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ABSTRACT

Background: Laboratory inaccuracies are mainly caused by pre-analytical errors, which have a major influence on the estimation of glucose.
Continuous in vitro glycolysis contributes to glucose testing being very sensitive to specimen handling and processing delay particularly in a
resource constrained environment. Objective: The purpose of this research was to establish the rate and predictors of pre-analytical errors in
glucose tests, especially delayed specimen handling. Methods: The secondary statistical analysis was conducted on the data of 225 venous
blood samples obtained as routine glucose estimation in the Pathology Department of Bahawalpur Victoria Hospital, Pakistan. Pre-analytical
errors that were evaluated involved delayed handling, hemolysis, inadequate sample volume, improper centrifugation and labeling errors.
Demographic variables were summarized in descriptive form. Chi-square tests were used to assess associations between age, gender and error
occurrence, and binary logistic regression was used to determine independent predictors. The p-value below 0.05 was taken as statistically
significant. Results: The average age of the participants was 40.72 years and females constituted 135 (60 %) of the group. In 45 (20%) of the
samples, pre-analytical errors were found. The most common mistake was delayed specimen processing, which occurred in 9.3 % of the total
number of samples and 46.7 % of the cases with an error. Higher error rates were significantly related to increasing age (240 years) and male
gender. The independent predictors (aOR = 1.9; 95% Cl: 1.1-3.3; p = 0.026) and delayed processing (p = 0.001) were confirmed using logistic
regression. Conclusion: The major cause of pre-analytical errors in glucose testing is delay in processing of specimens and the age of patients
also contributes to the presence of errors. The importance of timely sample handling and optimization of the workflow are critical interventions
that can be modified to improve diagnostic accuracy and improve clinical decision-making.
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Introduction

Pre-analytical stage of laboratory testing is generally considered the most prone to error part of the diagnostic process, and it includes
specimen collection, handling, labeling, transportation, and processing !. The mistakes made at this stage may significantly influence the
validity and interpretability of laboratory findings and cause misdiagnosis, a delay in clinical intervention, and poor patient outcomes 2.
Glucose estimation is one of the most susceptible biochemical tests to pre-analytical variation because of the continuing glycolysis,
hemolysis, and inadequate anticoagulation, which may cause substantial changes in plasma glucose levels and undermine clinical
decision-making 3.

Resource-limited healthcare environments, high patient throughput, logistical factors, and insufficient standardization of the laboratory
processes contribute additional reasons to the pre-analytical error *. As mentioned in the previous research, pre-analytical problems are
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the source of about 60-70% overall laboratory errors, which are valid reasons to adopt systematic quality evaluation and proactive
corrective measures °. Nevertheless, there are limited data on the prevalence, spectrum, and determinants of pre-analytical errors specific
to glucose specimen collection in the routine hospital practice in Pakistan ®. Although the biochemical processes that lead to glucose
instability are well understood, pre-analytical error and pre-analytical error predictors have not been carefully examined, especially in
tertiary-care hospitals 7. Delayed processing of specimen may encourage in vitro glycolysis to give falsely low glucose values whereas
hemolyzed or inadequate samples may disrupt assay performance 8. Moreover, improper centrifugation and labeling can be life-
threatening errors with regard to operation and patient safety, which may cause wrong therapeutic choices and long-term metabolic
mismanagement *!'°. Thus, the current secondary analysis was intended to assess the frequency, trends, and predictors of pre-analytical
errors in glucose sample collection using available data on the Pathology Department of the Bahawal Victoria Hospital, Bahawalpur.

This study aims to offer evidence-based research to aid in improving the quality of laboratories, facilitating the reinforcement of standard
operating procedures, and enhancing the diagnostic credibility of glucose testing in resource strained medical settings by identifying
process related vulnerabilities and the demographic factors related to the vulnerability.

Methodology

Secondary analytical cross-sectional study was carried out based on laboratory data already obtained. Data collection was conducted
within a specified study period in the Pathology Department, although there was no new sampling or follow-up to conduct the secondary
analysis.The research was carried out in the Pathology department of Bahawal Pakistan Hospital, Bahawalpur, Pakistan, a tertiary care
state-run hospital that offers regular diagnostic services to both inpatient and outpatient populations. The OpenEpi online sample size
calculator version 3.0.0 (released 2013, Atlanta, GA, USA) was used to determine the sample size with an assumed 95 % level of
confidence and a 5 % margin of error '!. It was estimated that the prevalence of pre-analytical errors in previous studies was under 5.0 %,
so a minimum required sample size was calculated, and 225 blood samples were finalized to be included in the analysis in order to
achieve sufficient statistical power.

The original study was ethically approved by the Ethical Review Committee of Bahawal Victoria Hospital (ERC #039-DME-QAMC).
The current study featured a secondary analysis of anonymized laboratory data; thus, no direct patient interaction or further ethical
consent was needed. The analysis of the patients was performed with utmost emphasis on patient confidentiality. Inclusion criteria
included the venous blood samples that have been sent to determine the routine level of plasma glucose, adult, male or female sampled
patients, and samples of complete demographic and laboratory handling records.Exclusion criteria excluded sample that lacked
demographic data, samples that were not fully documented with regards to pre-analytical handling. The demographic variables comprised
patient age and gender. The age was divided into two categories: <40 years of age and >40 years of age. The ultimate outcome measure
was the occurrence or not of a pre-analytical error. Pre-analytical errors were categorized as delayed processing of specimens (more than
an hour), hemolysis, inadequate volume of samples (QNS), unsuitable centrifugation, and errors in labeling.

The data on laboratories came through the regular records of specimen handling and processing in the Pathology Department. The
collection of the venous blood samples was done as per the departmental standard operating procedures using standard methods of
phlebotomy. Routine quality control of the laboratory included time to processing, adequacy of centrifugation, volume of the sample,
status of hemolysis, and the accuracy of labeling. The estimation of plasma glucose was conducted using standard automated biochemical
analyzers that are used in the laboratory on a regular basis. Pre-analytical integrity was determined before analysis to determine deviations
that may compromise glucose stability, especially delays that result in further in vitro glycolysis.

The data were assessed as complete and consistent before analysis. Frequencies and percentages were used to summarize categorical
variables. The chi-square test was used to determine the associations between demographic variables (age and gender) and the occurrence
of pre-analytical errors. Binary logistic regression was conducted to determine independent predictors of pre-analytical errors and
adjusted odds ratios (aORs) with 95% confidence intervals were determined. The statistical analysis was done through Statistical Package
of Social Sciences (SPSS) version 26.0 (IBM Corp., Armonk, NY, USA) and the level of p < 0.05 was regarded as significant.

Results

The analysis was performed on 225 venous blood samples that were sent to the laboratory to estimate glucose routinely. The general
pattern of pre-analytical errors and the relationship with demographic characteristics were analyzed to determine the vulnerable
populations and process determinants of glucose test results.

The correlation between demographic characteristics of patients and the frequency of pre-analytical errors were tested to identify the
impact of age and gender on the frequency of errors. Both variables were statistically significantly related to the occurrence of errors,
pointing to the fact of demographic variability of the outcomes of handling the specimen. Table 1 shows the demographic features of the
study population and the pre-analytical error distribution in relation to age and gender distribution.

Table 1. Demographic Characteristics and Distribution of Pre-Analytical Errors

Variable Category | Total (N=225) | Error Present n (%) | No Error n (%) | p-value
Age (years) | <40 102 (45.3%) 14 (13.7%) 88 (86.3%) 0.038*
>40 123 (54.7%) 31 (25.2%) 92 (74.8%) -
Gender Male 90 (40.0%) 23 (25.6%) 67 (74.4%) 0.041*
Female 135 (60.0%) 22 (16.3%) 113 (83.7%) -
Statistical test: Chi-square, *Significant at p < 0.05

Pre-analytical error was more common in aged patients (40 years or older) than in younger patients (40 years or younger) (p = 0.038). The
proportion of errors amongst men also showed more errors compared to women (p = 0.041), so the demographic is more vulnerable in the
pathways of handling specimens. The proportionate contribution of the various forms of pre-analytical errors and the frequency of such
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errors were studied to determine the most frequent sources of laboratory variability in glucose tests. Post-collection specimen handling
mistakes dominated over collection-related problems. Table 2 shows the range of detected pre-analytical errors, the absolute and total
frequency and the relative contribution to the error-positive samples.

Table 2. Relative Contribution of Pre-Analytical Errors Spectrum

Error Type Frequency (n) | Percentage (%) Contribution Among Error-
Positive Samples (%)

Delayed specimen processing (>1 hour) 21 9.3 46.7

Inappropriate centrifugation 7 3.1 15.6

Unlabeled samples 7 3.1 15.6

Hemolyzed samples 6 2.7 13.3

Quantity insufficient (QNS) 4 1.8 8.9

Total error-positive samples 45 20.0 100

Error-free samples 180 80.0 —

The most common error was delayed specimen processing, with almost 50 % of all error-positive samples. This raises a severe
biochemical weakness, because the persistent in vitro glycolysis in the course of processing delays directly impairs the stability of
glucose and diagnostic integrity. The multivariate analysis was conducted to determine independent predictors, which would lead to the
occurrence of pre-analytical errors. The regression model incorporated both process-related and demographic factors in order to
determine their relative impact. The findings of the binary logistic regression analysis that reveals independent predictors of pre-
analytical errors are presented in Table 3.

Table 3. Logistic Regression Analysis Determining Pre-Analytical Error Predictors

Predictor Variable Adjusted Odds Ratio (aOR) | 95% Confidence Interval | p-value
Age > 40 years 1.90 1.10 - 3.30 0.026*
Male gender 1.72 1.01 —2.94 0.044*
Delayed specimen processing | 3.85 2.01 —7.37 <0.001*
Model: Binary logistic regression, *: istically significant

The strongest independent predictor of pre-analytical error became delayed specimen processing, which raised the probability of error
occurrence almost four times (p < 0.001). Adjusted predictors also stated that age >40 years and male gender were statistically significant.
The mechanisms of the errors and their possible diagnostic implications on glucose estimation were assessed to put the clinical
implications of the identified errors into perspective. This discussion highlights the correlation between the deviation of laboratory
workflow and the metabolic misinterpretation. Table 4 demonstrates the main mechanisms, diagnostic significance, and the
pathophysiological consequences of the detected pre-analytical errors in glucose testing.

Table 4. Diagnostic and Pathophysiological Consequence of Pre-Analytical Error on Glucose Testing

Error Type Primary Mechanism Diagnostic Impact Pathophysiological Implication

Delayed processing Continued  glycolysis by | Falsely low glucose Misclassification of
erythrocytes normoglycemia/hypoglycemia

Hemolysis Cellular  rupture, enzyme | Analytical interference Erroneous metabolic
release interpretation

Inadequate Plasma—cell contact persists Glucose degradation Compromised biomolecular

centrifugation stability

QNS Improper anticoagulant ratio Invalid assay Increased measurement bias

Labeling errors Sample misidentification Patient safety risk Therapeutic misdirection

The table demonstrates that pre-analytical errors undermine biomolecular stability and integrity of glucose which result in diagnostic
misclassification and misdirection of therapy. These results correspond to the translation aspect of biomolecular pathogenesis and
therapeutic precision.

Discussion

The current secondary analysis demonstrates the significant volume of pre-analytical mistakes in daily glucose examination, where one-
fifth of the samples examined had at least one deviation. The main finding of the research is that delayed specimen processing is the most
common and significant pre-analytical error, which involved almost 50% of samples that contained the error. With the natural tendency of
glucose to be biochemically unstable, this finding is an indication of the importance of ensuring that the sample is handled with utmost
care in the absence of additional damage to analytical fidelity. Moreover, the demographic analysis showed that the older age and the
male gender were the most strongly correlated with the high number of errors, meaning that patient and workflow-related variables are
also the causes of laboratory weaknesses.

Along with the delayed process of the specimen, some other pre-analytical errors were discovered, including incorrect centrifugation,
labeling mistakes, hemolysis, and inadequate sample volume, but with even lower frequencies. It has been previously reported that similar
distributions have occurred, with post-collection mistakes being identified as more common than phlebotomy ones '%!3, Previous studies
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have established that poor centrifugation and labeling mistakes are significant contributors to analytical interference and risk to patient
safety especially in large volume diagnostic laboratories . The comparatively reduced rate of hemolysis and insufficient number of
samples in the current research is in line with reports of the nature of phlebotomy practices which have improved but there are still
challenges in the transportation and processing workflow of their samples 5. These results indicate that the secondary pre-analytical
errors are mostly due to inefficiency in the system and not technical deficits in the collection of the samples.

These findings indicate the consistency with earlier studies which have indicated that the pre-analytical stage contributes about 60-70 %
of the overall lab error ', Previous research has also determined an effect of delayed sample processing as a significant cause of falsely
decreased glucose values through persistence of in vitro glycolysis '7!®, Studies performed in similar resource-constrained hospital
environments have shown that insufficient workflow standardization, a large number of patients, and the lack of automation are major
contributors to the chances of processing delays '>?°. Moreover, earlier studies have found mixed results in terms of demographic
predictors and laboratory errors, which could lead to the realization that inefficiencies at the system-level are the major contributors to the
occurrence of errors 2'. The findings of these results have some significant diagnostic and pathophysiological implications. It has been
found that the progressive degradation of glucose as a result of continued glycolysis during processing delays the misclassification of
normoglycemic individuals as being hypoglycemic 2. These inaccuracies can lead to inappropriate clinical treatment, later diagnoses of
metabolic diseases, and inappropriate therapeutic treatment 2*. Regarding laboratory quality, the correlation between workflow delays and
error burden is high, which highlights the necessity of specific interventions, such as the enhancement of the turnaround time, employee
training, and the implementation of glycolysis-inhibiting collection tubes to maintain the glucose integrity 242>

This study contains some limitations in spite of its strengths. The single-center design can be a problem in terms of the possibility to
generalize the results to other healthcare contexts. Also, the study was a secondary analysis, and it may not have identified all the possible
sources of pre-analytical variability due to the use of existing records. Multicenter prospective studies should be used in future studies to
confirm these findings and determine the cost-efficiency of targeted pre-analytical interventions. Research implementation that focuses on
workflow optimization and technology can also be used to increase the reliability of the laboratory and patient outcomes in resource-
limited settings.

Conclusion

This research indicates that pre-analytical errors are still a major cause of inaccuracy of glucose testing, with delayed specimen processing
being the most common and impactful area. Demographic vulnerability in the pathways of specimen handling was reflected in older age
and male gender, which is correlated with a higher probability of error occurrence. The results highlight that processing delays cause
glycolysis in vivo, which gives rise to clinically misleading glucose readings. Timely sampling and processing, standardized pre-
analytical procedures, staff education, and glycolysis-inhibiting collection systems can help to increase the reliability of the diagnosis and
contribute to more efficient treatment of metabolic diseases in resource-constrained healthcare facilities.
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