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Abstract: High-volume infectious disease diagnostic laboratories play a pivotal role in guiding clinical
management, antimicrobial stewardship, and public health surveillance, yet face unprecedented quality
and operational pressures during surge testing, as vividly demonstrated by the massive scale-up of SARS-
CoV-2 diagnostics during the COVID-19 pandemic. Traditional quality monitoring remains fragmented,
with internal quality control (IQC), external quality assurance (EQA), equipment validation and preventive
maintenance, and turnaround-time (TAT) oversight managed in independent silos, delaying recognition
and response to systemic failures that can compromise diagnostic accuracy and throughput under extreme
workloads. This study employed a mixed-methods, design-based research approach to develop and validate
the Integrated Quality-Control Escalation Model (IQEM), a novel layered framework that continuously
synthesizes real-time data from all four quality pillars into a unified, risk-based decision engine. IQEM
implements dynamic combinatorial thresholds and proportionate escalation tiers—from intensified
monitoring to targeted holds and full corrective action—enabling early detection and graduated
intervention without unnecessary disruption of laboratory operations.Retrospective longitudinal analysis
of de-identified data (IQC records, EQA results, equipment logs, and TAT distributions) from seven high-
volume accredited laboratories spanning 2018-2024 was combined with a three-round modified Delphi
consensus process involving 18 experienced laboratory directors and quality managers who had managed
surge testing during the pandemic.Analysis showed that 68 % of validated serious quality incidents during
surge periods were preceded by detectable cross-pillar signals (e.g., TAT prolongation preceding 1QC
violations) that remained unrecognized due to siloed monitoring. When applied retrospectively to surge
datasets, IQEM detected emerging quality failures an average of 4.2 days earlier than actual interventions,
with 89 % sensitivity for actionable breaches and only a 0.27 % increase in rejected runs. Expert consensus
rated the model highly for clarity (8.7/9), feasibility (8.4/9), and utility in enhancing patient safety
(9.0/9).The Integrated Quality-Control Escalation Model provides a practical, evidence-based framework
to overcome traditional silos, delivering proactive, proportionate quality management that strengthens
diagnostic reliability, preserves operational resilience, safeguards patient outcomes, and bolsters
laboratory preparedness for future infectious disease surges and pandemics.
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INTRODUCTION

High-volume infectious disease diagnostic laboratories stand at the epicenter of clinical decision-making,
public health intelligence, and epidemic containment. Every result issued—whether a qualitative PCR
detection of *Mycobacterium tuberculosis*, a quantitative viral load for HIV, or a rapid antigen test for
influenza—directly informs antimicrobial stewardship, isolation protocols, contact tracing, and resource
allocation. An erroneous negative result can allow onward transmission within a hospital ward or
community cluster; a false-positive result can trigger unnecessary cohorting, contact investigations, and
economic disruption. In aggregate, diagnostic accuracy underpins not only individual patient outcomes but
also national surveillance systems and global outbreak response frameworks. The stakes are uniquely
elevated in infectious disease testing because pathogens evolve, variants emerge, and transmission
dynamics shift within days—Ieaving little margin for error or delay.

These laboratories have always operated under stringent regulatory oversight. Accreditation bodies
(College of American Pathologists, Clinical Laboratory Improvement Amendments, 1ISO 15189) mandate
multilayered quality systems, including daily internal quality control (IQC), periodic external quality
assessment (EQA), equipment performance verification, and documented turnaround-time (TAT) targets.
Yet the operational environment has changed dramatically. Routine microbiology workloads that once
averaged hundreds of specimens per shift now routinely exceed thousands, particularly during respiratory
virus seasons or emerging pathogen events. The COVID-19 pandemic provided the most extreme
demonstration of this new reality. Between January 2020 and December 2022, the United States alone
performed approximately 2.7 billion SARS-CoV-2 tests, with daily reported volumes peaking at 7.6 million
during the first Omicron wave. Laboratory-based nucleic acid amplification test capacity scaled from
roughly 6 million tests per month in March 2020 to 34 million by July 2020, while point-of-care and over-
the-counter platforms expanded even more rapidly. Similar surges occurred globally, overwhelming both
academic medical centers and high-throughput reference laboratories.

Such volumes impose extraordinary pressures. Reagents, consumables, and instrumentation became
intermittently scarce; supply-chain fragility was documented across multiple national surveys. Personnel
shortages intensified because of illness, quarantine, burnout, and the rapid redeployment of staff to novel
assays. New emergency-use-authorized platforms required expedited validation, staff training, and
integration into existing laboratory information systems—all while maintaining service for non-COVID
testing. Instrument downtime, lot-to-lot reagent variability, and environmental factors (temperature
excursions during transport) became daily threats. In this environment, even minor deviations in analytical
performance could propagate across tens of thousands of patient results before detection.

Traditional quality-control frameworks were not designed for these conditions. Historically, the four core
pillars of laboratory quality—internal QC, external quality assurance, equipment validation, and TAT
monitoring—have functioned in parallel rather than in concert. Internal QC, typically Levey-Jennings
charts and Westgard multirule procedures, monitors day-to-day analytical drift on individual instruments.
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External quality assessment (proficiency testing) provides independent benchmarking but occurs at
monthly or quarterly intervals and rarely reflects real-time patient specimens. Equipment validation and
preventive maintenance follow manufacturer schedules and CLSI guidelines but are often tracked in
separate maintenance logs or digital asset-management systems. TAT monitoring, meanwhile, resides in
operational dashboards focused on workflow efficiency rather than analytical integrity. Because these
systems are siloed—frequently residing in different software platforms, overseen by different supervisors,
and reported through disparate channels—systemic issues can remain invisible until patient harm or
regulatory citation occurs. A subtle upward trend in false-negative rates might coincide with an unnoticed
instrument calibration drift and an unexplained spike in TAT; each pillar would flag its own metric, yet no
single mechanism would trigger an integrated root-cause investigation before results were released.

The consequences of these gaps became painfully evident during the COVID-19 surges. Laboratories
reported prolonged TATS that delayed isolation and treatment decisions, unexplained shifts in positivity
rates that complicated epidemiologic interpretation, and occasional instrument failures that required
retrospective result review and patient retesting. Regulatory inspectors and accreditation bodies
documented nonconformities related to incomplete equipment qualification under surge conditions and
inadequate linkage between QC failures and TAT excursions. Public health surveillance suffered when
diagnostic reliability fluctuated, undermining confidence in case counts and variant tracking. In short, the
pandemic exposed the limitations of a fragmented quality architecture: it could detect isolated failures but
struggled to anticipate or contain cascading, system-wide breaches when testing volumes increased by
orders of magnitude.

What is urgently needed—and what this paper proposes—is a unified, layered escalation model that binds
the four pillars into a single decision framework. The **Integrated Quality-Control Escalation Model
(IQEM)** introduces dynamic, cross-linked thresholds that operate continuously rather than periodically.
Internal QC data feed real-time statistical process control algorithms; these algorithms simultaneously
query equipment performance logs, EQA trend summaries (when available), and laboratory information
system TAT metrics. When predefined combinatorial triggers are met—e.g., a Westgard rule violation
coinciding with a 15 % prolongation in median TAT and a recent maintenance alert—an automated
escalation protocol activates. Tier 1 triggers heightened monitoring and supervisor review; Tier 2 initiates
rapid root-cause analysis with limited hold on affected batches; Tier 3 enacts full corrective action,
specimen retrieval, and regulatory notification if required. Critically, each tier incorporates predefined
throughput-preserving mitigations: parallel testing on backup platforms, selective retesting algorithms
based on clinical risk stratification, and temporary workflow rerouting to maintain overall TAT targets.

By design, IQEM does not compromise speed during surge conditions. Instead, it leverages existing
laboratory information systems and middleware to achieve near-real-time integration without additional
manual steps. Preliminary modeling (detailed in subsequent sections) suggests that the model can detect
85-92 % of actionable quality breaches 24-48 hours earlier than siloed systems while increasing rejected-
result rates by less than 0.3 %. The framework is intentionally platform-agnostic and scalable—from high-
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complexity molecular virology sections to high-throughput antigen testing hubs—making it applicable to
both routine microbiology and emergency-response laboratories.

This paper presents the conceptual architecture, mathematical foundations, and prospective validation data
for IQEM. We first review the regulatory and operational context that rendered traditional approaches
insufficient. We then describe the four-pillar linkage logic, escalation algorithms, and decision-support
dashboards. Empirical performance during simulated and real-world surge scenarios is quantified,
including effects on patient safety metrics, laboratory throughput, and regulatory compliance. Finally, we
outline implementation considerations, including staff training, information-technology requirements, and
alignment with existing accreditation standards.

In an era when infectious disease threats continue to emerge with increasing frequency and velocity,
laboratories must evolve beyond reactive, compartmentalized quality management. The Integrated Quality-
Control Escalation Model offers a proactive, resilient alternative: a system that safeguards diagnostic
accuracy without sacrificing the speed essential to modern medicine and public health. By closing the gaps
between internal QC, external assurance, equipment validation, and TAT oversight, IQEM equips high-
volume infectious disease laboratories to meet both routine demands and crisis-level workloads with
confidence and consistency.

LITERATURE REVIEW

Internal Quality Control (IQC) in High-Volume Settings

Internal quality control remains the cornerstone of daily analytical assurance in clinical microbiology and
molecular diagnostic laboratories. The foundational framework, developed by Westgard and colleagues,
employs statistical process control through Levey-Jennings plots and multirule procedures (e.g., 1_{3s},
2 {2s}, R {4s}, 4 {1s}, 10 x) to detect systematic and random errors while balancing the risk of false
rejection. These rules continue to dominate practice: the 2025 Great Global QC Survey documented that
large-volume laboratories (>10 000 tests/day) are 16 % more likely than smaller facilities to apply full
Westgard multirule sets across all platforms.

In high-volume infectious disease testing, however, classical IQC protocols encounter structural limitations.
QC frequency recommendations (CLSI EP23-A, CLSI C24-A3) were derived from stable, low-throughput
environments and prescribe controls at intervals that become logistically burdensome when instruments
process 500-2000 specimens per shift. Laboratories responding to COVID-19 surges reported that
increasing QC from every 8 hours to every 4 hours or every 200 patient specimens improved error detection
but simultaneously elevated false-rejection rates to 2-5 %, triggering unnecessary repeat testing and
instrument downtime. Westgard QC analyses of SARS-CoV-2 assays further highlighted unique
challenges: positive controls drifting near the cycle-threshold cutoff produced frequent rule violations that
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were difficult to distinguish from true analytical drift versus reagent instability or environmental
contamination.

Surge conditions exacerbate these gaps. During peak COVID-19 waves, reagent lot-to-lot variability,
temperature excursions in high-throughput extraction modules, and staff redeployment led to transient shifts
that multirule procedures detected only after hundreds of patient results had been released. Retrospective
reviews revealed that standard Levey-Jennings monitoring alone missed subtle increases in false-negative
rates (0.3-1.2 %) until cumulative patient-impact thresholds were exceeded. Moreover, the binary
“accept/reject” decision inherent in classical multirules lacks graduated response mechanisms: a single
1 {3s} violation in a 24/7 operation either halts all testing (compromising TAT) or is overridden (risking
undetected error propagation). These operational realities underscore the inadequacy of siloed, rule-based
IQC when workloads increase by orders of magnitude and the clinical consequences of delay or error are
immediate and population-scale.

External Quality Assurance (EQA) and Proficiency Testing

External quality assurance (EQA), also termed proficiency testing (PT), provides independent, inter-
laboratory benchmarking essential for long-term performance monitoring and regulatory compliance (ISO
15189:2022, CAP accreditation). EQA schemes distribute blinded challenge samples that laboratories
analyze and return for consensus comparison, enabling detection of method bias, calibration drift, and
interpretive variability across platforms. Recent global programs have demonstrated clear value:
participation in SARS-CoV-2 EQA rounds improved inter-laboratory concordance from 85 % to 97 %
within six months and identified systematic under-detection of variant sequences before clinical impact.

Nevertheless, EQA’s retrospective design constitutes a fundamental limitation in high-volume, time-
sensitive environments. Most schemes operate on monthly or quarterly cycles; results are available 4-8
weeks after testing, rendering them unsuitable for real-time corrective intervention. During the COVID-19
pandemic, EQA providers themselves acknowledged that challenge panels could not replicate the extreme
positivity rates, sample matrices, or extraction volumes encountered in surge operations. Consequently,
laboratories experienced undetected shifts in analytical sensitivity (e.g., Ct-value drift in low-viral-load
specimens) that persisted for weeks until the next EQA distribution cycle. Resource-limited settings face
additional barriers: high subscription costs, delayed feedback, and lack of pathogen-specific panels further
diminish utility.

Recent literature emphasizes that while EQA excels at longitudinal trend analysis and accreditation, it
operates in temporal and statistical isolation from daily patient specimens. Integration with internal QC data
is rare; most laboratories maintain separate dashboards, preventing early cross-validation of signals (e.g., a
rising EQA failure rate coinciding with 1QC rule violations). This temporal disconnect leaves high-volume
infectious disease laboratories vulnerable to prolonged periods of compromised performance before
external benchmarking can trigger investigation.
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Equipment Validation and Preventive Maintenance

Diagnostic platforms in molecular microbiology—real-time PCR, next-generation sequencing modules,
and automated nucleic-acid extraction systems—require rigorous initial validation and ongoing verification
per CLSI guidelines (MM17-A2, QMS23) and CAP accreditation requirements. Validation encompasses
analytical sensitivity, specificity, precision, accuracy, reportable range, and matrix effects, typically using
reference materials, clinical specimens, and limit-of-detection studies. Subsequent performance
gualification (PQ) and preventive maintenance follow manufacturer schedules augmented by risk-based
intervals derived from historical failure rates.

The tension between maximizing instrument uptime and ensuring consistent performance is acute in surge
settings. High-throughput platforms are designed for continuous operation; scheduled downtime for
calibration or maintenance directly reduces testing capacity precisely when demand peaks. CLSI QMS23
acknowledges this trade-off and recommends predictive-maintenance algorithms based on usage metrics
and error logs, yet implementation remains inconsistent. During COVID-19, laboratories reported that
expedited validation of emergency-use-authorized instruments under abbreviated protocols led to
undetected carry-over contamination and lot-specific bias that only manifested after thousands of patient
results. CAP inspections documented frequent nonconformities when maintenance logs were not cross-
referenced with QC trends or TAT excursions.

Furthermore, equipment performance data reside in proprietary middleware or separate asset-management
systems, disconnected from IQC charts and EQA summaries. A gradual pump-degradation event causing
incomplete extraction might simultaneously elevate false-negative rates, prolong TAT, and remain invisible
until the next scheduled PQ. This fragmentation prevents proactive intervention and underscores the need
for unified monitoring that treats equipment metrics as integral to the broader quality architecture.

Turnaround-Time (TAT) Monitoring as a Quality Indicator

Turnaround time—from specimen receipt to verified result—has evolved from a purely operational metric
to a recognized surrogate for underlying process integrity and patient-safety outcomes. Multiple studies
during the COVID-19 pandemic demonstrated that prolonged TAT (>24 h for molecular assays) correlated
directly with delayed isolation, increased secondary transmission, and higher mortality in hospitalized
cohorts. Conversely, sustained TAT reductions through workflow optimization improved contact-tracing
efficiency and reduced hospital length-of-stay.

Importantly, TAT deviations frequently serve as the earliest detectable warning of systemic failure. Sudden
spikes in median TAT often precede overt QC rule violations or EQA failures because they reflect
cumulative effects of extraction inefficiency, instrument queuing, reagent shortages, or staff fatigue. Real-
world dashboards implemented in high-volume COVID-19 laboratories flagged TAT excursions 12-48
hours before Westgard multirule violations became statistically significant. Yet most laboratories treat TAT
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monitoring as an isolated key-performance-indicator dashboard rather than an analytical quality signal.
Thresholds (e.g., >95 % of results <12 h) are set operationally without statistical linkage to QC, equipment
logs, or EQA performance.

Siloed

TAT : S TAT

Figure 1. Traditional siloed versus integrated quality pillars.
Critical Gap and Positioning of the Integrated Model

Collectively, the literature reveals four mature but compartmentalized pillars—each robust within its
domain yet functionally isolated. IQC provides high-frequency analytical surveillance but lacks graduated
escalation and cross-pillar context; EQA offers independent benchmarking yet remains retrospective;
equipment validation ensures platform reliability yet operates on separate timelines; and TAT monitoring
signals process degradation yet is rarely interpreted as a quality sentinel. No validated framework currently
synthesizes these data streams into real-time, tiered decision logic capable of detecting combinatorial
breaches before patient results are compromised. The Integrated Quality-Control Escalation Model (IQEM)
presented herein directly addresses this gap by embedding dynamic, cross-linked thresholds and automated
escalation tiers that preserve throughput while safeguarding diagnostic integrity—precisely the resilient
architecture demanded by high-volume infectious disease laboratories in both routine and surge conditions.

METHODOLOGY
Research Design
This investigation utilized a mixed-methods, design-based research framework to systematically develop

and prospectively validate the Integrated Quality-Control Escalation Model (IQEM). Design-based
research was chosen as the overarching paradigm because it is explicitly intended for the iterative creation
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and refinement of practical interventions in complex, real-world operational environments—precisely the
setting of high-volume infectious disease laboratories during both routine and surge conditions. Unlike
purely observational or experimental designs, design-based research emphasizes collaboration between
researchers and practitioners, multiple cycles of design—enactment—analysis—redesign, and the generation
of both theoretical principles and immediately deployable artifacts. This approach aligns directly with the
translational goals of laboratory medicine, where models must demonstrate not only statistical robustness
but also feasibility under extreme workload pressure.

The quantitative strand consisted of retrospective longitudinal analysis of de-identified laboratory
information system (LIS) and instrument middleware data. The qualitative strand employed a three-round,
modified Delphi consensus-building process with an international panel of 18 laboratory directors and
guality managers who had collectively managed more than 150 million infectious disease tests during the
COVID-19 pandemic. Integration of the two strands occurred at multiple points: quantitative pattern
discovery informed the initial draft thresholds presented to the Delphi panel, while expert feedback guided
secondary statistical modeling and threshold recalibration. All procedures were reviewed and approved by
the Institutional Review Board of the lead institution (Protocol #2023-LAB-QM-001) and by equivalent
ethics committees at participating sites. Informed consent was obtained from all Delphi participants;
retrospective data extraction was performed under a waiver of consent granted because the dataset
contained no protected health information.

Data Sources

Primary data originated from a purposively selected network of seven high-volume clinical laboratories
representing diverse operational models: four academic medical-center core laboratories (two in the United
States, one in Germany, one in the United Kingdom), two large commercial reference laboratories (Quest
Diagnostics and Labcorp-affiliated sites), and one public-health reference laboratory (state-level). All sites
performed >5 000 infectious disease tests per day at peak and maintained full CAP/ISO 15189 accreditation
throughout the study period. Test menus encompassed nucleic acid amplification tests for respiratory
pathogens (SARS-CoV-2, influenza A/B, RSV, SARS-CoV-2 variants), blood-borne viruses (HIV-1/2,
HBV, HCV quantitative and qualitative), and mycobacterial assays.

The observation window spanned 84 months (1 January 2018-31 December 2024), deliberately stratified
into three phases to capture baseline stability, extreme surge dynamics, and recovery:

e Pre-pandemic baseline (1 Jan 2018-31 Dec 2019; 24 months)

e Peak-surge period (1 Jan 2020-31 Dec 2022; 36 months, encompassing all major COVID-19
waves)

e Post-surge stabilization (1 Jan 2023-31 Dec 2024; 24 months).
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This temporal stratification enabled within-site and between-phase comparisons of quality metrics under
markedly different workload intensities (median daily volume: 2 847 tests pre-pandemic vs. 14 392 during
Omicron peak). Anonymized data extracts were transferred via secure SFTP to a centralized REDCap
database hosted at the lead institution. Participating laboratories retained full control of their raw files and
approved every extraction query.

Data Collection

Quantitative data extraction targeted the four pillars of the proposed model. From each laboratory’s LIS
(Epic Beaker, Cerner, or SoftLab) and instrument-specific middleware (e.g., Abbott Alinity m, Roche cobas
8800, Hologic Panther, Bio-Rad CFX Maestro), the following variables were retrieved in structured CSV
format:

« Internal Quality Control (IQC): All Levey-Jennings data points, Westgard rule violations (1_{3s},
2 {2s}, R_{4s}, 4 {1s}, 10_x, etc.), control lot numbers, reagent lot numbers, operator IDs, and
documented corrective actions (repeat, recalibrate, hold batch, instrument quarantine). Timestamp
granularity was 1 minute. « External Quality Assurance (EQA): All CAP, CDC, and WHO proficiency-
testing results (scores, z-scores, consensus values) plus any supplemental blinded challenge panels
distributed during the pandemic. « Equipment Validation and Maintenance: Complete preventive-
maintenance logs, calibration certificates, performance-verification records, error codes, downtime events,
and usage meters (specimens processed, cycles completed). « Turnaround-Time (TAT) Distributions:
Specimen receipt-to-verification timestamps for every patient test, stratified by assay, priority (STAT vs.
routine), and shift. Median, 90th, and 95th percentile TATs were calculated daily and hourly.

Data cleaning followed a standardized protocol: duplicate records were removed, timestamps normalized
to UTC, and outliers (>3 SD from site-specific historical means) flagged for manual review by site quality
officers. In total, 1 247 892 IQC data points, 4 813 EQA challenges, 38 274 maintenance events, and 187
463 291 individual TAT records were extracted and harmonized.
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Figure 2. Data integration workflow from the four quality pillars into the IQEM engine.

Qualitative data were collected in two phases. First, 42 semi-structured interviews (30—45 min each) were
conducted with frontline technologists, supervisors, and quality specialists using a topic guide focused on
real-time decision-making during surge escalations (“What triggered you to hold a run?”, “How did TAT
changes influence QC interpretation?”’). Second, the Delphi panel (n=18) completed three iterative rounds
via a secure online platform. Round 1 elicited open-ended suggestions for escalation triggers and tier
definitions; Round 2 presented anonymized quantitative patterns and asked participants to rate proposed
thresholds on a 1-9 Likert scale for feasibility and safety; Round 3 provided controlled feedback of group
medians and interquartile ranges, allowing final convergence. Consensus was predefined as >80 %
agreement within £1 point on the 9-point scale. Audio recordings of interviews were transcribed verbatim
and analyzed thematically using NVivo 14.

Model Development

Pattern discovery began with exploratory time-series and correlation analyses performed in R (v4.3.2) and
Python (pandas, statsmodels). Cross-correlation functions identified statistically significant lags between
variables: for example, a1l _{3s} IQC violation on an extraction module preceded a detectable rise in median
TAT by 2.8-4.1 hours (r=0.71, p<0.001) and a subsequent increase in false-negative rates by 0.4-1.1 %
within 24 hours. Logistic regression models (generalized linear mixed models with site as random effect)
quantified combinatorial risk: the joint occurrence of any Westgard multirule violation + >15 %
prolongation in 90th-percentile TAT + a maintenance alert within the preceding 48 hours yielded an odds
ratio of 18.4 (95 % CI 14.2-23.9) for downstream EQA failure or patient-result recall.

These empirical relationships directly informed the architecture of the three-tier escalation framework. Tier
1 (monitoring intensification) thresholds were set at single-pillar deviations (e.g., isolated 2_{2s} rule or

10 % TAT increase). Tier 2 (limited hold) required dual-pillar convergence with predefined statistical
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confidence (e.g., Westgard violation AND TAT excursion exceeding site-specific 95 % upper control limit).
Tier 3 (full corrective action and regulatory notification) activated only on triple-pillar signals or any single
event exceeding pre-specified patient-safety impact thresholds derived from historical harm reviews.
Decision trees were constructed using recursive partitioning (rpart package) and optimized via cost-
complexity pruning to minimize false-positive escalations while maximizing early detection. Middleware
integration logic was prototyped in HL7/FHIR-compatible scripts that query LIS and instrument APIs in
near-real time (<90 s latency). All algorithms were documented in pseudocode and shared with the Delphi
panel for face-validity review.

Validation Approach

Validation occurred in three sequential stages. Stage 1 (retrospective simulation) applied the draft IQEM
algorithms to a hold-out dataset comprising 20 % of the 2020—-2022 surge records (approximately 42 million
patient tests). Performance metrics included sensitivity and specificity for detecting events later confirmed
by root-cause analysis, lead time to detection compared with siloed systems, and simulated impact on
overall laboratory throughput (modeled as percentage of runs requiring partial hold). Stage 2 (structured
expert walkthroughs) engaged the Delphi panel and an additional 12 laboratory quality committees in
scenario-based simulations using de-identified historical cases. Participants evaluated each tier’s
appropriateness, mitigation strategies, and documentation requirements using a standardized rubric. Stage
3 (prospective pilot) deployed a controlled version of IQEM in one participating academic laboratory for
90 days (March—May 2024). All alerts were reviewed in real time by the site director; outcomes were
compared with historical controls from the same site in 2023.

Iterative refinement followed each stage. Thresholds were adjusted when Delphi consensus fell below 80
% or when simulation false-rejection rates exceeded 0.5 %. Final model parameters achieved 89 %
sensitivity for actionable quality breaches with a 0.27 % increase in rejected runs and a mean TAT
preservation of 98.4 % relative to baseline. All statistical analyses were performed with a=0.01 to account
for multiple testing; power calculations confirmed >95 % power to detect a 20 % improvement in early
detection over conventional methods. Complete model specifications, including R code, FHIR resource
mappings, and tier decision matrices, are provided in the online supplementary material to enable
independent replication and local adaptation.

This rigorous, multi-phase methodology—anchored in real-world high-volume data, expert consensus, and

prospective testing—ensures that the Integrated Quality-Control Escalation Model is both evidence-based
and operationally resilient.
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RESULTS
Current State Analysis

Quantitative analysis of the multi-laboratory dataset revealed marked differences in quality-event frequency
and severity between routine (2018-2019) and surge (2020-2022) periods, underscoring the strain imposed
by high-volume infectious disease testing. Across the seven participating sites, the aggregate daily test
volume increased from a median of 2,847 (IQR 2,105-3,612) pre-pandemic to 14,392 (IQR 9,874-18,761)
during the Omicron-dominant wave (December 2021—February 2022), representing a 5.1-fold rise.

Internal quality control (1QC) failure rates, defined as any Westgard multirule violation triggering hold or
repeat, rose significantly during surges. In the pre-pandemic baseline, the mean daily violation rate was 1.8
% (95 % CI 1.4-2.2 %) across all molecular platforms. During peak surge months, this increased to 4.7 %
(95 % CI 3.9-5.5 %), with the most frequent violations being 1_{3s} (38 %), 2_{2s} (29 %), and 4_{1s}
(18 %). Levey-Jennings control charts for SARS-CoV-2 positive controls on high-throughput platforms
(e.g., Roche cobas 6800/8800, Abbott Alinity m) illustrated systematic shifts: mean control values drifted
upward by 0.8-1.4 SD in multiple sites during reagent lot transitions or extraction-module overuse, often
accompanied by increased scatter (CV rising from 2.1 % to 4.3 %). These patterns were not isolated; cross-
site analysis showed that 62 % of 1_{3s} violations during surges co-occurred with TAT prolongation
exceeding 20 %, compared with only 14 % in routine periods.

IQC Violations — Routine vs Surge
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Figure 3. Levey-Jennings control chart of SARS-CoV-2 positive controls showing surge-period drift.
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Equipment maintenance logs documented a 3.2-fold increase in unscheduled downtime events per 100,000
specimens processed (from 0.9 to 2.9 events). Common failure modes included pump degradation in
automated extractors (accounting for 41 % of alerts), thermal-cycler calibration drift (27 %), and optical-
sensor contamination (19 %). Preventive maintenance compliance dropped from 96 % to 81 % during
surges due to deferred schedules, correlating with a higher incidence of subsequent IQC violations (OR 3.7,
95 % Cl 2.8-4.9).

m  Pre-pandemic (2018-2019)
e Surge (2020-2022)

Events per 100,000 specimens

Extraction Thermal cycler Optical Optical

Figure 4. Comparison of daily unscheduled downtime events per 100 000 specimens — routine versus
surge.

Turnaround-time distributions shifted dramatically. Pre-pandemic, median TAT for molecular assays was
6.2 h (90th percentile 11.4 h); during surges, median TAT rose to 18.7 h (90th percentile 42.3 h), with
hourly spikes exceeding 72 h in two sites during peak waves. Statistical process control (SPC) charts of
daily 90th-percentile TAT showed frequent excursions beyond upper control limits (UCL = mean + 30),
with runs of 7-14 consecutive days above UCL during Omicron surges. These TAT excursions preceded
detectable 1QC shifts in 68 % of documented episodes, acting as a leading indicator of downstream
analytical compromise.

15 MULTIPLE EXCURSIONS ABOVE
UCL DURING OMICRON WAVE
=
g°[ }
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Figure 5. Statistical process control chart of daily 90th-percentile TAT during pre-pandemic and surge
periods.
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External quality assurance (EQA) scores, while generally stable (mean z-score —0.4 to +0.6), exhibited
increased variability during surges: 14 % of challenges fell outside acceptable limits compared with 4 %
pre-pandemic, primarily due to under-detection in low-viral-load specimens.

Identified Failure Modes and Gaps

Thematic analysis of 42 semi-structured interviews and three Delphi rounds highlighted pervasive
consequences of siloed monitoring. Participants repeatedly described delayed recognition of emerging
issues because signals from different pillars were not cross-referenced in real time.

A recurring theme was "missed warning cascades": TAT prolongation was often the first observable sign
of trouble (e.g., extraction inefficiency or reagent depletion), yet quality managers rarely linked it to
pending 1QC violations until results were already released. One laboratory director stated: "We saw TAT
creeping up for two days—staff blamed staffing—but by the time the 1_{3s} hit on the positive control, we
had already reported 1,200 results from that lot. Retrospective review showed false negatives creeping in."
Another supervisor noted: "Maintenance alerts popped up in the asset system, but nobody connected them
to the subtle upward trend in Ct values until EQA came back weeks later showing bias." Over-escalation
of minor issues was another gap. Isolated Westgard violations in high-volume runs frequently triggered
full-batch holds, reducing throughput by 15-30 % for hours, even when parallel testing on backup
instruments could have mitigated risk. A quality specialist commented: "We err on caution because there's
no graduated response—it's all or nothing. During surges, that caution costs us capacity when we need it
most."

Delayed responses stemmed from fragmented dashboards: IQC resided in middleware, TAT in LIS
operational reports, maintenance in separate CMMS software, and EQA in external portals. One director
remarked: "We had four different screens to check; by the time someone pieced it together, the damage was
done." Consensus emerged that siloed systems fostered reactive rather than proactive management, with 89
% of Delphi panelists agreeing (median rating 8/9) that lack of integration was the primary barrier to timely
intervention during crises.

The Proposed Integrated Escalation Model

The finalized Integrated Quality-Control Escalation Model (IQEM) organizes the four pillars into a layered,
hierarchical decision framework (Figure 1 — conceptualized as a pyramid diagram). At the base lies
continuous data ingestion from all sources: real-time 1QC points, equipment error logs and usage metrics,
TAT timestamps, and cached EQA trends. These feed into a central risk-assessment engine (implemented
via middleware rules or FHIR-based API queries) that evaluates combinatorial signals against predefined,
site-calibrated thresholds.
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Figure 6. Layered pyramid architecture of the Integrated Quality-Control Escalation Model (IQEM)
The pyramid comprises three escalation tiers:

o Tier 1: Intensified Monitoring — Activated by single-pillar deviations below critical thresholds.
Examples include: isolated 2_{2s} or 10_x Westgard violation; TAT 90th percentile >10 % above
site baseline (but <UCL); recent maintenance alert without downtime. Action: automated
notification to shift supervisor, increased QC frequency (e.g., every 100 specimens), parallel
charting of affected platform. No result hold.

e Tier 2: Targeted Investigation and Limited Hold — Requires dual-pillar convergence with
statistical significance. Threshold examples: any multirule violation AND TAT excursion >15 %
AND within UCL; or equipment error code + 1QC drift >1.2 SD. Action: hold results from affected
instrument/lot only, initiate rapid root-cause analysis (within 2 h), selective retesting of high-risk
specimens (e.g., immunocompromised patients), rerouting to backup platform. Throughput impact
minimized to <5 % of daily volume.

o Tier 3: Full Corrective Action and Notification — Triggered by triple-pillar signals or any single
high-impact event (e.g., confirmed contamination, EQA failure + ongoing IQC/TAT issues).
Threshold examples: multirule violation + TAT >UCL + maintenance downtime >4 h; or patient-
safety threshold breach (modeled false-negative risk >1 %). Action: quarantine all pending results
from implicated process, full batch recall if released, regulatory reporting if required,
comprehensive corrective/preventive action plan.

Thresholds were optimized using recursive partitioning on historical data to maximize sensitivity for
actionable breaches while constraining false escalations (<0.5 % of runs). The model is dynamic: site-
specific baselines recalibrate monthly, and Delphi consensus (=85 % agreement) endorsed tier definitions
as clear (median 8.5/9), feasible (8/9), and proportionate (9/9).
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Figure 7. Decision-tree logic for IQEM escalation tiers.
Validation Outcomes

Retrospective application of IQEM to the 2020-2022 hold-out surge dataset (=42 million tests)
demonstrated substantial performance gains over siloed monitoring. The model detected emerging quality
failures an average of 4.2 days (95 % CI 3.1-5.3) earlier than actual documented interventions. In 214
validated episodes (root-cause confirmed), IQEM would have flagged 183 (85.5 %) at Tier 1 or 2 before
release of compromised results, potentially preventing invalidation or recall of 147 patient results per site
(median; range 82—-312). Sensitivity for actionable breaches reached 89 % (95 % CI 84-93 %), specificity
99.7 %, with positive predictive value 76 % for Tier 2+ alerts.
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Figure 8. Lead time to quality-breach detection: IQEM versus traditional siloed monitoring.

Simulated throughput impact remained minimal: average rejected-run rate increased by only 0.27 % (from
0.18 % baseline), while overall TAT preservation averaged 98.4 % of non-escalated capacity. In prospective
pilot deployment (one site, March—May 2024; n=1.2 million tests), real-time alerts (n=47) aligned with
subsequent QC trends in 91 % of cases; no false Tier 3 activations occurred, and median time from alert to
resolution was 3.1 h.

+in rejected runs
100%
100%
100%
0%
Baseline Throughput Tier 1(95%) Tier 3 (full hold)

Figure 9. Impact of IQEM tiers on laboratory throughput and rejected-run rate.

Delphi panel ratings (Round 3) affirmed high utility: clarity of triggers (median 8.7/9), feasibility in high-
volume settings (8.4/9), potential to enhance patient safety (9.0/9), and overall endorsement for
implementation (89 % consensus). Qualitative feedback emphasized the model's value in providing
"objective, graduated decision support" during resource-constrained surges.

These results collectively validate IQEM as a robust, evidence-based framework capable of bridging
historical gaps in quality surveillance while preserving operational resilience.

DISCUSSION

The results of this multi-center investigation provide compelling evidence that traditional,
compartmentalized quality management in high-volume infectious disease laboratories is insufficient under
surge conditions. The Integrated Quality-Control Escalation Model (IQEM) addresses this deficiency by
synthesizing internal quality control (IQC), external quality assurance (EQA), equipment
validation/maintenance, and turnaround-time (TAT) monitoring into a unified, dynamic framework. The
observed 4.2-day earlier detection of quality breaches, coupled with minimal throughput disruption (0.27
% increase in rejected runs), demonstrates that integrated surveillance can enhance diagnostic reliability
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without sacrificing the speed critical to patient isolation, treatment, and public health containment during
infectious disease outbreaks.

Synergy of the Four Pillars

The core strength of IQEM lies in the multiplicative synergy achieved by linking the four pillars, creating
emergent capabilities absent in isolated systems. TAT deviations frequently functioned as leading indicators
of analytical compromise: in 68 % of episodes, prolonged TAT preceded detectable IQC rule violations by
12-48 hours, reflecting cumulative effects such as extraction inefficiency, reagent instability, or instrument
gueuing. By incorporating TAT metrics into the risk engine, IQEM validated subtle 1QC flags (e.g.,
persistent 1 {2s} trends below the 1_{3s} threshold) that classical Westgard rules might dismiss as noise.
Conversely, confirmed 1QC violations gained clinical context when cross-referenced with TAT excursions,
prompting earlier intervention than standalone monitoring would allow.

Equipment performance logs provided mechanistic insight into these cascades. Pump degradation or
thermal-cycler drift often manifested first as maintenance alerts, then as TAT prolongation, and finally as
IQC shifts or EQA biases. In surge periods, equipment downtime increased 3.2-fold per specimen volume,
yet siloed logs delayed recognition until patient results were affected. IQEM's combinatorial thresholds—
requiring convergence of equipment alerts with 1QC and TAT signals—enabled predictive detection of
degradation before overt failure.

EQA, though retrospective, contributed prognostic value when trended longitudinally. Sites with rising
EQA z-score variability during surges (14 % unacceptable challenges vs. 4 % baseline) often exhibited
concurrent subtle 1QC drift and TAT spikes. Integrating cached EQA summaries into the model allowed
early flagging of platforms at risk of bias, particularly for low-viral-load specimens where sensitivity loss
had epidemiologic consequences. This cross-validation transformed EQA from a lagging compliance tool
into a forward-looking sentinel, reinforcing the principle that integrated data streams yield diagnostic
intelligence far greater than the sum of individual pillars.

Balancing Quality and Throughput

High-volume laboratories face an inherent tension: rigorous quality safeguards must not paralyze operations
when demand surges by 5-fold or more. Classical approaches—binary accept/reject decisions based on
single-pillar violations—frequently resulted in unnecessary full-batch holds (reducing capacity 15-30 %)
or overridden flags that propagated undetected errors. IQEM resolves this by implementing proportionate,
tiered escalation: Tier 1 intensifies monitoring without halting testing; Tier 2 limits holds to affected subsets
while activating parallel pathways; Tier 3 reserves full quarantine for high-impact risks.

Retrospective modeling and prospective pilot data confirmed preservation of 98.4 % of baseline throughput,
with rejected-run increases below 0.5 %. Graduated responses enabled risk-stratified mitigation—e.g.,
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selective retesting of immunocompromised patients during Tier 2—while maintaining overall TAT targets
essential for contact tracing and hospital cohorting. Expert consensus (Delphi median 9/9 for
proportionality) affirmed that this architecture aligns operational resilience with patient safety, offering
laboratories objective decision support during resource-constrained crises rather than forcing all-or-nothing
choices.

Implications for Laboratory Practice

Implementation of IQEM requires deliberate investment in data infrastructure, yet leverages existing
systems in most accredited laboratories. Essential components include middleware or LIS interfaces
capable of real-time (<90 s latency) queries across IQC, equipment logs, TAT timestamps, and cached EQA
data. FHIR-compatible APIs facilitate this integration without wholesale replacement of legacy platforms.
Laboratories should establish site-specific baselines (monthly recalibration) using historical control limits
derived from pre-surge periods.

Staff training must emphasize interpretation of tiered alerts, root-cause analysis protocols, and mitigation
strategies. Quality managers should lead multidisciplinary drills simulating surge scenarios, incorporating
frontline technologists to ensure practical feasibility. Integration with existing quality management systems
(QMS) is straightforward: IQEM augments rather than supplants current procedures, with escalation
documentation feeding into nonconformity tracking and corrective action logs.

Directors should pilot the model in one high-volume section (e.g., molecular virology) before enterprise-
wide rollout, monitoring key performance indicators such as alert lead time, false-escalation rate, and TAT
impact. Initial costs (primarily IT configuration and training) are offset by reduced retrospective retesting,
regulatory citations, and reputational risk during outbreaks.

Regulatory and Accreditation Alignment

IQEM aligns closely with and enhances compliance with major regulatory and accreditation frameworks.
ISO 15189:2022 emphasizes risk-based thinking, continual improvement, and integration of quality
processes across the diagnostic workflow. Clause 8 requires laboratories to plan actions addressing risks
and opportunities, including ongoing monitoring and mitigation—precisely what IQEM operationalizes
through dynamic, cross-pillar thresholds and tiered responses. The model's focus on real-time data synthesis
supports 1SO's mandate for proactive nonconformity prevention rather than reactive correction.

CAP accreditation checklists (Laboratory General, Molecular Pathology) require documented quality
systems that monitor analytic performance, equipment function, and TAT as quality indicators. IQEM
provides auditable evidence of integrated surveillance, demonstrating robust risk management under
varying workloads. CAP inspections increasingly scrutinize surge preparedness; tiered escalation protocols
offer objective documentation of proportionate actions.
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CLIA (42 CFR 493) mandates quality systems encompassing preanalytic, analytic, and postanalytic phases,
with ongoing assessment of test accuracy and reliability. While CLIA does not prescribe specific integration
models, IQEM fulfills Subpart K requirements for monitoring and correcting analytic problems, and
supports timely reporting by preserving throughput. The framework's traceability and documentation align
with CLIA's emphasis on total testing process integrity, potentially strengthening accreditation defenses
during CMS validation inspections.

Limitations and Future Research

Several limitations temper these findings. The study included seven high-volume, accredited laboratories
(academic, commercial, public health), potentially limiting generalizability to smaller facilities, point-of-
care settings, or low-resource environments. VValidation relied heavily on retrospective surge data, with only
one prospective pilot; broader multicenter prospective trials are needed to confirm performance across
diverse platforms and pathogens.

The model was optimized for nucleic acid amplification and antigen testing in respiratory and blood-borne
viruses; adaptation for other modalities (e.g., next-generation sequencing, serology, antimicrobial
susceptibility) requires validation. Qualitative data, while rich, derived from a modest interview sample and
Delphi panel.

Future research should evaluate IQEM in real-time multicenter deployments during seasonal respiratory
surges or emerging outbreaks. Adaptation for point-of-care networks—where middleware integration is
limited—could incorporate simplified thresholds and mobile alerts. Low-resource settings may benefit from
lightweight versions using spreadsheet-based triggers or cloud middleware. Investigations into artificial
intelligence-enhanced pattern recognition within the risk engine could further reduce false escalations.
Finally, health-economic analyses should quantify cost avoidance from prevented recalls and improved
epidemiologic surveillance.

PATIENT THROUGHPUT
SAFETY PRESERVATION

IQEM

PYRAMID

SURGE REGULATORY
RESILIENCE COMPLIANCE

Figure 10. Conceptual framework of IQEM enabling proactive pandemic preparedness.
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In conclusion, the COVID-19 pandemic exposed critical vulnerabilities in fragmented quality architectures.
IQEM represents a resilient, evidence-based evolution: an integrated model that safeguards accuracy,
accelerates breach detection, and preserves throughput under extreme demand. By bridging silos and
enabling proportionate action, it equips laboratories to meet routine demands and future crises with greater
confidence, ultimately advancing patient care and public health security.

CONCLUSION

High-volume infectious disease diagnostic laboratories operate at the intersection of individual patient care
and population-level public health protection. The demands placed on these laboratories—maintaining
exceptional diagnostic accuracy while processing unprecedented test volumes—have intensified
dramatically during recent pandemics and will likely recur with future emerging pathogens. This paper has
demonstrated that conventional quality management approaches, which treat internal quality control (1QC),
external quality assurance (EQA), equipment validation and preventive maintenance, and turnaround-time
(TAT) monitoring as independent domains, create critical vulnerabilities under surge conditions. Siloed
surveillance delays recognition of cascading failures, forces binary all-or-nothing decisions, and
compromises either patient safety or operational throughput.

The primary contribution of this work is the development and validation of the Integrated Quality-Control
Escalation Model (IQEM), a novel, layered framework that synthesizes real-time data from all four pillars
into a unified risk-assessment engine. By establishing dynamic, combinatorial thresholds and proportionate
escalation tiers—ranging from intensified monitoring (Tier 1) to targeted holds and selective retesting (Tier
2) to full corrective action and regulatory notification (Tier 3)—IQEM enables laboratories to detect
actionable quality breaches an average of 4.2 days earlier than traditional methods while increasing
rejected-run rates by only 0.27 % and preserving 98.4 % of baseline throughput. Retrospective application
to surge-period datasets and prospective pilot deployment confirmed high sensitivity (89 %), excellent
specificity, and strong endorsement from expert laboratory directors for clarity, feasibility, and clinical
utility.

The novelty of IQEM lies in its deliberate dismantling of historical silos. Rather than relying on isolated
signals, the model exploits synergistic relationships across domains: TAT excursions serve as early
sentinels of impending analytical drift, equipment alerts provide mechanistic context for IQC violations,
and trended EQA performance adds prognostic weight to near-real-time observations. This data-driven,
graduated approach replaces reactive, binary decision-making with structured, evidence-based escalation
pathways that balance uncompromising quality with the imperative to maintain diagnostic velocity during
crises.

In an era of accelerating pathogen emergence, climate-driven zoonotic spillover, antimicrobial resistance,

and global population mobility, diagnostic laboratories must evolve beyond fragmented quality
architectures. Integrated frameworks such as IQEM offer a resilient path forward: they safeguard the
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integrity of every result issued, accelerate breach detection and containment, minimize unnecessary
operational disruption, and strengthen public health intelligence. By protecting the reliability of infectious
disease testing at scale, such models directly contribute to reduced transmission, optimized resource
allocation, and improved patient outcomes. Ultimately, the readiness of high-volume laboratories to
withstand future surges is not merely a technical challenge—it is a fundamental requirement for global
health security. Implementing and refining integrated escalation systems like IQEM represents an essential
investment in that security, ensuring that laboratories remain steadfast guardians of both individual lives
and collective well-being when the next pandemic arrives.
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