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Abstract:  

Statistical Process Control (SPC) is a vital tool in pharmaceutical manufacturing to monitor, 

control, and improve production quality. It employs statistical methods to ensure that processes 

remain within predefined control limits, thereby minimizing variability and ensuring 

compliance with regulatory standards. This project aims to evaluate the role and effectiveness 

of SPC in maintaining consistent product quality across pharmaceutical processes such as 

granulation, tablet compression, and packaging. By reviewing real-time case studies, batch 

records, trend charts, and process data from validated sources, the project seeks to assess how 

SPC techniques—like control charts and process capability analysis—contribute to decision-

making, deviation reduction, and regulatory compliance in Good  

Manufacturing Practices (GMP) environments.  
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Introduction  

Pharmaceutical manufacturing is a highly regulated and quality-critical industry where ensuring 

the safety, efficacy, and consistency of medicinal products is  paramount[^1,^2]. Each stage of 

the manufacturing process—from raw material sourcing to final packaging—must comply with 

stringent regulatory guidelines[^3]. Even minor deviations in critical process parameters can 

impact product quality and patient safety[^2]. Hence, a robust quality assurance system is 

essential to monitor and control production processes continuously[^4]. The emphasis on 

quality by design (QbD) and risk-based approaches underlines the industry&#39;s shift from 

end-product testing to real-time process control and continuous improvement[^5,^6].  

  

Statistical Process Control (SPC) is a methodological framework that utilizes statistical 

techniques to monitor and control manufacturing processes[^7]. Developed in the early 20th 

century by Walter A. Shewhart at Bell Laboratories, SPC was originally designed to improve 

manufacturing consistency in industrial settings[^7]. Over time, it has evolved into a widely 

accepted tool for ensuring process stability and product quality across various sectors, including 

pharmaceuticals[^8,^9]. At its core, SPC involves the use of control charts, histograms, and 

capability indices to detect trends, shifts, or variations in a process before they result in non-

conformities[^9].  
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In the context of pharmaceutical manufacturing, the application of SPC holds critical 

importance due to regulatory expectations set forth by agencies such as the U.S. Food and Drug 

Administration (FDA), European Medicines Agency (EMA), and World Health Organization 

(WHO)[^10–^12]. These regulatory bodies mandate continuous process verification and 

adherence to current Good Manufacturing Practices (cGMP).  

 

SPC aligns with these principles by providing a data-driven approach to process validation, 

monitoring, and control, thus reducing the likelihood of batch failures,recalls, and compliance 

issues[^12].  

  

A primary advantage of SPC lies in its ability to detect process variability and maintain 

processes within acceptable control limits[^13,^14]. By identifying trends or anomalies early, 

manufacturers can take corrective actions proactively rather than reactively[^15]. This not only 

improves yield and efficiency but also enhances patient safety and builds regulatory 

confidence[^16]. SPC tools, when integrated into quality management systems, allow for 

objective decision-making and facilitate a culture of continuous improvement[^6,^17].  

  

This study aims to evaluate the implementation and effectiveness of Statistical Process Control 

in pharmaceutical manufacturing processes such as granulation, tablet compression, and 

packaging. Through a review of real-time case studies, batch records, and trend charts from 

validated manufacturing data, the study explores how SPC contributes to reducing deviations, 

maintaining process capability, and ensuring compliance within a GMP 

framework[^11,^16,^18]. The ultimate goal is to demonstrate SPC’s utility in fostering 

consistent product quality and operational excellence in regulated pharmaceutical 

environments[^19,^20].  

  

  

Methodology  

Study Design  

This study was conducted as a retrospective review and data analysis of historical production 

and quality data from pharmaceutical manufacturing operations. The objective was to assess 

the effectiveness of Statistical Process Control (SPC) techniques in detecting variability, 

improving process performance, and maintaining product quality across various stages of 

production. The retrospective nature of the study allowed for a comprehensive evaluation of 

SPC implementation in real-world scenarios, providing insights into how these tools contribute 

to quality assurance in a GMP-regulated environment.  

  

  

Data Sources  

Data were collected from validated pharmaceutical manufacturing facilities and quality control 

departments. The sources included:  

  

● Batch Manufacturing Records (BMRs): Detailed documentation of each production 

batch, including in-process checks and deviations.  

  

● Trend Charts: Time-series plots of critical quality attributes (CQAs) and critical process 

parameters (CPPs), used for visual monitoring of process stability.  
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● Deviation Logs: Records of non-conformances, out-of-specification (OOS) results, and 

investigations associated with production batches.  

  

● Quality Control Data: Analytical testing results, in-process control readings, and final 

product testing results from granulation, compression, and packaging stages.  

  

The dataset included information from a defined time frame (e.g., 6–12 months), covering 

multiple product lines and production scales. Data integrity and traceability were ensured by 

using only documented and approved records from validated sources.  

  

SPC Tools Used  

  

The following SPC tools were applied to the collected data:  

  

● Control Charts: Various control chart types were utilized depending on the nature of the 

data:  

  

○ X̄ -R Charts (Mean and Range Charts): Used for monitoring continuous variables like tablet 

weight, granule moisture content, and compression force.  

  

○ p-Charts: Used for attribute data to monitor the proportion of defective units in processes 

such as packaging or visual inspection.  

  

○ I-MR Charts (Individual-Moving Range Charts): Applied to monitor individual 

measurements where subgrouping was not feasible.  

  

These control charts were used to detect trends, shifts, or cycles indicating loss of process 

control or abnormal variations.  

  

● Process Capability Analysis:  

 Process capability indices such as Cp (Process Capability) and Cpk (Process Capability Index 

adjusted for mean shift) were calculated to determine how well the process fits within the 

specified tolerance limits. These indices provided insight into the degree of centering and spread 

of the process in relation to specification limits.  

  

  

Evaluation Parameters  

  

The following parameters were evaluated to determine the impact of SPC on 

manufacturing performance:  

  

● Deviation Frequency: Number and nature of deviations recorded before and after SPC 

implementation.  

  

● Process Variability: Statistical analysis of spread and standard deviation across batches and 

parameters.  

  

● Time to Detect Shifts: The responsiveness of SPC tools in detecting trends or drifts from 

control limits.  
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● Regulatory Compliance Indicators: Incidence of OOS results, batch rejections, and audit 

findings related to process control and data integrity.  

  

These parameters were analyzed both quantitatively (via statistical output) and qualitatively 

(via trend interpretation and compliance review).  

  

Software and Analytical Tools  

  

Data analysis and visualization were conducted using a combination of industry- standard 

software tools:  

  

● Minitab®: Employed for constructing control charts, calculating process capability indices, 

and conducting statistical analyses such as ANOVA and normality tests.  

 

● Microsoft Excel®: Used for data entry, pre-processing, and creating supplementary plots 

and pivot tables.  

  

● JMP® (by SAS): Used in selected analyses for visual exploration and process modeling 

where applicable.  

  

All analyses were performed in accordance with cGMP principles, ensuring that only 

validated tools and systems were used where required.  

  

  

Results  

The study evaluated process data across three key stages of pharmaceutical manufacturing: 

granulation, tablet compression, and packaging. By applying SPC techniques such as control 

charts and process capability indices, we observed  

  

measurable improvements in process consistency and quality compliance. Below is a stage-

wise summary of the findings.  

  

Granulation Process  

The granulation process is critical for achieving uniform particle size and moisture content to 

ensure proper downstream flow and compressibility. SPC tools helped detect trends in key 

parameters such as moisture content and granule size.  

  

● Moisture content readings were plotted on X̄ -R charts across multiple batches. Initially, 

several out-of-control points were observed, indicating high variability.  

  

● After implementing moisture control SOPs based on chart insights, a tighter distribution 

was achieved.  

  

 

 

Table 1. Process Capability Analysis – Granulation (Moisture Content &amp; Granule 

Size)  
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Tablet Compression  

  

Tablet compression was analyzed for weight variation, hardness, and thickness. Control charts 

indicated frequent small shifts in tablet weight, which were later traced to feeder 

inconsistencies.  

  

Post-SPC implementation included calibration of tablet press feeders and monitoring of 

compression force.  

 
  

Packaging  

  

Packaging issues such as foil sealing inconsistencies and batch coding deviations were 

reviewed using attribute control charts (p-charts). Prior to SPC adoption, rejected units due to 

seal integrity failures were above the internal acceptable quality level  
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(AQL).  

  

Following root cause analysis and equipment revalidation, the defect rate was reduced 

significantly.  

  

Table 3. Defect Rate Before and After SPC – Packaging  

 
  

Control Chart Observations  

● X̄ -R Charts: Detected batch-wise variability in weight and moisture content. Post-

intervention, the process stabilized with most values within ±3σ.  

  

● p-Charts: Clearly showed a reduction in the proportion of defective packaging units 

over time.  

  

● I-MR Charts: Used in areas with small sample sizes (e.g., moisture testing per batch), 

effective in early drift detection.  

  

Statistical Interpretation  

A comparative analysis of deviation logs revealed a marked reduction in deviation incidence 

after SPC-based monitoring was implemented:  
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Table 4. Deviation Frequency Comparison  

 
  

The statistical evidence indicates that SPC implementation led to substantial reductions in 

process variability, deviation rates, and quality failures across all observed stages. The process 

capability indices improved significantly, suggesting that the processes not only became more 

centered but also performed well within the defined specification limits.  

 

Discussion  

The results of this study clearly demonstrate the value of Statistical Process Control (SPC) in 

enhancing quality consistency across key stages of pharmaceutical manufacturing. By 

employing SPC tools such as control charts and process capability indices, the study identified 

significant reductions in process variability, defect rates, and deviations. For example, 

improvements in Cp and Cpk values across granulation and compression processes reflect 

tighter control over critical process parameters.  

  

Similarly, reduced defect rates in packaging underscore how SPC enabled early detection of 

performance drifts and promoted corrective actions before product failures occurred.  

  

These findings are consistent with previous literature which emphasizes SPC as an effective 

quality assurance tool in pharmaceutical settings. Studies by Montgomery (2009) and Antony 

et al. (2012) highlight that SPC facilitates real-time process monitoring and minimizes reliance 

on end-product testing. Moreover, its application aligns with the principles of Quality by Design 

(QbD) and the FDA’s Process Validation guidance, especially in Stage 3: Continued Process 

Verification. Similar studies conducted in sterile manufacturing and solid oral dosage forms 

have also shown that SPC supports improved compliance and operational efficiency by offering 

evidence-based process insights.  

One of the most critical shifts observed through this study is the transformation of quality 

monitoring from a reactive to a proactive model. Traditionally, manufacturing deviations or 

non-conformities were addressed post-occurrence. With SPC, anomalies and variations can be 

detected during the process, enabling real-time decision-making and preventive intervention. 

This proactive nature not only reduces the burden of deviation investigations but also decreases 

the risk of batch failures and costly recalls.  
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However, the effectiveness of SPC is not solely dependent on statistical tools—it also relies 

heavily on personnel training and understanding. Successful implementation requires operators, 

supervisors, and quality assurance professionals to correctly interpret control charts and 

capability indices. Facilities that invest in structured SPC training and build cross-functional 

quality teams are better positioned to sustain long- term process stability.  

  

Despite its advantages, SPC implementation comes with certain challenges. Ensuring data 

integrity—particularly in manual recording environments—can be difficult, and transcription 

errors may affect control chart accuracy. In addition, many pharmaceutical processes do not 

follow a normal distribution, complicating the interpretation of traditional SPC metrics like Cp 

and Cpk. Advanced statistical approaches or data transformation techniques may be necessary 

for such non-normal datasets. Moreover, the initial resistance to change and lack of analytical 

tools in legacy systems can also hinder smooth adoption.  

  

From a regulatory perspective, SPC supports the ongoing lifecycle approach to validation 

advocated by regulatory agencies. It fulfills the requirements of Stage 3 – Continued Process 

Verification under FDA’s 2011 Process Validation guidance by providing ongoing evidence that 

the process remains in a state of control during commercial production. By offering a 

quantitative basis for monitoring, SPC strengthens compliance with both U.S. and international 

GMP requirements.  

  

   

Conclusion  

This study demonstrates that the implementation of Statistical Process Control (SPC) 

significantly improves process consistency, reduces deviations, and enhances product quality 

across pharmaceutical manufacturing stages such as granulation, compression, and packaging. 

SPC tools such as control charts and capability indices provided critical insights into process 

behavior, enabling early detection of trends and more efficient corrective actions.  

  

The findings reaffirm that SPC is not merely a statistical technique but an essential element of 

Good Manufacturing Practices (GMP) and a key enabler of continuous quality improvement. It 

helps pharmaceutical manufacturers move beyond reactive quality management toward a more 

preventive and proactive approach. As global regulatory agencies continue to emphasize 

lifecycle process validation and real-time monitoring, SPC plays a vital role in achieving and 

maintaining process control and product quality.  

 

Given the demonstrated benefits, it is recommended that the pharmaceutical industry adopt SPC 

tools on a wider scale, integrating them into routine quality assurance and production 

monitoring systems. Training programs, cross-functional collaborations, and investment in 

digital data systems are vital to realizing the full potential of SPC.  

 

Future research could explore integration of SPC with Process Analytical Technology (PAT), 

machine learning, and AI-driven real-time monitoring systems. Such advancements could lead 

to the next generation of intelligent manufacturing systems under the umbrella of Industry 4.0 

and Quality by Design (QbD) frameworks. Ultimately, these technologies can help establish a 

highly adaptive, efficient, and compliant pharmaceutical manufacturing ecosystem.  
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