*
* ANV x
*Q * International Journal of Al, Big Data, Computational and Management Studies
Ko ¥ Noble Scholar Research Group | Volume 5, Issue 3, 155-160, 2024
ISSN: 3050-9416 | https://doi.org/10.63282/3050-9416.1JAIBDCMS-V513P116

Leveraging Predictive Analytics and Redis-Backed
Caching to Optimize Specialty Medication Fulfillment
and Pharmacy Inventory Management

Srikanth Reddy Gudi
Cigna Evernorth Health Services Inc., Charlotte, North Carolina, USA.

Abstract: Specialty medications have long shelf lives, high costs, and demand patterns that are often unpredictable, all of
which makes specialty medication inventory management a big challenge for the pharmaceutical industry. This work explores
the use of predictive analytics in combination with Redis backed caching systems, to streamline specialty medication
dispensing and cost effective management of pharmacy inventory. The key aim is to conduct regression analysis for ML-based
demand forecasting performance, evaluate real-time inventory systems with Redis caching performance, and evaluate gains in
Order Fulfillment Rate performance measurement. This study explored quantitative research design using secondary data from
pharmacy management systems and health care published databases. Specifically, the hypothesis was that integrated
predictive analytics along with Redis caching has a huge impact on reducing stockouts and enhancing fulfillment efficiency.
And tests showed that pharmacies that use these technologies had 23% lower inventory holding costs and 31% better order
fulfillment accuracy. These predictive models achieved 87% accuracy in forecasting conclusions for specialty medications.
Post discussion, implementation of Redis cache showed 78% of latency of database queries were vastly reduced, and this
helped in making inventory real-time decisions. Integrating technology to improve pharmacy efficiency and clinical outcomes
for specialty medications: An updated review of the literature Abstract Background The impact of technology integration into
specialty pharmacy practice is documented in the literature; however, these studies are relatively scarce and often outdated.
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1. Introduction

As specialty medications have become more central to healthcare delivery, there has been a fundamental shift in the
pharmaceutical supply chain. While accounting for only 2 percent of the patient population, specialty medications comprise
nearly half (50%) of all drug spending because they are typically more expensive, require more stringent storage conditions
and are optimized for select therapeutic targets (Aitken & Kleinrock, 2019). Such a gulf poses unique challenges for the ability
of pharmacy inventory management systems to balance patient access to needed medications while ensuring the financial
health of the pharmacy. Demand for specialty medications is inherently volatile and any demand forecast provides little
insight into actual demand, making traditional inventory management approaches using historical consumption patterns and
safety stock calculations ineffective when managing specialty inventory. Not only does a single stockout event disrupt therapy
and subsequently impact patient outcomes, overstocking causes huge economic losses through expiration and storage fees
(Shah, 2004). Predictive analytics has emerged as a combination of predictive analytics leveraging machine learning
algorithms to predict demand patterns more accurately than traditional methods.

Redis, an open-source, in-memory data structure store with outstanding performance characteristics, has also seen
widespread adoption in healthcare information systems. Redis serves as a caching layer that allows for sub-millisecond
response for frequently accessed data, making it ideal for real-time inventory management use cases (Carlson, 2013).
Personalized predictive analytics meet redis-backed caching model, a new paradigm to deal with unpredictable demand and
responsive systems challenges in pharmacy operations - this is real science, hot off the press. Introduction: The Indian
pharmaceutical market which is valued around $42 billion in 2021 (Pillai & Kumar, 2022), has its own complexities for the
inventory optimization bringing to light the diverse nature of the patients and frequent changes in the regulation (Basak &
Sathyanarayana, 2010) In response to managing portfolios of specialty medications and complying with the regulatory
practices, Indian pharmacies are more inclined towards adopting technology solutions. This study investigates the potential of
predictive analytics and Redis caching in the optimization of specialty medication fulfillment in this setting. This research has
important implications, not only for operational efficiency, but also for patient safety and health care accessibility. Note that
full treatment for cancer, rheumatoid arthritis, and multiple sclerosis (Tichy et al., 2019) depends on the timely availability of
some specialty medications. This will aid pharmacies in catering better patient care inseparable from financially balancing out
stock distribution by creating stronger technological backbones for preserving optimal stock against demand.
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2. Literature Review

Literature Review The use of predictive analytics in the healthcare supply chain management has attracted significant
attention in the literature. Kilimci et al. For example, Cormack et al.(2019) found that machine learning algorithms (gradient
boosting and random forest models) were more accurate than time series methods in forecasting demand for a pharmaceutical.
It was found that their research achieved between 15-25% higher accuracy than exponential smoothing techniques. Similarly,
Merkuryeva et al. In, a predictive analytics enabled demand-driven material requirements planning (MPR) is examined and
with the predictive knowledge substantial decreases in carrying cost of inventory such as grocery and electronics etc. Studies
of specialty pharmacy operations reveal particular challenges in managing inventory. Haque et al. Identified that unique
management strategies are needed for specialty medications based on high unit costs, limited distribution networks and
dispensing needs unique to individual patients (2017). They found that classic economic order quantity models failed to
account for the demand fluctuation that characterizes how specialty medications are consumed.

The technical literature discusses this aspect of Redis implementation in healthcare, suggesting these attributes lend it well
to being an application for high-performance applications. Grolinger et al. External Link: NoSQL Databases in Health Care:
Review of Current Applications and Future Directions (2013)(External Link: NoSQL Databases in Health Care: Review of
Current Applications and Future Directions (2013), Externally linked, open in a new window) reviewed the utility of NoSQL
databases for managing health data and found significant enhancements to query performance for time-relevant queries
through the use of in-memory caching in databases such as Redis. Complementing this work, Nguyen et al. The work of Dave,
et al. (2020) found and described the use of caching strategies for pharmacy management systems with 60-80% reductions in
the database load using Redis caching levels. Applications of machine learning in inventory optimization have yielded
promising results across various industries. Syntetos et al. A detailed analysis on forecasting and stock control methods is
presented by (2016) and emphasizes the need to select an algorithm adapted to demand specificities. Based on the demand
patterns of specialty medications, their framework guides the choice of the appropriate predictive models. Chen et al. And
(2020) also focused on an artificial intelligence use case that tackled the pharmaceutical inventory problem, yielding
significant gains in forecast accuracy and inventory turnover. An emerging research direction is the coupling of real-time
analytics with caching technologies. Kang et al. From year 2021, (2021) studied machine learning and cache-aware intelligent
inventory management systems and demonstrated complementary advantages when combined with machine learning and
cache. According to their findings, combined methods were more effective than using either technology independently.

3. Objectives
The study pursued four specific objectives to comprehensively evaluate the proposed technological integration:
e To assess the accuracy and effectiveness of machine learning-based predictive analytics models in forecasting
specialty medication demand across different therapeutic categories.
e To evaluate the performance improvements achieved through Redis-backed caching implementation in pharmacy
inventory management systems, specifically measuring query latency reduction and system throughput enhancement.
e To measure the impact of integrated predictive analytics and caching systems on key operational metrics including
order fulfillment rates, stockout frequency, and inventory holding costs.
e To develop recommendations for optimal technology configuration and implementation strategies for specialty
pharmacy operations in the Indian healthcare context.

4. Methodology

The present study used secondary data analysis within a quantitative research design to assess the impact of predictive
analytics and Redis caching on pharmacy inventory management. Qualitative research in design comparing between
traditional inventory management system and technological based systems using different inventory management systems. We
collected data from published healthcare databases, reports from pharmacy management systems, and peer-reviewed literature
publications with implementation outcomes. The study investigated operational data from 847 specialty pharmacy locations
in various geographic areas based on healthcare industry reports published between 2018 and 2023. Inclusion criteria for
sample included pharmacies with 500 or more specialty medication prescriptions filled per month with some prior technology
implementation records. Participants were recruited using a stratified sampling approach to ensure representation from
hospital-based, retail chain, and independent specialty pharmacies.

Research tools involved the use of statistical analysis software to develop the reader and processing to evaluate the
machine learning model. Performance measurement information, including Redis cache hit rates, query response times from
system logs, and inventory transaction information. Calculations against actual consumption data were used to quantify the
performance of the approaches through Mean Absolute Percentage Error and Root Mean Square Error of forecasts. Methods
The data originating from pharmacy benefit manager databases, inventory management system reports and published
implementation case studies were systematically extracted. Statistical analysis Utilizing descriptive statistics, inferential
statistics (i.e. t-tests and ANOVA, for group comparisons), and regression analysis to examine the relationship between
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technology implementation and operational outcomes. Given the nature of the data used in this study, we anonymized and
aggregated all data to prevent compromising any proprietary information while maintaining value in our analysis.

5. Results

Pharmacy operations realized significant performance gains in the analysis of predictive analytics and the implementation
of Redis caching within specialty pharmacy operations. Technology effectiveness was assessed using six analytical dimensions
across incorporated data.

Table 1: Predictive Analytics Model Performance Comparison

Model Type MAPE (%) | RMSE | Accuracy (%) | Training Time (sec)
Random Forest 12.3 45.6 87.7 234
Gradient Boosting 11.8 42.3 88.2 312
LSTM Neural Network 13.1 48.9 86.9 567
ARIMA (Traditional) 18.7 67.4 81.3 45
Exponential Smoothing 21.2 78.2 78.8 23

Comparative performance metrics for different demand forecasting models on specialty medication inventory data
appears in Table 1. It perform best with an accuracy of 88.2% and with the lowest RMSE of 42.3, which also suggests that
demand predictions are only slightly deviating from actuals (best of all models). Conventional statistical methods such as
ARIMA and exponential smoothing performed far worsely, recording MAPE scores over 18%. Despite training times taking
up to 567 seconds, the accuracy of the LSTM neural networks could not better a simple ensemble method. Conclusion These
results validate that modern machine learning methods are considerably superior in predicting specialty medication demand
over traditional prediction methods.

Table 2: Redis Cache Performance Metrics

Metric Before Implementation | After Implementation | Improvement (%)
Average Query Latency (ms) 245 54 78.0
Peak Query Latency (ms) 1,234 187 84.8
Database Load (queries/sec) 12,450 3,120 74.9
Cache Hit Rate (%) N/A 92.3 —
System Throughput (transactions/hr) 8,760 15,430 76.1

As shown in table 2, with the Redis caching added, there is significant improvement in the performance of pharmacy
inventory systems. Query latency average went down from 245 milliseconds to 54 milliseconds a 78% improvement for near
real time inventory visibility. A 92.3% cache hit rate implies a well-designed caching strategy, where the vast majority of
queries for inventory were served from memory instead of the database. We enhanced system throughput by 76.1%, permitting
pharmacies to process vastly increased transaction volumes during peak operational cycles. This increase in performance not
only means a better experience for pharmacy staff, but also a quicker order processing functionality.

Table 3: Inventory Management Outcome Metrics
Metric Traditional System | Technology-Enhanced | Statistical Significance
Stockout Rate (%) 8.7 3.2 p <0.001
Order Fulfillment Rate (%) 76.4 94.8 p <0.001
Inventory Turnover Ratio 6.2 9.4 p <0.01
Days of Inventory 58.9 38.8 p <0.01
Expired Medication Rate (%) 4.3 1.1 p <0.001

As we can see in Table 3, post technology implementation, we observe large values of the specified inventory
management indicators with respect to the baseline. This led to significant reductions in stockout rates, from 8.7% down to
3.2%, thereby minimizing the chances of therapy interruption for patients who need specialty medications. The percentage of
orders fulfilled on first attempt (i.e., those without any kind of intervention required) increased from around 76.4 percent to
around 94.8 percent, suggesting that technology-enhanced pharmacies completed many more prescription orders on the first
attempt with little or no further help required. Inventory turnover ratio increased from 6.2 to 9.4, reflecting improved
utilization of capital while days of inventory decreased from 58.9 to 38.8, indicating lean inventory positions. These
differences were statistically significant at p < 0.01 or better) so it is improbable that the substantial improvements would be
due to chance.
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Table 4: Financial Impact Analysis (Annual, Per Pharmacy)

Cost Category Traditional (3) | Technology-Enhanced ($) | Savings ($) | Reduction (%)
Inventory Holding Costs 234,560 180,611 53,949 23.0
Stockout Costs 87,430 32,149 55,281 63.2
Expired Medication Losses 156,780 40,763 116,017 74.0
Technology Investment 0 45,000 (45,000) —
Net Annual Benefit — — 180,247 —

Financial Benefit of Predictive Analytics & Redis Caching Implementation Each of these benefits is quantified in Table 4.
Due to a combination of lower inventory levels and improved demand forecasting, annual inventory holding costs fell by 23%,
from $234,560 to $180,611. This effort resulted in the largest portion of savings in the area of expired medication losses, which
fell by 74% from $156,780 to $40,763 per year as inaccurate forecasting was avoided resulting in less over-purchasing of
costly specialty products. Following a $45,000 per annum investment in technology, average net annual benefit was $180,247
per pharmacy site. This ROI highlights clear financial justification for technology adoption extending well beyond operational
efficiency factors.

Table 5: Specialty Medication Category Analysis

Therapeutic Category | Forecast Accuracy (%) | Stockout Reduction (%) | Fulfillment Improvement (%)
Oncology 85.4 58.7 21.3
Rheumatology 89.2 67.4 24.8
Multiple Sclerosis 91.3 72.1 28.6
Hepatitis C 86.7 61.2 22.4
HIV/AIDS 92.8 78.3 31.2
Rare Diseases 78.9 45.6 15.7

As shown in Table 5, the effectiveness of the technology varies among specialty medication therapeutic classes. Forecast
accuracy was highest for HIV/AIDS medications at 92.8% and stockout was lowest for HIV/AIDS medications at 78.3%,
suggesting more stable patient populations with return refill patterns following medication refills. For drugs used in multiple
sclerosis, the prediction accuracy was also high (91.3%). The lowest performance was observed for rare disease medications
with an F-measure accuracy of 78.9% and a stockout reduction of 45.6% due to the inherent unpredictability of demand for
low-volume specialty products. These results at the level of the individual drug category provide actionable information that
can develop implementation strategies focused on particular types of pharmacies that would benefit most from the technology
as well as identifying target therapeutic areas where to focus on technology deployment augmentation.

Table 6: Implementation Timeline and Performance Progression

Implementation Duration Query Latency | Forecast Fulfillment Rate
Phase (months) (ms) Accuracy (%) (%)
Baseline 0 245 78.8 76.4
Initial Deployment 1-3 178 81.2 79.8
Optimization 4-6 98 84.6 86.3
Mature Operation 7-12 54 88.2 94.8
Steady State 12+ 52 89.1 95.2

Performance trajectory improvement after technology implementation (Table 6) Phase 1 of Deployment (query latency
reduction to 178 milliseconds and 81.2% accuracy on forecasting minor improvement, pre-built features play a role here)
Months 4-6 saw orders of magnitude refinement in performance thanks to caching strategies and frequent retraining of ML
models using operational data accrued over the previous 3 months of traffic. Mature operation delivered on-target performance
levels with continuous step-wise improvements into steady state post twelve months. This pattern of variability also implies
that full realization of benefits requires an ongoing optimization effort rather than the simple deployment of a solution, which
is an important input into realistic expectation management as implementation plans are developed.

6. Discussion

These results from the application of integrated predictive analytics and Redis caching to fill specialty medications, and
manage pharmacy inventory, provide strong evidence for the efficacy of the presented approach. The operational, financial,
and patient-care gains identify the direct benefits hypothesized to result from technology integration, as well as important
contextual evidence to guide development of implementation strategies (Aitken & Kleinrock, 2019). The better performance
of the gradient boosting and random forest models over the traditional statistical models is consistent with recent literature in
demand forecasting that suggests the superiority of these tree-based models over other traditional statistical methods. Because
of these reasons, captured complex, non-linear demand patterns associated with the specialty medications could be effectively
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modelled via these ensemble methods, which are difficult to encapsulate through the existing ARIMA and exponential
smoothing approaches (Kilimci et al, 2019). An accuracy of 88.2% is a significant improvement over baseline performance;
however, the result of rare disease drugs attaining lower accuracy indicates natural limits to the ability to forecast highly
intermittent demand patterns.

Redis caching performed remarkably well in fulfilling system performance requirements based on real-time inventory
management. Pharmacy staff are able to obtain up-to-date information on available inventory instantly with a resultant 78%
reduction in average query latency, which facilitates rapid decision-making for prescription fulfilment (Grolinger et al., 2013).
A cache hit rate of 92.3% suggests this was the right move in the architecture design as inventory data that was accessed most
frequently was kept in memory. According to Carlson, quote bigger always is better: The performance level here is a great
deal greater than standard usage only implementations and validates Redis as ideal technological innovation for healthcare
source of information applications. This study illustrates operational improvements that have important implications for the
quality of patient care. Cutting stockouts from 8.7% to 3.2% means patients relying on specialty drugs for maintaining therapy
for their chronic conditions can expect reduced interruptions in their therapy (Tichy et al., 2019). Because specialty
medications often address critical illness such as cancer and autoimmune diseases, continuous medication access is not just a
matter of operational efficiency but is a fundamental issue of safety for the patient (Haque et al., 2017).

An analysis of financials shows a strong return on investment for the adoption of the technology. The net annual benefit
of 180,247 dollars per pharmacy site far exceeds implementation costs, with payback period often within six months. By
enhancing demand forecasting (through the work of the SAV DHE team), the largest savings was also in expired medication
losses (74% reduction from baseline) (Chen et al., 2020). Because, for specialty medications, the unit costs of many individual
items typically exceed $1,000, even small reductions of expirations lead to large savings that are multiplied across by portfolio
of inventory. Such category-level analysis can gain actionable insights to help with the prioritization of implementations.
Predictive analytics provided the most benefit for therapeutic categories with relatively predictable demand patterns, which
were typically the categories related to HIV/AIDS and multiple sclerosis medications, while rare disease medications showed
more modest improvements (Merkuryeva et al., 2019). These results support diversified inventory strategies at the pharmacy
level, with predictive analytics applied most aggressively for high-volume specialty categories and higher safety stocks used
for the more unpredictable rare disease products (Nguyen et al., 2020).

Analysis of implementation timelines shows that realizing the associated benefits necessitates ongoing optimization effort
long after initial deployment. We (Kang et al., 2021) went from a baseline forecast accuracy of 78.8% to a steady-state
accuracy of 89.1% over twelve months of using and improving the model in production. This finding is crucial for expectation
management and resource allocation, as organizations need to realize that implementation of optimization should not be seen
as a one-time project, but rather an exercise that entails continuous investments (Shah, 2004). Technology adoption is a mix of
opportunities and challenges in the Indian pharmaceutical context. While the specialty medication market is expanding quickly
(Palumbo & Vitaliano, 2008; Basak & Sathyanarayana, 2010), making the need for improved inventory management
capabilities quite compelling (Zhang, Manickam, & Varma, 2013), pharmacy infrastructure variability across locations may
influence feasibility of implementation. Organizations looking to implement technology must weigh infrastructure needs and
plan roll out in stages, appropriate to the environments in which they operate.

7. Conclusion

This paper illustrates that predictive analytics plus Redis backed caching systems are able to improve fulfilment of
specialty medication orders and also leads to better pharmacy stock handling. Demand forecast accuracy of 88.2% using
machine learning algorithms which far outperformed traditional statistical methods. With Redis caching, we slashed query
latency by 78% and sustained cache hit rates of 92.3%, making inventory visibility in real-time possible and key to operational
decision-making. But some operational improvements also happened: 63.2% reduction in stock-out rates, 24% improvement in
order fulfilment and 74% decrease in expired medication losses. The key financial analysis was calculating the net annual
benefit of $180,247 per pharmacy location achieved on an annual basis that provides clear evidence of return on technology
investment. Findings by category suggest largest gains found in predictable therapeutic categories and indicate that innovative
inventory strategies are required for rare disease medications. Realizing the full benefit during implementation can take up to
twelve months of continued effort to optimize the process. Our findings lend support to technology adoption recommendations
for specialty pharmacies looking to improve their operations and clinical care outcomes as pharmaceutical supply chains
become increasingly complex.
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