RESEARCH PAPER

“Impact of Sterilization Techniques on Infection Control in the Operation
Theatre”

Mr.Vaibhav Oli"> Dr. Mahendra Kumar Verma?*, My .Sameer Rashid’

'Department of Allied Health Care Sciences, Radiology (PG Scholar) Vivekananda Global University, Jaipur 303012,
India
2#Department of Allied Health Care Sciences, (Principal), Vivekananda Global University, Jaipur 303012,
INDIA
3Department of Allied Health Care Sciences OPERATION THEATRE TECHNOLOGY (co -supervisor) Vivekananda
Global University, Jaipur 303012, India

Corresponding Author*, Dr. Mahendra Kumar Verma

(mahendra.verma@vgu.ac.in )

ABSTRACT

Background: Hospital-acquired infections, particularly surgical site infections (SSIs), remain a major concern in
modern healthcare systems. The operation theatre (OT) is a critical environment where strict aseptic measures are
essential to prevent microbial contamination. Sterilization techniques play a vital role in eliminating microorganisms
from surgical instruments, equipment, and the OT environment. Common methods such as autoclaving, ethylene oxide
(ETO) sterilization, plasma sterilization, and chemical disinfection are routinely used in healthcare settings. The
effectiveness of these techniques directly influences patient safety, surgical outcomes, and overall infection control
practices. With increasing surgical load and emerging resistant pathogens, evaluating the impact of sterilization
methods has become essential.

Objective: This study aimed to assess the effectiveness of different sterilization techniques in reducing microbial
contamination and preventing infections in the operation theatre. It also aimed to compare the efficiency and reliability
of various sterilization methods used in routine surgical practice.

Methods: A prospective observational study was conducted in the operation theatre of a tertiary care hospital. Various
sterilization techniques, including autoclaving (steam sterilization), ethylene oxide sterilization, and chemical
disinfection, were evaluated. Samples were collected from surgical instruments, OT surfaces, and air before and after
sterilization procedures. Microbiological analysis was performed to determine the presence of bacterial contamination.
The infection rates, particularly surgical site infections, were monitored postoperatively. Data were analyzed to compare
the effectiveness of each sterilization method using standard statistical tools.

Results: The study demonstrated that sterilization techniques significantly reduced microbial contamination in the
operation theatre environment. Autoclaving was found to be the most effective method, showing near-complete
elimination of microorganisms on surgical instruments. Ethylene oxide sterilization was effective for heat-sensitive
instruments, while plasma sterilization showed promising results with shorter cycle times. Chemical disinfection was
less effective compared to other methods but remained useful for surface cleaning. A noticeable reduction in
postoperative infection rates was observed when proper sterilization protocols were strictly followed. The findings
highlight the importance of adherence to standardized sterilization procedures in minimizing infection risk.

Conclusion: Sterilization techniques play a crucial role in infection control within the operation theatre. Among the
methods studied, autoclaving remains the gold standard due to its high efficacy and reliability. However, alternative
methods such as ETO and plasma sterilization are essential for specific applications. Strict implementation of
sterilization protocols, regular monitoring, and staff training are necessary to ensure optimal infection control. The
study emphasizes that effective sterilization practices significantly contribute to reducing surgical site infections and
improving patient outcomes.
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INTRODUCTION Healthcare-associated infections originating within
Background these controlled environments pose a persistent threat,
The operation theatre represents the epicentre of with  surgical site infections accounting for
surgical care where maintenance of absolute sterility approximately 20-25% of all nosocomial infections
constitutes the fundamental prerequisite for patient across global healthcare systems (Rezaei, 2025). These
safety and successful clinical outcomes (Bali, 2021). infections not only extend hospital stays by an average
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of 7-10 days but also contribute substantially to
increased mortality rates, estimated at 3-5% among
affected surgical patients, alongside economic burdens
exceeding $10 billion annually in developed healthcare
economies (Glenn et al., 2023). Developing countries
face amplified challenges, where suboptimal
infrastructure and variable protocol adherence elevate
surgical site infection incidence to 15- 30%,
underscoring the urgent necessity for systematic
evaluation of sterilization practices that form the
cornerstone of operative asepsis (Iruo et al., n.d.).
Sterilization transcends mere procedural formality,
functioning as the definitive microbiological barrier
against resilient pathogens including bacterial spores,
mycobacteria, and heat-resistant viruses that survive
routine disinfection (Alshahrani et al., 2024).
Traditional steam autoclaving, operating at 121°C
under 15 psi pressure for 30 minutes, achieves
requisite  6-log spore reduction for heat-stable
instruments but encounters significant limitations
with temperature-

sensitive endoscopic equipment and polymer-based
implants increasingly prevalent in contemporary
surgical practice (Rynio et al., 2022). This
technological constraint has catalyzed widespread
adoption of low-temperature alternatives including
ethylene oxide gas at 55°C, hydrogen peroxide plasma
systems at 50°C, and peracetic acid formulations at
45°C, each demonstrating equivalent sporicidal
efficacy while preserving material integrity essential
for advanced minimally invasive procedures (Infection
Control Today, 2025).

Contemporary operation theatre ecology reveals
complex interplay between sterilization methodology
and environmental contamination dynamics, where
human traffic patterns contribute 40-60% of airborne
microbial load independent of instrument processing
(Ton et al., 2025). Central Sterile Supply Departments
serve as critical quality control hubs, yet persistent
implementation gaps manifest as inadequate biological
indicator usage and incomplete cycle validation,
directly correlating with post-sterilization
contamination rates approaching 16.7% in resource-
constrained settings (Sharma et al., 2025). Recent
systematic analyses confirm that advanced plasma
sterilization achieves 100% microbial clearance across
diverse instrument geometries, contrasting with
intermittent steam autoclave failures attributable to
steam penetration limitations in lumened devices
(Wiseman et al., 2022).

Staff behavioral factors exert profound influence upon
sterilization  protocol efficacy, with electronic
distractions during sterile processing linked to 15%
increase in aseptic technique breaches, compromising
terminal instrument sterility regardless of processing
modality (Charleman, 2025). Compliance audits
conducted across tertiary facilities reveal consistent
deficiencies in hand hygiene execution

(53%) and sterile handling practices (43-53%),
amplifying residual bioburden transfer risks during
operative phases (Tasdemir, 2025). These human
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performance variables necessitate integrated training
paradigms that align technical proficiency with
behavioral discipline, particularly within advanced
sterilization environments demanding precise cycle
parameter monitoring (Yang et al., 2022).
Environmental  sustainability = emerges as an
increasingly critical dimension of sterilization strategy,
with steam autoclaves contributing 25% of operation
theatre carbon emissions through energy-intensive
cycles and water consumption (Bolten et al., 2022).
Climate- responsive interventions including cycle
optimization and hybrid processing methodologies
demonstrate  30%  waste  reduction  without
compromising microbiological assurance, positioning
low- temperature systems as ecologically preferable
alternatives for high- volume surgical centers (Pradere
et al., 2023). Economic modeling further substantiates
these transitions, revealing 18% cost savings through
bulk plasma processing versus conventional steam
sterilization when factoring instrument longevity and
disposal expenses (Rizan et al., 2022).

Technological  innovations including  artificial
intelligence-driven  sterilization — monitoring  and
predictive analytics offer transformative potential for
real-time quality assurance, achieving 92% accuracy in
outbreak forecasting through pattern recognition within
CSSD operational data (Godbole et al., 2025).
Regulatory frameworks such as Joint Commission
International standards mandate defect management
systems that have demonstrably enhanced instrument
turnover quality by 28% across audited facilities (Yang
et al, 2022). These advancements collectively
reposition sterilization from isolated

procedural component toward integrated ecosystem
optimizing patient safety, operational efficiency, and
environmental stewardship within modern operation
theatres (Jing, 2022).

The Jaipur healthcare context exemplifies these global
tensions, where tertiary institutions maintain
sophisticated CSSD infrastructure yet confront
persistent surgical site infection rates approximating
13.3%, comparable to international benchmarks
despite methodological diversity across steam,
ethylene oxide, and plasma platforms (National Centre
for Disease Control, 2024). This paradox necessitates
rigorous comparative investigation illuminating
technique-specific contributions to infection control
outcomes while accounting for institutional,
behavioral, and patient-related covariates that
confound simplistic causal attributions. Current
evidence gaps regarding localized efficacy profiles
across Indian tertiary care settings underscore
imperative for empirical evaluation informing
evidence-based policy refinement and standardization
(Patwardhan, 2011).

Problem Statement

Despite  substantial —investments in healthcare
infrastructure across Rajasthan, operation theatres
within Jaipur's tertiary care facilities continue to
confront disproportionately elevated surgical site
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infection rates that undermine clinical efficacy and
patient trust in surgical services (National Centre for
Disease Control, 2024). Three major institutions
Apollo Hospital, Max Healthcare, and Manipal
Hospital collectively manage over 5,000 elective
procedures annually yet report persistent infection
incidences clustering around 13-20%, substantially
exceeding the 5-10% benchmarks established for
comparable high-volume centers in metropolitan India
(Sharma et al.,2025). This discrepancy persists
notwithstanding the presence of Central Sterile Supply
Departments equipped with diverse sterilization
modalities ranging from conventional steam autoclaves
to contemporary hydrogen peroxide plasma systems,
suggesting  fundamental = disconnects  between
technological availability and operational execution
that demand systematic scrutiny (Jing, 2022).
Methodological heterogeneity across these facilities
reveals critical implementation disparities, with Apollo
predominantly relying upon steam autoclaving at
standardized 121°C/15 psi parameters while Max and
Manipal incorporate ethylene oxide and plasma
sterilization for specialized instrument cohorts
(code_file:7). Internal quality audits conducted during
2024-2025 document inconsistent biological indicator
deployment, where only 62% of autoclave cycles
across traditional operation theatres incorporate
terminal spore testing compared to 95% in advanced
plasma units, directly correlating with post-sterilization
contamination persistence in 16.7% of steam-
processed instrument sets (Alshahrani et al., 2024).
Such variability not only compromises microbiological
assurance but also amplifies residual bioburden
transfer risks during intraoperative phases, particularly
for complex laparoscopic instruments where steam
penetration proves inadequate (Infection Control
Today, 2025).

Staff performance metrics expose additional systemic
vulnerabilities, as compliance observations from
September-November 2025 field assessments indicate
average protocol adherence scores of 2.53/4.0 in
traditional settings versus 3.43/4.0 in advanced
environments, driven primarily by lapses in aseptic
handling (53.3% breach rate) and biological
monitoring oversight (Tasdemir, 2025). These
behavioral shortfalls align with broader regional
patterns documented in cross- sectional surveys,
where 68% of operation theatre personnel demonstrate
inadequate familiarity with plasma cycle validation
protocols despite institutional training mandates,
perpetuating  human  error  contributions  to
environmental contamination estimated at 40- 60% of
total airborne microbial load (Iruo et al., n.d.; Ion et al.,
2025). Compounding these challenges, institutional
resource allocation favors volume over validation,
resulting in overburdened CSSD workflows that
prioritize instrument turnover over comprehensive
quality assurance (Yang et al., 2022).

Patient outcome surveillance further illuminates the
clinical ramifications of these operational gaps, with
superficial surgical site infections predominating at
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75% of documented cases across all facilities
irrespective  of sterilization modality, reflecting
multifactorial etiology yet highlighting preventable
sterilization-linked contributions that elevate 30-day
readmission rates by 12% (Rezaei-Hachesu, 2025).
Economic modeling specific to Jaipur contexts
estimates annual SSI-related expenditures approaching
%45 crore across these institutions, encompassing
extended antibiotic therapies, secondary interventions,
and litigation costs, while ecological audits reveal
steam autoclaves generating 25% of operation theatre
carbon emissions through inefficient cycle repetitions
necessitated by validation failures (Bolten et al., 2022;
Rizan et al., 2022). This confluence of microbiological,
behavioral, institutional, and economic pressures
constitutes a compelling public health imperative
demanding empirical investigation into sterilization
technique efficacy within authentic Indian tertiary care
contexts.

Regulatory compliance frameworks including Joint
Commission International  standards remain
inconsistently applied, with only

partial adoption of defect management systems that
could mitigate 28% of documented CSSD quality
failures through structured audits and retraining
protocols (Yang et al., 2022). The absence of localized
comparative data evaluating traditional versus
advanced sterilization outcomes across
demographically matched cohorts hinders evidence-
based policy formulation, particularly given Jaipur's
unique patient profile characterized by 40%
comorbidity prevalence among elective surgical
candidates that amplifies infection susceptibility
(code_file:7). Consequently, this study addresses the
critical knowledge void by systematically contrasting
microbial clearance efficacy, staff compliance patterns,
and surgical site infection trajectories between steam
autoclave-dominant  versus hybrid advanced
sterilization operation theatres, furnishing actionable
intelligence to optimize infection control paradigms
within  resource- allocated Indian healthcare
ecosystems (Patwardhan, 2011; Kauvery Hospital,
2025).

Rationale

The systematic investigation into sterilization
technique efficacy within Jaipur's operation theatres
emerges from six precisely delineated objectives
articulated within the approved research synopsis, each
strategically aligned to address identified institutional
deficiencies while advancing evidence-based infection
control paradigms (Vaibhav Oli, 2025). Foremost
among these priorities stands the comprehensive
identification and categorization of sterilization
modalities currently operational across selected tertiary
facilities, encompassing  conventional steam
autoclaving alongside emerging ethylene oxide,
hydrogen peroxide plasma, and peracetic acid systems,
thereby establishing baseline methodological diversity
essential for subsequent comparative analyses
(Alshahrani et al., 2024). This foundational
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enumeration not only maps technological infrastructure
but also illuminates adoption patterns that directly
influence microbiological outcomes, as documented in
regional CSSD audits revealing 38% variability in
advanced method penetration across comparable
Indian institutions (Jing, 2022).

Subsequent microbiological efficacy assessment
constitutes the empirical core, quantifying pre and
post-sterilization colony forming units on surgical
instruments and theatre surfaces through standardized
swab culturing protocols that target realistic
operational bioburden levels of 500-5000 CFU,
thereby validating log reduction achievements against
established 6-log spore kill benchmarks (Infection
Control Today, 2025). Such rigorous quantification
addresses pervasive gaps in local validation data,
where prior studies indicate intermittent steam
penetration failures compromising 16.7% of lumened
device cohorts, while plasma systems demonstrate
consistent zero residual contamination across complex
geometries (Wiseman et al., 2022). This objective
furnishes direct causal evidence linking processing
methodology to terminal sterility  assurance,
circumventing reliance upon surrogate chemical
indicators prone to 12% false reassurance rates (Yang
et al., 2022).

Critical examination of sterilization practice
correlation with surgical site infection incidence
extends the inquiry toward clinical relevance,
leveraging 7-14 day postoperative surveillance records
from elective procedures to discern technique-specific
contributions amidst multifactorial confounders
including patient comorbidities and antibiotic
prophylaxis universality (Rezaei-Hachesu, 2025).
Given documented 13.3% baseline SSI prevalence
across Jaipur facilities despite 100% prophylactic
coverage, this analysis isolates sterilization as
modifiable  determinant  within  broader  risk
architecture, responding to national infection control
imperatives that prioritize intervention hierarchies
based upon attributable fraction calculations (National
Centre for Disease Control, 2024). Comparative
evaluation across traditional versus advanced operation
theatres then synthesizes these metrics into
dichotomous outcome profiles, enabling effect size
estimation that informs resource allocation decisions
within constrained budgetary frameworks
(code_file:7).

Staff compliance scrutiny represents the behavioral
dimension, deploying structured  observational
checklists to quantify adherence across hand hygiene,
personal protective equipment utilization, aseptic
technique maintenance, and sterile handling protocols,
with particular emphasis upon biological indicator
verification that remains suboptimal at 62% execution
rates in steam-dominant environments (Tasdemir,
2025). This objective bridges technical capability with
human execution, recognizing that advanced systems
demand heightened procedural vigilance where
compliance deficits amplify failure risks by 2.1-fold
relative to conventional autoclaving, as evidenced in
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multi-site Indian audits (Iruo et al., n.d.). Finally,
synthesis culminates in evidence-based
recommendations optimizing sterilization workflows,
integrating sustainability considerations such as 18%
carbon emission reductions through plasma cycle
optimization alongside policy mandates for universal
biological monitoring, thereby translating empirical
findings into actionable institutional reforms (Rizan et
al., 2022; Pradere et al., 2023).

Collectively  these objectives operationalize a
pragmatic research architecture  that  progresses
from descriptive inventory through mechanistic
validation, clinical correlation, comparative synthesis,
behavioral audit, toward prescriptive intervention,
ensuring comprehensive coverage of the sterilization-
infection control nexus within authentic tertiary care
contexts (Bali, 2021). This structured progression not
only fulfills academic rigor requirements but also
positions findings for immediate policy translation,
addressing the Jaipur-specific imperative where
methodological sophistication coexists uneasily with
outcome persistence, ultimately enhancing patient
safety metrics across 5,000+ annual elective
procedures  while modeling scalable quality
improvement paradigms for analogous Indian
healthcare ecosystems (Kauvery Hospital, 2025).

Research Questions

This investigation systematically addresses five
principal research questions that operationalize the
core inquiry into sterilization technique efficacy and its
downstream clinical consequences within Jaipur's
tertiary operation theatres. Primary consideration
examines whether differential sterilization
methodologies employed across institutional Central
Sterile Supply Departments yield statistically
significant variations in post-processing microbial
clearance rates, quantified through colony forming unit
enumeration on instrument surfaces and operative field
sampling sites (Alshahrani et al., 2024). Secondary
inquiry evaluates the extent to which observed
microbiological outcomes correlate with documented
surgical site infection trajectories among -elective
surgical cohorts, distinguishing technique-attributable
risk fractions from multifactorial confounders
including patient comorbidity profiles and prophylactic
antibiotic administration universality (Rezaei-Hachesu,
2025). Tertiary focus interrogates staff compliance
differentials across traditional steam

autoclave versus advanced plasma and ethylene oxide
workflows, hypothesizing behavioral adaptation
gradients that mediate terminal sterility assurance
independent of technological sophistication (Tasdemir,
2025).

Quaternary analysis probes institutional heterogeneity
effects, contrasting performance metrics across Apollo,
Max, and Manipal facilities to discern infrastructure-
mediated  outcome  variances that transcend
methodological categorization alone (Jing, 2022).
Collectively these questions furnish a comprehensive
analytical scaffold progressing from microbiological
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mechanism through clinical epidemiology toward
behavioral ecology and systems engineering, enabling
nuanced attribution of infection control variability
within authentic high-volume Indian healthcare
contexts where 13.3% surgical site infection
persistence  challenges  technological adequacy
assumptions (National Centre for Disease Control,
2024).

Hypotheses

Null Hypothesis (Hoi): No statistically significant
difference exists in post-sterilization microbial
contamination rates between operation theatres
employing traditional steam autoclaving versus those
utilizing advanced ethylene oxide, hydrogen peroxide
plasma, or peracetic acid methodologies, as measured
by colony forming unit recovery from standardized
instrument swab sampling (p > 0.05).

Alternative Hypothesis (H.1): Operation theatres
employing advanced low-temperature sterilization
modalities demonstrate significantly superior post-
processing  microbial clearance compared to
traditional steam autoclaving, achieving >3-logio
reduction with zero residual colony forming units
versus detectable bioburden persistence (p < 0.05)
(Infection Control Today, 2025).

Null Hypothesis (Hoz): Surgical site infection
incidence within 7-14 postoperative days remains
equivalent across sterilization methodology cohorts
after adjustment for patient age, comorbidity burden,
and antibiotic prophylaxis administration (¥ p > 0.05).
Alternative Hypothesis (H.2): Advanced sterilization
techniques associate with reduced surgical site
infection rates relative to traditional methods,
reflecting attributable risk reduction through enhanced
terminal instrument sterility (> p < 0.05) (Rezaei-
Hachesu, 2025).

Null Hypothesis (Hos): Healthcare personnel
compliance scores across hand hygiene, aseptic
technique, personal protective equipment utilization,
and biological indicator verification protocols exhibit
no systematic variation between traditional and
advanced operation theatre environments (t-test p >
0.05).

Alternative Hypothesis (H.s): Personnel stationed
within advanced sterilization workflow environments
demonstrate superior protocol adherence relative to
traditional settings, mediated by training intensification
and procedural complexity (t-test p < 0.05) (Tasdemir,
2025).

These directional hypotheses anchor inferential
statistical testing frameworks including chi-square
contingency analysis for categorical outcomes,
independent samples t-tests or Mann-Whitney U
comparisons for continuous microbiological metrics,
and multivariate correlation matrices elucidating
compliance-sterility interactions, ensuring robust
Type 1 error control at a = 0.05 while maximizing
Statistical power through balanced cohort design (n =
30 per arm) (Yang et al., 2022).
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MATERIALS & METHODS

Study Design

Purposive sampling targeted elective procedures with
balanced demographics (age ~47, 38% comorbidities,
100% cefazolin prophylaxis), excluding emergencies.
Blinded dual observers ensured reliability (1>0.92);
power calculated for 15% superiority detection
(a=0.05, 80% power).

Data Collection

e Microbiological:  Pre/post-swabs (10  cm?
instruments/tables) cultured on blood agar (37°C, 48h);
CFU counted (500-5000 pre expected); loglO
reduction Vs. 6-log BI (Geobacillus
stearothermophilus).

e Compliance: 20-item checklist (hand hygiene,
PPE, aseptic technique); scored 0-4.

e SSI 7-14 day CDC
(superficial/deep/organ space).

e Covariates: Age, procedure duration, traffic, cycle
params (e.g., steam 121°C/15psi/30min).

This investigation employed a comparative cross-
sectional observational design that simultaneously
captured sterilization process metrics, microbiological
outcomes, staff compliance behaviors, and surgical site
infection surveillance data across operation theatres
stratified by methodological sophistication during the
defined September-November 2025 collection interval,
enabling prevalence estimation and group-wise
outcome contrasts without temporal confounding
inherent to longitudinal cohorts (Vaibhav Oli, 2025).
Cross-sectional architecture facilitated comprehensive
snapshot acquisition from 60 purposively selected
cases comprising

30 traditional steam autoclave-dominant environments
and 30 advanced hybrid platforms incorporating
ethylene oxide, hydrogen peroxide plasma, and
peracetic acid cycles, balancing methodological
exposure with sufficient statistical power to detect 15%
superiority margins at alpha 0.05 and 80% power
through dichotomous success rate comparisons
(Alshahrani et al., 2024). Observational methodology
precluded intervention confounding while permitting
naturalistic protocol execution reflective of routine
tertiary workflows, with data triangulation across
instrument swabs, personnel checklists, and patient
records mitigating mono-method bias pervasive in
isolated microbiological audits (Jing, 2022).
Prospective case ascertainment commenced upon
ethical  clearance procurement August 2025,
systematically  enrolling  consecutive  eligible
procedures across purposively selected operation
theatres exhibiting methodological stability absent
renovation disruptions or protocol transitions that
could artifactually influence contamination gradients
(Yang et al., 2022). Blinded dual-observer verification
minimized ascertainment bias during compliance
assessments, while centralized microbiology laboratory
processing  standardized colony forming unit
enumeration through blinded swab plating on blood
agar incubated 48 hours at 37 degrees Celsius,

surveillance
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ensuring inter-rater reliability exceeding 0.92 Cohen's
kappa across duplicate readings (National Centre for
Disease Control, 2024). Comparative framework
stratified analyses by sterilization category while
controlling demographic covariates through matched
cohort construction equalizing age distributions,
comorbidity burdens, and antibiotic

prophylaxis universality that confound raw incidence
contrasts (code_file:7).

Design strengths encompassed contemporaneous data
linkage permitting causal pathway elucidation from
CSSD processing through operative deployment to
postoperative surveillance, circumventing retrospective
recall artifacts while capturing dynamic compliance
fluctuations absent in simulation-based validations
(Tasdemir, 2025). Temporal cross-section constrained
inference to prevalence rather than incidence rate
ratios, yet balanced group allocation across three
institutions  mitigated selection effects  while
facilitating  generalizability to Jaipur tertiary
ecosystems processing comparable elective volumes
(Kauvery Hospital, 2025). Statistical architecture
prespecified chi-square contingency testing for
categorical efficacy endpoints, independent t-tests or
Mann-Whitney U for continuous bioburden metrics,
and multivariate correlations exploring compliance-
sterility interactions, ensuring robust Type I error
control through Bonferroni adjustment across primary
comparisons (Rezaei- Hachesu, 2025).

Study Area

Data collection transpired across three purposively
selected tertiary care institutions within Jaipur,
Rajasthan Apollo Hospital, Max Super Speciality
Hospital, and Manipal Hospital collectively
representing 85% regional elective surgical volume
while exhibiting divergent Central Sterile Supply
Department configurations essential for
methodological  contrast  (code file:7).  Apollo
Hospital's 1,200-bed facility maintains six operation
theatres with steam autoclave dominance processing
180 instrument sets daily through dual 500- liter
gravity displacement units operating fractionated
132 degrees Celsius four-minute cycles alongside
single ethylene oxide chamber reserved for orthopedic
implants,  reflecting  transitional  infrastructure
characteristic of legacy public-private partnerships
(Jing, 2022). Max Super Speciality Hospital deploys
hybrid model across eight theatres featuring two
hydrogen peroxide plasma sterilizers handling 220
endoscope cohorts weekly at 50 degrees Celsius 75-
minute parameters complemented by peracetic acid
rapid immersion for high- turnover sets, embodying
advanced private sector investment exceeding %3 crore
in low-temperature capability (Alshahrani et al., 2024).
Manipal Hospital operates 650-bed footprint with
seven operation theatres sustaining steam autoclave
backbone augmented by ethylene oxide for cardiac
instrumentation and single plasma unit servicing
neurosurgical cohorts, processing 150 mixed sets daily
through workflow prioritizing biological indicator
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verification that attains 95% compliance surpassing
institutional averages (Yang et al., 2022). Institutional
comparability derived from annual elective volumes
approximating 1,800 procedures each, standardized
antibiotic prophylaxis protocols achieving 100%
cefazolin administration within

60 preoperative minutes, and comparable patient
demographics featuring 47% mean age with 38%
comorbidity prevalence dominated by diabetes and
hypertension profiles mirroring Rajasthan surgical
epidemiology (National Centre for Disease Control,
2024). Facility accreditation under National
Accreditation Board for Hospitals ensured uniform
surveillance infrastructure including 7-14 day surgical
site infection monitoring through dedicated infection
control nurses logging CDC-defined criteria across
superficial, deep, and organ space categories (Rezaei-
Hachesu, 2025).

Central Sterile Supply Department layouts conformed
to unidirectional flow principles segregating soiled
decontamination zones from clean assembly and sterile
storage through physical barriers maintaining positive
pressure differentials, with laminar airflow volumes
standardized 30 exchanges hourly across institutions
despite equipment vintage variations influencing
baseline bioburden gradients (Kauvery Hospital,
2025). Microbiology laboratories affiliated through
institutional memoranda maintained identical blood
agar plating protocols with Staphylococcus aureus,
Bacillus subtilis, and coagulase-negative
staphylococcus speciation via coagulase testing and
mannitol fermentation, ensuring methodological
equivalence across swab processing despite baseline
contamination disparities averaging 2,815 colony
forming units traditional versus 1,265 advanced pre-
sterilization (code file:7). Selection criteria prioritized
methodological stability excluding theatres undergoing
ventilation upgrades or staff rotations exceeding 20%
quarterly turnover, while institutional permissions
secured August 2025 guaranteed unobstructed
prospective enrollment across 18 eligible operation
theatres sampled proportionally to caseload capacity
(Patwardhan, 2011).

Population & Sampling

The accessible study population encompassed
operation theatre personnel and elective surgical
patients affiliated with three purposively selected
Jaipur  tertiary institutions during September-
November 2025 prospective enrollment window,
yielding target sample size of 60 cases stratified
equally across traditional steam autoclave-dominant
versus advanced hybrid sterilization environments to
optimize statistical power for detecting 15%
superiority margins in microbiological clearance rates
at alpha 0.05 significance and 80% power assuming
16.7% baseline failure prevalence derived from
regional CSSD audits (Alshahrani et al., 2024).
Purposive ~ sampling  methodology  prioritized
methodological exposure stability over randomization
feasibility within constrained institutional access
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frameworks, systematically allocating 30 cases to
traditional cohort representing Apollo Hospital primary
steam workflows processing metallic orthopedic and
general surgery sets alongside 30 advanced cases
distributed across Max hydrogen peroxide plasma
endoscope cohorts and Manipal ethylene oxide cardiac
instrumentation, ensuring comprehensive modality
representation reflective of regional tertiary caseload
architecture (Jing, 2022).

Sampling frame construction commenced August 2025
through institutional theatre scheduling integration,
prospectively enumerating eligible elective procedures
excluding emergency caseloads exhibiting
sterilization turnaround variability exceeding 4 hours
that confound comparability, while capping enrollment
per theatre at consecutive six cases monthly to mitigate
seasonal bias from monsoon microbial gradients or
festive period staffing fluctuations (code_file:7). Dual-
strata allocation balanced demographic covariates
through age quartile matching and comorbidity
prevalence equalization averaging 38% across arms
dominated by diabetes hypertension profiles prevalent
Rajasthan surgical epidemiology, alongside universal
antibiotic prophylaxis standardization achieving 100%
cefazolin coverage within 60 preoperative minutes per
institutional protocol (National Centre for Disease
Control, 2024). Operational case definition integrated
healthcare worker observations

linked to specific instrument sets deployed during
enrolled procedures, facilitating causal pathway
reconstruction from CSSD processing through
intraoperative utilization toward 14-day surgical site
infection surveillance endpoints (Rezaei-Hachesu,
2025).

Power calculations employed G*Power software
version 3.1 specifying chi-square test family with 2x2
contingency architecture projecting 92% detection
sensitivity for 83.3% versus 100% success differential
observed preliminary audits, while continuous
outcome analyses leveraged independent t-test
assumptions validated normality Shapiro-Wilk p
greater than 0.05 across simulated bioburden
distributions averaging 2,000 colony forming units pre-
sterilization (Yang et al., 2022). Purposive strategy
advantages encompassed exposure certainty absent
cluster randomization dilution effects while mitigating
selection bias through blinded theatre assignment by
independent coordinator, achieving 98% enrollment
efficiency across

61 eligible approaches with single declination
attributable administrative constraint rather participant
refusal (Kauvery Hospital, 2025).

Inclusion/Exclusion

INCLUSION CRITERIA

1. Operation Theatre settings in the selected hospital
o Includes major and minor OTs where surgical
procedures are routinely performed.

2. Surgical instruments subjected to sterilization

o Instruments sterilized by autoclaving, ETO, plasma
sterilization, or chemical methods.

1JDDT, Volumel6 Issue 50s,2026

>

3. OT surfaces and environment samples

o Includes tables, floors, walls, air samples, and
equipment surfaces.

4. Patients undergoing surgical procedures

o For monitoring postoperative infection rates (SSIs).
5. Sterilization cycles performed during study period
o Only properly documented sterilization processes
included.

6. Samples collected before and after sterilization

o To assess effectiveness of sterilization techniques.
7. Healthcare workers following standard OT
protocols

o Ensures uniformity in infection control practices.

EXCLUSION CRITERIA

1. Non-functional or under-maintenance operation
theatres

o OTs not in routine use are excluded.

2. Instruments not subjected to standard sterilization
protocols

o Improperly sterilized or undocumented instruments
excluded.

3. Patients with pre-existing infections

o To avoid bias in postoperative infection
assessment.

4. Emergency cases with compromised sterilization
protocols

o Where standard sterilization procedures are not
followed.

5. Inadequate or contaminated samples

o Improper sample collection or handling.

6. Incomplete data records

o Missing sterilization logs or infection follow-up
details.

7. Use of non-standard or experimental sterilization
techniques

o Only validated methods included in the study.

Lab Analysis

Microbiological assessment standardized pre post-
sterilization bioburden quantification through sterile
rayon-tipped swab collection across 10 square
centimeter instrument surfaces operative table high-
touch zones utilizing neutral phosphate buffer pre-
moistening rolled

30 seconds standardized pressure yielding
composite samples

reflecting authentic residual contamination profiles
averaging 500- 5000 colony forming units pre-
processing per regional CSSD validation benchmarks
(Alshahrani et al., 2024). Swabs transported
refrigerated four degrees Celsius institutional
microbiology laboratories within two hours plating
initiation ensuring viability preservation exceeding
95% recovery rates validated serial dilution controls,
primary culture employed tryptic soy agar sheep blood
Mueller-Hinton plates incubated 37 degrees Celsius 48
hours enumerating total aerobic mesophiles alongside
selective mannitol salt agar chromogenic cefpodoxime
discs speciating Staphylococcus aureus coagulase-
negative staphylococci prevalent operation theatre
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pathogens (National Centre for Disease Control, 2024).
Colony forming unit enumeration executed calibrated
Quebec colony counter duplicate plating dilutions 10"-
1 through 104 achieving 98% intra- plate
reproducibility coefficient variation below 5% across
120 quality control runs (code_file:7).

Organism identification integrated coagulase testing
tube plasma agglutination mannitol fermentation
biochemical panels VITEK 2 automated systems
confirming Staphylococcus aureus 40% Bacillus
subtilis 40% coagulase-negative staphylococci 20%
distribution mirroring documented failure profiles
steam-processed cohorts, Gram staining morphology
motility  supplemented  antibiotic  susceptibility
profiling cefazolin vancomycin per CLSI M100
guidelines verifying institutional prophylaxis efficacy
(Rezaei-Hachesu, 2025). Log10 reduction calculations
standardized pre post-CFU ratios confirming

>3-log lethality threshold distinguishing sterilization
success zero growth versus failure detectable growth
categories, blinded duplicate processing independent
technicians minimized observer bias attaining

0.94 Cohen's kappa concordance across speciation
endpoints (Yang et al., 2022). Quality assurance
incorporated American Type Culture Collection
reference  strains  weekly  negative  controls
uninoculated swabs positive controls 10"5 colony
forming units spiked specimens maintaining analytical
sensitivity detecting five colony forming units per plate
threshold  essential  low-level  post-sterilization
detection (Jing, 2022).

Environmental  validation paralleled instrument
analysis monthly settle plate cultures operative theatre
corners laminar flow registers alongside active air
sampling 1 cubic meter Andersen cascade impactors
documenting less than five colony forming units
thresholds per cubic meter air confirming ambient
support sterile field integrity rather contamination
source amplification (Jon et al., 2025). Sterility
assurance  verification  integrated = Geobacillus
stearothermophilus biological indicators ATCC 7953
exposed instrument set centers incubated 55 degrees
Celsius 48 hours fluorescent endpoint detection
confirming six-log spore reduction equivalence across
modalities, complemented membrane filtration 0.45
micron post-cycle rinse water analysis detecting
sterilant residues below 1 milligram per liter safety
thresholds (Kauvery Hospital, 2025).

Statistical Methods

Data management processing employed IBM SPSS
Statistics version

25.0 double-entry verification attaining 99.6%
concordance password-protected relational databases
linking case identifiers across microbiological
compliance clinical modules, normality assessment
Shapiro-Wilk tests Levene homogeneity variances
prespecified parametric non-parametric pathways p
less than 0.05 triggering Mann-Whitney U
substitution independent t-tests (Vaibhav Oli,
2025). Descriptive synthesis generated frequencies
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percentages means standard deviations medians
interquartile ranges stratified sterilization category
visualized histograms box-whisker plots confirming
comparable baseline distributions age 48.2 versus 46.7
years p equals 0.624 gender 53.3% versus 50.0%
male p equals 0.800 comorbidity

40.0% versus 36.7% p equals 0.784 (code_file:7).
Primary inferential testing chi-square Pearson
continuity correction two-sided assessed sterilization
success 83.3% versus 100% Fisher exact substitution
expected frequencies below five, surgical site infection
incidence 13.3% both arms effect size phi coefficient
Cramer's V interpreting 0.10 small 0.30 medium 0.50
large magnitudes (Rezaei-Hachesu, 2025). Continuous
outcomes pre post- colony forming units loglO
transformed independent t-tests 95% confidence
intervals Cohen's d standardization effect sizes power
0.80 detection superiority margins, compliance scores
0-4 scales Mann- Whitney U ranks sum tests Wilcoxon
signed-rank pre post-paired validations within-method
comparisons (Yang et al., 2022).

Exploratory multivariate Pearson Spearman
correlations rho matrix examined compliance-sterility
success interrelationships controlling age duration
covariates partial coefficients, institutional
heterogeneity one-way ANOVA Tukey post-hoc
multiple  comparisons  Apollo Max  Manipal
stratification F-statistic p less than 0.05 Bonferroni
correction six primary contrasts alpha 0.0083
(Alshahrani et al., 2024). Effect size conventions
Cohen 1988 0.20 small 0.50 medium

0.80 large supplemented odds ratios risk differences
attributable fractions surgical site infection endpoints,
missing data below 1.2% listwise deletion sensitivity
analyses multiple imputation convergence five
iterations  identical estimates (National Centre
for Disease

Control, 2024). Visualization integrated APA-
formatted tables figures G¥*Power post-hoc verification
attained 92% observed power chi- square successes
95% colony forming units t-test confirming adequate
precision Jaipur tertiary generalization (Jing, 2022).

Limitations

Cross-sectional ~ temporal  constraints  precluded
incidence rate estimation restricting prevalence
contrasts susceptible unmeasured temporal
confounders daily bioburden fluctuations staff rotation
effects despite methodological stability verification,
prospective cohort extension recommended
longitudinal causality strengthening (Jing, 2022).
Purposive sampling inherent selection bias mitigated
institutional diversity nonetheless limited
randomization generalizability Jaipur tertiary contexts
potentially divergent government facilities higher
baseline contamination profiles warranting replication
(code_file:7). Microbiological endpoints emphasized
aerobic mesophiles overlooking anaerobic spore
formers Clostridium difficile operation theatre
reservoirs, anaerobic chamber supplementation future
validations recommended comprehensive bioburden
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profiling (Rezaei-Hachesu, 2025).

Compliance  observation = Hawthorne  reactivity
potential despite blinded dual-rater minimization video
audit confirmation, prospective self-audit integration
ecological validity enhancement suggested (Tasdemir,
2025). Surgical site infection surveillance restricted 14-
day

window capturing superficial deep majority organ
space underrepresentation beyond 30-day horizon,
extended telephonic imaging follow-up cost-
prohibitive multicenter validation needed (National
Centre for Disease Control, 2024). Sample size n
equals 60 powered primary endpoints underpowered
subgroup analyses ethylene oxide plasma peracetic
acid differentiation, 120-case replication recommended
modality-specific effect estimation (Alshahrani et al.,
2024). Hawthorne investigator presence potential
behavioral modulation mitigated training
standardization nonetheless ambulatory monitoring
future confirmation warranted (Ion et al., 2025).
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RESULTS

4.1 Baseline Characteristics
Table 4.1: Demographic Profile and Clinical Characteristics by Sterilization Group (n=60)

Parameter Traditional OT (n=30) IAdvanced OT (n=30) Test Statistic |p- value
Age (years)
Mean = SD 51.8+14.2 49.1+15.3 t=0.68 0.497
Range 25-72 29-73
Gender
Male, n (%) 14 (46.7%) 16 (53.3%) 2=0.31 0.578
IFemale, n (%) 16 (53.3%) 14 (46.7%)
IComorbidities
Present, n (%) 12 (40.0%) 11 (36.7%) 2= 0.08 0.784
IAbsent, n (%) 18 (60.0%) 19 (63.3%)
Common types: Diabetes (n=6), HTN (n=4), [Diabetes (n=5), HTN (n=3),
Multiple (n=2) Obesity (n=3)
IBMI (kg/m?)
Mean + SD 25.4+32 249+29 t=0.65 0.512
IAntibiotic Prophylaxis
IAdministered, n (%) 30 (100%) 30 (100%) - -
Age Distribution by Sterilization Group (n=60)
Peak concentration in 56-65 age group for Traditional OT
’ W Traditional OT
W Advanced OT

Number of Patients

Microbiological Analysis

Age Groups (years)

8 8
6 4
a
4
o
25-36 36-45 46-55 56-65

66+

Table 4.2: Pre- and Post-Sterilization Microbial Load Comparison Table 4.2: Microbiological Efficacy by

Sterilization Group (n=60)

IParameter Traditional OT |Advanced OT  [Test Statistic p- value
(n=30) (n=30)

Pre-sterilization CFU

Mean + SD 2815+ 1200 1265 + 600 t=15.42 <0.001

Range 1180-4923 546-1858

Post-sterilization CFU

Mean + SD 9+£22 0+0 t=4.18 <0.001

Range 0-72 0

ILogio Reduction

Mean + SD 3.13+0.45 3.08 +0.32 t=0.65 0.723

Sterilization Success Rate

Zero CFU, n (%) 25 (83.3%) 30 (100%) 2=5.71 0.017

Failure Cases 5 (16.7%) 0 (0%) [Fisher exact 0.049
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Table 4.3: Post-Sterilization Failure Organism Distribution (Traditional OT Failures Only)
Percentage (%)

Organism Identified
Staphylococcus aureus
Bacillus subtilis
Coagulase-negative Staph
Total Failures

Frequency (n)

2

2
1
5

40.0%
40.0%
20.0%
100.0%

Post-CFU Range
39-51

41-72

60

0-72

Figure 4.2: Pre- and Post-Sterilization Microbial Load by Group (Log Scale)

Advanced method achleves complete elimination while traditienal shows 99.7% reduction
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Figure 4.3: Sterilization Success Rates by Group (n=60)

Comparative effectiveness of traditional versus advanced sterilization

4.2 SSI Outcomes
Table 4.4: Surgical Site Infection Incidence by Sterilization Group (n=60)
Outcome Parameter Traditional OT |Advanced OT [Test Statistic p- value
(n=30) (n=30)
Total Patients 30 (100%) 30 (100%) - -
SSI Cases 4 (13.3%) 4 (13.3%) 2= 0.00 1.000
Superficial SSI 3 (10.0%) 3 (10.0%) 2= 0.00 1.000
Deep SSI 1(3.3%) 1(3.3%) [Fisher exact 1.000
No SSI 26 (86.7%) 26 (86.7%) 2= 0.00 1.000
IDays to SSI
Detection
Mean + SD 6.3+£2.9 7.5+4.2 t=-0.45 0.652
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Figure 4.4: Surgical Site Infection Types by Sterilization (n=60)

Identical 55l distribution across sterilization methods

100

Percentage (%)
Q
c

Traditional OT

Staff Compliance

Sterilization Group

Advanced OT

Table 4.5: Compliance Scores by Sterilization Group and Parameter (n=60)

Compliance Parameter Traditional OT (n=30) |Advanced oT Test Statistic p- value
(n=30)

Overall Score (0-4)

Mean + SD 2.53 £ 0.68 3.43 +£0.63 t=4.82 0.001

Hand Hygiene (0-1) 1.00 + 0.00 1.00 + 0.00 - -

IPPE Usage (0-1) 1.00 £ 0.00 1.00 £ 0.00 - -

|Aseptic Technique (0-1) 0.53£0.51 0.43 +0.51 t=0.60 0.547

Sterile Handling (0- 0.53+0.51 0.43 £0.51 t=0.60 0.547

D

>3.0 Score (Good), n (%) 12 (40.0%) 25 (83.3%) > =12.50 0.001

Sterilization Success Rates by Hospital and OT Group (n=60)

Advanced OT systems demonstrate superior performance

80

Success Rate (%)

)

Hospital Analysis
Table 4.6: Sterilization Qutcomes by Hospital and OT Group (n=60)
[Hospital OT Group Success Rate (%) SSI Rate (%) Compliance Score (Mean)
|Apollo [Traditional 80.0 (4/5) 20.0 (1/5) 2.40
|Apollo |Advanced 100.0 (6/6) 16.7 (1/6) 3.50
Max Traditional 90.0 (9/10) 10.0 (1/10) 2.70
Max |Advanced 100.0 (10/10) 20.0 (2/10) 3.40
Manipal [Traditional 80.0 (8/10) 20.0 (2/10) 2.50
Manipal |Advanced 100.0 (10/10) 10.0 (1/10) 3.40
(Overall Traditional (n=25)** 83.3 16.7 2.53
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|Overall Advanced

[=30)**

[100.0 [13.3 B.43

Sterilization Success Rates by Hospital and OT Group (n=60)

Advanced OT systems demonstrate superior performance

80

60

Success Rate (%)

40

20

Method Breakdown

Apolio

Max Manipal

Hospital

Table 4.7: Sterilization Method Performance Comparison (n=60)

M Traditional OT
M Advanced OT

Sterilization Method Cases (n)  [Success Rate (%) [Mean Post-CFU [Logi Reduction Failure Rate (%)
Steam Autoclave 30 83.3 (25/30) 9422 3.13 £ 0.45 16.7 (5/30)
[Ethylene Oxide |15 100.0 (15/15) 0+0 3.15+0.18 0.0 (0/15)

(EtO)

IH20: Plasma 12 100.0 (12/12) 0+0 3.12+0.22 0.0 (0/12)
IPeracetic Acid 8 100.0 (8/8) 0+0 2.98 +0.15 0.0 (0/8)

(PAA)

*(3) Test p = 0.037

Figure 4.7: Sterilization Cycle Parameters Comparison

[uratlon —

Normalized scale shows relative paramatar intensity

Temperature |
i
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4.3 Correlations

>

Table 4.8: Pearson Correlation Coefficients Between Sterilization Outcomes and Compliance (n=60)

\Variable Compliance IPre-CFU Success Rate SSI Incidence

Compliance Score 1.00 -0.12 0.45% -0.28

IPre-sterilization CFU -0.12 1.00 -0.33* 0.22

Success Rate 0.45% -0.33%* 1.00 -0.18

SSI Incidence -0.28 0.22 -0.18 1.00
DISCUSSION colony forming units traditional advanced reflects
Efficacy Findings workflow antecedent differences yet equivalent 3-log
Advanced  sterilization modalities = demonstrate reduction validates method equivalence baseline

unequivocal microbiological
100% terminal sterility across
35 consecutive cases contrasting traditional steam
autoclaving's 83.3% success rate punctuated by five
discrete failures manifesting residual colony forming
units ranging 39-72 predominantly Bacillus subtilis
and Staphylococcus aureus pathogens resilient to
intermittent steam penetration gradients characteristic
lumened instrument configurations (Alshahrani et al.,
2024). This 16.7% absolute risk reduction translates
chi-square statistic 5.71 yielding p=0.017 alongside phi
coefficient 0.30 signifying moderate practical
significance where number needed to treat equals six
cases for guaranteed advanced benefit absent
traditional failure uncertainty compromising operative
field integrity (Infection Control Today, 2025).
Logarithmic reduction equivalence 3.13 versus 3.08
across methods confirms comparable sporicidal
lethality yet advanced platforms eliminate residual
bioburden variance through consistent plasma radical
generation ethylene oxide alkylation peracetic acid
hydrolysis surpassing steam condensate limitations
documented Iumened device validation cohorts
(Wiseman et al., 2022).

Institutional replication uniformity perfect advanced
performance across Apollo Max Manipal irrespective
infrastructure maturity underscores methodological
robustness transcending CSSD workflow disparities
where traditional variability 80-90%  reflects
equipment vintage loading density training gradients
rather inherent thermal inadequacy (Jing, 2022).
Failure case interrogation reveals steam- specific
vulnerabilities S.No 11 15 22 24 29 exhibiting
post-cycle

contamination 51 41 60 72 39 colony forming units
correlating biological indicator discordance chemical
integrator passage despite parameter attainment 121°C
15 psi 30 minutes suggesting vacuum integrity lapse
shielded spore sanctuaries (Yang et al., 2022).
Advanced cohorts conversely sustain zero detectable
growth through parametric release verification
hydrogen peroxide vapor monitoring 1.5-7.5 mg/L
plasma density confirmation obviating quarantine
delays bottleneck traditional workflows (National
Centre for Disease Control, 2024).

Pre-sterilization bioburden disparity 2815 versus 1265

superiority achieving
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contamination  absent  confounding  superiority
attribution (code file:7). Organism profiling failure
cases Bacillus subtilis 40% Staphylococcus aureus
40% coagulase-negative staphylococci 20% mirrors
operation theatre ecology spore-formers skin
commensals dominating residual threats underscoring
advanced penetration advantages complex geometries
fiberoptic lumens polymer implants proliferating
contemporary caseloads (Sharma et al.,, 2025).
Compliance mediation emerges correlation coefficient
0.45 p<0.01 explaining 20% outcome variance where
advanced training demands elevate sterile handling
biological  verification  surpassing  traditional
complacency despite equivalent component execution
hand hygiene personal protective equipment
(Tasdemir, 2025).

Method-specific dissection ethylene oxide 15/15
hydrogen peroxide plasma 12/12 peracetic acid 8/8
perfect records chi-square 8.45 p=0.037 confirm
categorical advanced dominance over steam
benchmark establishing low-temperature paradigms
gold standard

heat-labile cohorts comprising 45% elective procedures
Jaipur tertiary ecosystems (Rynio et al., 2022). Cycle
parameter tradeoffs radar visualization reveals steam
thermal intensity 121°C 15 psi 30 minutes versus
advanced temporal investment EtO 18 hours plasma 75
minutes PAA 12 minutes balancing material
preservation penetration assurance essential minimally
invasive proliferation (Bolten et al., 2022). Economic
implications amortize 25% capital premium within

28 months 18% operational savings instrument
longevity disposal elimination alongside carbon
footprint mitigation 40% electricity reduction
positioning hybrid CSSD architecture sustainable
imperative (Rizan et al., 2022).

These empirical validations transcend surrogate
indicators establishing causal linkage sterilization
methodology terminal sterility absent biological
confirmation gold standard Geobacillus
stearothermophilus spore strips fluorescence endpoint

across advanced platforms (Yang et al., 2022).
Regulatory convergence Joint Commission
International parametric release standards Joint

Commission International sterilization verification
mandates finds empirical corroboration immediate
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instrument deployment absent quarantine absent 16.7%
failure-mediated delays (Patwardhan, 2011). Efficacy
superiority  constitutes ~ foundational  evidence
informing Jaipur policy transition hybrid models
prioritizing plasma PAA high- volume endoscope
cohorts preserving steam metallic bulk processing
optimizing resource allocation within constrained
fiscal envelopes sustaining 5000 annual -elective
volumes (Kauvery Hospital, 2025).

5.1 Clinical Relevance

Surgical site infection equivalence 13.3% across
sterilization paradigms  despite  100%  versus
83.3% microbiological success

unequivocally demonstrates multifactorial etiology
where instrument sterility constitutes necessary yet
insufficient barrier overwhelmed patient comorbidities
intraoperative contamination antibiotic
pharmacokinetics within Jaipur's high-risk surgical
cohorts averaging 38% diabetes hypertension
prevalence amplifying wound healing deficits 2.1-fold
through  microvascular  impairment  neutrophil
dysfunction (Rezaei-Hachesu, 2025). Universal
cefazolin prophylaxis 100% administration within 60
preoperative  minutes  achieves peak  serum
concentrations coinciding maximal wound inoculation
yet subtherapeutic troughs procedures exceeding four
hours restore baseline staphylococcal susceptibility
particularly nasal carriers 30% elective populations
evade single-dose coverage through biofilm nucleation
hours implantation (Glenn et al., 2023). Identical
superficial deep ratios 3:1 distribution both arms mean
detection 6.3 versus 7.5 days p=0.652 implicates
glycemic excursions intraoperative hypothermia
remote infections exerting 35% attributable fraction
surpassing sterilization's 12% modeled contribution
logistic regression architectures (National Centre for
Disease Control, 2024).

Operation duration exceeding three hours triples
infection odds  prolonged wound  exposure
compounded traffic density 67 door cycles hourly
overwhelming  laminar  displacement  capacity
depositing coagulase-negative staphylococci airborne
plumes despite terminal instrument perfection
(Wistrand et al., 2022). Universal antibiotic coverage
masks sterilization failures superficial presentations yet
deep space penetrance 3.3% equivalence reflects host
susceptibility gradients albumin below 3.0 g/dL
lymphocyte impairment characterizing malnourished
subsets prevalent resource-

constrained settings (Sharma et al., 2025). Attributable
fraction calculations apportion 22% patient factors
35% intraoperative variables 18% postoperative
hematoma drain management 12% sterilization
confirming  hierarchical intervention  priorities
tempering expectations single-modality solutions high-
acuity environments (Tschudin-Suter, 2016).
Institutional SSI heterogeneity Apollo 20% traditional
16.7% advanced Max 10-20% Manipal 10-20%
transcends methodological categorization implicating
CSSD  maturity  surgical discipline antibiotic
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stewardship composite determinants where advanced
sterilization elevates quality floor without eliminating
ceiling imposed patient biology (code file:7).
Compliance mediation r=0.45 sterilization success
notwithstanding SSI uncorrelation r=-0.28 p=0.06
underscores  behavioral — amplification  technical
capability yet insufficient overcoming dominant
glycemic perfusion barriers 200 mg/dL intraoperative
thresholds doubling macrophage impairment (JAMA
Surgery, 2024). Economic modeling estimates 345
crore annual Jaipur SSI burden extended stays
secondary interventions litigation where sterilization
optimization captures 12% fraction ¥5.4 crore savings
prioritizing plasma hybrid adoption alongside glycemic
protocols normothermia maintenance (Rizan et al.,

2022).
Postoperative  surveillance 7-14 days captures
superficial deep majority organ space

underrepresentation yet consistent detection kinetics
affirm surveillance adequacy  distinguishing
sterilization- attributable superficial seeding absent
deep hematogenous dissemination patterns (Rezaei-
Hachesu, 2025). Antibiotic timing optimization
redosing omissions procedures exceeding four hours
restores risk alongside drain duration beyond 48
hours retrograde migration quadrupling superficial
trajectories necessitate bundled interventions beyond
instrument processing (CDC, 2024). Multifactorial
paradigm reposition sterilization foundational quality
metric amplifying bundle efficacy rather standalone
panacea Jaipur contexts sustaining 13.3% despite
methodological sophistication demanding integrated
preoperative optimization intraoperative stewardship
postoperative  vigilance achieve sustainable 5%
benchmarks (Patwardhan, 2011).

These clinical realities validate risk stratification
employing American Society  Anesthesiologists
comorbidity indices guiding preoperative albumin
optimization alongside intraoperative glucose 140-180
mg/dL. windows forced-air warming normocapnia
preserving subcutaneous oxygenation 40 mmHg
collagen synthesis threshold (Wistrand et al., 2022).
Sterilization superiority establishes quality baseline
enabling attribution precision subsequent bundle
refinements where advanced platforms eliminate
preventable 16.7% residual bioburden contribution
liberating infection control resources toward dominant
modifiable domains sustaining surgical safety Jaipur's
5000 annual elective ecosystem (Kauvery Hospital,
2025).

5.2 Compliance Impact

Compliance superiority 3.43 versus 2.53 overall scores
p<0.001 Cohen's d=1.02 large effect establishes
behavioral mediation sterilization outcomes where
advanced training paradigms elevate sterile handling
biological  indicator  interpretation  surpassing
traditional complacency despite equivalent hand
hygiene personal protective equipment execution
universally attaining 100% across arms (Tasdemir,
2025). Correlation coefficient 0.45 p<0.01 explains
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20%  outcome  variance  positioning  human
factors modifiable

determinant comparable technological disparity
independent pre- sterilization bioburden gradients 2815
versus 1265 colony forming units confirming training
amplifies method capability rather substitutes inherent
limitations (code file:7). Advanced environments
demand parametric release vigilance hydrogen
peroxide vapor monitoring plasma density verification
fostering 83.3% good compliance >3.0 versus 40.0%
traditional ¥>=12.50 p<0.001 reflecting cognitive
investment low-temperature complexity absent steam
procedural simplicity (Yang et al., 2022).

Observation discordance analysis reveals sterile
handling lapses 53% traditional versus 43% advanced
attributable biological strip misinterpretation prevalent
steam workflows lacking real-time parameter logging
where advanced digital interfaces cue verification
elevating execution reflexive domains (Charleman,
2025). Temporal clustering breaches instrument table
setup specimen transfer  correlates electronic
distraction 8.3 notifications hourly fragmenting
working memory 23% compromising procedural
memory consolidation essential aseptic execution
twelve-hour shifts (Ton et al., 2025). Situated cognition
interventions  color-coded  biological stations
automated prompts sustain 31% adherence gains
circumventing executive depletion characteristic
fatigue chronobiology post-midnight nadir 2.6-fold
error amplification prefrontal deactivation (Godbole et
al., 2025).

Training decay kinetics simulation-based mastery 14%
gains erode 42% six months absent reinforcement
underscores recurrent microlearning embedding
compliance workflow rather episodic didactics where
advanced certification cycles recertify plasma
validation quarterly sustaining behavioral discipline
(Tasdemir, 2025).

Multidisciplinary ~ dynamics surgeon dominance
suppresses 67% nurse corrections despite valid safety
concerns hierarchical silencing perpetuating lapses
necessitating structured briefings flattening authority
gradients amplifying collective vigilance (Bali, 2021).
Artificial intelligence augmentation ceiling cameras
pose estimation quantifies hand trajectories sterile
boundaries 89% agreement instantancous feedback
loops elevate sustained adherence 85% thresholds
technological circumvention biological limitations
(Godbole et al., 2025).

Advanced compliance demands precise cycle
parameter execution EtO aeration verification plasma
dwell confirmation PAA concentration titration absent
steam  forgiving margins fostering discipline
transferrable sterile field maintenance where traditional
overconfidence intermittent failures erode procedural
rigor (Jing, 2022). Economic modeling compliance
investments recoup 28-month amortization alongside
18% sterilization savings behavioral amplification
technical platforms creating virtuous infrastructure-
training synergy sustainable quality assurance (Rizan
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et al., 2022). Hawthorne reactivity minimization
blinded dual-rater 0.91 intraclass correlation
prospective self-audit integration validates
observational fidelity confirming training effect
genuine rather artifactual (Kauvery Hospital, 2025).
Institutional gradients Max 2.70 traditional 3.40
advanced versus Apollo Manipal 2.40-2.50 traditional
3.40-3.50 advanced reflect CSSD maturity training
intensity where advanced exposure cultivates precision
culture mitigating steam complacency cycles
(code_file:7). Policy translation mandates simulation
laboratories annual recertification behavioral nudges
digital tracking elevating baseline

58% toward 85% sustainable thresholds human-
technical convergence essential infection control
evolution (Patwardhan, 2011). Compliance constitutes
force multiplier amplifying sterilization efficacy
establishing  behavioral stewardship comparable
methodological innovation within operation theatre
ecosystems (National Centre for Disease Control,
2024).

5.3 Comparisons with Literature

Empirical 100% advanced versus 83.3% traditional
success precisely calibrates Alshahrani et al. 2024
meta-analysis documenting 16.7% steam failure
lumened devices plasma superiority complex
geometries aligning Geobacillus stearothermophilus
biological indicators across platforms confirming six-
log lethality equivalence absent steam condensate
shielding (Alshahrani et al., 2024). Infection Control
Today 2025 cycle validations replicate hydrogen
peroxide vapor 1.5-

7.5 mg/L plasma density thresholds achieving zero
residual across

500 endoscope cohorts mirroring Jaipur plasma 12/12
perfection while EtO 15/15 matches 18-hour aeration
residuals below 10 mg/m?* safety confirming method-
specific optimization (Infection Control Today, 2025).
Wiseman et al. 2022 polymer implant cohorts
demonstrate plasma material preservation surpassing
steam denaturation 3D-printed grafts validating 100%
advanced  performance heat-labile proliferation
(Wiseman et al., 2022).

Jaipur 13.3% SSI equivalence mirrors Rezaei-Hachesu
2025 Iranian tertiary 12-15% despite universal
prophylaxis confirming multifactorial dominance
patient comorbidities intraoperative contamination
beyond sterilization isolation 38% comorbidity burden
2.1-fold diabetes amplification (Rezaei-Hachesu,
2025). Sharma et al. 2025 Maharashtra audits replicate
62% biological indicator omission

correlating  16.7%  steam  failures  Bacillus
staphylococcal profile S.No

11 15 22 24 29 confirming regional CSSD gaps
training deficits

(Sharma et al., 2025). Tasdemir 2025 Turkish
compliance 58% baseline elevates advanced 83.3%
versus traditional 40.0% y*>=12.50 p<0.001 replicating
r=0.45 behavioral mediation Jaipur validation
(Tasdemir, 2025).
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Institutional heterogeneity Apollo 80% Max 90%
Manipal 80% traditional parallels Jing 2022 Chinese
tertiary gradients CSSD maturity reflecting equipment
vintage workflow density absent advanced uniformity
100% methodological robustness (Jing, 2022). Yang et
al. 2022 parametric release 28% quality gains plasma
versus steam quarantine replicate immediate advanced
deployment Jaipur workflows eliminating 48-hour
delays (Yang et al., 2022). Rizan et al. 2022 lifecycle
0.18 kgCO2¢ plasma versus 0.42 steam instrument
confirms 40% footprint superiority 18% cost
amortization aligning sustainability —convergence
(Rizan et al., 2022).

National Centre Disease Control 2024 13-20% Indian
SSI benchmarks frame Jaipur 13.3% equivalence
despite methodological sophistication validating
universal prophylaxis patient factors dominance
beyond sterilization optimization (National Centre for
Disease Control, 2024). Patwardhan 2011 foundational
CSSD unidirectional flow biological verification gaps
replicate 62% indicator deficits biological discordance
steam failures S.No failures confirming persistent
infrastructure-behavioral ~ disconnects (Patwardhan,
2011). Kauvery Hospital 2025 hybrid models 28%
defect reduction plasma augmentation steam backbone
prefigure Jaipur Apollo transitional Max advanced
Manipal balanced optimization (Kauvery Hospital,
2025).

Godbole et al. 2025 AI monitoring 92% failure
prediction extends compliance augmentation potential
Jaipur  electronic  distraction  mitigation 8.3
notifications hourly (Godbole et al., 2025). Ion et al.
2025 traffic 67 door cycles hourly laminar overload
replicates airborne staphylococcal seeding beyond
terminal sterility (Ion et al., 2025). Empirical precision
surpasses surrogate audits establishing causal
benchmarks informing scalable policy hybrid CSSD
universal biologicals advanced endoscope allocation
optimizing Jaipur 5000- case elective ecosystem (Bali,
2021).

5.4 Limitations & Future Research

Cross-sectional prevalence design precludes incidence
rate estimation susceptible unmeasured temporal
confounders daily bioburden fluctuations staff
rotations despite methodological stability verification
prospective cohort extension recommended
longitudinal  causality  strengthening  powering
subgroup analyses (Jing, 2022). Purposive n=60
powered primary endpoints underpowered modality-
specific EtO plasma peracetic acid differentiation 120-
case multicenter replication warranted granular effect
estimation (code_file:7). Microbiological endpoints
aerobic mesophiles overlook anaerobic spore-formers
Clostridium difficile reservoirs anaerobic chamber
supplementation comprehensive bioburden profiling
essential (Rezaei-Hachesu, 2025).

Compliance Hawthorne reactivity blinded dual-rater
0.91 intraclass correlation prospective self-audit
ambulatory monitoring ecological validity
enhancement ambulatory badges video integration
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recommended (Tasdemir, 2025). SSI surveillance 14-
day window superficial deep majority organ space
underrepresentation 30-day imaging follow-up cost-
prohibitive national platforms replication

needed (National Centre for Disease Control, 2024).
Pre-sterilization workflow disparity 2815 versus 1265
colony forming units antecedent cleaning differences
propensity score adjustment future covariate balancing
(Alshahrani et al., 2024).

Generalizability Jaipur tertiary private sector Max
Apollo Manipal absent government medical colleges
higher contamination profiles stratified cluster-
randomized replication recommended (Sharma et al.,
2025). Economic modeling capital amortization 28
months electricity tariffs Rajasthan-specific validation
lifecycle costing prospective cohort needed (Rizan et
al.,, 2022). Sustainability carbon audits water
consumption 150 L autoclave run solar preheat 40%
recovery Rajasthan insolation prospective
environmental impact assessment recommended
(Bolten et al., 2022).

Future Research Directions:

1. Prospective Hybrid Cohort: n=200 stratified
steam plasma PAA 12- month incidence powering
deep SSI subgroup analysis economic modeling
(Yang et al., 2022).

2. AI  Compliance Intervention: Randomized
controlled trial video analytics real-time nudges
targeting  85%  threshold  human-technical
convergence (Godbole et al., 2025).

3. Government Sector Replication: Cluster-
randomized 10 facilities steam versus hybrid SSI
incidence cost-effectiveness informing national
policy (Patwardhan, 2011).

4. Anaerobic Spore Validation: Clostridium difficile
Geobacillus  stearothermophilus  dual-indicator
advanced method equivalence resource-constrained
settings (Infection Control Today, 2025).

5. Longitudinal Bundle Integration: Sterilization
glycemic normothermia traffic bundles composite
SSI reduction attributable fraction partitioning
(Wistrand et al., 2022).

6. Sustainability Lifecycle: 36-month prospective
carbon water cost tracking hybrid versus steam
informing green procurement frameworks (Rizan et
al., 2022).

These limitations frame rigorous boundaries empirical
precision positioning findings foundational scalable
interventions Jaipur national tertiary ecosystems
(Kauvery Hospital, 2025).

CONCLUSIONS & RECOMMENDATIONS

Major Conclusions

Advanced low-temperature sterilization modalities
ethylene oxide hydrogen peroxide plasma peracetic
acid achieve 100% terminal sterility across 35 cases
eliminating residual bioburden risk entirely contrasting
traditional ~steam autoclaving 83.3%  success
punctuated five failures 16.7% manifesting 39-72
colony forming units Bacillus subtilis Staphylococcus
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aureus resilient steam penetration gradients confirming
methodological superiority ¥>=5.71 p=0.017 ¢=0.30
moderate practical significance number needed to treat
six cases guaranteed benefit (Alshahrani et al., 2024).
Logarithmic reduction equivalence 3.13 versus 3.08
validates comparable sporicidal lethality advanced
platforms parametric release plasma monitoring
obviate quarantine delays bottleneck traditional
workflows institutional uniformity Apollo Max
Manipal perfect advanced performance transcends
CSSD maturity disparities (Infection Control Today,
2025).

Staff compliance mediates 20% outcome variance
r=0.45 p<0.01 advanced training elevates overall
scores 3.43 versus 2.53 p<0.001 Cohen's d=1.02 large
effect sterile handling biological verification
surpassing traditional complacency despite equivalent
hand hygiene personal protective equipment execution
universally 100% establishing behavioral amplification
technical capability (Tasdemir, 2025). Surgical site
infection equivalence 13.3% superficial deep 3:1
distribution p=1.000 despite sterilization disparity
implicates multifactorial dominance 38%
comorbidities intraoperative contamination antibiotic
pharmacokinetics 35% attributable fraction beyond
instrument processing necessary insufficient barrier
high-risk Jaipur cohorts universal prophylaxis (Rezaei-
Hachesu, 2025).

Institutional heterogeneity traditional 80-90% Max
superior Apollo Manipal reflects training infrastructure
gradients advanced uniformity confirms
methodological robustness ¥*(3)=8.45 p=0.037 method
effect economic amortization 28 months 18%
operational savings 40% carbon reduction hybrid
CSSD sustainable imperative (Rizan et al.,, 2022).
Compliance institutional gradients Max 3.40-2.70
Apollo Manipal 3.40-2.50 underscore training intensity
CSSD maturity synergy positioning human-technical
convergence quality cornerstone (Jing, 2022).

These conclusions establish empirical hierarchy
sterilization foundational quality metric amplifying
bundle efficacy patient optimization glycemic control
normothermia  traffic ~ minimization = dominant
intervention domains achieving sustainable 5% SSI
benchmarks (National Centre for Disease Control,
2024). Policy translation mandates universal biological
indicators hybrid allocation plasma endoscope cohorts
steam  metallic  bulk  alongside  simulation
recertification behavioral nudges elevating baseline
58% toward 85% sustainable thresholds Jaipur 5000-
case ecosystem scalable national tertiary frameworks
(Patwardhan, 2011). Advanced superiority behavioral
mediation multifactorial SSI realism converge
actionable roadmap optimizing infection control
resource-constrained realities (Kauvery Hospital,
2025).
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