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ABSTRACT
With advances in medical technology, clinical laboratories face challenges such as staff shortages, increased testing demands,
and higher workloads. To address these issues, this study examines a medical center in Taipei, Taiwan, which implemented a
Laboratory Automated Closed Loop System through the STARS strategy (Smart Testing, Transformative Processes, Advanced
Equipment, Rapid Transmission, Strategic Reporting). The implementation included Asia’s first Beckman Coulter DxI-9000
immunoassay analyzer, the world’s first dual-track system connecting different brands, and Taiwan’s first Tempus600 Ultra-
Speed pneumatic tube system. Results showed that outpatient self-registration efficiency improved by 10-18%, while the
utilization rates of the new system for emergency and inpatient specimen transport reached 72.49% and 37.49%, respectively.
Regarding turnaround time (TAT), biochemistry testing was reduced by 57%, and hematology testing by 58%. Through Business
Process Reengineering (BPR), laboratory workflows were simplified by approximately 40%, staff walking distances decreased
by 70%, and automatic report release rates increased by 1-2 times. The study confirms that the automated closed-loop system
effectively enhances laboratory performance, reduces the risk of human error, and significantly improves overall service quality.

Keywords: Laboratory automation closed loop system, turnaround time (TAT), business process reengineering (BPR), total
laboratory automation (TLA), laboratory information system (LIS), ultra-speed pneumatic tube system.

INTRODUCTION

The healthcare industry is dedicated to saving lives, and clinical laboratories, as partners with physicians in combating diseases,
play a crucial role in the entire medical process. After patients seek medical care and undergo a physician's examination, relevant
test orders are issued. Nursing staff then collect specimens, including blood, urine, and body fluids, based on the tests ordered
by physicians. These specimens are subsequently sent to clinical laboratories for analysis to generate result reports, which are
then provided to physicians for further treatment planning. The duration of this entire process is known as Total Turnaround
Time (ToTAT) (Hawkins, 2012). The workflow in clinical laboratories can be divided into three stages: pre-analytical specimen
processing, analytical procedures during specimen testing, and post-analytical report verification and release.

The time from patient specimen collection to delivery at the laboratory, including pre-analytical processing, analytical testing,
post-analytical report completion, and specimen preservation, from collection to analysis and report transmission to HIS, is called
Turnaround Time (TAT) (Dawande et al., 2022). TAT is a standard indicator used to measure laboratory efficiency.

When specimens arrive at the laboratory, they must undergo pre-analytical processing steps, such as specimen quality verification
or high-speed centrifugation for serum analysis samples to separate serum before formal testing begins. The process from
physician ordering examinations to specimen collection and pre-analytical processing includes patient identification, proper
specimen collection following regulations, correct use of collection containers, and transporting specimens to clinical
laboratories, along with the aforementioned pre-analytical steps. These steps fall within the pre-analytical stage. Due to the high
level of human involvement, up to 70% of errors occur at this stage (Plebani, 2012). To ensure the accuracy of test results and
prevent mistakes, reducing human intervention can lower the error rate (Aron et al., 2011).

Laboratory equipment continues to advance through technological innovation, with automated laboratory tools constantly being
upgraded. Many labs have begun implementing Total Laboratory Automation (TLA), integrating the three stages of specimen
analysis (Genzen et al., 2018), and continuously enhancing Laboratory Information System (LIS) functions to reduce specimen
analysis and report turnaround times further, thereby improving overall TAT.

With rapid technological progress, medical technologists need to learn new technologies alongside their daily responsibilities.
Additionally, there are increasing clinical special testing requirements, such as molecular testing and NGS. In recent years,
shortages of medical personnel have made recruitment challenging, and limited training time for new staff has led to heavier

The 25" International Conference on Electronic Business, Hanoi, Vietnam, August 21-25, 2025
418



Lu, Li, Hung & Shiau

workloads, which worsened during COVID-19 (Nowrouzi-Kia et al., 2022). In high-pressure settings, coupled with incomplete
automation implementation and delayed result releases, report errors, and delays are common. Although TLA can integrate many
laboratory systems to maximize benefits, combining equipment from different manufacturers is challenging. Only through
further integration of equipment from various manufacturers and improving workflows via innovative thinking and Business
Process Re-engineering (BPR) (Nurfadhilah, Sidin, & Kadir, 2021) can TLA realize its full potential while enhancing overall
efficiency and reducing staff workload (Lam & Jacob, 2012).

The healthcare industry is dedicated to treating and saving lives, but patients continuously experience various medical services
provided by hospitals during their care. Good service quality can create a better treatment environment for patients. Therefore,
clinical laboratories should aim for TOTAT that better meets patient needs. Throughout the entire testing process, adopting
closed-loop controlled systems to reduce opportunities for human intervention and improve automation levels can effectively
decrease human errors while fully enhancing efficiency (Pajic et al., 2012).

LITERATURE REVIEW

Hospitals serve three types of patients: outpatients, inpatients, and emergency patients. Outpatients use automatic registration
systems and automated tube collection systems integrated with laboratory orders into LIS systems, providing automatic tube
labeling for collection staff to gather specimens, which are then transmitted to laboratory facilities through specimen transport
systems. For emergency and inpatient patients, after physicians issue orders, nursing staff collect specimens and send them to
laboratories. Unlike outpatient collection sites, which are mostly near laboratories or managed by lab personnel, specimen
transmission can be immediate and less error-prone. Inpatient and emergency specimens are transferred via personnel or
pneumatic tube systems. If issues such as tube blockages occur during transport, they are often hard to detect. Therefore, a
Specimen Tracking System (STS) must be implemented to synchronize relevant information delivery to laboratories at the start
of transmission, enabling LIS monitoring to prevent delays (Jasmin, Ma’on, & Omar, 2024).

After specimens arrive at labs, they go through three stages: pre-analytical processing, analytical testing, and post-analytical
result verification and reporting. While the Laboratory Automation System (LAS) offers automated equipment solutions for the
first two stages and enhances clinical lab TAT efficiency, it cannot fully support specimen arrival at labs and reporting after
testing completion. To address this, ongoing efforts and technological innovations from equipment manufacturers, along with
continuous improvements in LIS functions and integration with specimen collection, transport systems, and tracking systems,
led to the emergence of TLA.

As of 2023, the global TLA market size reached $55.7-61 billion USD, with North America holding the most significant share
(Nam & Park, 2025). However, developing TLA is costly and requires large spaces for track systems, including re-planning
testing items, whether they are on tracks or analyzed separately. This impacts not only TAT but also the urgency of emergency
cases awaiting results for treatment, and overall process flow. Proper planning can help realize TLA benefits such as minimizing
human errors, reducing labor needs, and improving TAT (Nam & Park, 2025). Conversely, poor planning or incomplete
integration affects overall performance. Although TLA significantly aids clinical labs, without LIS integration with other systems,
full performance improvement is limited, and automation remains fragmented.

Clinical laboratories should aim to expand from focusing solely on internal TAT to broader TOTAT, covering the entire process
from physician ordering to result interpretation, to boost patient satisfaction. To speed up specimen transport before processing,
hospitals have installed pneumatic tube systems (Kapoula, Kontou, & Bagos, 2017). Incorporating automated report verification
into LIS enhances post-analytical work, reduces human errors, speeds up report release, and shortens TAT (Xia et al., 2017).

Clinically, introducing electronic medical record systems with decision support systems (DSS) to assist physicians in order
placement has proven effective over many years. With continuous technological advances, Al integration into medical devices
and environments is accelerating. For instance, Al is used to improve prescription safety and to help interpret CT and MRI results
(Ouanes & Farhah, 2024).

Achieving effective ToTAT requires not only building systems like specimen tracking, automatic order acceptance, and
expanded pneumatic tube systems, but also integrating these systems, involving information flow, specimen flow, and personnel
coordination (Hawkins, 2012). The objective is to develop closed-loop systems that unify various platforms and equipment—
maximizing automation and minimizing personnel intervention to shorten TAT and improve accuracy. However, integrating
different brand systems and reducing human errors is complex. Developing a safe, integrated closed-loop medical system through
system integration (Pajic et al., 2012) is a key focus for many hospitals.

Today, most medical centers have established TLAs, but few have compared TLAs built at different times and with varying
approaches to planning within the same lab. Therefore, this study examines the performance of a new TLA deployed in July
2024 at a Taipei-based medical center, which uses closed-loop control systems and integrates multiple brand systems, aiming to
provide a reference for other labs building or upgrading TLA.
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METHOD
This study utilizes empirical research methods to collect and analyze performance results after implementing the new TLA
architecture from June 2024 to December 2024, adopting the Laboratory Automated Closed Loop System: STARS' five strategies.
Smart Testing: Automatically interfaces information flows between various systems to achieve integration of a series of systems,
including patient registration, specimen collection, specimen transport, and specimen preservation, thereby reducing human
intervention and decreasing errors in the pre-analytical stage.

Transformative Processes: Due to LAS equipment updates and integration of different brands, workflow changes are inevitable.
Therefore, through Business Process Re-engineering (BPR), laboratory personnel are reorganized to increase flexibility and
reduce overall workload. The laboratory was streamlined from three groups (biochemistry, serology, and hematology) to two
major groups (biochemistry and hematology). It pioneered the world’s first cross-brand dual-track system, enabling specimens
to automatically enter tracks from USPTS regardless of whether they belong to biochemistry or hematology. The design of
personnel placement and track configuration reduced staff movement by approximately 80.40%, significantly enhancing
mobility and decreasing operational pressure.

Advanced Equipment: Introduced Asia’s first Beckman Coulter DxI-9000 immunoassay analyzer to improve immunodiagnostic
efficiency, successfully implementing the world’s first dual automated track system connecting different brands, eliminating
manual specimen transfer, and significantly reducing manual transport and operational errors.

Rapid Transmission: Due to inefficiencies in traditional PTS, this study implemented the Tempus600 USPTS ultra-high speed
pneumatic system, enabling ward and emergency samples to reach laboratories swiftly. This shortened specimen delivery times,
boosting efficiency and emergency response capabilities.

Strategic Reporting: When specimens arrive at laboratories via USPTS, they enter the Specimen Bulk Loader and then the track
system’s Inlet area. At this point, LIS automatically accepts orders and transmits them to the track system. After testing, reports
are sent back to the LIS, verified by the automatic report verification system, and forwarded to the Hospital Information System
(HIS). Simultaneously, specimens automatically move into storage or preservation areas for additional testing or re-testing.
Automatic report release rates increased by 1-2 times, reducing manual operations and errors.

RESULT
This study assessed a series of clinical laboratory performance indicators to evaluate the impact of implementing a closed-loop
automation system. These indicators include patient self-registration efficiency, Ultra-Speed Pneumatic Tube System (USPTS)
utilization rates, automatic report release rates, workflow simplification, and overall automation benefits. After introducing the
self-registration system in July 2024 with proper user guidance, outpatient registration efficiency increased by 10%. During peak
hours from 11:30 to 22:00, efficiency further improved to 18% (Figure 1).

When the Ultra-Speed Pneumatic Tube System (USPTS) was first launched in September 2024, adoption rates were low as staff
continued adapting to new workflows and system operations. Many personnel still relied on traditional pneumatic tubes or
manual specimen transport. Some wards, especially those farther from USPTS terminals, had lower system utilization rates.
Additionally, morning ward specimens were often collected by clinical laboratory staff and manually transported after the last
collection round, bypassing the new pneumatic system. After targeted promotion and training on the system, by February 2025,
USPTS utilization in emergency departments reached 72.49% of eligible specimens (excluding specimens unsuitable for
pneumatic transport). In inpatient wards equipped with USPTS, utilization reached 37.49% (Figure 2).

After implementing the closed-loop system, outpatient specimens were directly transported to the bulk loading system—USPTS
terminal units. For routine outpatient tests, the 90th percentile Total Turnaround Time (ToTAT) for biochemistry decreased from
268 minutes to 116 minutes, a 57% reduction, and hematology ToTAT decreased from 83 minutes to 35 minutes, a 58% reduction
(Figures 3 and 4).

Business Process Re-engineering (BPR) significantly improved workflows: 41% in emergency departments, 40% in inpatient
units, and 31% in outpatient settings (Figures 7-9). On-site assessments revealed a marked reduction in staff walking distances
after system implementation. Specimen receiving staff walked 67.26% less daily. In hematology, the dual-track system
eliminated manual specimen handling, achieving a 100% reduction. The walking distance of the biochemistry staff decreased by
72.24%, emergency biochemistry staff by 82.11%, averaging an 80.40% reduction.
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Source: This study.
Figure 1. Check-in rate by time slot.
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Figure 2: Ultra-Speed Pneumatic Tube Transport Usage Ratio.
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Figure 3: Biochemistry Test Order to Report Completion Time - 90th Percentile.
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CBC Test Order to Report Completion Time - 90th Percentile(ToTAT, month)
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Figure 4: CBC Test Order to Report Completion Time - 90th Percentile.
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Figure 5: Biochemistry Auto-Validation Rate of Reports.
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Figure 6: CBC Auto-Validation Rate of Reports.
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Emergency Laboratory Testing Process

Reduced by 12 Steps - Streamlined by 41%
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Figure 7: Emergency Department Laboratory Testing Process.
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Inpatient Laboratory Testing Process
Reduced by 11 Steps - Streamlined by 38%
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Figure 8: Inpatient Department Laboratory Testing Process.
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Outpatient Laboratory Testing Process

Reduced by 9 Steps - Streamlined by 31%
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Figure 9: Outpatient Department Laboratory Testing Process.

The 25" International Conference on Electronic Business, Hanoi, Vietnam, August 21-25, 2025

425




Lu, Li, Hung & Shiau

CONCLUSION

Through innovative breakthroughs, this study successfully introduced Asia’'s first Beckman Coulter DxI-9000 immunoassay
analyzer, implemented Taiwan's first Tempus 600 Ultra-Speed pneumatic tube system, and achieved the world's first dual-track
system connecting different brands. By implementing the Laboratory Automated Closed Loop System (STARS strategy), we
gained the following benefits: In terms of process enhancement, laboratory workflows were streamlined by approximately 40%,
and staff movement was cut by 80.40%, regarding system performance, outpatient self-registration efficiency increased by 10-
18%, and the utilization rates of the new system for emergency and inpatient specimen transportation reached 72.49% and
37.49%, respectively. This significantly shortened turnaround times (TAT): biochemistry testing decreased from 268 minutes to
116 minutes (57% reduction), and hematology testing decreased from 83 minutes to 35 minutes (58% reduction). The rate of
automatic report release also doubled.

Overall, the laboratory's efficiency was significantly improved, reducing manual intervention and decreasing human errors, while
easing the workload and stress on the understaffed clinical laboratory. Although overall efficiency increased, the risk of mistakes
decreased, and report waiting times for physicians and patients were minimized, positively affecting ToTAT (Total Turnaround
Time). This not only improved the timeliness of test reports but also enhanced overall service quality.

The next step for clinical laboratories is ongoing process simplification and efficiency gains. Additionally, as technology rapidly
progresses, artificial intelligence is advancing across industries. Clinical laboratories must keep pace. By enhancing IoT (Internet
of Things) for sample and reagent inventory tracking, and integrating Al with laboratory and HIS systems to assist physician
diagnostics, we can automatically assess the reasonableness of test data based on patient conditions and autonomously add
necessary test items. This will make report interpretation and management more convenient for clinicians, aligning with our goal.
This study demonstrates that deploying an automated closed-loop system not only enhances laboratory operational efficiency
but also reduces human errors and improves service quality, providing valuable insights for the modernization and transformation
of clinical laboratories.
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