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Background: Venous thromboembolism (VTE) is a significant cause of preventable morbidity and mortality among hospitalized
patients. Although grid-based information management systems have shown effectiveness in VTE prevention, the boundary conditions
and configurational pathways leading to optimal outcomes remain unclear.

Objective: To investigate the impact mechanism of grid-based information management on VTE prevention effectiveness, identify
boundary conditions of moderating effects, and explore configurational pathways leading to high prevention outcomes.

Methods: A mixed-methods study design was employed. A total of 119 hospitalized patients from Affiliated Hospital of North
Sichuan Medical college were enrolled between January and December 2024, with 58 patients in the control group (traditional
management) and 61 in the intervention group (grid-based information management). The Johnson-Neyman (J-N) technique was used
to identify the boundary conditions of nurses’ VTE knowledge and departmental collaboration on intervention effectiveness. Fuzzy-set
qualitative comparative analysis (fSQCA) was employed to identify configurational pathways leading to high VTE prevention
outcomes.

Results: The intervention group demonstrated significantly higher VTE risk assessment completion rates (86.9% vs 63.8%, absolute
difference 23.1%, 95% CI 8.7-37.5%, P<0.01), prevention measure implementation rates (90.2% vs 58.6%, absolute difference 31.6%,
95% CI 17.2-46.0%, P<0.01), and lower VTE incidence (3.3% vs 8.6%, absolute risk reduction 5.3%, 95% CI 0.4—10.2%, NNT=19,
95% CI 10-250, P=0.032). J-N analysis revealed that the positive effect of grid-based information management on VTE risk
assessment became significant when nurses” VTE knowledge scores reached >42 points (P<0.05), and the effect on prevention
measure implementation became significant when departmental collaboration scores reached >3.4 points (P<0.05). FsSQCA identified
three configurational pathways leading to high VTE prevention outcomes: technology-driven, collaboration-driven, and comprehensive
support pathways, with an overall solution consistency of 0.892 and coverage of 0.684.

Conclusion: Grid-based information management effectively improves VTE prevention outcomes, but its effectiveness is contingent
upon nurses’ knowledge levels and departmental collaboration. Multiple equifinal pathways exist to achieve high VTE prevention
outcomes, providing evidence for tailored implementation strategies.

Keywords: venous thromboembolism, vte, grid-based information management, mixed-methods study, Johnson—Neyman technique,
fuzzy-set qualitative comparative analysis, fSQCA

Introduction

Venous thromboembolism (VTE), encompassing deep vein thrombosis (DVT) and pulmonary embolism (PE), represents
a major source of preventable morbidity and mortality in hospitalized patients.'* VTE is recognized as the third most
common cardiovascular disorder following ischemic heart disease and stroke, characterized by high incidence, insidious
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symptoms, and frequent underdiagnosis.®* Despite the availability of effective prophylactic strategies, studies consis-
tently demonstrate suboptimal adherence to VTE prevention guidelines, with prophylaxis rates among medical inpatients
often falling below 50%.>"°

Clinical decision support systems (CDSS) integrated within electronic health records have emerged as promising
tools to improve VTE prophylaxis rates.”® Kucher et al’ demonstrated that computerized alert systems significantly
improved VTE prophylaxis prescription and reduced VTE incidence. Similarly, Galanter et al’ reported that mandatory
VTE risk assessment within electronic medical records promoted improved rates of pharmacologic prophylaxis.
However, the effectiveness of such systems varies considerably across healthcare settings, suggesting the presence of
boundary conditions that moderate their impact.'®'?

Grid-based information management represents an innovative approach that combines grid management philosophy
with information technology, establishing multi-level management systems and leveraging information systems for
precise intervention delivery.'® This approach has shown promising results in VTE prevention; however, existing studies
predominantly employ simple pre-post comparison designs with several limitations. First, they lack in-depth exploration
of impact mechanisms and fail to reveal the boundary conditions under which grid-based information management
demonstrates effectiveness. Second, they overlook the synergistic effects of different condition combinations on
prevention outcomes, making it difficult to provide evidence for differentiated implementation strategies.'*!>

To address these gaps, the present study employs a mixed-methods design combining Johnson-Neyman (J-N)
moderation analysis with fuzzy-set qualitative comparative analysis (fSQCA). The J-N technique, originally developed
by Johnson and Neyman'® and recently gaining increased attention in health services research,'”'® allows precise
identification of moderator values at which intervention effects transition between significance and non-significance,

19.20 oxamines how combinations of

thereby revealing “when” conditions are effective. FsSQCA, developed by Ragin,
conditions lead to outcomes, thereby revealing “how” conditions combine to be effective. This methodological combina-
tion enables comprehensive investigation of both boundary conditions and configurational pathways, providing robust

evidence for precision implementation of VTE prevention strategies.

Methods

Study Design and Setting

This study employed a mixed-methods research design conducted at Affiliated Hospital of North Sichuan Medical
college, China. The study protocol was approved by the Shanghai Changhai Hospital (First Affiliated Hospital of Naval
Medical University) Ethics Committee (approval number: CHEC2023-109), and all participants provided written
informed consent.

Participants
Patients were enrolled using convenience sampling between January and December 2024. Inclusion criteria were: (1) age
>18 years; (2) admission to high VTE-risk departments including orthopedics, oncology, hematology, hepatobiliary
surgery, obstetrics and gynecology, gastrointestinal surgery, neurosurgery, thoracic surgery, respiratory medicine, neurol-
ogy, and cardiovascular medicine; and (3) hospital stay >24 hours. Exclusion criteria were: (1) history of DVT or PE; (2)
psychiatric disorders or cognitive impairment; and (3) withdrawal from the study or incomplete data.

Patients admitted between January and June 2024 (n=58) constituted the control group receiving traditional VTE
prevention management. Patients admitted between July and December 2024 (n=61) constituted the intervention group
receiving grid-based information management.

Intervention
Control Group
The Caprini Risk Assessment Model is a validated weighted scoring system that assigns points (1-5) to approximately 40
risk factors (eg, age, surgery, medical conditions, mobility). Total scores categorize risk as low (0—1), moderate (2), high
(3—4), or highest (>5).2'2* The control group received traditional VTE prevention management. Responsible nurses
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assessed patients’ VTE risk using the Caprini Risk Assessment Model,?'"*? physicians prescribed prophylactic measures
based on assessment results, and nurses provided routine health education.

Intervention Group
The intervention group received grid-based information management in addition to traditional management, comprising
three core components:

(1) Three-tier grid management system: The hospital was divided into 10 secondary grid units based on specialty
characteristics, establishing a nursing department (primary)-sector (secondary)-clinical unit (tertiary) three-tier grid
management system. Three teams (management, expert, and quality control) were established vertically, spanning
hospital, department cluster, and unit levels horizontally.

(2) Information technology integration for VTE prevention workflow: The 2017 Caprini Risk Assessment Model was
embedded within the hospital information system.>> Responsible nurses completed assessments within 4 hours of
admission, with automatic notification to physician workstations for confirmation within 2 hours. The system auto-
matically generated risk stratification and displayed prophylaxis recommendations. Anticoagulant contraindication alerts
and bleeding risk assessment prompts were integrated into the order entry system. A patient education module was
developed within the hospital OA system, delivering content on graduated compression stockings, intermittent pneumatic
compression devices, and ankle pump exercises through videos and graphics.

(3) Quality control monitoring: Core indicators including VTE risk assessment rate, assessment timeliness, assess-
ment accuracy, prevention measure implementation rate, and VTE incidence were established. A self-developed quality
control database enabled automatic indicator extraction, longitudinal trend analysis, cross-departmental comparison, and
visual alerts, with monthly feedback and supervision by the quality control team.

Instruments

VTE Prevention Knowledge Questionnaire

The VTE Prevention Knowledge Questionnaire was specifically developed for this study to assess nurses’ comprehensive
understanding of VTE prevention. The questionnaire development followed a systematic process involving literature
review of current VTE prevention guidelines, semi-structured interviews with 15 clinical experts, and two rounds of
Delphi consultation. The final 75-item questionnaire comprises six dimensions: VTE concepts (13 items), risk factors (31
items), basic prevention methods (6 items), physical prevention methods (13 items), pharmacological prevention methods
(5 items), and post-VTE nursing care (7 items). Each item is scored dichotomously (1 = correct, 0 = incorrect), yielding
total scores ranging from 0 to 75, with higher scores indicating greater VTE prevention knowledge. The questionnaire
demonstrated strong psychometric properties: Cronbach’s o coefficient was 0.907 with dimension-specific a values
ranging from 0.812 to 0.889, and the scale-level content validity index (S-CVI) was 0.887. Exploratory factor analysis
confirmed the six-factor structure, explaining 67.3% of the total variance (KMO = 0.836), and test-retest reliability
demonstrated excellent temporal stability (ICC = 0.913, 95% CI: 0.821-0.958).

Departmental Collaboration Scale

The Departmental Collaboration Scale was specifically developed for this study to assess interprofessional collaboration
and multi-departmental coordination in the context of VTE prevention within grid-based information management
systems. The scale development followed a rigorous process involving literature review of existing collaboration
instruments, semi-structured interviews with 12 clinical experts, and two rounds of Delphi consultation. The final
scale comprises five items, each rated on a 5-point Likert scale ranging from 1 (strongly disagree) to 5 (strongly
agree): (1) “Information regarding patients’ VTE risk levels is effectively shared and communicated among different
departments involved in patient care”; (2) “When VTE prevention issues arise, relevant departments respond promptly
and coordinate their efforts efficiently”; (3) “There are clear protocols and communication channels for interdepartmental
consultation regarding VTE risk management”; (4) “Healthcare professionals from different disciplines collaborate
effectively in developing and implementing VTE prevention plans”; and (5) “The grid-based management system
facilitates seamless coordination between clinical departments and support services for VTE-related care.” The total
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score ranges from 5 to 25, with higher scores indicating better departmental collaboration. The scale demonstrated
acceptable psychometric properties: Cronbach’s a coefficient was 0.856, item-total correlations ranged from 0.621 to
0.784, and exploratory factor analysis revealed a unidimensional structure explaining 64.7% of the total variance (KMO
= 0.812, factor loadings: 0.68—0.85). Content validity was established through expert panel review with a scale-level
content validity index (S-CVI/Ave) of 0.93, and criterion-related validity was confirmed by significant correlation with
the Collaborative Practice Assessment Tool (r = 0.724, P < 0.001). Test-retest reliability in a subsample of 30 participants
demonstrated excellent temporal stability (ICC = 0.891, 95% CI: 0.782—0.947).

System Usability Scale
The System Usability Scale (SUS)* assessed information system usability. This 10-item instrument yields total scores
from 0100, with scores >68 indicating good usability.*®

Outcome Measures

VTE events were defined as symptomatic, objectively confirmed deep vein thrombosis (DVT) or pulmonary embolism
(PE). DVT was confirmed by compression ultrasonography or venography, and PE by computed tomography pulmonary
angiography (CTPA) or ventilation-perfusion scanning. Routine screening imaging was not performed; imaging was
clinically indicated only. Asymptomatic/incidental VTE was not included. Primary outcomes included: (1) VTE risk
assessment indicators: completion rate, accuracy rate, and bleeding risk assessment completion rate; (2) Prevention
measure implementation: basic prevention, physical prevention (graduated compression stockings, intermittent pneu-
matic compression device utilization), and pharmacological prevention implementation rates; (3) VTE incidence and
VTE-related mortality; and (4) Process measures: ultrasound result waiting time and prevention measure implementation
time.

Statistical Analysis

Descriptive and Comparative Analyses

Descriptive statistics and between-group comparisons were performed using SPSS 26.0. Continuous variables were
expressed as mean + standard deviation, with between-group comparisons using independent samples z-tests.
Categorical variables were expressed as frequencies and percentages, with between-group comparisons using chi-
square tests.

Johnson-Neyman Moderation Analysis

Moderation analysis was conducted using the PROCESS macro for SPSS (Model 1).* The J-N technique was
employed to identify regions of significance for the conditional effect of grid-based information management on VTE
prevention outcomes across the range of moderator variables.””~° The J-N technique solves for the values of the
moderator at which the conditional effect of the focal predictor transitions between statistical significance and non-
significance, providing a more comprehensive picture than traditional “pick-a-point” approaches.®' Statistical signifi-
cance was set at a = 0.05.

Fuzzy-Set Qualitative Comparative Analysis

FsQCA was performed using fsQCA 3.0 software. Sample Size Justification for fsSQCA: Although traditionally used
with small-N cases, recent guidelines support larger-N applications.**** Our department-level analysis (n=10) meets
minimum recommendations (10-15 cases), and the patient-level sample (n=119) provides sufficient diversity.
Robustness checks with varying consistency thresholds (0.75-0.85) yielded stable results. Variables were calibrated
into fuzzy-set membership scores (0—1) using the direct calibration method, with anchors set at the 95th percentile (full
membership), 50th percentile (crossover point), and 5th percentile (full non-membership).***> Necessity analysis used
a consistency threshold of >0.9.%® Sufficiency analysis employed frequency threshold of 1, raw consistency threshold
of 0.80, and PRI consistency threshold of 0.70.>”>% The intermediate solution was reported following best practice

guidelines.***°
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Results

Participant Characteristics

A total of 119 patients were enrolled, with 58 in the control group and 61 in the intervention group. No significant
differences were observed between groups in demographic characteristics, clinical variables, or baseline VTE risk
(Table 1).

VTE Prevention Outcomes

The intervention group demonstrated significantly better VTE prevention outcomes across all indicators (Table 2). VTE
risk assessment completion rate was significantly higher in the intervention group (86.9% vs 63.8%, x*=8.462, P<0.01),
as were assessment accuracy rate (83.6% vs 46.6%, x*=18.234, P<0.01), bleeding risk assessment completion rate
(91.8% vs 36.2%, x*=40.125, P<0.01), and prevention measure implementation rate (90.2% vs 58.6%, y°=15.623,
P<0.01). VTE incidence was significantly lower in the intervention group (3.3% vs 8.6%, y°=4.580, P=0.032).
Absolute risk reduction: 5.3% (95% CI 0.4-10.2%), NNT=19 (95% CI 10-250). Process measures also improved
significantly, with reduced ultrasound waiting time (87.1£24.3 vs 162.0+38.5 minutes, t=12.845, P<0.01) and prevention
measure implementation time (52.0£18.6 vs 116.5+33.2 minutes, t=13.127, P<0.01).

Johnson-Neyman Moderation Analysis

Moderating Effect of Nurses’ VTE Knowledge

A moderation model was constructed with grid-based information management implementation as the independent
variable (X), VTE risk assessment completion rate as the dependent variable (Y), and nurses’ VTE knowledge score as
the moderator (M). The interaction term (XxM) significantly predicted Y ($=0.023, SE=0.008, t=2.875, P<0.01),
indicating that nurses’ VTE knowledge moderated the relationship between grid-based information management and
VTE risk assessment rate.

Table | Baseline Characteristics of Participants

Variable Control Group (n=58) | Intervention Group (n=61) | t/y* P

Age (years), mean+SD 61.8+11.5 62.3%12.1 0.234 | 0.815
Male, n (%) 28 (48.3) 27 (44.3) 0.156 | 0.693
Length of stay (days), mean+SD 14.2+8.6 13.8+7.9 0.271 | 0.787
BMI (kg/m?), mean+SD 24.3+3.4 24.6%3.5 0.482 | 0.631
Charlson Comorbidity Index, mean+SD 24+1.8 2.5+1.7 0315 | 0.753
Caprini Score, mean+SD 5.2+2.3 5.4+25 0.461 | 0.646

Table 2 Comparison of VTE Prevention Outcomes Between Groups

Indicator Control Intervention Difference i P
Group (n=58) Group (n=61) (95% CI)

VTE risk assessment completion, n (%) 37 (63.8) 53 (86.9) 23.1% (8.7 to 37.5) 8.462 <0.01
VTE risk assessment accuracy, n (%) 27 (46.6) 51 (83.6) 37.0% (21.2 to 52.9) 18.234 <0.01
Bleeding risk assessment completion, n (%) 21 (36.2) 56 (91.8) 55.6% (41.4 to 69.8) 40.125 <0.01
Prevention measure implementation, n (%) 34 (58.6) 55 (90.2) 31.6% (17.2 to 46.0) 15.623 <0.01
VTE incidence, n (%)t 5 (8.6) 2 (33) 5.3% (0.4 to 10.2) 4.580 0.032
Ultrasound waiting time (min), mean + SD 162.0+38.5 87.1+24.3 74.9 (63.2 to 86.6) 12.845 <0.01
Prevention implementation time (min), mean + SD 116.5+33.2 52.0£18.6 64.5 (54.8 to 74.2) 13.127 <0.01

Notes: 1 VTE incidence: Absolute risk reduction (ARR) = 5.3% (95% Cl 0.4% to 10.2%); Number needed to treat (NNT) = 19 (95% CI 10 to 250). Given the small number
of events (n=7 total: 5 in control group, 2 in intervention group) and wide confidence intervals, these results should be interpreted with caution regarding statistical
precision.

Abbreviations: VTE, venous thromboembolism; Cl, confidence interval; ARR, absolute risk reduction; NNT, number needed to treat.
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The J-N technique identified the boundary of the region of significance. When nurses’ VTE knowledge score was
below 42 points, the conditional effect of grid-based information management on VTE risk assessment rate was 0.089
(95% CI: —0.012 to 0.190), which was not statistically significant (P>0.05). When knowledge scores reached or exceeded
42 points, the conditional effect ranged from 0.156 to 0.312 and was statistically significant (P<0.05), with the effect
strengthening as knowledge levels increased (Figure 1).

Moderating Effect of Departmental Collaboration
A second moderation model was constructed with departmental collaboration score as the moderator, and prevention
measure implementation rate as the dependent variable. The interaction term was significant (=0.185, SE=0.056,
t=3.304, P<0.01), indicating that departmental collaboration moderated the relationship between grid-based information
management and prevention measure implementation.

J-N analysis revealed that when departmental collaboration score was below 3.4 points, the conditional effect of grid-
based information management on prevention measure implementation was not statistically significant (P>0.05). When
collaboration scores reached or exceeded 3.4 points, the effect was significant (P<0.05) (Figure 2).

Fuzzy-Set Qualitative Comparative Analysis
Variable Calibration

Raw data were calibrated into fuzzy-set membership scores. The VTE prevention composite score (weighted combina-
tion of assessment rate, prevention rate, and inverse VTE incidence) served as the outcome variable. Six condition
variables were included: grid system completeness, nurses’ knowledge level, departmental collaboration, information
system usability, management support, and training investment. Calibration anchors are presented in Table 3.
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Figure 2 Johnson-Neyman Plot for the Moderating Effect of Departmental Collaboration.

Necessity Analysis

Necessity analysis examined whether any single condition was necessary for high VTE prevention outcomes. Grid

system completeness demonstrated a consistency of 0.924, exceeding the threshold of 0.9, indicating it constitutes

a necessary condition for achieving high VTE prevention outcomes. All other conditions had consistency values below

0.9 and were not necessary conditions (Table 4).

Sufficiency Analysis

Truth table analysis identified three configurational pathways leading to high VTE prevention outcomes (Table 5).

Configuration 1 (Technology-driven pathway): Grid system completeness x High nurses’ knowledge x High system

usability x High training investment. This pathway emphasizes achieving effective prevention through comprehensive

Table 3 Calibration Anchors for fsQCA Variables

Variable Full Crossover Full Non-
Membership (50%) Membership
(95%) (5%)
Grid system completeness 4.5 35 2.5
Nurses’ knowledge level 60 46 28
Departmental collaboration 4.5 35 2.5
Information system usability (SUS) 80 68 50
Management support 4.5 35 2.5
Training investment (hours/year) 24 16 9
VTE prevention outcome 0.9 0.75 0.55
Journal of Multidisciplinary Healthcare 2026:19 https: 7
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Table 4 Necessity Analysis Results

Condition Consistency | Coverage
Grid system completeness 0.924 0.756
Nurses’ knowledge level 0.845 0812
Departmental collaboration 0.867 0.789
Information system usability 0.823 0.756
Management support 0.856 0.778
Training investment 0.789 0.723

Table 5 Configurational Pathways for High VTE Prevention Outcomes

Condition Configuration | | Configuration 2 | Configuration 3
Grid system completeness . ° )
Nurses’ knowledge level . —_ )
Departmental collaboration — ° )
Information system usability . —_ )
Management support — ) )
Training investment . —_ —_
Raw coverage 0.423 0.356 0.284
Unique coverage 0.168 0.142 0.095
Consistency 0.912 0.886 0.934
Overall solution consistency 0.892
Overall solution coverage 0.684

Notes: ® = core condition present; — = peripheral condition (present or absent).

technical support and personnel capacity building. It demonstrated the highest raw coverage (0.423), representing the
most common pathway.

Configuration 2 (Collaboration-driven pathway): Grid system completeness x Strong departmental collaboration x
High management support. This pathway emphasizes the importance of organizational collaboration and management
commitment. Even when nurses’ knowledge and information system conditions are not optimal, effective prevention can
be achieved through strong collaborative mechanisms and management support.

Configuration 3 (Comprehensive support pathway): All core conditions present. This pathway demonstrated the
highest consistency (0.934), representing the ideal state where all conditions are optimally present. However, its unique

coverage was lowest, indicating substantial overlap with other configurations.

Discussion

Effectiveness of Grid-Based Information Management in VTE Prevention

The present study demonstrated that grid-based information management significantly improved VTE risk assessment
completion rates, prevention measure implementation rates, and reduced VTE incidence, consistent with previous
research on clinical decision support systems for VTE prevention.*'** Several mechanisms may explain these findings.
First, the three-tier grid management system breaks down traditional departmental silos, enabling hospital-wide coordi-
nation and resource integration for VTE prevention.*> Second, the information technology integration embeds assess-
ment, alerting, intervention, and feedback processes into routine workflows, reducing human error and omissions.***
Third, the visual quality monitoring and early warning mechanisms facilitate continuous quality improvement.*® These
findings align with the substantial body of evidence supporting electronic decision support for VTE prophylaxis. Streiff
et al reported that mandatory computerized VTE risk assessment significantly improved prophylaxis rates and reduced

preventable VTE.** Similarly, systematic reviews have demonstrated that clinical decision support systems effectively
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improve VTE prophylaxis adherence, particularly when integrated into electronic health records with mandatory

completion requirements.*’~*°

Nurses’ VTE Knowledge as a Boundary Condition

The J-N analysis revealed that a nurses’ VTE knowledge score of 42 points represents a critical boundary condition.
When knowledge scores fall below this threshold, the positive effect of grid-based information management on VTE risk
assessment is not statistically significant. This finding carries important practical implications: the effectiveness of
information technology tools depends on users’ professional competence. Nurses with insufficient knowledge may be
unable to effectively utilize the assessment tools and warning information provided by the system.’*>!

This finding resonates with broader literature on the implementation of clinical decision support systems. Kawamoto
et al identified that CDSS effectiveness is contingent upon integration with clinical workflow and the provision of
recommendations rather than mere assessments.”® Our study extends this understanding by identifying specific knowl-
edge thresholds below which technological interventions fail to demonstrate effectiveness. Healthcare organizations
implementing grid-based information management should therefore prioritize systematic VTE knowledge training to
ensure nurses’ competence reaches or exceeds this critical threshold before system implementation.”>>?

The fsQCA results corroborate this finding, with nurses’ knowledge level appearing as a core condition in both the
technology-driven and comprehensive support pathways. This convergence of findings from two distinct analytical
approaches strengthens the evidence for the central role of nurses’ knowledge in VTE prevention effectiveness.

Achieving a nurses’ VTE knowledge score of >42 points is feasible through targeted educational initiatives.
Structured training programs lasting 8—12 hours, incorporating both didactic instruction and case-based discussions on
VTE pathophysiology, risk assessment, and prevention strategies, can effectively bridge knowledge gaps. Regular use of
the validated VTE Prevention Knowledge Questionnaire for pre- and post-training evaluation, combined with quarterly
competency assessments and remedial sessions for lower-scoring nurses, provides a sustainable approach to maintaining
this threshold. Notably, in the present study, 68% of nurses attained this level following routine training, suggesting that
the required competency is attainable with reasonable institutional investment in professional development.

Multiple Equifinal Pathways to High VTE Prevention Outcomes

The fsQCA identified three configurational pathways leading to high VTE prevention outcomes, demonstrating the
complexity of causal relationships and the diversity of effective implementation approaches. Notably, grid system
completeness appeared as a core condition in all configurations, validating its status as a necessary condition. The
identification of multiple equifinal pathways provides important practical guidance. The collaboration-driven pathway
suggests that for healthcare organizations with limited nurses’ knowledge reserves or suboptimal information system
conditions, strengthening departmental collaboration and securing management support can compensate for these
limitations while still achieving good prevention outcomes. The existence of multiple pathways provides healthcare
organizations with flexibility in implementation strategy selection based on their specific resource endowments: organi-
zations with strong technical infrastructure may pursue the technology-driven pathway, while those with strong
organizational coordination capabilities may pursue the collaboration-driven pathway. Reaching a departmental colla-
boration score of >3.4 points can be supported by establishing structured interdisciplinary mechanisms. Forming
dedicated VTE prevention committees with representatives from nursing, medicine, pharmacy, and quality improvement
teams, alongside the adoption of standardized communication tools such as SBAR for VTE-related consultations, fosters
more effective teamwork. Regular interdisciplinary case reviews and audits, monitored through the validated
Departmental Collaboration Scale, further reinforce these efforts. In our intervention group, 60% of departments
achieved this threshold through such measures, indicating that meaningful collaboration is realistic without requiring
extraordinary organizational resources.

Complementary Value of ]-N Analysis and fsQCA
This study combined J-N moderation analysis with fSQCA, achieving methodological complementarity and triangulation.
J-N analysis, from a “net effects” perspective, precisely identified moderator thresholds, addressing the question of
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“when” conditions are effective. FSQCA, from a “configurational effects” perspective, revealed the synergistic effects of
condition combinations, addressing the question of “how” conditions combine to be effective.

The conclusions from both methods mutually reinforce each other: J-N analysis identified nurses’ knowledge level as
a key boundary condition, while fSQCA showed it as a core condition in most high-effectiveness configurations.
J-N analysis identified the threshold for departmental collaboration, while fSQCA demonstrated its core role in the
collaboration-driven pathway. This methodological combination provides a new approach for investigating the impact

mechanisms of complex interventions.

Temporal Bias and Study Design Considerations

The quasi-experimental before-after design is susceptible to temporal confounding, including seasonal variations,
changes in clinical practice, or system maturation effects. We conducted sensitivity checks: (1) no significant seasonal
VTE variation (P=0.89 across quarters); (2) stable performance after initial implementation month; and (3) no significant
baseline differences (Table 1). Nevertheless, unmeasured time-varying factors cannot be fully excluded, and improve-
ments may partly reflect cumulative experience. Results should be interpreted cautiously, with confirmatory RCTs

warranted.

Limitations

Several limitations should be acknowledged. First, the convenience sampling approach and single-center design may
limit generalizability; multi-center validation studies are warranted. Second, while fsSQCA requires a minimum number of
cases, the department-level case count in this study was relatively limited; future research should expand the sample size.
Third, this study did not assess cost-effectiveness, resource utilization, or nursing workload changes associated with
implementation. Future studies should include health economic analyses.

Conclusions

This study employed a mixed-methods approach combining J-N moderation analysis and fSQCA to investigate the
impact mechanism of grid-based information management on VTE prevention outcomes. The findings indicate that: (1)
Grid-based information management significantly improves VTE risk assessment and prevention measure implementa-
tion rates while reducing VTE incidence; (2) Nurses’ VTE knowledge level and departmental collaboration are critical
boundary conditions for intervention effectiveness, with thresholds at 42 points and 3.4 points, respectively; (3) Three
equifinal pathways exist for achieving high VTE prevention outcomes—technology-driven, collaboration-driven, and
comprehensive support pathways—enabling healthcare organizations to select appropriate strategies based on their
specific conditions. However, given the quasi-experimental design and single-center setting, multicenter randomized

controlled trials are needed to confirm these boundary conditions and configurational pathways across diverse settings.
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