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Abstract—White blood cells (WBCs) are central to the 

body’s immune response and serve as key biomarkers 

in diagnosing infections, hematologic malignancies, and 

inflammatory diseases. Traditional manual methods for 

WBC analysis, while clinically valuable, are time-

consuming, subjective, and limited in throughput. 

Recent technological advances have revolutionized 

WBC analysis by introducing automated systems that 

enhance speed, reproducibility, and diagnostic 

accuracy. This review explores the evolution of WBC 

analysis, from manual microscopy to sophisticated 

automated hematology analyzers, flow cytometry, 

digital imaging, and artificial intelligence (AI)-driven 

platforms. Modern 5-part differential analyzers, digital 

smear systems (e.g., CellaVision), and machine learning 

algorithms have demonstrated significant 

improvements in leukocyte classification and anomaly 

detection. Clinical applications in infections, leukemias, 

and marrow disorders highlight the diagnostic value of 

these innovations. Despite clear advantages in efficiency 

and consistency, challenges such as cost, over-flagging, 

and limited interpretability in abnormal cases remain. 

Ongoing research in AI and integration with digital 

pathology offers promising solutions. Automation is 

reshaping the future of hematology, supporting 

precision diagnostics and data-driven healthcare. 
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1. INTRODUCTION 

 

White blood cells (WBCs), or leukocytes, are 

essential constituents of the immune system, tasked 

with protecting the body from infectious agents, 

eliminating dead or damaged cells, and coordinating 

immunological responses. The five main categories 

of white blood cells—neutrophils, lymphocytes, 

monocytes, eosinophils, and basophils—each fulfil 

specific functions in both innate and adaptive 

immunity. The quantitative and qualitative 

characterisation of these cells is crucial for detecting 

infections, haematologic malignancies, and 

autoimmune diseases, as well as monitoring therapy 

responses or disease progression [1, 2]. Traditionally, 

white blood cell analysis was conducted manually by 

the examination of peripheral blood smears under 

light microscopy. This approach, although still useful 

in some circumstances, is labour-intensive, time-

consuming, and prone to observer variability, 

resulting in variations in outcomes and diagnostic 

interpretation [3]. Despite the use of semi-automated 

haematology analysers, conventional methods often 

inadequately distinguish aberrant or immature cell 

populations, especially in instances of leukaemia or 

uncommon blood illnesses [4, 5]. The need for 

enhanced throughput, greater precision, and 

repeatability has driven the rapid development of 

automated. Contemporary haematology labs use a 

synthesis of flow cytometry, digital imaging, machine 

learning algorithms, and high-performance 

haematology analysers to detect, quantify, and 

categories white blood cells with minimal human 

involvement [6–8]. These technologies provide 

enhanced human error [9].  

 

2. TYPES AND FUNCTIONS OF WHITE BLOOD 

CELLS 

 

White blood cells (WBCs), also known as leukocytes, 

are a heterogeneous collection of immune cells 

essential for host defence, immunological control, 

inflammation, and tissue healing. They are 

categorised into five primary types: neutrophils, 
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lymphocytes, monocytes, eosinophils, and basophils, 

each possessing unique shapes, surface markers, and 

functional characteristics [11].  

2.1 Neutrophils are the predominant population of 

white blood cells, accounting for 50–70% of 

circulating leukocytes. They serve as primary 

defenders in the innate immune response, swiftly 

relocating to areas of infection to execute 

phagocytosis, degranulation, and the creation of 

neutrophil extracellular traps (NETs) to eradicate 

pathogens [12, 13]. Neutrophil malfunction or 

hyperactivation leads to sepsis, autoimmune 

disorders, and chronic inflammation [14]. 

2.2 Lymphocytes, including B cells, T cells, and 

natural killer (NK) cells, are essential elements of 

adaptive immunity. B cells facilitate humoral 

immunity by antibody synthesis, while T cells govern 

cellular immunity by attacking infected or cancerous 

cells. Natural killer (NK) cells elicit rapid responses 

to virally infected or altered cells without previous 

sensitisation [15, 16]. Lymphocytopenia or 

lymphocytosis may indicate viral infections, 

haematologic malignancies, or immunological 

dysregulation.  

2.3 Monocytes serve as circulating progenitors of 

macrophages and dendritic cells. They infiltrate 

tissues to phagocytise infections and deliver antigens, 

thereby connecting innate and adaptive immunity. 

Monocytes are essential to tissue remodelling and 

inflammatory responses [17, 18].  

2.4 Eosinophils largely participate in the defence 

against parasitic infections and contribute to allergy 

reactions by releasing granule proteins, including 

eosinophil cationic proteins. Increased eosinophil 

levels are indicative of asthma, eosinophilic 

oesophagitis, and certain parasite infections [19].  

2.5 Basophils, while being the least prevalent, are 

crucial effector cells in allergy responses. They 

secrete histamine and cytokines in reaction to 

allergens and play a role in Th2-mediated immune 

responses. Basophilia may manifest in allergy 

diseases, chronic inflammation, or certain 

myeloproliferative illnesses [20].  

 

3. CONVENTIONAL WHITE BLOOD CELL 

ANALYSIS TECHNIQUES 

 

White blood cell (WBC) analysis has always 

depended on manual and semi-automated techniques 

for differential counts and morphological evaluation. 

The manual peripheral blood smear is a key method 

in which stained blood films are analysed under a 

microscope by skilled laboratory professionals. This 

technique enables comprehensive morphological 

assessment and detection of atypical or immature 

cells that automated methods may overlook [3, 4]. 

Manual differentials are particularly beneficial in 

instances of suspected haematologic malignancies, 

parasitic infections, or severe infections when toxic 

granulation or aberrant lymphocytes could be seen 

[21]. 

Although manual WBC analysis has diagnostic 

relevance, it is labour-intensive, requires considerable 

knowledge, and is susceptible to inter-observer 

variability, potentially impacting diagnostic 

consistency and accuracy [22]. The way we look at 

cell shapes and sizes can be influenced by personal 

judgement, and since we usually only check 100 to 

200 cells, this might make it harder to detect rare 

issues consistently.  

Automated haematology analyses have become 

widespread in clinical labs to enhance efficiency and 

standardisation. These analysts use techniques like 

electrical impedance, flow cytometry, and light 

scattering to enumerate and categorise white blood 

cells (WBCs). The two predominant varieties are 3-

part and 5-part differential analysers.  

• 3-part analysers classify white blood cells into three 

primary categories: lymphocytes, monocytes, and 

granulocytes.  

• In contrast, 5-part analysers provide a more 

comprehensive classification, distinguishing 

neutrophils, lymphocytes, monocytes, eosinophils, 

and basophils.  

Although automated systems provide increased 

throughput, consistency, and decreased labour 

requirements, they include inherent limits. Their 

effectiveness may be hindered by the presence of 

aberrant cells, platelet aggregates, or extreme 

leukocyte numbers, often requiring manual 

examination [23, 24]. Furthermore, the majority of 

automated analysers are incapable of interpreting 

nuanced morphological alterations or identifying 

infrequent cell types, such as blasts, which are 

essential for detecting haematologic malignancies 

[25].  
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4. PROGRESS IN AUTOMATED WHITE BLOOD 

CELL ANALYSIS 

 

The advancement of automated WBC analysis has 

markedly improved the efficiency, accuracy, and 

diagnostic capabilities of haematology labs. 

Technological improvements, such as advanced 

haematology analysers and artificial intelligence (AI), 

have reduced the limitations of manual and semi-

automated methods, allowing for more accurate and 

efficient evaluation of white blood cells. 

4.1 Haematological Analysers  

Contemporary 5-part haematology analysers provide 

extensive leukocyte differentials by categorising 

white blood cells into neutrophils, lymphocytes, 

monocytes, eosinophils, and basophils. Prominent 

systems are the Sysmex XN-Series, Beckman Coulter 

DxH series, and Abbott CELL-DYN Sapphire, which 

amalgamate many physical concepts, like electrical 

impedance, light scattering, and fluorescence flow 

cytometry, to improve cell characterisation [26, 27].  

•Electrical impedance, based on the Coulter principle, 

quantifies cell size by measuring variations in 

electrical resistance.  

• Light scattering evaluates cell granularity and 

nuclear complexity through forward and side scatter 

analysis.  

• Fluorescence markers help identify the number of 

nucleic acids or surface proteins in cells, making it 

easier to tell different cell types apart. These systems 

allow for fast analysis while also checking the quality 

of samples and marking any unusual ones, which 

improves the process and reliability.  

4.2 Flow Cytometry  

Flow cytometry offers a high-resolution technique for 

immunophenotyping with fluorescently labelled 

antibodies that target particular surface markers. It is 

particularly essential in the diagnosis of haematologic 

malignancies, including leukaemias and lymphomas, 

as well as in the identification of uncommon or 

atypical leukocyte populations [28, 29]. Using 

multiparametric analysis helps to accurately classify 

different types of lymphocytes (like CD4⁺/CD8⁺ T 

cells and B cells) and find blast cells or small 

amounts of leftover disease. Despite its efficacy, flow 

cytometry is intricate, expensive, and often confined 

to specialised laboratories [30].  

 

4.3. Digital Imaging and Computer Vision  

Digital image-based systems, such as CellaVision 

DM1200 and CellaVision DC-1, automate the 

examination of blood smears using high-resolution 

microscopy and computer vision algorithms to 

identify and categorise white blood cells according to 

their morphology [31, 32]. These systems collect and 

analyse hundreds of cells per slide, minimising 

observer variability while preserving interpretability. 

They provide remote evaluation and telehaematology, 

which is particularly advantageous in resource-

limited environments or for obtaining secondary 

expert assessments [33].  

4.4. Machine Learning and Artificial Intelligence  

In recent years, there has been an increasing use of 

machine learning (ML) and deep learning (DL) 

algorithms in the classification of white blood cells 

(WBC). These models are trained on hundreds of 

annotated cellular pictures to accurately differentiate 

between normal and diseased cells. Convolutional 

neural networks (CNNs) have shown performance on 

par with or surpassing that of human pathologists in 

certain tests for categorising white blood cells [34]. 

Machine learning may facilitate the prediction of 

disease states, decrease diagnostic duration, and 

enhance real-time quality control. Nonetheless, 

extensive clinical implementation needs regulatory 

approval, data openness, and strong interaction with 

current laboratory infrastructure [35].  

 

5. CLINICAL APPLICATIONS 

 

Automated white blood cell (WBC) analysis is 

important for diagnosing, tracking, and treating 

various health issues like infections, blood cancers, 

and anemia-related diseases. The quick return time, 

repeatability, and compatibility with laboratory 

information systems make automated systems a vital 

element of contemporary diagnostics [2].  

In infectious disorders, automated white blood cell 

differentials provide early signs of systemic infection. 

Neutrophilia is often linked to bacterial illnesses, 

while lymphocytosis may indicate viral causes. Some 

modern machines have alerts for immature 

granulocytes or left shifts, which help in spotting 

sepsis or widespread inflammation early on. Sysmex 

analysers use a special light technique to count 

immature granulocytes, helping doctors quickly spot 

bacterial infections and make better treatment choices 

[23]. 
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In blood cancers like acute and chronic leukaemia, 

automated analysers help spot unusual white blood 

cells by showing irregular patterns and sounding 

alarms for blasts or atypical lymphocytes. Although 

human review or flow cytometry is often necessary 

for validation, automation facilitates preliminary 

screening and triage [36]. Research indicates that 

sophisticated haematology systems may identify 

atypical cell populations with significant sensitivity, 

necessitating rapid further evaluations, such as bone 

marrow biopsy or immunophenotyping.  

 

In cases of anaemia and bone marrow suppression, 

there can also be problems with white blood cells, 

and automated analysers help check how well the 

bone marrow is working. A decreased total WBC 

count (leukopenia) may indicate bone marrow failure, 

the effects of chemotherapy, or viral infections. The 

concurrent assessment of white blood cells with red 

cell and platelet indices aids in the differential 

diagnosis of pancytopenia and bone marrow diseases 

[37].  

 

6. ADVANTAGES AND LIMITATIONS OF 

AUTOMATION 

 

The automation of white blood cell (WBC) analysis 

has several significant benefits in clinical 

haematology. Time efficiency is markedly enhanced 

since contemporary analysers can process hundreds 

of samples per hour, therefore decreasing turnaround 

time and facilitating swift clinical choices, 

particularly in emergency or high-volume 

environments [38]. Automated solutions provide 

consistency and standardisation, hence reducing 

inter- and intra-observer variability linked to manual 

smear evaluations [39]. These systems minimise 

human mistakes, especially routine differentials, by 

integrating inherent quality control and flagging 

mechanisms [24].  

Nonetheless, automation has inherent limits. The 

substantial upfront expenses associated with modern 

haematology analysers and their upkeep may be 

prohibitive for smaller or under-resourced facilities. 

Furthermore, automated methods may have 

difficulties recognising atypical morphology, such as 

blast cells or dysplastic characteristics, which often 

necessitate manual evaluation or further tests like 

flow cytometry [5]. 

7. CONCLUSION 

 

Automated WBC analysis has become a 

revolutionary instrument in clinical haematology, 

providing enhanced accuracy, efficiency, and 

scalability compared to conventional approaches. 

Current technologies provide effective solutions for 

routine diagnostics, but their true potential is realised 

through further integration with digital pathology, 

artificial intelligence, and precision medicine 

frameworks. Integrating automation with professional 

supervision guarantees optimal results in patient care. 
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