstream interaction

checking depends on processing order. Legacy point-to-

point integration (single-threaded VB.NET code) had
enforced this ordering by default. Camel's parallelization
broke this implicit contract.

Remediation: Added JMSXGroupID header to pharmacy
order messages, enabling Camel to route related messages
(same patient's orders) to same thread, preserving
sequence. This required coordination with source system
(pharmacy order entry) to add the header. Discovered that
required deep
conversations with pharmacy staff who initially couldn't

understanding the implicit contract
articulate why the old system worked—they just knew this
new approach felt wrong. Required 40 hours of developer
time to diagnose (message traffic analysis), 20 hours to
implement solution, 30 hours of pharmacy workflow
testing.

Lessons: (1) Healthcare integrations often have implicit
state) that
documented. (2) Optimizing for throughput can break

constraints (ordering, timing, aren't
clinical workflow. (3) Engaging clinical users early in testing

would have revealed this immediately.

5.4 Incident 4: SSL Certificate Expiration Cascade (Site A,
March 2023)

Timeline: Month 10. Three critical backend system

integrations simultaneously failed due to SSL/TLS

certificate expiration.

Symptom: Three separate Camel flows returning TLS
handshake exceptions. Clinical teams reported that patient
admission data, allergy information, and medication
history were not flowing.

Root Cause: This was not a Camel issue. Three SSL
certificates issued 3 years prior to backend integration
systems had all expired. Certificates had staggered original
issue dates but coincidentally all had 3-year validity
periods, so expiration occurred within 2-week window.
Legacy integration infrastructure had limited certificate
management; certificates were stored locally on
integration servers. The move to cloud-based Camel
deployments exposed that there was no centralized

certificate management process.

Remediation: Immediate: identified that problem was
certificate expiration (not Camel), obtained renewed
certificates from issuing authorities, redeployed Camel
containers with new certs. Took 2 hours to identify that
certificates were the problem (initially blamed Camel
configuration), 4 hours to obtain and deploy new
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certificates.  Long-term:  implemented centralized
certificate management using HashiCorp Vault, automated
certificate rotation 30 days before expiration. Total

immediate resolution: 6 hours.

Lessons: (1) This incident revealed that healthcare
organizations often have inadequate certificate lifecycle
management. (2) Moving to modern platforms is an
opportunity to implement modern operational practices
(centralized secrets management, automated rotation). (3)

Certificate management must extend beyond Camel itself.

5.5 Incident 5: Upstream System Performance
Degradation (Site B, May 2023)

Summary: EHR system feeding Camel developed database
query performance issues (missing indexes), causing 8-12
second response times instead of normal <500ms. Camel's
30-second timeout allowed requests to eventually succeed,
but created massive latency. Queue backed up as messages
arrived faster than they could complete. Root cause was
not in Camel but in upstream system. Remediation:
database index tuning on upstream system, adjustment of
Camel request timeouts. Duration: 4 hours to identify root
cause, 12 hours database tuning. Lessons: (1) Integration
monitoring must extend beyond Camel. (2) Camel is only as
fast as slowest upstream dependency. (3) SLA contracts
must account for upstream system reliability.

5.6 Incident 6: JDBC Connection Pool Exhaustion (Site C,
December 2023)

Summary: New integration flow reading from legacy SQL
Server 2005 database. JDBC connection pool configured
with 20 peak (400-500
messages/second), all 20 would be held open by long-

connections; under load
running queries, causing new requests to hang. Root cause:
transaction timeout configuration error meant connections
weren't being released. Manifested as generic timeout
errors throughout the flow. Took 3 weeks to diagnose
because the error messages didn't clearly indicate the
problem (appeared to be database query timeouts, not
connection exhaustion). Remediation: corrected
transaction timeout settings, increased connection pool
size to 40 pending investigation of query performance.
Lessons: (1) Legacy database

integration requires

database-specific  expertise. (2) Generic  Camel
configuration assumptions don't always hold for older
databases. (3) Connection pool monitoring is essential for

integration stability.

5.7 Incident 7: Memory Leak in Custom Processor (Site A,
February 2024)

Summary: Custom Java processor developed by integration
team to transform proprietary lab message formats was
accumulating DOM elements in a static cache without
eviction policy. Heap memory would gradually fill over 5-7
days of operation, requiring weekly container restarts. Root
cause: developer understood Camel routing DSL but lacked
deep Java memory management expertise. Remediation:
replaced static cache with Guava LoadingCache with size
limits. Required 30 hours developer time plus 2 weeks of
heap monitoring and validation. Lessons: (1) Organizations
implementing Camel must invest in Java expertise. (2)
Custom code is still custom code—Camel eliminates some
complexity but doesn't eliminate need for developer skill.
(3) Garbage collection and heap memory management are
essential knowledge.

6. Qualitative Findings: Practitioner Perspectives
6.1 Interview Participants

We conducted 18 semi-structured interviews with diverse
roles: IT Directors/Architects (6), Integration Engineers (6),
Clinical Informaticists (3), End-Users (3: nurses and 1
physician). Interview duration averaged 67 minutes (range:
45-90 minutes). All
professionally transcribed.

interviews were recorded and

Participant demographics:
average IT staff tenure 8.3 years in their role, ranging from
2-18 years. Professional background varied: 8 participants
had traditional infrastructure/operations backgrounds, 7
had software development backgrounds, 3 had clinical

backgrounds.
6.2 What Practitioners Found Valuable

Thematic analysis identified several themes consistently
mentioned across sites:

¢ Reduced
integration

Site A
experience,

custom integration code.

engineer (15 vyears’
previously C# developer): "Legacy architecture,
every new data source required weeks of custom
C# code,

management. Camel's DSL means you can often

database schema changes, version
configure the integration in the Camel editor
without writing code. It's not trivial—we're still
writing custom Java processors—but maybe 20% of
the effort compared to legacy. For our 5-year
roadmap with 20 new systems to integrate, that's
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an enormous difference. We might actually keep
up with the business instead of constantly behind."

e Standardized operations. Site B operations
healthcare IT): "Having

everything running on the same platform makes it

manager (22 years
easier to standardize monitoring, logging, alerting.
Legacy environment had 5 different integration
platforms—we had different people maintaining
each, different operational procedures, different
escalation paths. Now there's one way to do things.
Our
significantly because we're not constantly learning

mean time to recovery has improved

new tools."

e Vendor support. Site B IT Director: "Red Hat
support actually answered our technical questions
with depth. That's different from our legacy
middleware vendor which would say 'that's not
supported' and shut down investigation. Open
source means we can fix things ourselves if needed,
and having commercial support fills the gap."

e Scalability. Site C integration architect: "We're
running Camel in containers with Kubernetes auto-
scaling. If message volume doubles, we just scale
out more containers. Legacy integrations were
monolithic; scaling meant buying more hardware."

6.3 Frustrations and Surprises

e Steep Java learning curve. Site A integration

engineer (background in C# and proprietary
middleware): "l had to learn not just Camel but
Java, Maven, Spring Boot, container deployment.
It's not just a tool switch; it's a whole ecosystem.
Six months in and I'm still hitting gotchas with class
loading, bean lifecycle, JVM tuning. This is not

mentioned in vendor training."

¢ Debugging complexity. Site B developer: "In the
legacy platform, when something broke, | could
trace execution. Camel has messages flowing
through processors, endpoints, routes, sometimes
asynchronously. When a transformation fails,
debugging requires understanding Exchange
objects, headers, body context. It's more powerful

but requires deeper technical thinking."

¢ Vendor training inadequacy. Site B engineer: "Red
Hat training covered Camel syntax and routing. But

real healthcare issues: enterprise transaction

handling, error recovery for mission-critical
workflows, integration with proprietary message
Not

covered. We learned by doing and sometimes

formats, operational troubleshooting?

painfully."

e Operational visibility. Site C operations manager:
"Legacy middleware gave us a GUI dashboard
showing every message. Camel requires building
visibility through logs and external monitoring. For
a healthcare system, we need to know 'is patient
data flowing correctly right now?' Our legacy

that

requires checking logs and Prometheus."

system answered immediately. Camel

6.4 Clinical Workflow Impacts

Three clinical users provided critical perspective. Clinical
informaticist at Site A: "The integration team implemented
real-time lab result delivery. Previously results batched at 2
AM, so we didn't see them until morning rounds. Now
they're available within minutes of lab completion. This is
better for patient care—we can make decisions faster. But
our procedures weren't designed for real-time data.
Sometimes a provider requests a lab, gets an abnormal
result immediately, and doesn't know because they've
moved to the next patient. We had to add alerts and retrain
staff on workflow changes. This is IT's responsibility, not
just clinical engineering."

Nurse at Site B: "The integration of nursing documentation
into the EHR is great. But it means there's now redundant
data—notes appear both in our legacy system and EHR.
This is confusing. Is the EHR version up-to-date? Are we
supposed to be working in EHR now? Nobody clearly
communicated that our workflow was changing."

These observations illustrate a critical point: integration
modernization is not just an IT project. It changes how
clinical users work, what data they see, and what workflows
make sense. All three sites eventually engaged clinical
leadership in integration planning, but only after
experiencing this realization. Site A had the most success
with this, having hired a clinical informaticist specifically to
workflow

manage clinical impacts (unexpected cost

~S80K).

7. Practical Implementation Framework

data and 18
interviews, we developed a framework for healthcare

Based on 18 months of observational
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This
technical

considering Apache Camel/Fuse.
that

organizations

framework emphasizes dimensions

documentation omits.

Table 4: Implementation Framework - Phased Approach with Timelines: Planning, Pilot, Rollout, and Stabilization
Phases [7, 11, 14]

Planning 1-2 months
Pilot 3-4 months
Rollout 6-8 months
Stabilization 3-6 months

7.1 Organizational Readiness Assessment

Before technical implementation, organizations should
assess organizational readiness. Questions to address: (1)
Does IT leadership support
infrastructure, or is focus primarily on clinical applications?

investment in modern
(2) Does the organization have in-house Java expertise, or
will this require new hires or external partnerships? (3) Are
clinical leaders aware that integration modernization will
change workflows? (4) Is the organization comfortable with
open-source technology, and does IT procurement support
open-source licensing?

Site A, which scored highest on organizational readiness
(strong IT leadership support, willingness to hire Java
engineers, clinical engagement from start), experienced
the smoothest deployment. Site C, which underestimated
organizational change and lacked clinical engagement until
later, experienced more friction.

7.2 Skill Development

All three sites identified Java expertise as non-negotiable.
Skill gaps included: (1) Java language and framework
knowledge, (2) Spring Boot, (3) containerization and
Kubernetes, (4) distributed system design patterns, (5)
healthcare integration standards (HL7, FHIR). Approaches
used:

1. Hiring: Site A hired two senior Java engineers
externally. Cost: $200-250K salary + benefits +
recruitment. Benefit: deep expertise; drawback:
time to hire (3-4 months).

Integration inventory, organizational
readiness, skills assessment

Non-critical flow deployment, staff
training, operational procedures

Phased flow migration, parallel
operation, performance tuning

Optimization, legacy decommission,
documentation

2. Professional services: Site B engaged Red Hat
Cost:  $180K
Benefit: immediate

services team. for 3-month

engagement. expertise,

knowledge transfer; drawback: expensive.

3. Training: All sites invested in training programs.
Site A sent 3 developers to Red Hat certification
program ($15K per developer). Cost-effective for

insufficient  for

foundational knowledge;

production troubleshooting.

Recommendation: Combine approaches. Organizations
implementing Camel should plan for both internal training
either through hiring or

and external expertise,

partnerships.
7.3 Phased Rollout Strategy

All three sites successfully used phased rollout, converting
integration flows in planned phases rather than attempting
big-bang cutover. Typical approach: Month 1-2, identify
candidate flows for migration (prioritizing non-critical,
lower-volume flows); Month 3-4, deploy first batch with
parallel run (legacy and Camel operating simultaneously);
Month 5-6, validate data consistency between legacy and
Camel outputs; Month 7-8, cutover to Camel, retire legacy
integration. This phased approach distributed risk and
allowed teams to learn incrementally.

Advantage of phased approach: any failures affect non-
critical flows initially. Disadvantage: parallel operation
increases operational complexity and cost. All three sites

found phased rollout superior to big-bang despite
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increased operational overhead.

8. Discussion

Our findings demonstrate that Apache Camel and Red Hat
Fuse provide genuine value for healthcare data integration.
(93%
increased throughput capacity) are measurable and

Quantitative improvements latency reduction,

clinically significant. Operational consolidation and
reduction of custom code are real benefits. However,

several important nuances warrant discussion.
8.1 Integration as Organizational Change

The most successful deployment (Site A) explicitly invested
in change management and clinical engagement, budgeting
approximately $80K for clinical informaticist role and
workflow redesign. The most challenged deployment (Site
C) underestimated organizational dimensions. This pattern
aligns with broader health IT implementation literature [11,
12]. Yet vendor materials for integration platforms typically
frame implementation as a technical problem. Our data
suggest that organizational factors (staff training, clinical
communication,

change management infrastructure)

predict success as strongly as technical factors.
8.2 Discrepancy Between Vendor Claims and Reality

Red Hat documentation refers to 99.95% availability for

'properly-tuned' installations; our implementations
achieved 99.76% average. JVM performance tuning took 4
months at Site B, consuming 240 engineer-hours. Vendor
training materials emphasize ease of deployment; actual
implementations required deep Java expertise. These gaps
are not vendor dishonesty per se, but rather vendor
materials (which are necessarily generic) don't account for
healthcare specificity and operational complexity.
Organizations should budget for extended tuning periods
and assume will iterative

performance require

optimization.
8.3 Real-Time Data as Double-Edged Sword

Moving from batch to event-driven integration improves
some workflows (lab results, admits/discharges) and
disrupts others. Unexpected consequences: real-time alert
systems caused alert fatigue at Site C; redundant data
(legacy system and EHR both showing nursing notes)
confused users at Site B. These are not technical failures
but rather failures to plan for organizational implications of
near-real-time data availability.

8.4 Cost-Benefit Analysis

Healthcare organizations investing in integration
modernization require financial justification. Our three
sites provided detailed cost data (Table 5). Total first-year
including staff, professional services,
ranged from $770K (Site C,

professional services investment) to $915K (Site B, higher

costs and

infrastructure lower
professional services). These costs were offset partially by
data
reconciliation work. Site A, which migrated most legacy

recovered staff time through reduced manual
integrations, recovered approximately 2.7 FTE annually
processes (daily file
reconciliation, manual order entry, data quality checking).

through automation of manual

At typical salary-plus-burden of $95K per FTE, this
represented $256K annual savings.

Second-year costs were substantially lower ($200-250K
annually at each site) as implementation and learning
curves diminished. Ongoing maintenance and platform
support costs were $120-150K annually. Licensing costs for
Apache Camel (open source) were minimal; Red Hat Fuse
licensing ranged from $40-60K annually depending on
deployment size and support level. Comparing to legacy
platforms: Site A previously paid $350K annually for legacy
middleware vendor license plus $200K for vendor support;
Site B paid $280K for BizTalk
Microsoftenterprise licensing; Site C paid minimal licensing

licensing plus

but had hidden costs in custom developer time. From a

financial perspective, organizations reducing legacy

proprietary middleware licensing can achieve cost recovery
within 2-3 years.

this financial analysis assumes successful
Failure cases (delayed deployments,

integrations,

However,
implementation.
unsuccessful significant troubleshooting)
could easily extend payback periods to 4-5 years. This
underscores the importance of organizational readiness,
skill development, and phased deployment strategies

discussed earlier.

9. Lessons Learned and Recommendations
9.1 Technical Lessons

Healthcare organizations implementing Camel/Fuse should
understand key technical lessons from our study:

e HL7 is heterogeneous. Despite being a standard,
HL7 v2
Organizations

implementations vary significantly.

must expect message format
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variations and plan for flexible parsing rather than
assuming standard compliance. HAPI HL7 parser
(which Camel uses) requires careful configuration
of validation strictness.

e Upstream constraints are binding.

Integration performance is limited by the slowest

system

upstream or downstream system. Standard API
rate limits, database query performance, and
network bandwidth are real constraints that must
be understood before production deployment.

e JVM tuning is essential. Out-of-the-box JVM
settings (heap size, garbage collector, thread pools)
are inadequate for production healthcare

workloads. Expect 4-12 weeks of performance

optimization involving heap size tuning, garbage

collector selection, and thread pool configuration.

e Message ordering must be explicit. Healthcare
workflows often have implicit message ordering
constraints. Optimizing for throughput through
parallel processing can break these constraints.

whether  flows ordered

Consider require

processing and configure accordingly (using

JMSXGrouplD headers or sequential processing).

e Error recovery strategies are non-obvious. Retry
deadletter fallback
mechanisms must be explicitly designed. Default

policies, queues, and
Camel behaviors may not be appropriate for

healthcare mission-critical workflows.
9.2 Organizational Lessons

Beyond technical factors, organizational lessons are equally
important:

e Clinical engagement is not optional. Integration
modernization changes how clinicians access data.
Early, ongoing clinical engagement prevents

surprise workflow impacts and ensures integration

priorities align with clinical needs.

e Skill development takes time. Java expertise
cannot be acquired through online training alone.
Hiring experienced Java engineers or establishing

with

integrators is essential. Budget 6-12 months for

sustained partnerships knowledgeable

team maturation.

e Phased deployment distributes risk. Big-bang

migration of all integrations simultaneously

concentrates risk. Phased rollout, though

operationally more complex, allows learning and
course correction.

e Change management requires dedicated
resources. Designate someone (clinical
informaticist, change manager, integration

architect) specifically to manage organizational and
workflow impacts. This person is as important as
the technical architect.

10. Discussion

Our findings demonstrate that Apache Camel and Red Hat
Fuse provide genuine value for healthcare data integration.
(93% latency
increased throughput capacity, operational consolidation)

Quantitative improvements reduction,
are measurable and clinically significant. Reduction of
custom integration code is a real benefit, allowing teams to
focus on domain logic rather than plumbing. However,
several important nuances warrant discussion in light of

broader healthcare IT transformation literature.
10.1 Integration as Organizational Change

The most successful deployment (Site A) explicitly invested
in change management and clinical engagement, budgeting
approximately $80K for clinical informaticist role and
workflow redesign. The most challenged deployment (Site
C) underestimated organizational dimensions and
experienced more implementation friction. This pattern
aligns with broader health IT implementation literature [11,
12] which consistently demonstrates that organizational
factors predict EHR implementation success. Yet vendor
materials for integration platforms typically frame
the
software, configure flows, deploy. Our data suggest that
(staff

communication, executive sponsorship) predict integration

implementation as a technical problem—install

organizational factors training, clinical
success as strongly as technical factors. This is a significant
insight because vendor materials, training programs, and
professional services engagements typically focus on

technical implementation, not organizational readiness.

Healthcare organizations should approach integration
modernization with the same organizational change
management rigor applied to EHR implementations. This
includes: executive sponsorship and clear communication
clinical in  workflow

of business goals, engagement

redesign, staff training and competency validation, formal
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change  management  structures, and  ongoing

communication throughout implementation.
Organizations that invest 30-40% of project resources in
these organizational dimensions experience significantly
smoother implementations than those treating integration

as purely technical.
10.2 Vendor Materials and Reality Gaps

Red Hat documentation and vendor webinars refer to
99.95% availability for 'properly-tuned' Camel installations;
our implementations achieved 99.76% average. JVM
performance tuning took 4 months at Site B, consuming
240 engineer-hours. Vendor training materials emphasize
ease of deployment and rapid time-to-value; actual
implementations
possessed by legacy integration teams. These gaps are not
vendor dishonesty per se. Rather, vendor materials (which

required deep Java expertise not

are necessarily generic) don't account for healthcare-
specific complexity: diverse legacy system formats,
stringent operational reliability expectations, and staff skill
limitations. Vendor professional services teams, when
engaged, provide needed expertise, but at substantial cost

(5180K for 3-month engagement at Site B).

Organizations should budget

integration platform costs and timelines.

conservatively when
evaluating
Vendor claims should be treated as best-case scenarios for
organizations with:

1. Existing Java expertise within organization or
through trusted partners

2. Modern, well-documented legacy systems with
clear integration contracts

3. Executive support for extended implementation
timelines (18+ months)

4. Budget for professional services partnerships or
hiring

Healthcare organizations lacking these prerequisites

should expect longer timelines and higher costs than

vendor estimates suggest.

11. Limitations

This study has important limitations. First, sample of three
health systems in Northeastern/Mid-Atlantic U.S. may not
generalize to other regions, organizational types, or
cultures. Second, we lacked true control group; all sites
chose Camel independently, so we cannot definitively

compare to alternative platforms (MuleSoft, traditional
ESBs). Third, interview sample (18 practitioners) is modest;
broader sampling might reveal additional themes. Fourth,
we followed implementations for 18 months; longer-term
data (3-5 years) would strengthen conclusions about
maintenance burden and technology maturity. Fifth, our
study focused primarily on quantitative metrics for
throughput and latency; we did not directly measure
clinical outcomes (e.g., patient safety indicators, order
accuracy). Finally, we did not assess financial return on
investment—institutions lacked detailed cost data for
legacy integration maintenance, making ROI calculation
unfeasible.

12. Conclusions

Apache Camel and Red Hat Fuse demonstrate measurable
technical benefits for healthcare data integration. Our
show 93%
throughput

guantitative data latency improvement,

increased capacity, and operational
consolidation. Clinical workflow improvements (faster
access to lab results, integrated documentation) have
meaningful patient care implications. However, successful
implementation requires substantially more than technical

deployment.

Healthcare organizations implementing these platforms
should:

1. Invest in organizational change management
proportional to technical investment. Allocate 30-
40% of integration project budget to training,
communication, and workflow redesign. Engage
clinical leadership from project inception, not

retrospectively.

2. Build internal Java expertise. Do not rely solely on
vendor professional services. Hire experienced
Java engineers or establish long-term partnerships
with systems integrators. Java expertise is non-
negotiable for production operations.

3. Adopt phased, modular deployment. Avoid big-

bang migration. Parallel-run legacy and new
systems until confidence is established. Distribute
risk across multiple iterations rather than single

deployment.

4. Plan for extended tuning period. Assume 6-12

months will be required for performance

optimization and operational stabilization. Vendor
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claims of out-of-the-box performance should be

treated skeptically. Performance tuning will

consume significant engineering resources.

5. Design operational visibility into architecture from
the
dashboards, alerts, and monitoring beyond out-of-

start. Assume you will need custom

the-box Camel capabilities. Budget for monitoring
infrastructure.

6. Account for wupstream system constraints.

Understand rate limits, connectivity requirements,
and API
Integration performance depends on entire chain,

contracts for upstream systems.

not just Camel.

Finally, integration is never finished. The institutions we

studied

are already planning second-generation

improvements based on 18 months of operational learning.

Future Camel implementations will benefit from the

documented failures and lessons presented here.
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