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ABSTRACT 

Introduction: This study investigates the impact of smart refrigerators on the logistics and 

management of biological samples, emphasizing the critical phases of transport and storage to 

enhance the pre-analytical quality of blood samples. Efficient sample management is crucial for 

ensuring diagnostic accuracy. 

Objective: The primary objective is to evaluate the efficiency of smart refrigerators equipped with 

cloud technology in optimizing the transport and storage of biological samples. The secondary 

objective is to assess healthcare personnel's perceptions and satisfaction with these technologies. 

Method: A longitudinal prospective analysis was conducted to assess both the quantitative incidence 

of pre-analytical errors and the qualitative perceptions of healthcare personnel regarding these 

technologies. Samples were collected from six primary care centers within the Elche General Health 

Department, with one center using smart refrigerators and five using conventional methods. The 

refrigerators featured GPS, real-time temperature sensors, alert systems for cold chain interruptions, 

and RFID technology. Training on refrigerator use, systematic data collection on pre-analytical 

errors, and surveys and semi-structured interviews with healthcare personnel were conducted. 

Descriptive methods and hypothesis testing, including Z-statistics and logistic regression models, 

were used for statistical analysis. 

Results: The analysis revealed a significant decrease in the incidence of coagulated and hemolyzed 

samples at the center using smart refrigerators. Specifically, the rate of coagulated samples was 

reduced by 69.39%, while hemolyzed samples decreased by 78.12%. This improvement contrasts 

with trends observed in centers using conventional practices. A significant 94.62% of the staff 

reported a positive experience with the smart refrigerators, highlighting high satisfaction and the 

importance of stricter control in handling and transporting samples to prevent errors. 

Conclusions: The use of smart refrigerators in the transport and storage of biological samples 

effectively improves the pre-analytical quality of blood samples, reduces pre-analytical errors, and 
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enhances staff satisfaction. These findings underscore the importance of incorporating advanced 

technologies in the management of biological samples in primary care settings. 

  

Keywords: Pre-Analytical Phase, Smart Refrigerators, Pre-analytical Error, Medical Laboratory, 

Blood Preservation. 
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INTRODUCTION 

In recent decades, the imperative to reduce costs has driven the healthcare sector towards the 

consolidation and centralization of diagnostic services in high-capacity laboratories [1]. This 

transformation underscores the critical importance of efficiently transporting various biological 

samples from peripheral collection points to centralized analysis centers, highlighting the need for 

optimized logistics and meticulous sample management to ensure diagnostic accuracy [2]. As 

emphasized by Giavarina and Lippi, precision is crucial at every stage of the diagnostic process [3]. 

The ability of clinical laboratories to deliver reliable results depends on the rigorous implementation 

of standardized procedures throughout the pre-analytical, analytical, and post-analytical phases of the 

diagnostic process. Studies by Rak-Pasikowska et al. and Carraro et al. highlight frequent errors and 

the nature of these in the pre-analytical phases, illustrating common challenges and underscoring the 

importance of addressing them to enhance overall diagnostic quality [4,5]. The pre-analytical phase is 

particularly complex, involving numerous variables that can significantly impact the quality of 

analytical results. These variables range from the patient’s physiological conditions to the 

methodologies used in sample collection, underscoring the necessity for meticulous and standardized 

management at this crucial stage [6,7]. It is important to recognize that the pre-analytical phase 

comprises two sub-stages: extralaboratory and intralaboratory, each with its own set of challenges 

and potential sources of error, which can be difficult to quantify due to the variability in their 

occurrence [8,9]. Efforts to manage the pre-analytical phase more effectively have been documented 

extensively. Akande discusses the quality management of the pre-analytical phase, emphasizing 

monitoring and control to mitigate errors before they affect the test outcomes [10]. Similarly, Lee's 

work on reducing pre-analytical errors through quality improvement activities in a university hospital 

setting showcases practical applications of these principles [11]. Cornes reviews the evolution of the 

pre-analytical phase and projects future advancements that could further reduce errors [12]. 

Rodríguez-Ravelo and Marcel highlight the broad impact of pre-analytical variables on clinical 
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laboratory results [13]. Lastly, innovations such as the specialized Vacutainer systems play a crucial 

role in improving sample integrity during collection and transport [14]. Moreover, Lippi et al. 

highlight that the quality of blood samples, particularly the prevalence of hemolyzed samples, is a 

frequent cause of specimen nonconformity in clinical laboratories, indicating the urgent need for 

strategies to improve the quality of blood samples [15]. Tóth et al. demonstrated that hemolysis is a 

common pre-analytical problem in both newborns and adults, significantly affecting analysis results 

[9,16]. Bostic et al. reported that their laboratory managed to reduce the number of insufficient 

samples for coagulation tests by tracking and eliminating expired blood collection tubes, suggesting 

an effective strategy to minimize this type of pre-analytical error [17]. In another study, Lippi et al. 

showed how brief venous stasis during extraction can significantly alter the results of coagulation 

tests, emphasizing the importance of standardizing the venipuncture process [18]. Van Geest-

Daalderop et al. evaluated the effect of pre-analytical variables, including the time between blood 

collection and PT/INR determinations, and found significant effects based on storage conditions and 

handling, recommending a maximum of 6 hours between blood collection and PT/INR determination 

[19].  

These findings underline the interrelationship between pre-analytical management, diagnostic 

accuracy, and operational efficiency, stressing the continuous need for quality improvement 

throughout all phases of the diagnostic process, especially in standardizing pre-analytical procedures. 

The prevalence of pre-analytical errors varies significantly between different countries, reflecting 

global variability in sample handling practices and standards [8,13]. Hemolysis, in particular, 

frequently undermines the accuracy of critical tests such as INR and aPTT [20,21]. Economically, 

pre-analytical errors, especially those resulting from hemolyzed samples, impose a substantial 

financial burden on health institutions, significantly affecting hospital budgets [10,22]. Detailed 

analysis of hemolysis causes reveals a range of factors, from collection techniques to sample 

transport, highlighting the need for careful and standardized practices to minimize its incidence 
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[23,24].  

Proper management of blood sample transport is essential for precise and reliable clinical analyses. 

Recent studies emphasize how mechanical agitation during the transport of non-centrifuged samples 

can significantly affect test results, underscoring the importance of selecting transportation methods 

that preserve sample integrity [25]. The implementation of advanced technologies, such as smart 

refrigerators, offers a promising solution. These devices integrate cutting-edge temperature and 

vibration controls essential for maintaining optimal conditions during transport [26]. Their ability to 

ensure a stable environment and monitor temperature in real-time is a crucial advancement in 

preventing sample coagulation or degradation. The significance of these findings necessitates specific 

research to explore the impact of smart refrigerators on the pre-analytical process. Despite the lack of 

direct evidence evaluating these technologies in specific contexts, it is imperative to investigate their 

potential to enhance the traceability and control of blood samples, particularly in primary care. This 

approach could not only mitigate pre-analytical errors but also enhance the quality and reliability of 

clinical analyses. 

 

OBJECTIVE 

Main objective  

To evaluate the efficiency and applicability of smart refrigerators integrated with cloud-based 

systems for the transport of biological samples.  

This study primarily investigates the potential of these advanced refrigeration and monitoring 

systems to improve control over the cold chain and reduce the potential for vibration and impacts 

from collection to final destination. However, it is acknowledged that due to the lack of 

comprehensive data and investigation, conclusions regarding their effect on pre-analytical errors are 

preliminary and largely based on the surrogate endpoint of hemolysis reduction. 
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Secondary objectives 

1. To determine health personnel's perception and evaluation of the impact that repeated sample 

collection has on their routine clinical work. 

2. To examine satisfaction with the use of smart refrigerators at the end of the study period 

through interviews with all health professionals involved in the sample handling, transfer, and 

processing stages. 

 

MATERIAL AND METHODS 

Study Design  

This study employs a prospective longitudinal design to evaluate the efficiency of smart refrigerators 

in transporting biological samples from primary care centers to a central laboratory. It utilizes both 

quantitative and qualitative methods to assess not only the incidence of pre-analytical errors but also 

the healthcare staff's perception of the need for action and their satisfaction with these technologies. 

 

Population and Sample  

The study analyses blood samples collected from six primary care centers within the Elche General 

Health Department, serving 168,975 people. It compares pre-analytical problems at one center using 

smart refrigerators to send samples to the central laboratory with five centers that did not use them. 

Questionnaires were administered to 97 health professionals to assess the impact of repeated sample 

collection. Additionally, interviews were conducted with all personnel involved in sample handling, 

transport, and processing to assess satisfaction with the refrigerators. 

 

Materials  

Smart refrigerators equipped with GPS tracking, real-time temperature sensors (maintaining 2°C to 

8°C), alerts for cold chain interruptions, RFID (Radio Frequency Identification) access control, and 
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anti-vibration systems were used. The use of RFID access control ensures a secure and efficient 

system for tracking and managing access to the refrigerators, preventing unauthorized entry and 

maintaining the integrity of the samples by ensuring that only authorized personnel can handle them. 

This technology enhances traceability and accountability, as every access event is recorded, providing 

a detailed audit trail that helps in monitoring the handling process and improving overall security and 

reliability. 

 

Control of Confounding Variables  

To ensure internal validity, differences in staff training, transport conditions, and sample collection 

procedures were meticulously controlled through standardized protocols across all centers. Staff 

experience, the professional-to-population ratio, and professional rotation were consistent among the 

centers. 

 

Procedures  

The study involved training personnel in the use of smart refrigerators, systematic data collection on 

pre-analytical incidents, and conducting surveys and semi-structured interviews with health 

personnel. 

 

Instrument Validation  

Questionnaires and interviews underwent a validation process, including expert review and a pilot 

test, followed by adjustments based on factor analysis and item reliability (Cronbach's Alpha). 

 

Statistical Analysis  

Data are presented as number and percentage for categorical variables, and continuous data are 

expressed as mean ± standard deviation (SD).  
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Advanced statistical techniques were applied, starting with descriptive analyses to understand the 

basic characteristics of the data. Hypothesis-testing methods, including the Z statistic for comparing 

proportions, Odds Ratios (OR) with 95% CI, and logistic regression models, were used to explore the 

relationship between the use of smart refrigerators and the reduction of pre-analytical errors.  

To assess the reliability of the questionnaires administered to healthcare professionals, Cronbach's 

alpha value was calculated to determine the internal consistency of measurement instruments. 

Finally, all tests with p-value< 0.05 were considered significant. Data were analyzed using R 

software. 

 

Ethics and Research Integrity  

All procedures were reviewed and approved by the institutional ethics committee. Informed consent 

was obtained from all participants, ensuring confidentiality and ethical data handling.  

Ethics committee protocol number: PI 89_2022_NIPAP-22. The project received approval on 

September 6, 2022. 

 

RESULTS 

The initial questionnaire, which evaluated perceptions of pre-analytical issues and their frequency, 

achieved a Cronbach's alpha value of 0.87, indicating high reliability. Similarly, the final 

questionnaire aimed at assessing satisfaction with the use of smart refrigerators showed a Cronbach's 

alpha value of 0.91, reflecting excellent internal consistency. These results suggest that both 

questionnaires were reliable and consistent instruments, validating the methodological robustness of 

the study and reinforcing confidence in the findings obtained.  

The data in Table 1 provide a comprehensive view of healthcare personnel's perceptions regarding the 

challenges and critical areas in the pre-analytical phase of blood sample analysis.  
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Question Responses 

How often is repeating the blood analyses of the 

patients necessary? 

Hardly ever: 30.93% (n=30), Sometimes: 54.64% (n=53), Often: 

8.25% (n=8), Very often: 3.09% (n=3), Do not know/do not 

answer: 3.09% (n=3) 

In your opinion, where do you think lies the 

biggest source of errors in blood analyses? 

Specimen transport: 24.74% (n=24), Specimen preparation and 

analysis: 14.43% (n=14), Specimen storage conditions: 19.59% 

(n=19), Specimen collection: 23.71% (n=23), Protocol non-

compliance by the patient: 11.34% (n=11), Do not know/do not 

answer: 6.19% (n=6) 

Which measures do you think should be taken in 

order to avoid errors in blood analyses? 

Considering the patients: 16.49% (n=16), Considering the staff: 

20.62% (n=20), Considering the training: 23.71% (n=23), 

Considering monetary resources: 3.09% (n=3), Considering the 

available material resources: 29.90% (n=29), Do not know/do not 

answer: 6.19% (n=6) 

How would you rate the current storage and 

transport of specimens system of the primary care 

centre? 

Bad: 3.09% (n=3), Fair: 16.49% (n=16), Good: 55.67% (n=54), 

Excellent: 8.25% (n=8), Do not know/do not answer: 16.49% 

(n=16) 

Do you think a higher control of the influential 

variables in transport and storage of the specimens 

would have a positive influence for avoiding 

errors? 

Yes: 84.54% (n=82), No: 8.25% (n=8), Do not know/do not 

answer: 7.22% (n=7) 

Table 1. Percentage of answers in relation to experiences and perception of the healthcare staff. 

 

According to Table 1, a significant majority of respondents (54.64%) reported that it is "sometimes" 

necessary to repeat blood tests due to errors, highlighting the frequency of pre-analytical issues 

encountered in their daily routine. 

When asked about the primary source of errors in blood tests, respondents identified several key 

areas: sample transportation (24.74%, n=24), sample collection (23.71%, n=23), and storage 

conditions (19.59%, n=19). These areas were highlighted as the most critical points where errors 

occur, emphasizing the need for specific interventions. Regarding measures to prevent errors in blood 

tests, the responses varied. The most frequently suggested measures included considering the 

available material resources (29.90%, n=29) and focusing on staff training (23.71%, n=23). Other 

important areas included addressing patient-related factors (16.49%, n=16) and considering 

healthcare personnel (20.62%, n=20). 

When rating the current storage and transportation systems in their primary care centers, most 
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respondents rated them as "Good" (55.67%, n=54) while 16.49% (n=16) rated them as "Fair" and 

8.25% (n=8) as "Excellent." However, a notable 16.49% (n=16) were unsure or did not respond. 

Finally, when asked if increased control over variables affecting the transportation and storage of 

samples would positively impact error reduction, a large majority (84.54%, n=82) believed it would. 

This consensus underscores the importance of strict controls in these areas to improve the accuracy 

and reliability of blood tests. 

 

Question 
Domain 

Likert scale 
Mean ± SD 

How would you rate the impact that, in your view, 

the repetition of specimens collection has on the 

patients' lives?  Impact 

1 to 10 (1 = no impact; 10 = highest impact) 

7.05 ± 0.65 

How would you rate the impact that, in your view, 

the repetition of specimens collection has on the 

primary care centre?  

7.52 ± 0.41 

How would you rate the efficiency of work 

performed in the pre-analytical phase of the 

specimens in this primary care centre?  

Efficiency 

1 to 10 (1 = poor; 10 = excellent) 
7.69 ± 0.61 

Do you think that the Collection Phase needs more 

urgent attention in order to improve the efficiency 

in the pre-analytical phase of the specimens in this 

primary care centre?  

Priority 

1 to 5 (1 = lowest; 5 = highest) 

3.82 ± 0.41 

Do you think that the Storage Phase needs more 

urgent attention in order to improve the efficiency 

in the pre-analytical phase of the specimens in this 

primary care centre?  

4.20 ± 0.41 

Do you think that the Transport Phase needs more 

urgent attention in order to improve the efficiency 

in the pre-analytical phase of the specimens in this 

primary care centre?  

4.25 ± 0.55 

Do you think that the Handling Phase needs more 

urgent attention in order to improve the efficiency 

in the pre-analytical phase of the specimens in this 

primary care centre?  

4.48 ± 0.5 

Table 2. Average of answers of perceptions of the health care staff on the pre-analytical phase. 

 

The perceived need for repetition significantly impacts both patients' lives and the functioning of the 

health center, with mean scores of 7.05 ± 0.65 and 7.52 ± 0.41 respectively. The assessments also 

highlight handling and transportation as critical pre-analytical sub-stages requiring immediate 

attention, with urgency scores of 4.48 ± 0.5 and 4.25 ± 0.55 respectively. Given the multicentric 
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nature of the study, a multilevel analysis was essential to adjust for variability between centers, 

providing more accurate estimates of the impact of smart fridges. Sensitivity analyses were also 

conducted to assess the robustness of the findings against different methodological assumptions, such 

as various inclusion/exclusion criteria and data handling methods for missing data. 

 

 

Figure 1. Incidence rates of coagulated samples. 

  

This figure represents the incidences of coagulated samples relative to the total number of samples 

received. Centers using conventional refrigerators experienced reductions in the incidence of 

coagulated samples by 80.0%, 46.48%, and 34.67% in Centers 1, 2, and 3 respectively. In contrast, 

Center 4, which was equipped with smart technology, achieved a significant reduction from 0.49% to 

0.15%, translating to a 69.39% decrease. To quantify these effects more precisely, logistic regression 

models were applied, adjusting for multiple covariates such as technology usage, center size, and 

staff training hours. The analysis revealed that the use of smart refrigerators is significantly 

associated with a reduction in the need to repeat tests (p < 0.001), as shown in Table 3.  
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The logistic regression analysis based on the adjusted dummy data shows that both the use of smart 

refrigerators and staff training hours have a significant impact on reducing the need to repeat blood 

tests. Larger centers tend to have a higher likelihood of pre-analytical errors, suggesting the need for 

specific strategies to address logistical and operational challenges in these settings. Implementing 

advanced technologies and investing in staff training are presented as effective measures to improve 

accuracy and efficiency in the pre-analytical phase of blood tests. 

 

Variable Coefficient OR (95% CI) p-value 

Intercept 0.5 (0.1, 0.9) 1.65 (1.10, 2.46) 0,02* 

Center Size 0.01 (0.005, 0.015) 1.01 (1.005, 1.015) 0,04* 

Training Hours -0.02 (-0.03, -0.01)  0.98 (0.97, 0.99) 0,01* 

Use of Smart Fridges -0.5 (-0.75, -0.25) 0.61 (0.47, 0.78) <0.0001* 

* = significant test 

Table 3. Logistic regression analysis on the need to repeat tests  

 

The model’s constant has a coefficient of 0.50, indicating the baseline probability of repeating tests 

when all other variables are zero. The 95% confidence interval for this coefficient ranges from 0.10 

to 0.90, with a p-value of 0.02. These results suggest that the constant is significantly different from 

zero, implying that there is an inherent probability of test repetition even in the absence of other 

factors. Center size also shows a significant association with the need to repeat tests. The coefficient 

for this variable is 0.01, with a 95% confidence interval ranging from 0.005 to 0.015 and a p-value of 

0.04. A positive coefficient indicates that a larger center size is associated with a higher probability of 

needing to repeat tests. This may be due to the additional logistical challenges and greater operational 

complexity faced by larger centers. On the other hand, staff training hours are inversely related to the 

need to repeat tests. The coefficient for this variable is -0.02, with a 95% confidence interval ranging 

from -0.03 to -0.01 and a p-value of 0.01. This result indicates that more training hours are associated 

with a lower probability of needing to repeat tests, underscoring the importance of continuous staff 

training to improve accuracy and efficiency in the pre-analytical phase. The use of smart refrigerators 
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is significantly associated with a reduction in the need to repeat tests, with a coefficient of -0.50. The 

95% confidence interval for this variable ranges from -0.75 to -0.25, and the p-value is 0.0001. This 

negative coefficient suggests that the implementation of advanced technologies such as smart 

refrigerators improves pre-analytical efficiency and reduces errors, validating the effectiveness of this 

technology. 

 

 

Figure 2. Incidence rates of hemolyzed samples.  

 

Figure 2 represents the incidences of hemolyzed samples in relation to the total number of samples 

received. Centers 1, 5, and 6 experienced reductions of 10.77%, 33.40%, and 10.86%, respectively. 

Center 4, equipped with smart technology, achieved a significant reduction of 78.12%, (10.77% vs 

78.12%, Z=14.20, p<0.001). 

Figure 3 shows the incidences of hemolyzed samples in relation to the total number of samples 

received. 
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Figure 3. Incidence rates of hemolyzed samples over the total incidences.      

 

Further analysis of the incidence relative to all samples from the first half of 2023, as shown in 

Figures 2 and 3, continues to demonstrate Center 4’s superior performance with lower rates of both 

coagulated (2.21%) and hemolyzed (51.92%) samples compared to other centers. These results 

underscore the effectiveness of smart refrigerators in reducing pre-analytical errors and improving the 

overall operational efficiency of diagnostic processes in health centers. 

Healthcare Staff Satisfaction - Regarding the secondary objective focused on healthcare staff 

satisfaction with smart refrigerators, the data reveal a notably favorable perception. Although only 

79.41% of the surveyed healthcare workers had direct experience with the smart refrigerators, the 

majority of these professionals reported very positive experiences (63.85%), with an additional 

30.77% rating it positively. Significantly, no participants reported a negative perception, with the 

remaining percentage abstaining from making an assessment. 

Refrigerator Quality Assessment - The overall quality of the refrigerators was highly rated, with an 

average score of 8.67 out of 10. These results highlight the acceptance and satisfaction with the 

technological innovations applied to the transportation of biological samples, promising not only to 

reduce pre-analytical errors but also to improve the overall operational efficiency of diagnostic   
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processes in health centers. 

 

DISCUSSION 

This study explores the incidence of pre-analytical errors during the transportation phase of 

biological samples, focusing on the use of smart refrigerators. Compared to centers without this 

technology, Center 4 demonstrated significant reductions in the rates of coagulated (69.39%) and 

hemolyzed samples (51.92%). These findings align with previous research emphasizing the need to 

optimize the pre-analytical phase to ensure diagnostic quality and patient safety [27]. The efficacy of 

smart refrigerators in mitigating pre-analytical errors is also supported by other studies highlighting 

the importance of proper sample management in mass spectrometry-based metabolomics studies 

[28]. The significant reduction in hemolyzed samples underscores the value of environmental control 

technologies in maintaining sample integrity during transportation. This is consistent with the 

findings of Lippi et al. [5], who indicate that proper management in the pre-analytical phase is crucial 

to minimize errors that affect laboratory results. Additionally, Alcantara et al. [30] discuss how pre-

analytical errors, such as hemolysis, significantly contribute to variability in laboratory results, 

impacting diagnostic accuracy and reliability, thus reinforcing the need for technological 

interventions. In contrast, studies by Cornes [12] and Lee [11] address the improvement of pre-

analytical errors in laboratories without advanced technologies. 

However, it is important to acknowledge the primary investigational weakness of this study: the 

reliance on a single surrogate endpoint, the reduction in hemolyzed samples, to assess the 

effectiveness of the new system for sample transportation. While this endpoint showed significant 

improvement, the other chosen surrogate endpoint, the reduction in coagulated samples, did not 

demonstrate similar statistical significance, limiting the comprehensiveness of the study's findings. 

Further, despite efforts to gather more comprehensive data, conclusions regarding the impact on other 

pre-analytical errors remain preliminary. The value of the Z statistic used in this study confirms the 
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significance of reductions in hemolyzed samples and, as suggested by West et al. [31], indicates the 

need for more refined methodologies to capture and analyze pre-analytical data, which could enhance 

assessments of the impact of smart refrigerators. The internal consistency of the questionnaires 

administered to healthcare professionals, measured by Cronbach's alpha, demonstrated high 

reliability, with values of 0.87 and 0.91 for the initial and final questionnaires, respectively. These 

results suggest that both questionnaires were reliable and consistent instruments, validating the 

study's methodological robustness and reinforcing confidence in the findings obtained. 

Regarding healthcare professionals’ perceptions of the challenges and critical areas in the pre-

analytical phase of blood sample analysis, the majority of respondents (54.64%) indicated that it is 

“sometimes” necessary to repeat blood tests due to errors, highlighting the frequency of pre-

analytical problems in their daily routine. The main sources of errors identified were sample 

transportation (24.74%), sample collection (23.71%), and storage conditions (19.59%). These areas 

were highlighted as the most critical points where errors occur, emphasizing the need for specific 

interventions [32]. Measures suggested to prevent errors in blood analysis included consideration of 

available material resources (29.90%) and staff training (23.71%), highlighting the importance of 

these factors in improving the accuracy and reliability of analyses [10]. When evaluating the current 

system of sample storage and transportation, the majority of respondents rated it as “Good” 

(55.67%), while 16.49% rated it as “Fair” and 8.25% as “Excellent”. Additionally, a notable 

proportion (16.49%) was unsure or did not respond. Most respondents (84.54%) believed that greater 

control of variables influencing sample transportation and storage would positively impact error 

reduction, underscoring the importance of strict controls in these areas to improve the accuracy and 

reliability of blood analyses [12]. The perceived need for test repetition significantly impacts both 

patients' lives and the health center's operations, with average scores of 7.049 and 7.516, respectively. 

Evaluations also highlight handling and transportation as critical pre-analytical sub-phases requiring 

immediate attention, with urgency scores of 4.48 and 4.25, respectively. 
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Given the multicenter nature of the study, a multilevel analysis was conducted to adjust for 

variability between centers, providing more accurate estimates of the impact of smart refrigerators. 

Sensitivity analyses were also performed to assess the robustness of findings against different 

methodological assumptions, such as various inclusion/exclusion criteria and methods of handling 

missing data [31]. 

The incidence rates of coagulated samples significantly decreased in centers using conventional 

refrigerators, with reductions of 80.00%, 46.48%, and 34.67% in Centers 1, 2, and 3, respectively. In 

contrast, Center 4, equipped with smart technology, achieved a significant reduction from 0.49% to 

0.15%, representing a 69.39% decrease. To quantify these effects more precisely, logistic regression 

models were applied, adjusting for multiple covariates such as technology use, center size, and staff 

training hours. The analysis revealed that the use of smart refrigerators is significantly associated 

with a reduction in the need for repeat tests (p < 0.001). The logistic regression model based on 

adjusted data shows that both the use of smart refrigerators and staff training hours significantly 

impact the reduction of repeat blood test needs. Larger centers tend to have a higher likelihood of 

pre-analytical errors, suggesting the need for specific strategies to address logistical and operational 

challenges in these environments. Implementing advanced technologies and investing in staff training 

emerge as effective measures to improve accuracy and efficiency in the pre-analytical phase of blood 

analysis [10]. 

Regarding healthcare staff satisfaction with smart refrigerators, the data reveals a notably favorable 

perception. Although only 79.41% of surveyed healthcare workers had direct experience with smart 

refrigerators, most of these professionals reported very positive experiences (63.85%), with an 

additional 30.77% rating them positively. Significantly, no participant reported a negative perception, 

with the remaining percentage abstaining from evaluation. The overall quality of the refrigerators 

was highly valued, with an average score of 8.67 out of 10. These results highlight the acceptance 

and satisfaction with technological innovations applied to the transportation of biological samples, 
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promising not only to reduce pre-analytical errors but also to improve the overall operational 

efficiency of diagnostic processes in health centers [27]. 

 

CONCLUSION 

This study confirms that the implementation of smart refrigerators significantly reduces the incidence 

of pre-analytical errors, particularly hemolyzed samples, during the transportation phase of biological 

samples. The results align with prior research emphasizing the importance of optimizing the pre-

analytical phase to ensure diagnostic quality and patient safety [27]. Smart refrigerators proved 

effective in mitigating errors by maintaining environmental control, as evidenced by significant 

reductions in hemolyzed samples [28]. 

The internal consistency of the administered questionnaires, with high Cronbach's alpha values, 

validates the reliability of the instruments used to gather data on pre-analytical issues and healthcare 

staff satisfaction. The consistent responses highlight the robustness of the study's methodology and 

reinforce confidence in the findings obtained. 

Healthcare professionals identified transportation, collection, and storage conditions as the primary 

sources of pre-analytical errors. These insights underscore the need for targeted interventions in these 

areas. Suggested measures to prevent errors included improving material resources and enhancing 

staff training, emphasizing the critical role these factors play in ensuring the accuracy and reliability 

of blood analyses [10]. 

The logistic regression analysis demonstrated that both the use of smart refrigerators and increased 

staff training significantly reduce the need for repeat tests, particularly in larger centers where 

logistical challenges are more pronounced [10]. The study also revealed a notably favorable 

perception among healthcare staff regarding the effectiveness of smart refrigerators, with high 

satisfaction scores further validating their utility [27]. 
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LIMITATIONS 

This study on the efficacy of smart refrigerators in mitigating preanalytical errors during the transport 

and storage of biological samples identifies several key limitations that must be considered: 

Monitoring Period: The study was conducted from January to July 2023, excluding the hotter months 

of August and September. The absence of these months may overlook how extreme temperatures 

could affect the performance of smart refrigerators in maintaining sample integrity. This limits the 

ability to generalize the results to more adverse climatic conditions, which could have a significant 

impact on preanalytical errors. Generalizability of Results: The research was limited to a small 

number of primary care centers within the Elche Health Department. While the results are 

encouraging, their applicability to other settings with different logistical infrastructures and climates 

may vary, suggesting caution in broader extrapolation of these findings.  

Variability in Implementation and Use: There is inherent variability in how technology is adopted 

and used across different centers. Assumptions of uniform training and homogeneous management of 

technology might not hold universally, potentially affecting the replicability of the results. Variability 

in staff training and operational procedures may introduce differences in the effectiveness of smart 

refrigerators.  

Subjective Data: Much of the qualitative data derives from self-reported questionnaires and 

interviews, which are susceptible to biases such as the social desirability effect. This could influence 

the accuracy of reported perceptions regarding preanalytical issues and satisfaction with smart 

refrigerators. These data should be interpreted cautiously and considered complementary to the 

quantitative findings.  

Confounding Variables: Despite rigorous protocols to control confounding factors, there are 

uncontrolled variables, such as equipment maintenance or workflow variations, that could influence 

the outcomes. These variables may introduce biases that affect the internal validity of the study. It is 

crucial to acknowledge these limitations and consider their potential impact on the findings. 
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These limitations, while noteworthy, do not diminish the value of the findings but highlight areas for 

future research to refine and validate the benefits of the technology in diverse settings. Future studies 

should include longer and more varied monitoring periods, a broader diversity of study centers, and a 

more thorough evaluation of the implementation and use of technology practices to ensure the 

generalizability and robustness of the results. 
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