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ABSTRACT: Objective To explore the inspection methods for flexible intramedullary reamers
(FIRs) to ensure cleaning quality and evaluate their potential value in reducing the risk of surgical
site infection (SSI) in patients. Methods FIRs are categorized into “wave-type” and “thread-
type” based on structural characteristics. FIRs used consecutively within the same medical institu-
tion were designated as Group A, while those used non-consecutively (by circulating across institu-
tions) were as Group B. During the trial period, FIRs from both groups were cleaned according to a
unified standard procedure. The turnover frequency and cleaning effectiveness of the two FIR types
within the same institution were recorded for both groups. Cleaning quality was assessed using
adenosinetriphosphate (ATP) bioluminescence assay and two types of visual inspection devices.
Results Overall, the qualification rates for FIR surfaces and lumens via visual inspection were
lower than those from the ATP bioluminescence assay for the corresponding areas (P<0.001). Com-
parative results from visual inspection devices showed that the cleaning qualification rate for wave-
type FIRs was significantly higher than for thread-type FIRs (89.03% VS 73.39%, y’=11.14, P<
0.001); the cleaning qualification rate for Group A FIRs was significantly higher than for Group B
(89.86% VS 73.28%, x*=12.39, P<0.001). Multivariate logistic regression analysis indicated that,
after adjusting for cumulative usage count, instrument type (thread-type VS wave-type, odds ratios
(OR) =3.21, 95% confidence interval (CI): 1.67~6.18, P<0.001) and usage mode (Group B VS
Group A, OR=3.58, 95% CI: 1.84~6.97, P<0.001) remained independent risk factors for cleaning
failure. Conclusion For lumens with complex structures, such as FIRs, only tested by ATP is in-
sufficient to fully demonstrate cleanliness; visual inspection devices is recommended to introduce
as a supplement. In addition, it is advised to establish and implement standardized cleaning proce-
dures to ensure consistency and effectiveness of cleaning operations across different medical insti-
tutions. Furthermore, where conditions permit, wave-type FIRs may help achieve more reliable
cleaning results, thus serving as one component of comprehensive measures to reduce the risk of

surgical infection.
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intramedullary reamer (FIR) is a key auxiliary in-

Introduction ) T )
strument. Its primary function is to effectively enlarge

Closed reduction and internal fixation with in- the medullary cavity to facilitate the smooth insertion
tramedullary nailing is a common procedure in trau- of the intramedullary nail, without damaging sur-
matic orthopedic surgery, during which the flexible rounding soft tissues or the bone cortex”. However,
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after use, the surfaces, crevices, and internal lu-
mens of FIR retain blood and bone debris. It is note-
worthy that loaner medical device suppliers often fail
to provide detailed cleaning instructions or matching
dedicated cleaning tools, which undoubtedly adds
extra challenges and pressure to cleaning by the
Central Sterile Supply Department (CSSD)"!.
Surgical site infection (SSI) is a major compli-
cation of orthopedic surgery. Literature reports in-
dicate its incidence varies by surgery type: 0.1%~
1% for non-implant surgery, 1%~2% for primary
joint replacement surgery, and 3%~10% for revi-
sion hip or knee surgery™.. Given the close relation-
ship between occurrence of SSI and instruments

used during surgery™>®

, providing qualified steril-
ized instrument sets is the primary task of the
CSSD, while reducing the SSI rate is a core goal
of orthopedic surgery™. Ensuring thorough instru-
ment cleaning is a prerequisite for successful steril-
ization. Any oversight in the cleaning process may
lead to sterilization failure, thereby threatening pa-
tient safety and increasing the risk of hospital-
acquired infections®”,

However, traditional cleaning quality inspec-
tion methods, such as visual inspection and inspec-
tion with lighted magnification, have obvious limi-
tations in assessing instruments, such as FIRs, which
have complex internal structures and intricate sur-
face textures, making it difficult to effectively probe
their internal cleaning status™. In recent years,
adenosinetriphosphate (ATP) bioluminescence assay
has been widely used for assessing the cleanliness
of medical devices, but its efficacy for detecting
non-biological contaminants and instruments with
complex structures is debated"”. Meanwhile, al-
though studies have reported cleaning challenges for
complex-structure instruments such as arthroscopic
instruments and liposuction cannulae'™, systematic
research on cleaning quality assessment is still in-
sufficient specifically for these particular loaner,
flexible, lumens, especially on comparing the im-
pact of different structural designs (wave-type VS
thread-type) and different usage management modes

(consecutive VS non-consecutive) on cleaning effec-
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tiveness. Therefore, this study adopted a rigorous
comprehensive testing strategy, integrating three
detection methods: ATP bioluminescence assay, a
Flexible Inspection Scope, and an Omni-Core Digital
Microscope, aiming to accurately evaluate the cleaning
quality of the two different types of FIRs, thereby
reducing the risk of SSI in patients.

Methods

Study Objects

FIRs provided by loaner medical device sup-
pliers were selected as the test objects. FIRs used
consecutively within the same medical institution
were designated as Group A, while those used non-
consecutively (by circulating across institutions)
were designated as Group B. Based on differences
in surface crevice patterns, FIRs were divided into
two types: “wave-type” (Figure 1A) and “thread-
type” (Figure 1B). The study adopted convenience
sampling. During the observation period from
March 1, 2025, to June 1, 2025, a total of 264 piec-
es of FIRs were cleaned and tested. Sample size es-
timation was based on pre-trial results, with as-
sumed cleaning qualification rates of 90% for the
wave-type and 65% for the thread-type. Setting o=
0.05 (two-sided) and test power of 80%, it was cal-
culated that at least 43 pieces per group were need-
ed. The final sample size included in this study
(155 pieces for wave-type pieces and 109 pieces
for thread-type) meets this requirement. Consider-
ing the need for subgroup analysis, the current sam-
ple size is acceptable. Group A contained a total of
148 pieces of FIRs, including 91 for the wave-type
and 57 for the thread-type; Group B contained a to-
tal of 116 pieces, including 64 for the wave-type
and 52 for the thread-type.

Figure 1 FIR Surface Patterns of Wave-type (A) and Thread-
type (B)



Sterile Supply I Volume 4 I Issue 2 I August 2025

Cleaning Method
The cleaning flowchart is shown in Figure 2,

detailed as follows.
Start

4

Flushing with running water: Flush with running water for =3 minutes

Enzymatic solution immersion: Add 3.75 mL neutral enzymatic
detergent concentrate per liter of water, water temperature 60°C
(140° F), =10 minutes, brush FIR surface and lumen under liquid
surface, use a syringe to draw =60 mL enzymatic solution to irrigate the
FIR lumen at least 3 times

Rinsing: Submerge in cold water, rinse with high-pressure water gun
under liquid surface, =3 minutes

Secondary enzymatic solution immersion: Add 3.75 mL neutral
enzymatic detergent concentrate per liter of water, water temperature
60°C (140° F), =5 minutes, brush FIR surface and lumen under
liquid surface, use a syringe to draw =60 mL enzymatic solution to
irrigate the FIR lumen at least 3 times

Secondary rinsing: Submerge in cold water, rinse with high-pressure
water gun under liquid surface, =3 minutes

Ultrasonic cleaning: 40 kHz, water temperature set to 45°C (113° F),
neutral enzymatic solution, 10 minutes

4

Final rinse: rinse with Reverse Osmosis (RO) water at room
temperature for =4 minutes, during this process bend or flex the FIRs
while rinsing for at least 2 minutes

4

Pulsed vacuum washer-disinfector cleaning: Run the lumen program

y
End

Figure 2 FIR Cleaning Flowchart

Step 1: Flushing with running water. FIRs were
rinsed under running water for at least 3 minutes to
preliminarily remove blood stains and tissue con-
tamination from the FIR surface and lumen. During
this process, the FIR lumen and surface crevices
needed to be flushed.

Step 2: Enzymatic solution immersion. FIRs
were immersed in a diluted neutral enzymatic deter-
gent (Lapcholyzyme®, Ruhof, USA) solution (water
temperature 60°C or 140°F, 3.75 mL of enzymatic

detergent per liter of water) for at least 10 minutes.
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In the enzymatic solution, a soft-bristled brush was
used to remove blood stains and tissue debris from
the FIR surface and crevices; a Smm medical lumen
brush with a total length of 52 cm and a brush head
length of 20 cm was used with a twisting motion,
pushing and pulling to facilitate removal of stains
inside the lumen. the lumen was flushed using a sy-
ringe filled with at least 60 mL of solution, at least
three times.

Step 3: Rinsing. FIRs were removed from the
enzymatic solution and placed in cold water, and a
high-pressure water gun was used to agitate and
rinse under the water surface for at least 3 minutes.

Step 4: Secondary enzymatic solution immer-
sion. The neutral enzymatic detergent solution from
Step 2 was prepared again. FIRs were placed in the
neutral enzymatic detergent solution for at least 5
minutes. Brushing of the surface and lumen was per-
formed under the liquid surface, and the lumen was
flushed using a syringe filled with at least 60 mL of
solution, at least three times.

Step 5: Secondary rinsing. The procedure was
consistent with Step 3.

Step 6: Ultrasonic cleaning. An enzymatic de-
tergent solution was prepared in an ultrasonic cleaner
(40 kHz, DXQ6000 side-vibrating ultrasonic cleaner,
SHINVA, Shandong, China). The water tempera-
ture was 45°C (113°F), and FIRs underwent ultra-
sonic cleaning for 10 minutes. During ultrasonic
cleaning, FIRs were completely immersed in the
enzymatic solution, laid flat in a single layer in the
cleaning basket, ensuring no overlap between in-
struments, and the load did not exceed 70% of the
basket bottom.

Step 7: Final Rinse. At room temperature, Re-
verse Osmosis (RO) water was used to rinse FIRs
for at least 4 minutes, with the rinsing lasting at
least 2 minutes while bending or flexing the FIRs
to ensure all surfaces were fully rinsed.

Step 8: Pulsed vacuum washing. The lumen
cleaning program in a pulsed vacuum washer-
disinfector (PC-C, SHINVA, Shandong, China) was
run for washing and disinfection. During pulsed

vacuum washing, FIRs were properly fixed on a
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dedicated lumen rack, ensuring the lumen openings
faced downward to facilitate drainage. Before run-
ning the cleaning program, it was checked and con-
firmed that the water level and detergent concentra-
tion in the washing chamber met equipment re-
quirements.

During the trial, all FIR cleaning was performed
by dedicated personnel. The above cleaning proce-
dure requires attention. Because FIRs are flexible
instruments, all flushing and brushing processes re-
quire the operator to rotate the FIR while simultane-
ously bending or flexing it in multiple directions to
ensure all surfaces are fully flushed and brushed.
To prevent aerosol generation, all flushing and
brushing shall be performed under the liquid sur-
face. Operators wear protective goggles.

Inspection Methods

During the trial, cleaning quality inspection of
FIRs was performed independently by two dedicated
personnel who had received uniform training. If re-
sults were inconsistent, a third senior assessor arbi-
trated, and the final result was based on the arbitra-
tion outcome.

1. ATP Bioluminescence Assay

Staff prepared a sterile field, sterile gloves,
sterile scissors, sterile water, and a sterile kidney
basin. A small amount of sterile water was poured
into the sterile kidney basin. The sampler donned
sterile gloves, took a disposable sampling swab with
foam tip, moistened it with sterile water, inserted the
4 mm lumen sampling foam tip into the FIR lumen
interior. During sampling, the FIR was bent to a
certain curvature and the lumen sampling foam tip
was repeatedly pulled back and forth 4 times in dif-
ferent directions. The foam tip was cut off into the
sampling tube, the top was snapped to release the
reagent, and after the reagent flowed to the bottom,
the sampling swab stick was shaken for 3 seconds
to allow the reagent to react with the sample. The
sampling swab stick was then placed into the ATP
monitor to read the data. This study took <45 relative
light unit (RLU), the threshold recommended by
the Ruhof ATP Complete® contamination monitoring

system instruction manual, to determine whether the
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FIR lumen cleaning was qualified, and >45 RLU
was considered unqualified for lumen cleaning.
This threshold is primarily set for ordinary smooth
instruments, and thus this study explored its appli-
cability in the complex structure of FIRs. Surface
sampling method is to directly take the sampling
swab stick from the sampling tube, moisten it with
sterile water, bend the FIR to a certain curvature
and change directions, and wipe the FIR surface 4
times with the swab tip.

2. Visual Inspection Devices

To assess inter-rater consistency, 20% of the
samples (53 pieces) were randomly selected for in-
dependent blinded assessment by two evaluators.
The results showed a Kappa value of 0.82 for the
Flexible Inspection Scope assessment and 0.79 for
the Omni-Core Digital Microscope assessment, in-
dicating good consistency for both visual inspec-
tion methods.

Flexible Inspection Scope (FIS-005SK, Health-
mark, USA): This method was used to inspect the
interior of the FIR lumen. The probe lens was in-
serted into the FIR lumen interior. The light source
brightness was adjusted according to the observa-
tion position. The workstation screen display was
observed. A smooth lumen inner surface without
foreign matter was considered cleaning qualified;
the presence of rust spots, blood stains, dirt, scale,
or other residues was considered cleaning unquali-
fied. During observation, the location of discovered
contaminants was photographed and recorded.

Omni-Core Digital Microscope (Ash Technol-
ogies, Ireland): This method was used to inspect
the cleaning status of the external surface texture of
the FIRs. The system magnification was set to 1:
20. The FIR was placed on the operation platform,
the lens focus was adjusted, and the FIR was moved.
Observing the screen display allowed viewing the
cleaning quality of the complete surface crevices of
the FIR. The observed contamination locations were
photographed and recorded to ensure a detailed as-
sessment of cleaning quality.

Statistical Analysis
IBM SPSS Statistics 25.0 statistical software
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was used. Count data were expressed as numbers
(percentages) and compared using the y° test or
McNemar’s test. Furthermore, to explore indepen-
dent risk factors for cleaning failure, taking “cleaning
qualification status (Yes=0, No=1)" as the depen-
dent variable, and instrument type (wave-type=0,
thread-type=1), usage mode (Group A=0, Group B=
1), and cumulative usage count (continuous vari-
able) as independent variables, multivariate logistic
regression analysis was performed. The correspond-
ing odds ratios (ORs) and their 95% confidence in-
tervals (Cis) were calculated. P<0.05 indicated that

the difference was statistically significant.
Results

The comparison results of visual inspection
devices and the ATP bioluminescence assay to assess
FIR cleanliness are shown in Table 1 and Table 2.

A comparison of the cleaning qualification
rates for the two different types of FIRs, based on
visual inspection results, found that the cleaning
qualification rate for wave-type FIRs was higher
than for thread-type FIRs, and the difference was
statistically significant. Specific data are shown in
Table 3.
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Similarly, comparing the cleaning qualifica-
tion rates for FIRs in Group A and Group B based
on visual inspection results, it is found that the
cleaning qualification rate for Group A was higher
than for Group B, and the difference was statistically
significant. Specific data are shown in Table 4.

To further control for confounding factors,
multivariate logistic regression analysis was per-
formed. The results showed that, after adjusting for
the influence of cumulative usage count, instrument
type and usage mode remained independent risk fac-
tors for cleaning failure. Compared to wave-type
FIRs, thread-type FIRs had a significantly higher
risk of cleaning failure (OR=3.21, 95% CI: 1.67~
6.18, P<0.001). Compared to Group A (consecutive
use), Group B (non-consecutive use) also had a sig-
nificantly higher risk of cleaning failure (OR=3.58,
95% CI: 1.84~6.97, P<0.001).

Visual inspection results revealed the distribu-
tion of contamination locations for the two types of
FIRs as follows: Contaminants on the surface of
wave-type reamers were distributed relatively evenly;
contaminants on the surface crevices of thread-type
reamers were mostly concentrated at both ends of

the surface; contaminants inside the lumen of both

Table 1 Comparison of Omni-Core Digital Microscope and ATP Bioluminescence Assay in Evaluating FIR Cleanliness

Surface

ATP Bioluminescence Assay

Total (%) Va P
Omni-Core Digital Microscope Qualified Unqualified
Qualified 222 224 (84. 85)
Unqualified 35 40 (15.15) 29.43 P<0. 001
Total 257 (97. 35) 7 (2. 65) 264 (100. 00)

Table 2 Comparison of Flexible Inspection Scope and ATP Bioluminescence Assay in Evaluating FIR Cleanliness

Lumen ATP Bioluminescence Assay

Total (%) Ve P
Flexible Inspection Scope Qualified Unqualified
Qualified 233 233 (88.26)
Unqualified 28 31(11.74) 26. 04 P<0.001
Total 261 (98. 86) 3(1.14) 264 (100. 00)

Table 3 Comparison of Cleaning Qualification Rates Measured by Visual Inspection Device for Two Types of FIRs [N(%)]

Visual Inspection Result

FIR Type Total ba P
Qualified Unqualified
Wave-type 138 (89.03) 17 (10.97) 155 (100. 00)
Thread-type 80 (73.39) 29 (26. 61) 109 (100. 00) 11. 14 P<0. 001
Total 218 (82.58) 46 (17.42) 264 (100. 00)
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Table 4 Comparison of Cleaning qualification rates Measured
by Visual Inspection Device for Group A and Group B FIRs

IN(%)]

Visual Inspection Result
Group Total Ve P
Qualified Unqualified
Group A 133 (89.86) 15 (10. 14) 148 (100. 00)
Group B 85(73.28) 31(26.72) 116 (100.00) 12.39 P<0. 001

Total 218 (82.58) 46 (17.42) 264 (100. 00)

types were mainly concentrated in the “platform”
at the structural transition points at both ends of the
lumen interior. The platform position in the FIR
and the structural differences between the two types
of FIRs are shown in Figure 3; specific contamina-
tion distribution numbers and proportions are shown
in Table 5. The types, morphology, and locations of
contaminants on the surface and lumen of the two
types of reamers are shown in Figure 4.

In this study, all FIRs that had failed the initial

inspection (46 pieces in total) were re-cleaned tar-
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getedly and were re-inspected. All results reported

qualified.
Discussion

ATP bioluminescence detection technology is
based on the quantitative detection of ATP, a key in-
tracellular energy carrier molecule. The liquid con-
tained within the detection reagent stick includes a
lysing agent. When this agent is released, it induces
cell lysis, thereby releasing various intracellular sub-
stances, including ATP. Subsequently, the released
ATP reacts with luciferase, and the reaction intensity
is proportional to the ATP content, allowing the spe-
cific ATP content in the sample to be determined®*".
This is a rapid, efficient, highly sensitive method,
capable of detecting very low levels of ATP in a short
time, and provides quick results"*"™. However, com-
paring the cleaning qualification rates of FIRs ob-

tained by different inspection methods in Tables 1

)20
BN ROR AN

Figure 3 Wave-type (A), Thread-type (B), “<—” indicates the platform position within the FIR; the the wave-type FIR is single-layer,
showing the white insert inside (C) by magnified view under the Omni-Core Digital Microscope; the the thread-type reamer is multi-

layer, showing no white insert visible inside (D) by magnified view under the Omni-Core Digital Microscope.

Table 5 Distribution of Contaminant Locations for Two Types of FIRs

FIR Type Contaminant Location Number of Contaminated Total Number Inspected Contamination Rate (%)
Surface Middle 8 155 5. 16
Surface Ends 21 155 13.55
Wave-type
Lumen Middle 5 155 3.23
Lumen Platform 12 155 7.74
Surface Middle 5 109 4.59
Surface Ends 6 109 5.50
Thread-type
Lumen Middle 3 109 2.75
Lumen Platform 11 109 10. 09
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Figure 4 Rust and grease foreign matter in the middle section

of the thread-type FIR surface crevice (A); multiple spots of
grease-like foreign matter in the middle section of the thread-
type FIR lumen (B); bone tissue residue in the middle section of
the wave-type FIR surface crevice (C); grease foreign matter
residue at one end of the wave-type FIR surface crevice (D);
bone tissue residue in the middle section of the wave-type FIR
lumen (E); accumulation of greas foreign matter on the
“platform” at one end of the structural transition connection
inside the FIR lumen (F).
and 2 reveals that, whether for the FIR lumen or
surface, the ATP bioluminescence assay showed
cleaning qualification rates close to 100% (Surface:
97.35%, Lumen: 97.86%), but the cleaning qualifica-
tion rates obtained by the two visual inspection de-
vices for the FIR surface and lumen dropped signif-
icantly (Surface: 84.45%, Lumen: 88.26%), indicating
that visual inspection devices have a higher detec-
tion rate for stains. During the experiment, it was
found that while ATP test results indicated that 35
pieces of FIR surfaces and 28 pieces of FIR lumens
met the qualification standard, further inspection with
visual inspection devices still revealed the presence
of grease or tissue debris inside the lumen or within
surface crevices. Analysis suggests that the ATP bio-
luminescence results might be attributed to two rea-
sons. First, the ATP fluorescence detection method
has some limitations and drawbacks and cannot de-
tect non-biological contaminants such as grease, dust,

metal particles, etc.; thus the measured value is in-
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fluenced by chemical factors"”. Second, whether
for thread-type or wave-type FIRs, the crevices on
their surfaces and within their lumens are very tight.
Even when sampling was performed with multi-
angle bending, situations existed where the sam-
pling swab could not fully contact the crevice areas,
potentially leading to false-negative results. Based
on the data analysis from this experiment, only ATP
method cannot fully ensure accurate assessment of
FIR cleanliness.

The comparison of cleaning qualification rates
for the two different types of FIRs in Table 3 shows
that the cleaning qualification rate for wave-type
FIRs was 89.03%, while for thread-type FIRs it was
73.39%. This difference was statistically significant.
Multivariate logistic regression analysis further con-
firmed that, after controlling for confounding factors
such as frequency of use, the thread-type structure
was an independent risk factor for cleaning failure
(OR=3.21). The Omni-Core Digital Microscope re-
sults (Figure 3) revealed that wave-type FIRs have
a single-layer structure, whereas thread-type FIRs
exhibit a multi-layer, non-disassemblable complex
structure, with layers rotating in opposite directions
and overlapping areas existing. This inherent com-
plexity in design makes contaminants more likely
to be trapped and difficult to remove thoroughly by
routine cleaning processes, which may be the root
cause for the lower cleaning qualification rate of
thread-type FIRs. This is consistent with the research
conclusions of Lopes'™” and Costa!"” regarding the
difficulty of cleaning complex-structure instruments.
This study further quantifies the impact degree of
this specific structural difference on the cleaning
qualification rate.

The comparison of the cleaning effectiveness
of FIRs in Group A and Group B (Table 4) found
that the cleaning qualification rate for Group A was
89.86%, significantly higher than the 73.28% for
Group B. Similarly, multivariate analysis results
supported that “non-consecutive use” (Group B)
was an independent risk factor for cleaning failure
(OR=3.58). Data statistics on the distribution of

contamination locations show that by inspection of
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the FIR surface using the Omni-Core Digital Micro-
scope, the crevice ends of wave-type FIRs (Table 5,
contamination rate of 13.55%) were prone to residue
of bone debris or grease foreign matter, as shown
in Figure 4(D), representing overlooked points and
weak spots in the cleaning of wave-type FIRs. In-
spection using the Flexible Inspection Scope found
that both types of FIRs have a “platform” at the in-
ternal structural transition points at both ends, pre-
sented in Figure 4(F). This platform is the primary
site for contaminant accumulation. Data statistics
on contamination location distribution indicate that
this is the main reason for the lower lumen cleaning
qualification rate in FIRs not used consecutively
within the same medical institution. This may be
occurred because when FIRs circulate among dif-
ferent medical institutions, the emphasis placed on
FIR cleaning and the cleaning procedures imple-
mented vary between institutions, leading to difficult-
to-remove stain residue in the platform!**”. This
speculation needs further verification through multi-
center studies in the future, combined with on-site
inspections or questionnaire interviews regarding
the cleaning processes of various hospitals. The
Flexible Inspection Scope can directly display the
degree and location of contaminant residue!*'*,
contributing to identifying difficulties and over-
sights in cleaning, and allowing for targeted han-
dling of instrument residual contaminants™>". Visual
inspection can only detect contaminants larger than
50 micrograms on the instrument surface or shallow
positions, while dispersed, minute, or internal lumen
contaminants are difficult to observe™!. Therefore,
visual inspection devices can effectively help iden-
tify cleaning quality issues with instruments. Through
targeted re-cleaning processes, all instruments that
failed the initial cleaning could meet the qualifica-
tion standard, indicating that although standard pro-
cesses pose challenges for complex instruments, their
cleaning quality is controllable through enhanced
quality control and feedback mechanisms. For ex-
ample, more attention should be paid to brushing
the platform, and FIRs used intermittently within

the same medical institution should be brushed re-

113

www.ss-journal.com

peatedly. The difference in cleaning qualification
rates between consecutively used and intermittently
used FIRs within the same institution also high-
lights the importance of establishing standardized
cleaning procedures. By establishing standardized
procedures, cleaning qualification rates can be im-
proved, thereby ensuring cleaning quality™.

This study holds certain implications for clinical
practice and policy formulation. Firstly, the results
strongly suggest that complex loaner instruments,
such as FIRs, should not be tested only by ATP assay;
visual inspection (e. g., borescopes, digital micro-
scopes) should be incorporated into the routine
quality control system as an effective supplement
to ATP testing. Secondly, the study emphasizes the
urgency of establishing and enforcing national or
regional standardized cleaning procedures, especially
for loaner instruments, and medical device suppliers
should provide clear, verifiable cleaning instruc-
tions. Finally, in addition to considering clinical func-
tion, instrument procurement and selection should
take the cleanability of the instrument should into
consideration as an important evaluation criterion.
The data from this study support the priority se-
lection of structurally relatively simpler wave-type
FIRs.

Limitations

This study has several limitations. First, al-
though the sample size met the statistical require-
ments for the study objectives, the convenience
sampling method may still introduce selection bias,
and the generalizability of the research results should
be treated cautiously. Second, this study is observa-
tional; although some confounding factors were con-
trolled through multivariate analysis, there may still
be unmeasured confounding variables (such as subtle
differences in operation among different cleaning
staff), thus the strength of causal inference from the
conclusions is limited. Third critical parameters of
the manual cleaning process (such as temperature,
chemical concentration) were not monitored in real-
time nor process challenge verified, which may af-
fect the reproducibility of the results. Forth, this study
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only adopted ATP and visual inspection, without
employing quantitative methods such as protein res-
idue (e.g., BCA method) or carbohydrate residue (e.
g., anthrone method) for cross-validation, limiting
the assessment capability for non-biological con-
taminants. Fifth, practical considerations of equip-
ment cost and time cost were not explored in this
study. Finally, this study only assessed the interme-
diate outcome of cleaning quality and did not di-
rectly track patient SSI outcomes; therefore, the
conclusion of “reducing SSI risk™ is inferred based
on the recognized logic that “cleaning is a prerequi-
site for sterilization,” rather than being direct evi-

dence.
Conclusion

The FIRs studied in this project are loaner in-
struments rented to hospitals by external medical
device suppliers and are typically not used consecu-
tively within the same medical institution. If these
instruments are not thoroughly cleaned over the long
term, it may lead to biofilm formation and steriliza-
tion failure®*, thereby increasing the risk of post-
operative intramedullary infection in patients. This
not only poses a threat to patient health but may
also impact infection control across multiple hospi-
tals. Therefore, for complex-design reusable medical
instruments, such as FIR, a single cleaning quality in-
spection method has limitations and potential risks. It
is recommended to apply multiple inspection methods
(especially visual inspection devices) for compre-
hensive assessment of the instrument lumen and
surface to enhance the reliability of cleaning quality
inspection. In addition, it is recommended that sur-
gical instrument manufacturers, during their design
phase, must consider not only the convenience of
surgical operation but also prioritize the cleanability
of the instrument, ensuring that the instrument can
be thoroughly cleaned™. Based on the data from
this study, it is suggested that prioritizing the use
of wave-type FIRs in intramedullary nailing proce-
dures may help achieve more reliable cleaning re-
sults. Meanwhile, to ensure homogeneity in cleaning

quality, it is recommended that instrument manufac-
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turers provide users with standardized cleaning pro-
cedures, and it is suggested that medical institutions
and regulatory bodies incorporate cleaning verifica-
tion (including the use of visual inspection devices)
for such complex loaner instruments into mandatory
quality control criteria. Through such comprehensive
measures, the cleaning quality of medical instruments
can be improved, providing a solid foundation for
ensuring patient safety and the reliability of medical

services.
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