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Executive Summary

Life sciences companies face strict regulatory expectations for maintaining product
quality across manufacturing, storage, and distribution. Operating within environments
where temperature, humidity, and other conditions directly affect product integrity,
compliance and asset protection are paramount. This is especially critical in applications
such as freezers, refrigerators, cold rooms, incubators, stability chambers, storage areas,
and warehouses, where maintaining consistent environmental conditions is essential for
product quality, compliance, and operational continuity. Traditional validation methods
rely on periodic qualification and static mapping studies. These approaches provide a
snapshot of performance but leave gaps between assessments. Continuous mapping
addresses these gaps through ongoing data collection, analysis, and control.

This paper explains how continuous mapping works and how continuous methods differ
from traditional mapping, how to implement them, and how they support compliance with
GxP requirements. The paper draws from guidance by organizations such as U.S. Food
and Drug Administration (FDA), International Society for Pharmaceutical Engineering
(ISPE), World Health Organization (WHO), and European Medicines Agency (EMA).

II Traditional validation provides only a
point-in-time view, whereas continuous
mapping detects issues as they arise
during normal operations. II
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1. Introduction to Continuous Validation & Mapping

Continuous validation refers to an approach where system performance is verified
through ongoing data collection and analysis instead of relying on periodic requalification.
It includes monitoring critical parameters in real-time or near real-time and evaluating
performance against defined acceptance criteria.

Within this framework, continuous mapping supports continuous validation methodologies
by generating longitudinal environmental and process data. This approach helps
organizations replace periodic snapshots with continuous evidence of equipment
performance, identify operational drifts earlier, and strengthen compliance decisions
through ongoing trend analysis.

Continuous mapping can be applied across a wide range of critical environmental
conditions and controlled environments where maintaining validated operating conditions
is essential. Temperature remains the most common continuously mapped parameter,
but organizations are increasingly incorporating relative humidity (RH), carbon dioxide
(CO,), differential pressure, and other critical environmental variables depending on
the application. Typical use cases include ultra-low temperature freezers, freezers,
refrigerators, cold rooms, incubators, stability chambers, environmental chambers,
controlled storage areas, GMP warehouses, and other temperature- or climate-controlled
spaces used for manufacturing, testing, storage, and distribution. By continuously
collecting validated environmental data from these critical assets, organizations gain a
comprehensive understanding of performance over time, enabling earlier detection of
trends, seasonal influences, equipment degradation, and changing operational conditions
that may not be evident during periodic qualification or mapping studies.

Regulatory guidance does support this approach. The process validation lifecycle
described by U.S. FDA includes Stage 3 Continued Process Verification [1] which requires
ongoing assurance that processes remain in a state of control and that continuous
validation and mapping align directly with this expectation [1].

This means shifting from static validation events to a lifecycle model. Data drives

decisions and deviations trigger investigation based on real performance trends rather
than scheduled checks.
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2. Importance of Temperature Control in Life Sciences

Environmental conditions (e.g., temperature) represent a critical quality attribute for
many products across a wide variety of life sciences applications. Biologics, vaccines,
cell therapies, and certain small molecule drugs degrade outside defined temperature
ranges, and it is critical that you maintain strict control across manufacturing, storage,
and transport.

Temperature excursions lead to:

e Loss of potency

» Changes in chemical composition
» Microbial growth risk

e Regulatory noncompliance
 Product recalls

Guidance from WHO and U.S. Pharmacopoeia emphasizes temperature monitoring and
control across the supply chain [4][5]. Standards such as USP <1079> and the WHO
Technical Report Series provide detailed expectations for storage conditions.

It is imperative to demonstrate that controlled environments maintain uniform conditions
across all usable spaces, and temperature mapping supports this requirement.

3. Traditional Temperature Mapping

Traditional validation relies on periodic qualification activities which include Installation
Qualification, Operational Qualification, and Performance Qualification.

A standard temperature mapping process typically involves:

* Placing sensors across the chamber or storage area
» Running a study over a defined period

» Analyzing temperature distribution

« Identifying hot and cold spots

» Documenting results

Utilizing the above, you will perform mapping during initial qualification and at scheduled
intervals, often annually or after major changes.

OPEN ) ACCESS ARTICLE | www.BioProcessingJournal.com


https://BioProcessingJournal.com

WHITE PAPER | Continuous Mapping in Life Sciences: A Practical Framework for GxP Compliance

Limitations of Traditional Approaches

Traditional mapping provides a snapshot. Conditions may change between studies due
to:

» Equipment aging

e Sensor drift

e Loading variations

» Seasonal environmental changes

» HVAC performance shifts and maintenance issues (e.g., frost build up)
e Controller calibration

As a result, you will lack continuous visibility into these changes, and issues may persist
undetected until the next mapping exercise or until a deviation occurs.

Periodic requalification also creates operational challenges:

» Downtime for mapping activities

* Manual data collection and analysis

* Resource-intensive documentation

» Scheduling, balancing workload, and the potential need for outsourcing.

« Validation equipment costs (e.g., storage, asset management, calibration, and
batteries)

e Human error

e Inventory protection: high-value APIs are subject to risk with excessive equipment
setup

4. Continuous Temperature Mapping

Continuous temperature mapping extends the concept of mapping into an ongoing process
by deploying a network of sensors across the controlled environment and collecting data
continuously.

Instead of a single study, you maintain a live, rolling temperature profile.
Key elements include:

» Sensor network design

» Continuous data acquisition
+ Automated data storage
 Real-time monitoring

« Alert systems for excursions
e Trend analysis
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Continuous mapping locations are defined by performing a risk assessment after the
initial qualification and uniformity mapping is completed. An internal risk assessment
will be used to identify the critical locations which require continuous mapping. These
locations may include representative product areas, shelving levels, airflow transition
points, door access areas, and other identified risk zones within freezers, refrigerators,
cold rooms, incubators, and stability chambers.

Data from the continuous mapping locations flow into a centralized system continuously
analyzing conditions against defined limits and intelligently managing alerts, including
configurable delays tied to door switch activity during routine product loading and
unloading operations.

5. Differences Between Traditional & Continuous
Approaches

Manual Process & Human Error

Traditional temperature mapping relies on manual setup, data collection, review, and
deviation assessment, creating opportunities for human error and consuming valuable
time during investigations. Continuous mapping automates monitoring, data capture,
and alert management to reduce manual intervention, reduce training, and streamline
deviation response which support ALCOA+ principles by ensuring data is attributable,
legible, contemporaneous, original, and accurate throughout the monitoring process.

Data Frequency

Traditional mapping captures data over a defined period of time (e.g., 24-hours) while
continuous mapping is running 24 hours a day, 7 days a week, 365 days a year.

Visibility

Traditional methods provide historical insight, and continuous methods provide real-time
and historical visibility.
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Risk Detection

Traditional validation provides only a point-in-time view and can identify issues only
during the mapping period, whereas continuous mapping detects issues as they arise
during normal operations.

Regulatory Alignment

Continuous mapping aligns with lifecycle approaches promoted by the International
Council for Harmonization (ICH) of Technical Requirements for Pharmaceuticals for Human
Use guidelines such as ICH Q8, Q9, and Q10 [2]. Guidance for Controlled Temperature
Chamber qualification and monitoring from the ISPE Good Practice Guide, Section 7.4
— Periodic Evaluation of Process Monitoring Data and WHO Supplement 6, Section 9 -
Periodic Evaluation and Frequency of Thermal Mapping Studies, also supports ongoing
system verification through continuous mapping strategies, permanent sensor placement,
and risk-based evaluation practices derived from temperature mapping studies [8][10].

Operational Impact
Traditional mapping requires planned downtime, additional technical and support
resources. Continuous mapping operates without interrupting normal processes.

Decision Making

Continuous data supports data-driven decisions that allow you to identify trends and
intervene early to ensure avoid issues, ensure smooth operation, and maintain ongoing
compliance.

Safety & Personnel Exposure

Traditional temperature mapping may require personnel to repeatedly enter ultra-low
temperature freezers and controlled environments while wearing extensive PPE, increasing
exposure risks and the potential for injury. Continuous mapping with permanently installed
probes minimizes unnecessary entry into hazardous environments while supporting safer,
more controlled operations.
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6. Regulatory Expectations & Alignment

Regulators expect you to maintain control over critical processes and environments.
Guidance from the EMA and the FDA emphasizes ongoing monitoring [1][6].

Relevant expectations include:

» Continued process verification

» Data integrity requirements under 21 CFR Part 11
 Risk-based approaches to validation

e Environmental monitoring

The ISPE Good Practice Guide on process validation supports lifecycle validation [3].
Continuous monitoring forms a core component of maintaining a validated state.

Data integrity, traceability, and audit readiness must be ensured. Continuous mapping
systems support these needs through automated records and secure storage.

7. Steps to Implement Continuous Mapping

Step 1: Define Critical Parameters

Identify critical requirement specifications and critical process parameters. Fortemperature
mapping, define acceptable ranges based on product requirements.

Step 2: Perform System Risk Assessment

Use a risk-based approach aligned with the ICH of Technical Requirements for
Pharmaceuticals for Human Use Q9 [2]. As in Figure 1, identify areas with the highest risk
of temperature variation.

Figure 1. Risk-based Temperature Mapping Strategy (Example)

(@) High Excursion
s~ =" Risk (Hot Spot)

(@) Low Temperature
*=>/ Risk (Cold Spot)

‘@ Representative
=7 Storage Zone

© « Door Opening /
Recovery Zone

i { @ ; Airflow Disruption
-7 Zone

OPEN ) ACCESS ARTICLE | www.BioProcessingJournal.com


https://BioProcessingJournal.com

WHITE PAPER | Continuous Mapping in Life Sciences: A Practical Framework for GxP Compliance

Step 3: Conduct Baseline Mapping

Conduct a comprehensive baseline temperature mapping study using calibrated validation
data loggers or wired thermocouple validation systems to fully characterize environmental
conditions. The resulting data should be used to identify representative and worst-case
locations for permanent monitoring sensors, ensuring continuous monitoring is based on
a validated mapping strategy.

Step 4: Design Sensor Network

Your sensor layout design determines how effectively you detect excursions, verify
chamber performance, and maintain continuous evidence of compliant operation. ISPE
guidancein Sections 7.1 through 7.4 identifies qualification mapping studies as the basis for
selecting permanent monitoring locations that represent worst-case and representative
storage conditions [8].

Figure 2. Permanent Monitoring Sensor Placement Strategy
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Step 5: Select Monitoring Technology

Choose sensors and data acquisition systems with:

» High accuracy

e Calibration traceability
» Data integrity features
« Integration capabilities

« Strong radio network topology

» Power over Ethernet (PoE) options for hard-wired requirements

Decentralized Data Storage to Mitigate Risk

Ensure compliance with FDA 21 CFR Part 11 requirements for electronic records and
deploy temperature monitoring systems with accurate electronic sensors positioned in
areas with the greatest temperature variability within the qualified storage volume, as
recommended in WHO Technical Report Series No. 961, Annex 9, Supplement 6, Section

1.1.1 [9][10].

Figure 3. Continuous Monitoring System Architecture
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Step 6: Install & Qualify System

Install sensors and validate monitoring system performance through documented
installation and verification activities. Place all probes within defined calibration and
maintenance schedules to ensure continued traceability and performance control.

ISPE Section 7.4 requires periodic evaluation of monitoring data to confirm ongoing
performance against qualified conditions [8]. WHO Section 2.3.11 requires routine review
of temperature monitoring systems, including sensor performance, calibration status,
and data trends to confirm compliance and detect drift or system failure [10]. Maintain
calibration and maintenance schedules using risk-based intervals aligned with these
requirements [8][10].

Step 7: Establish Data Collection & Analysis Procedures

Define the sample rate and transmit rate frequency, data storage location, procedures for
the monitoring process, and establish thresholds for alerts and recovery times.

Step 8: Implement Alert Management

Configure alarms for excursions, define response procedures, and ensure timely
investigation and documentation. Document the proper alert hierarchy for end-users in
the continuous mapping system.

Step 9: Perform Ongoing Data Review

Regularly review data trends to identify patterns and implement corrective actions before
deviations occur.

Step 10: Maintain Calibration & System Integrity

Calibrate sensors at defined intervals, verify system performance, and maintain
documentation for audits.

II The value of continuous mapping comes from what
happens after implementation: reviewing trends,
verifying system performance, and maintaining
calibration to detect issues before they become
deviations. II
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8. Best Practices for Continuous Temperature Mapping

Sensor Placement Strategy

Use data from the initial mapping study to guide permanent sensor placement. Avoid
uniform sensor spacing without first conducting a risk assessment. Instead, position
sensors based on identified hot and cold spots, areas of known environmental variability,
product locations, airflow patterns, and other critical risk factors. The appropriate
sensor placement strategy will vary depending on the application and equipment type
including freezers, refrigerators, cold rooms, incubators, stability chambers, controlled
storage areas, and warehouses. Each presents unique thermal characteristics, operating
conditions, and regulatory considerations.

Data Granularity

Set sampling intervals based on process needs. High-risk environments require
more frequent data collection.

Data Integrity

Ensure secure data storage with audit trails and follow guidance from the FDA on data
integrity [1].

WHO Section 2.3.6 specifies that wireless sensor networks should maintain continuous
data collection with local buffering during network outages and power interruptions,
followed by automatic transmission to the host system once connectivity is restored.
Systems should also include onboard data storage to preserve measurement continuity
and support operation as independent data loggers [10].

Alarm Management

Avoid excessive alarms with appropriate alarm delays based on validation data. Set
meaningful thresholds based on end-user requirements. Ensure trained personnel respond
promptly to alert conditions.

Trend Analysis

Use statisticaltoolsto evaluate trends andidentify gradual shifts intemperature distribution.

Documentation

Maintain clear documentation of system design, validation, and operational procedures
to ensure audit/inspection readiness.
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Integration with Quality Systems

Integrate monitoring data with deviation management and corrective and preventive
action (CAPA) systems inside the quality management system. Be sure to link temperature
excursions as supporting data to investigations.

Periodic Review

Conduct periodic reviews of system performance and adjust sensor placement and
thresholds based on data. The review should include the calibration and maintenance of
the sensors.

Training

Train personnel on system use, alarm response, and data interpretation.

9. Data Management & Analytics

Continuous mapping generates large volumes of data that you must manage and interpret
effectively.

Key Considerations:

 Data storage capacity
 Data retrieval speed

« Visualization tools

» Reporting capabilities

Advanced analytics do improve decision-making that allow you to identify trends such as:

» Seasonal temperature variation

e Equipment performance degradation

e Impact of loading patterns

» When to perform preventative maintenance (reduction)

This insight can be used to adjust operations proactively.
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10. Challenges & Mitigation Strategies

Initial Investment

Continuous systems require upfront investment in initial qualification, analysis, and then
setting up the continuous mapping sensors and software. Offset this through reduced
labor and improved compliance.

Data Overload

Large data volumes create analysis challenges, so implementing automated analytics
and dashboards is recommended.

System Complexity

Integration with existing systems requires planning and working with Information
Technology (IT), and quality teams will help ensure compatibility.

WHO Section 2.7 states that deployment requires a structured, stepwise process with
close coordination between operations, IT, technical teams, and the system supplier to
align on a deployment plan and monitor execution during installation and commissioning.
Use of a standardized monitoring start-up form supports structured information exchange
and ensures all deployment requirements are addressed [10].

Change Management

Transitioning from traditional mapping requires organizational change supported by
structured training and clearly defined procedures.

Calibration Management

Managing multiple sensors requires a structured calibration program supported by
centralized tracking systems.
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11. Designing for High Availability

Monitoring System

A robust monitoring system should have integrated levels of redundancy to ensure data
quality and continuity. Traditional monitoring systems rely on hard-wiring that goes to
centralized nodes. If those nodes fail or lose power, it will result in data loss. Modern
monitoring systems decentralize risk by using remote transmitters at each monitoring
location. These data transmitters have local data storage accompanied with battery
backups which allow for local collection of data during communication loss or power
interruptions. Each measuring location will continue operating as expected, and once the
power and/or communication disruption is remedied, the data is seamlessly backfilled.

Facility

Given the critical nature of continuous monitoring systems and continuous mapping
systems, the uptime and communication to the software is critical. There are stepsin which
facilities can undertake to mitigate risk. One of which is to ensure that backup power is
available and properly designed for the facility. Backup generators require proper sizing,
quantity, and placement to maintain continuous operation of HVAC systems, storage
chambers, and the continuous mapping system during power outages.

The software for continuous mapping systems usually can be leveraged in the cloud
and have multiple sites communicating to a single instance. This makes isolating the
data locally impossible. In times that networking connectivity may be down, many sites
will have alternative network nodes that can provide mobile data to cellular networks.
Otherwise, relying on local displays and alarm outputs of data transmitters is imperative
while waiting for reconnection and backfilling of data.

12. Case Example: Controlled Storage Warehouse

Figure 4 illustrates two types of pharmaceutical warehouse configurations, both storing
temperature-sensitive products, which will be discussed below.

Traditional Approach

» Summer and winter studies are performed with periodic requalification every 18
months, ensuring each season is represented within a 3-year cycle

 Manual data logger placement

« Limited visibility between studies (typically relying only on the limited continuous
monitoring sensors installed)
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Continuous Approach

» Network of calibrated sensors

 Real-time monitoring

» Automated alerts for environmental condition excursions such as temperature,
relative humidity, and carbon dioxide

e Trend analysis across seasons

Results

» Improved detection of HVAC performance issues
» Reduced risk of product exposure

 Faster response to deviations

e Enhanced audit readiness

ISPE Section 8.13 indicates that preventive maintenance may not be required for systems
with multiple monitoring locations when independent temperature monitoring confirms
satisfactory operation, and review of current performance data against qualified baselines
by a subject matter expert supports justification to extend maintenance intervals [8].

Figure 4. Controlled Storage Warehouse: Temperature Monitoring Methodologies
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13. Impact on GxP Compliance

Continuous mapping supports compliance with GxP principles by:

e Maintaining a validated state

« Providing documented evidence of control
» Supporting data integrity requirements

» Enabling proactive deviation management

Regulators expect documented proof of consistent performance and continuous systems
to provide this evidence. This helps reduce reliance on retrospective analysis as control
is verified by ongoing data collection [1][3].

14. Alighment with Industry Guidance

Guidance from key organizations supports continuous approaches:

 ISPE promotes lifecycle validation and risk-based approaches [3]

« WHO emphasizes continuous monitoring in cold chain management [4]

» U.S. Pharmacopoeia outlines requirements for controlled environments [5]

« Parenteral Drug Association provides technical reports on environmental
monitoring and validation [7]

 ISPE Good Practice Guide: Controlled Temperature Chambers (2nd Edition) [8]

These sources reinforce the need for continuous oversight. Please see the reference
section for a complete list of documentation.

15. Future Direction

Advances in sensor technology and data analytics continue to improve continuous
mapping. Wireless sensors, cloud-based systems, and predictive analytics enhance
performance.

Increased adoption of the following technologies is expected to support more efficient
and reliable operations:

» Machine learning for trend prediction
« Integration with manufacturing execution systems
» Automated compliance reporting

These developments support more efficient and reliable operations.
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16. Wrap Up: Continuous Mapping for Reliable
Temperature Control and GxP Compliance

Continuous mapping replaces periodic qualification with ongoing verification based on
real-time data. It requires tracking critical parameters such as temperature across your
environments and evaluating performance against defined limits. This approach aligns
with lifecycle validation expectations from organizations such as the FDA and ISPE.
Maintaining a live thermal profile across storage areas, chambers, and critical spaces
enables you to identify hot and cold spots as conditions shift, respond to excursions faster,
and reduce the risk of product impact. Data trends support proactive maintenance and
reduce reliance on periodic studies.

Traditional mapping provides a snapshot during qualification while continuous mapping
delivers constant visibility. It enables earlier detection of HVAC drift, loading impacts, and
seasonal variation, and this reduces deviation frequency and supports audit readiness with
complete, traceable records. Compliance is improved and aligned with GxP expectations
by maintaining a validated state supported by data integrity and documented control.
Continuous systems also reduce manual effort tied to data logger deployment, report
generation, and requalification planning.
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18. Ellab Supports Your Mapping Strategy

Ellab supports every stage of your mapping strategy through integrated validation,
monitoring, and calibration solutions that help you maintain control throughout the
equipment life cycle.

Our approach combines highly accurate, calibrated sensors with compliant software to
capture, manage, and review mapping data across critical measurement points. With
secure data handling, audit trails, and support for 21 CFR Part 11 requirements, you can
maintain confidence in your documentation and inspection readiness.

From initial temperature mapping and system qualification to ongoing monitoring and
calibration, we help you establish a reliable baseline, verify continued performance, and
maintain validated conditions over time.

Depyrogenation Isolators & Storage & HVAC Systems Stability
Tunnels & Barrier Systems Warehousing & Classified Chambers
Ovens

Freezers & Incubators Walk-Ins & Laboratory Cleanrooms
Refrigerators Reach-Ins Environments

Contact us to learn more.

ellab.com
sales-usa@ellab.com
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