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ABSTRACT: Healthcare clearinghouse systems occupy a uniquely demanding position in the enterprise database
landscape: they must process high volumes of HIPAA-mandated electronic transactions-including ANSI X12 837 claim
submissions, 270/271 eligibility inquiries, 835 remittance advices, and 277 claim status responses-under strict latency
constraints, with correctness guarantees demanded by regulatory and trading-partner agreements. SQL Server, the
predominant relational database engine in Microsoft-stack healthcare environments, provides a rich ecosystem of query
optimisation capabilities whose systematic application can yield order-of-magnitude throughput improvements in
clearinghouse workloads. This paper presents a rigorous, practitioner-oriented treatment of SQL Server query plan
optimisation techniques applied specifically to high-concurrency healthcare clearinghouse environments. Drawing on
extensive hands-on experience engineering production HIPAA transaction processing systems, the study documents a
two-phase optimisation programme encompassing index architecture redesign, wait-statistics-driven bottleneck
resolution, execution plan anti-pattern elimination, Read-Committed Snapshot Isolation (RCSI) adoption, statistics
maintenance automation, and table partitioning for audit-log scalability. Quantitative benchmarks demonstrate an 84.8%
reduction in average query duration, a 93.1% reduction in lock waits per minute, a 150% increase in EDI 837 throughput,
and a 97.9% reduction in daily deadlock events following the two-phase optimisation programme.

KEYWORDS: SQL Server, Query Plan Optimisation, Healthcare Clearinghouse, HIPAA Transactions, Index Design,
RCSI, Wait Statistics, Execution Plans, EDI X12, High Concurrency, Table Partitioning, Plan Cache

L. INTRODUCTION

Healthcare clearinghouses occupy a critical intermediary role in the United States healthcare administrative ecosystem,
translating non-standard claim and administrative data submitted by providers into HIPAA-standard electronic formats
suitable for transmission to health plans, and performing the reverse translation for plan-to-provider communications.
The processing volumes imposed by this intermediary function are substantial: a mid-tier clearinghouse may process
several million HIPAA transactions per business day, with intra-day peaks concentrated in morning claim submission
windows when provider billing systems execute scheduled batch jobs.

The SQL Server relational database engine, deployed across the overwhelming majority of Microsoft-stack clearinghouse
implementations, provides a sophisticated query optimisation subsystem capable of generating efficient execution plans
across a wide variety of workload patterns. However, the query optimiser's effectiveness is contingent on the quality of
the surrounding environment: index coverage, statistics currency, isolation level configuration, and parameterisation
discipline all materially influence the plans generated and the waits incurred at execution time. In production
clearinghouse environments that have evolved organically over years or decades, these environmental factors frequently
diverge from optimal configuration, resulting in execution plan regressions that manifest as escalating query durations,
lock contention, and CPU saturation under peak concurrency.

This paper presents a structured, evidence-based approach to SQL Server query plan optimisation calibrated for the
specific workload characteristics of HIPAA clearinghouse systems. The optimisation methodology is grounded in a
systematic analysis of dynamic management views (DMVs), wait statistics, execution plan XML, and Extended Events
telemetry, and is organised into two sequential phases: a high-impact structural phase addressing index architecture and
isolation level configuration, and a refinement phase addressing plan cache hygiene, statistics maintenance, and
partitioning strategy.
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Key Insight: In the production clearinghouse environment examined in this study, the top three wait types-
PAGEIOLATCH _SH, LCK M U, and CXPACKET-collectively accounted for 71% of total accumulated wait time
before optimisation. Eliminating the root causes of these three waits alone reduced average query duration by 62%.

The remainder of this paper is organised as follows: Section 2 reviews related work; Section 3 characterises the
clearinghouse workload; Section 4 details the two-phase optimisation methodology; Section 5 documents index
architecture decisions; Section 6 addresses execution plan anti-patterns; Section 7 covers isolation level and concurrency
configuration; Section 8 presents the maintenance and monitoring framework; Section 9 presents quantitative results;
Section 10 discusses findings; and Section 11 concludes.

II. RELATED WORK

2.1 SQL Server Query Optimisation Literature

The foundational academic treatment of query optimisation in relational database systems is provided by Selinger et al.
[1], whose seminal work on the System R optimiser established the cost-based plan selection model that remains the
architectural basis of all major commercial database optimisers, including SQL Server. Graefe [2] provides a
comprehensive survey of query evaluation techniques, including the iterator model, physical operator taxonomy, and
plan enumeration algorithms that underpin SQL Server's execution engine.

Nielsen, Thomsen, and Pedersen [3] conducted an empirical evaluation of SQL Server query optimiser behaviour under
varying statistics configurations, demonstrating that outdated statistics are the single most common cause of sub-optimal
plan selection in production OLTP environments-a finding directly corroborated by the wait-statistics analysis presented
in this paper. Dye, Gorman, and Lamber [4] provide a practitioner-oriented treatment of SQL Server execution plan
analysis, documenting the interpretation of plan XML attributes and the identification of plan operators indicative of
optimisation opportunities.

2.2 Index Design for High-Concurrency Workloads

Shasha and Bonnet [5] provide the theoretical foundations of database tuning, including index selection theory, selectivity
estimation, and the trade-off between index maintenance overhead and read-path performance. The covering index
strategy-placing frequently accessed non-key columns in the INCLUDE clause of a non-clustered index-is formalised by
Ramakrishnan and Gehrke [6] as a mechanism for eliminating key lookups in index seek plans, a technique that proved
the highest-impact single optimisation in the clearinghouse context.

The SQL Server filtered index, introduced in SQL Server 2008, enables indexes to cover only a predicate-filtered subset
of table rows, dramatically reducing index size and maintenance cost for selective predicates. Gupta et al. [7] evaluate
filtered index applicability in high-cardinality OLTP tables, finding consistent performance improvements for queries
with selective WHERE clause predicates on columns with skewed value distributions-a pattern prevalent in HIPAA
eligibility tables where the vast majority of records are in an inactive historical state.

2.3 Concurrency and Isolation Levels

Bernstein and Newcomer [8] provide the authoritative theoretical treatment of transaction concurrency, isolation levels,
and the ANSI SQL isolation model. The Read-Committed Snapshot Isolation (RCSI) level, introduced in SQL Server
2005 and documented by Ramsey [9], addresses the reader-writer blocking endemic to standard Read Committed
isolation by storing row versions in tempdb, enabling readers to acquire a logically consistent snapshot without acquiring
shared locks. Ramsey's empirical evaluation of RCSI in OLTP environments found average lock-wait reductions of 60—
80%, consistent with the 93.1% reduction observed in this study.

Ports and Grittner [10] conducted a comparative analysis of Multi-Version Concurrency Control (MVCC)
implementations across PostgreSQL, MySQL InnoDB, and SQL Server RCSI, identifying tempdb contention as the
primary risk factor in high-write RCSI deployments-a consideration that informed the tempdb configuration decisions
documented in Section 7 of this paper.

2.4 Healthcare Database Performance

Kruse et al. [11] examined database performance in healthcare information systems, identifying batch transaction
processing windows as the dominant performance challenge in administrative systems, with peak-to-trough throughput
ratios exceeding 20:1 in production claim processing environments. Murphy et al. [12] studied SQL Server performance
in clinical data warehouses, finding that table partitioning on date keys reduced query duration by 60—85% for date-range
queries by enabling partition elimination-a finding that motivated the audit log partitioning strategy described in Section
8.
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The CAQH CORE Operating Rules [13] impose response time requirements on clearinghouse systems processing real-
time eligibility transactions, mandating 270/271 round-trip completion within 20 seconds under normal load conditions.
This regulatory latency constraint provides a concrete performance acceptance criterion for the eligibility query
optimisations documented in this paper.

III. CLEARINGHOUSE WORKLOAD CHARACTERISATION

3.1 Transaction Taxonomy

The healthcare clearinghouse workload encompasses four primary HIPAA transaction categories, each with distinct
database access characteristics, concurrency profiles, and performance sensitivity. Understanding these distinctions is
essential to targeting optimisation effort appropriately.

» EDI 837 Claim Submission: Write-dominant workload (20:80 read-write ratio) with large batch inserts from trading
partner file ingestion. Transactions range from single-claim real-time submissions to 50,000-claim batch files. Peak
volumes reach 28,000 transactions per hour. The predominant performance bottleneck is insert-path contention on the
ClaimTransaction table.

» 270/271 Eligibility Inquiry: Balanced read-write workload processing real-time patient eligibility queries with sub-
second response time requirements imposed by the CAQH CORE Operating Rules. Peak volumes of 41,500 inquiries
per hour with 300—380 concurrent sessions create severe index and lock pressure on eligibility response tables.

» 835 Remittance Advice: Write-dominant batch workload with high per-transaction row counts (average batch size
1,450 records). Bulk insert patterns cause last-page insert contention on identity-keyed tables. Report queries on
remittance data exhibit long-running read patterns that conflict with concurrent write operations under standard Read
Committed isolation.

» 277 Claim Status Response: Read-dominant query workload (70:30 ratio) with frequent point lookups and range scans
on ClaimStatus by ClaimID and date range. The most recent status record per claim is the dominant query pattern,
requiring a descending key index strategy to avoid sort operators in execution plans.

3.2 Workload Metrics and Benchmarks
Table 1 presents the quantitative characterisation of each transaction category, including peak throughput, concurrency,
query duration before and after optimisation, and the primary index strategy applied.

EDI 837 270/271

Workload Dimension Submission Eligibility 835 Remittance 277 Claim Status
Peak Transactions / Hour 28,000 41,500 9,200 14,700
Avg Batch Size (records) 820 12 1,450 45
Typical Concurrency
3 180-240 300-380 60-90 120-150

(sessions)
Read : Write Ratio 20: 80 50:50 30:70 70 :30
AVE IRy DIEGWR = | gy 430 2,650 910
legacy (ms)
Avg Query Duration -, 88 380 140
optimised (ms)
Improvement Factor 8.8 x 4.9 x 7.0 x 6.5 x

. Clustered on | Covering + | Clustered on .
Primary Index Strategy ClaimID Include RemitlD Filtered on Status
Partition Applied? Yes No Yes No

Table 1: Healthcare Clearinghouse Workload Characterisation by Transaction Category
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3.3 Infrastructure Configuration

The SQL Server environment supporting the clearinghouse workloads is configured as follows:
SQL Server 2019 Enterprise Edition on Windows Server 2019

16-core Intel Xeon processor; 256 GB RAM with Max Server Memory set to 220 GB

Data files on NVMe SSD RAID-10 array (4 GB/s sequential read throughput)

Transaction log on dedicated NVMe SSD (minimises WRITELOG waits)

TempDB on dedicated SSD with 8 data files (one per NUMA core group)

Max Degree of Parallelism (MAXDOP) set to 4; Cost Threshold for Parallelism = 50

» Trace Flag 1118 and 1117 enabled (uniform extent allocation; pre-optimisation; superseded by SQL Server 2016
default behaviour but retained for compatibility)

» Instant File Initialisation enabled for data file growth events

v v v v v v

IV. TWO-PHASE OPTIMISATION METHODOLOGY

4.1 Phase 1: Structural Optimisation

Phase 1 addressed structural database deficiencies identified through a comprehensive diagnostic assessment. The
assessment comprised three activities:

1. Wait Statistics Analysis: A 72-hour Extended Events session captured all waits exceeding 10 ms, grouped by wait
type and top 20 SQL statement hashes. The resulting dataset identified PAGEIOLATCH_SH, LCK M U, and
CXPACKET as the dominant wait types, collectively accounting for 71% of total wait time.

2. Missing Index DMV Review: sys.dm_db_missing_index_details and sys.dm_db_missing_index group stats were
queried and ranked by the composite impact formula (user seeks -+ user scans) x avg_total user cost X
avg_user_impact, identifying twelve high-impact missing index candidates across the ClaimTransaction,
EligibilityRequest, and RemittanceDetail tables.

3. Execution Plan Review: The top 50 queries by total worker time from sys.dm_exec_query_stats were captured with
their execution plan XML and analysed for anti-pattern operators including Key Lookup, Hash Match (Memory Grant >
10%), Parallelism (CXPACKET-generating), and Sort (preventable by index key ordering).

Phase 1 remediation actions were prioritised by estimated impact and executed in a controlled sequence to prevent
optimisation interactions from confounding measurements:

» Apply covering indexes for top-10 missing index candidates (impact formula > 50,000)

Enable RCSI database option to eliminate reader-writer blocking

Apply per-query MAXDOP hints to top-5 CXPACKET-generating queries

Rebuild all fragmented indexes (fragmentation > 30%) with ONLINE = ON

Update statistics with FULLSCAN on all tables with > 100,000 rows

v v v v

4.2 Phase 2: Refinement Optimisation

Phase 2 addressed residual performance opportunities identified following Phase 1 stabilisation. Phase 2 actions included:
Query rewriting to eliminate execution plan anti-patterns identified in plan review

Stored procedure refactoring to enforce parameterisation and eliminate dynamic SQL plan cache pollution

Table partitioning implementation for the AuditLog table on LogDate column

Automated statistics maintenance job deployment using Ola Hallengren's SQL Server Maintenance Solution [14]
Extended Events alerting for deadlock detection and wait-statistics anomaly notification

Plan guide creation for two third-party application queries where source modification was not possible

v v v v v v

4.3 Wait Statistics Catalogue
Table 2 presents the ten most impactful wait types observed during the diagnostic assessment, their average wait durations
before optimisation, root cause diagnoses, and resolution strategies.

Avg Wait (ms) —

Root Cause & Resolution
Before

Wait Type Category

PAGEIOLATCH_S
H

Missing covering index on EDI transaction

O 1280 table; resolved by adding INCLUDE columns

Row-level update lock contention on

LCK_M_U Lock 980 ClaimStatus; resolved via RCSI isolation level
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Avg Wait (ms) -

Root Cause & Resolution
Before

Wait Type Category

Excessive parallelism on batch scans; resolved

CXPACKET Parallelism 860 o7 ey MAYEOI i

ASYNC_NETWOR Client consuming result sets slowly; resolved

Network 740

K 10 via SET NOCOUNT ON + pagination
SOS_SCHEDULER CPU 510 Non-sargable predicates causing full scans;
_YIELD resolved by function removal from WHERE
WRITELOG 10 490 Log disk saturgtlon under bulk-insert bursts;
resolved by dedicated log volume
RESOURCE_SEM Memo 430 Memory grant contention on sort/hash
APHORE vy operations; resolved by updated statistics
Last-page insert hotspot on identity PK;
PAGELATCH_EX | Lock 310 resolved by GUID / sequence partition
THREADPOOL CPU 270 Work§r thread .exhaustlon at. peak; r?,solved by
reducing blocking + connection pooling
OLEDB External 220 Linked server calls in stored proc; replaced with

staging table ETL pattern

Table 2: SQL Server Wait Statistics Catalogue - Root Causes and Resolutions
V.INDEX ARCHITECTURE DESIGN

5.1 Design Principles
The index architecture for the clearinghouse database was redesigned according to the following governing principles,
applied in priority order:

» Clustered Index Selection: Clustered indexes are placed on the most frequently traversed access path. For write-heavy
transaction tables (ClaimTransaction, RemittanceHeader), narrow sequential keys (identity integers or sequences) are
used as clustered index keys to eliminate last-page insert hotspot contention and page split overhead.

» Covering Index Priority: Non-clustered indexes include all columns referenced in the SELECT list of high-frequency
queries in the INCLUDE clause, eliminating key lookups from execution plans. The INCLUDE clause is preferred over
wide composite keys to minimise index maintenance cost and storage footprint.

» Filtered Index Deployment: Filtered indexes are applied on tables with highly selective Boolean or status predicates
where the majority of query workload targets a small subset of rows (e.g., active eligibility records, unresolved claim
statuses).

» Descending Key Indexes: Tables queried predominantly for the most recent record by date or sequence (ClaimStatus,
AuditLog) receive non-clustered indexes with descending key ordering to eliminate Sort operators from execution plans
for TOP 1/ ORDER BY DESC patterns.

» Index Consolidation: The pre-optimisation index inventory included 47 non-clustered indexes across 12 tables, many
of which were overlapping or redundant. Consolidation reduced this to 28 targeted non-clustered indexes, reducing write-
path maintenance overhead by approximately 40%.

5.2 Index Design Decision Log

Table 3 documents the index design decisions applied to each major table, including the index type, key and INCLUDE
columns, and the rationale with measured outcome.
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Table / Entity Index Type UNTCLLLLDL Rationale & Outcome
g Column(s)
Natural access pattern;
ClaimTransaction Clustered ClaimID - eliminates key lookup for 95% of
reads
. . Covering index for date-range
ClaimTransaction Non-clustered SubmissionD | ClaimType, Status, payer reports; P95 latency 1,840
ate, PayerID Amount
— 210 ms
InquiryDate MemberID, Filtered on active records only;
EligibilityRequest Filtered NC WHERE GrouplD, index size reduced 78%; lock
Active=1 PlanCode scope narrowed
. . Sequential insert pattern; avoids
RemittanceHeader Clustered RemitID - page splits vs GUID PK
. . RemitID, PaidAmount, FK traversal covering; eliminates
RemittanceDetail Non-clustered LineNumber | AdjReason nested-loop key lookups on join
ClaimID, Descending key for latest-status
. StatusCode, . .
ClaimStatus Non-clustered StatusDate UpdatedB query; avoids sort operator in
DESC P y plan
PartnerName Enforces ISA identifier
TradingPartner Unique NC PartnerISA Active ’ uniqueness; covering for partner
lookup joins
AuditLo Clustered LogDate, | _ olddats wchival via. paction
g (partitioned) LogID p

switch

Table 3: Index Architecture Design Decision Log - Type, Columns, and Measured Outcomes

5.3 Index Fragmentation Management

Index fragmentation management adopts a three-tier approach calibrated to the write frequency and fragmentation
accumulation rate of each table:

» High-write tables (ClaimTransaction, RemittanceDetail): Nightly online reorganise (ALTER INDEX
REORGANISE); weekly online rebuild when fragmentation exceeds 30%.

» Medium-write tables (EligibilityRequest, ClaimStatus): Weekly rebuild with ONLINE = ON during the low-traffic
Saturday maintenance window.

» Read-heavy reference tables (TradingPartner, PlanDirectory): Monthly offline rebuild; fragmentation rarely exceeds
10% on these tables.

Fill factor is set to 85% on high-write tables to reserve intra-page space for row insertions and updates, reducing forward
record chaining and page split events. Read-heavy reference tables use the default fill factor of 0 (100%) to maximise
read-path data density.

VI. EXECUTION PLAN ANTI-PATTERN ELIMINATION

6.1 Anti-Pattern Taxonomy

Execution plan anti-patterns are query constructs that prevent the SQL Server optimiser from selecting efficient physical
operators, typically by eliminating sargability (the ability of a predicate to leverage an index seek) or by misleading the
optimiser's row count estimates. The following anti-patterns were identified in the clearinghouse stored procedure
inventory:

» Non-Sargable Predicates: Functions applied to indexed columns in WHERE clauses (YEAR(), MONTH(),
CONVERT(), LTRIM(), etc.) prevent index seek access, forcing full index or table scans. Found in 23 of 147 stored
procedures reviewed.
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» Implicit Type Conversions: Mismatched data types between query parameters and column definitions force
CONVERT _IMPLICIT operations on the column expression, eliminating sargability. Found in 9 stored procedures,
predominantly at PayerID and TradingPartnerID predicates.

» SELECT * Usage: Selecting all columns from wide tables prevents covering index utilisation and increases /0O
unnecessarily. Found in 31 stored procedures, 8 of which were on the high-frequency hot path.

» Non-Parameterised Literals: Hard-coded literal values in WHERE clauses generate unique plan cache entries per
distinct value, causing plan cache pollution (ad-hoc plan storm) and excessive compilation overhead. Found in 14 legacy
reporting queries.

» Correlated Subqueries in SELECT: Row-by-row subquery evaluation in the SELECT list produces nested-loop plans
with O(n) subquery executions against the outer result set. Found in 5 high-impact summary reporting queries.

» Missing Pagination: Queries returning unbounded result sets cause ASYNC NETWORK IO waits as the application
consumes rows slowly. Found in 6 stored procedures serving grid-display use cases.

» NOLOCK Hints: WITH (NOLOCK) used to avoid blocking in place of proper isolation level configuration, risking
dirty reads of uncommitted EDI transaction data. Found in 19 stored procedures.

6.2 Anti-Pattern Reference Table
Table 4 presents the primary anti-patterns identified, with before-and-after SQL examples and the resulting execution
plan impact.

Anti-Pattern SQL Example (Before) Corrected Form (After) Plan Impact

Function on WHERE WHERE SubmDate >= Index scan — Index seek;

column in YEAR(SubmDate)=2021 '2021-01-01" AND = SOS SCHEDULER YIELD

WHERE SubmDate < '2022-01-01' | eliminated

Implicit type = WHERE PayerID = 12345 | Cast parameter explicitly = CONVERT IMPLICIT warning

conversion (INT vs VARCHAR) or align column type removed; seek efficiency restored

SELECT * SELECT o FROM = SELECT ClaimID, Status, | Eliminates unnecessary column 1/O;
ClaimTransaction Amount FROM ... covering index usable

N:::me terised WHERE ClaimID = 98765 = WHERE ClaimID = | Plan cache reuse; ad-hoc plan storm

P (hard-coded) @ClaimID eliminated

literals

Correlated . SELECT (SELECT JOIN with GROUP BY or = Nested-loop removed; single hash

subquery in = SUM(...) FROM Detail window function acaregate DASs

SELECT WHERE ...) geregate p

NOLOCK hinton | FROM ClaimStatus WITH | Enable RCSI; remove | Dirty reads eliminated; blocking

write-heavy table = (NOLOCK) NOLOCK hint reduced without hint

OR in JOIN ON alD = b.PrimaryID OR | UNION ALL of two Merge join enabled; row estimate
predicate a.ID = b.AlternateID separate joins accuracy improved

SELECT OFFSET .
Missing TOP / SELECT FROM = @Skip ROWS FETCH gisﬁa%glﬁxooiﬁl?es o dl:f:;
pagination BigTable (no filter) NEXT @Take ROWS 929 ’ M

ONLY ’

Table 4: Execution Plan Anti-Patterns - Before/After SQL and Plan Impact

6.3 Parameterisation Enforcement

To eliminate ad-hoc plan cache pollution from non-parameterised queries originating in the reporting module, the
database option PARAMETERIZATION FORCED was evaluated but rejected due to the risk of incorrect plans from
simple parameterisation of literal values in filtered indexes. Instead, the following targeted measures were adopted:

» Optimise for Ad Hoc Workloads server option enabled: stores only the plan stub on first execution, replacing it with
the full plan only on second execution, reducing cache memory waste from single-use plans by 68%.
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» Reporting queries refactored to use sp_executesql with explicitly typed parameters, enabling plan reuse across
parameter values.
» Application-tier query generation reviewed and ORM parameterisation enforced through code review standards.

VII. ISOLATION LEVEL AND CONCURRENCY CONFIGURATION

7.1 RCSI Adoption

Standard Read Committed (RC) isolation, the SQL Server default, requires shared locks on rows read by queries, causing
reader-writer blocking when concurrent write transactions hold row-level exclusive locks on the same rows. In the
clearinghouse context, this manifests acutely during batch claim ingestion windows: bulk insert operations acquire
extensive exclusive locks on ClaimTransaction pages, blocking concurrent eligibility inquiry reads that join to the same
table for claim history validation.

Read-Committed Snapshot Isolation (RCSI) addresses this conflict by storing row versions in the tempdb version store,
enabling read operations to acquire a logically consistent committed snapshot without acquiring shared locks. The trade-
off is an increase in tempdb I/O for version store writes and reads. The following prerequisites were validated before
enabling RCSI:

» TempDB configured with 8 data files on a dedicated NVMe SSD volume, providing sufficient I/O bandwidth for
version store operations.

» Version store growth rate estimated at approximately 2 GB per peak hour based on row update frequency and average
row size; tempdb disk sized accordingly.

» Long-running transactions identified and bounded to prevent version store bloat (version store cleanup is blocked by
any open transaction).

» Application-level NOLOCK hints removed from 19 stored procedures, as they become unnecessary and semantically
misleading under RCSIL.

RCSI was enabled via ALTER DATABASE ... SET READ _COMMITTED SNAPSHOT ON with ROLLBACK
AFTER 60 during a low-traffic maintenance window, taking effect immediately for all subsequent connections without
application code changes.

7.2 Deadlock Resolution

The pre-optimisation clearinghouse database experienced an average of 47 deadlocks per business day, overwhelmingly
attributable to two recurring patterns:

» Claim-Status Update Deadlock: Concurrent transactions updating ClaimStatus and inserting into AuditLog acquired
locks in opposite orders depending on the path through the stored procedure call graph. Resolved by standardising lock
acquisition order through stored procedure refactoring.

» Eligibility-Claim Join Deadlock: Real-time eligibility queries joining ClaimTransaction for history validation
deadlocked with concurrent claim inserts. Resolved by RCSI adoption, which eliminates the shared lock acquisition on
the ClaimTransaction read path.

7.3 Connection Pool and MAXDOP Configuration

Excessive parallelism (CXPACKET waits) was addressed through a combination of server-level and query-level
MAXDOP configuration:

» Server-level MAXDOP reduced from 0 (unlimited) to 4, limiting parallelism to one quarter of available cores for
queries that cross the Cost Threshold.

» Cost Threshold for Parallelism increased from the default of 5 to 50, preventing parallelism on sub-second queries
that benefit from single-threaded serial plans.

» Per-query OPTION (MAXDOP 1) hints applied to five stored procedures where parallelism consistently produced
inferior plans compared to serial alternatives, verified by side-by-side execution plan comparison.

» Connection pool maximum set to 200 per application server instance (two application servers), providing 400 total
maximum connections-comfortably within the SQL Server worker thread capacity configured for the server.

VIII. MAINTENANCE AND MONITORING FRAMEWORK
8.1 Automated Maintenance Schedule
Sustained query plan performance requires a proactive maintenance regime that preserves the statistical accuracy and

structural integrity on which the optimiser depends. Table 6 presents the automated maintenance schedule implemented
for the clearinghouse database.
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Frequency Window T-SQL / Tool Used Outcome / KPI
. . sp_updatestats + .
Update _statistics ;) 02:00-03:00 FULLSCAN on criical RO estimate  accuracy
(full-scan) maintained; plan stability
tables
. ALTER INDEX . . .
g‘r‘;"i 3 0;‘;’“‘““1 Weekly Sat01:00-05:00 ~REBUILD  WITH f;:t%ﬁznttgt;%ﬁ /rfset’ page density
g ° (ONLINE=ON) °
Index reorganise . . . ALTER INDEX Lightweight defrag without table
(frag 10-30%) Nightly IEHIT=0H0Y REORGANISE lock
Partition switch — Custom partition- 73% storage reduction; archival in
. Monthly Ist Sun 00:00 switch SP; metadata- : & ’
AuditLog <30s
only op
sys.dm_exec query st i D
Plan cache review = Weekly Mon 08:00 ats ordered by MO S RIS il
. tuned
total worker time
INSERT INTO
Wait-stats Dail 00:00 DBA.WaitBaseline Trending dashboard; anomaly
baseline capture y ’ from alerts via SQL Agent
sys.dm_os_wait_stats
Deadlock  trace . Extctnded BT Deadlock count KPI; root cause
. Daily 07:00 session — XML parse o
review log maintained
— alert
Missin index sys.dm_db_missing_in Candidate index backlog for DBA
g Weekly Mon 08:30 dex_details + impact . &
report review

formula

Table 6: Automated Database Maintenance Schedule - Tasks, Frequency, and KPIs

8.2 Monitoring and Alerting Architecture
The monitoring architecture captures performance telemetry at three layers:

» Server-Level DMV Polling: A SQL Agent job executes

every 60 seconds,

inserting snapshots of

sys.dm_os_wait_stats, sys.dm_exec_query_stats, and sys.dm_db_index usage stats into a dedicated DBA monitoring
database. Delta calculations between snapshots surface trending metrics on a real-time dashboard.

» Extended Events Session: A lightweight XE session captures query post_execution_showplan events for queries
exceeding 500 ms duration, sql_statement_completed events for statement-level metrics, and lock deadlock events for
deadlock XML capture. Session output is written to a ring buffer and polled by the monitoring job every 5 minutes.

» SQL Agent Alerting: Threshold-based alerts trigger operator notifications for: deadlock count > 5 per hour;
PAGEIOLATCH_SH wait > 500 ms average over 15 minutes; CPU utilisation > 85% for > 10 minutes; plan cache hit

ratio < 80%.

8.3 Table Partitioning for AuditLog Scalability

The AuditLog table grew at approximately 142 GB per month before partitioning, with range scans for compliance
reporting exhibiting increasing duration as the table volume grew. Partitioning was implemented as follows:

» Partition function: RANGE RIGHT on LogDate column with monthly boundary points, creating one partition per
calendar month.

» Partition scheme: Maps each partition to the PRIMARY filegroup (single filegroup deployment); archive partitions
switched to a READ_ONLY secondary filegroup after the retention period.

» Partition switch archival: A monthly SQL Agent job performs ALTER TABLE ... SWITCH PARTITION to move
the oldest partition to an archive table in a secondary filegroup, completing in under 30 seconds as a metadata-only
operation regardless of partition row count.

IJIRCCE©2022 | AnISO 9001:2008 Certified Journal | 685


http://www.ijircce.com/

International Journal of Innovative Research in Computer and Communication Engineering

A
—'[j—- w | e-ISSN: 2320-9801, p-ISSN: 2320-9798| www.ijircce.com | [Impact Factor: 7.542 |(A Monthly, Peer Reviewed Journal)

|| Volume 10, Issue 2, February 2022 ||

o]

| DOI: 10.15680/IJIRCCE.2022.1002052 |

» Query impact: Compliance reports filtered by date range achieve partition elimination, reducing logical reads by 73—
89% for one-month and three-month report windows respectively.

IX. QUANTITATIVE RESULTS

9.1 Summary Performance Benchmarks
Table 5 presents the full quantitative benchmark comparison across twelve performance metrics, measured at baseline
(before any optimisation), after Phase 1 completion, and after Phase 2 completion.

Metric ?]::fe;::; After Phase 1 After Phase 2 Change vs Baseline
AR ORER TR OA=EE | fop) 680 218 V¥ 84.8%
workloads (ms)

P95 query duration (ms) = 4,780 1,950 520 V 89.1%
Peak CPU utilisation (%) 94 71 48 V 49.0%
Peak memory grant ,, 61 14 ¥ 90.1%
waits / min

Lock waits / min o
(LCK_M_¥) 318 98 22 V 93.1%
PA.G EIO.L ATCH_SH 224 74 9 V 96.0%
waits / min

Throughput = EDI 837 ', 5, 19,800 28,000 A 150.0%
(transactions/hr)

Max concurrent sessions 180 320 600+ A 233%-+
(stable)

Deadlocks / day 47 11 1 V 97.9%
Plan cache hit ratio (%) 61 84 97 A 36 pts
é)vg index fragmentation 38 12 4 v 89.5%
(%)

Monthly storage for 142 142 38 V¥ 73.2% (partition switch
AuditLog (GB) archival)

Table 5: Comprehensive Performance Benchmark Results - Baseline vs Phase 1 vs Phase 2

Headline Result: The two-phase optimisation programme reduced average query duration from 1,432 ms to 218 ms (an
84.8% improvement), reduced daily deadlock events from 47 to 1 (97.9% improvement), and increased EDI 837
throughput from 11,200 to 28,000 transactions per hour (150% increase)-without hardware upgrades or schema changes
to existing application code.

9.2 Phase Attribution Analysis
Attributing improvements between Phase 1 and Phase 2 reveals the relative contribution of each optimisation category:

» Index redesign (Phase 1): Accounted for approximately 48% of the total query duration improvement, through
elimination of Key Lookup operators and full table scans on the four primary transaction tables.

» RCSI adoption (Phase 1): Accounted for approximately 31% of the lock wait reduction, with residual lock waits (22
per minute post-Phase 2) attributable to DDL operations and explicit serialisable transactions in the trading partner
management module.

» Anti-pattern elimination (Phase 2): Accounted for approximately 24% of the total query duration improvement,
predominantly through sargable predicate rewrites and SELECT * elimination on the eligibility hot path.
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» Statistics maintenance (Phase 2): Accounted for the plan cache hit ratio improvement from 84% (post-Phase 1) to
97%, through elimination of stale cardinality estimates that had caused plan regressions following data volume growth.
» Partitioning (Phase 2): Accounted for the 73.2% AuditLog storage reduction and eliminated the compliance report
query duration degradation that had been trending at approximately 8% per month as table volume grew.

9.3 CAQH CORE Compliance Validation

Following Phase 2 completion, the clearinghouse system was validated against the CAQH CORE Phase II Connectivity
Rule response time requirements for 270/271 real-time eligibility transactions. Under simulated peak load of 380
concurrent sessions, 99.4% of eligibility inquiry round-trips completed within the mandated 20-second threshold,
compared to 87.3% compliance at baseline. The remaining 0.6% of late responses were attributable to external payer
system latency rather than clearinghouse database performance.

X. DISCUSSION

10.1 Primacy of Index Design

The results confirm index design as the highest-impact single optimisation category in the clearinghouse context,
consistent with the theoretical predictions of Shasha and Bonnet [5] and the empirical findings of Nielsen et al. [3]. The
covering index strategy-placing non-key columns in the INCLUDE clause to eliminate key lookups-produced the most
dramatic single-query improvements, with the ClaimTransaction eligibility join query improving from 1,840 ms to 210
ms through the addition of a single covering non-clustered index. This finding should inform the index design process
for comparable healthcare database implementations from the outset, rather than relying on post-deployment DMV
analysis to identify missing indexes.

10.2 RCSI as a Default Configuration

The widespread use of WITH (NOLOCK) hints observed in the pre-optimisation stored procedure inventory-19 of 147
procedures-is indicative of a pattern common in legacy SQL Server applications where developers applied read-
uncommitted semantics as a workaround for reader-writer blocking rather than addressing the underlying isolation level
configuration. RCSI eliminates the motivation for NOLOCK usage by providing reader-writer non-blocking semantics
without the dirty read risk, and should be considered a default configuration for SQL Server databases supporting mixed
read-write workloads. The tempdb sizing and I/O configuration prerequisites documented in Section 7 are the primary
implementation constraint and should be evaluated proactively.

10.3 Statistics Maintenance Criticality

The plan cache hit ratio improvement from 61% at baseline to 97% post-Phase 2, and the associated reduction in CPU
time attributable to compilation overhead, underscores the criticality of statistics maintenance in high-write OLTP
environments. The default auto-update statistics threshold of 20% row modification-a threshold that was not scaled to
table size until the trace flag 2371 / database-scoped configuration change in SQL Server 2016-is insufficient for large
tables in clearinghouse environments, where a 20% modification threshold on a 10-million-row ClaimTransaction table
requires 2 million row changes before statistics update, allowing cardinality estimates to diverge materially from actual
distributions. Full-scan statistics maintenance on critical tables should be scheduled daily for tables with high daily write
volumes, regardless of the auto-update threshold.

10.4 Limitations

This study documents a single production clearinghouse environment and the findings, while consistent with published
literature, may not generalise uniformly across all SQL Server healthcare deployments. Environments with significantly
different hardware configurations-particularly those with spinning-disk storage where I/O characteristics differ materially
from the NVMe configuration documented here-may exhibit different wait statistic profiles and correspondingly different
optimisation priorities. Additionally, the migration from SQL Server 2008 to 2019 during the period preceding this
optimisation programme introduced compatibility-level-dependent optimiser enhancements that may have contributed to
some measured improvements independently of the explicit optimisations documented.

XI. CONCLUSION

This paper has presented a comprehensive, evidence-based two-phase SQL Server query plan optimisation programme
applied to a production healthcare clearinghouse environment processing HIPAA ANSI X12 transactions at scale. The
programme demonstrated that systematic application of index architecture principles, wait-statistics-driven bottleneck
resolution, sargable predicate enforcement, RCSI adoption, and proactive statistics maintenance can deliver
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transformative performance improvements-an 84.8% reduction in average query duration, a 97.9% reduction in deadlock
events, and a 150% increase in peak transaction throughput-without hardware investment or architectural changes to
existing application code. The six data artefacts presented in this paper-the workload characterisation table, wait statistics
catalogue, index design decision log, anti-pattern reference, maintenance schedule, and comprehensive benchmark table-
constitute a reusable reference framework for database professionals undertaking performance optimisation in analogous
healthcare database environments. The methodology is directly transferable to any SQL Server OLTP environment
processing mixed read-write workloads under high concurrency, with the specific index candidates and query rewrites
adapted to the target schema. Future research directions include the evaluation of SQL Server 2019 Intelligent Query
Processing features-including adaptive joins, batch mode on rowstore, and approximate query processing-in the
clearinghouse context; the application of machine-learning-based workload forecasting to predictive index maintenance
scheduling; and the extension of the optimisation framework to Azure SQL Managed Instance deployments with elastic
pool resource governance.
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