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Abstract

This chapter provides a practical, science-driven guidance for establishing and scaling
HCM as a core facility service. We outline design choices that raise rigor and power:
longitudinal baselines aligned to light—dark cycles, pre-planned event tagging for hus-
bandry and interventions, and synchronization of brief arena assays to circadian peaks
revealed by continuous cage readouts. We show how to translate raw streams into
robust endpoints through standard metadata, FAIR-aligned storage, automated quality
control, and analysis templates for rhythms, rare events, and effect-size estimation.

For operations, we define an intake and governance framework covering protocol
suitability, welfare approvals, authorship and data rights, and a transparent fee model
that balances access and sustainability. A competency pathway for staff and users is
presented, with tiered training, skills checks, and reusable notebooks that lower the bar-
rier to high-quality analyses. Performance is tracked with a concise metric set: utiliza-
tion, repeat users, turnaround, data-loss rate, and scholarly output.
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Use cases from cognition, neurodegeneration, and pharmacology illustrate how
HCM exposes early sleep and activity shifts, optimizes assay timing, and detects treat-
ment effects that short tests miss, improving reproducibility and supporting 3Rs. We
close with a forward look at closed-loop paradigms, multimodal integrations, and vol-
untary test add-ons, positioning core directors to deliver scalable, high-value behavioral
phenotyping across disciplines.
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1 Introduction

Home cage monitoring (HCM) is a transformative method in animal behavioral research,
allowing continuous observation of laboratory animals in their most familiar environment
(i.e., home/housing cage). This technology reduces human—animal interference, captures
naturally occurring behaviors in a longitudinal (24/7) manner, allowing analysis of circa-
dian behavior under otherwise undisturbed conditions. HCM can address some of the limi-
tations of conventional short-term (behavioral) tests. The adoption of automated HCM
systems has surged in the last two decades; a review noted a ~ 26-fold increase in HCM--
related publications from the 1970s to 2020 (Kahnau et al. 2023b). This reflects growing
recognition of HCM’s benefits for data quality, animal welfare, and reproducibility. HCM
provides rich longitudinal data on activity, physiology, and behavior, previously inacces-
sible with episodic out-of-cage assays. Integrating HCM into experimental workflows is
both an opportunity and a challenge for laboratory directors: enhancing behavioral studies
while developing necessary infrastructure and training.

This chapter offers guidance for directors and users implementing HCM in (core) facil-
ities. We discuss the principles of HCM-based phenotyping, strategies for combining
HCM with behavioral tests, internal user training, and operational guidance on infrastruc-
ture, workflows, governance, cost recovery, and performance metrics. Real-world exam-
ples illustrate best practices from core facility managers and researchers. By setting
prospective users’ expectations and building HCM competency, facility directors/manag-
ers can guide scientists to leverage HCM for more productive and reproducible research.
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2 Basic Principles of HCM Phenotyping

Traditional rodent phenotyping commonly depends on short behavioral assays that are
conducted outside the home cage, such as the open field test or the elevated plus maze
(EPM), which typically last only a few minutes. These assays are carried out in specifi-
cally designed experimental setups that require direct handling of the animals and often
elicit neophobia and anxiety, even when habituation protocols are applied to minimize
unspecific stressors (provide example or reference). A comparable issue arises when ani-
mals are exposed to new housing environments. For certain experimental procedures or
measurements, laboratory mice must be transferred to a cage that differs from their home
cage. In a recent study by Villiger et al. (2025), our group observed that mice did not
exhibit a reduction in stress levels in response to the new housing conditions, even after
undergoing a short-term intermittent habituation protocol. Standard tests for locomotion
and anxiety-like behavior (such as open field exploration and elevated plus-maze open--
arm time) leverage rodents’ natural aversion from novel and exposed spaces. Still, their
readouts may only capture a narrow snapshot of behavior. Brief, invasive tests often fail to
reflect the full complexity of an animal’s behavioral repertoire and internal state. Moreover,
the short-term aspect of such tests renders them more susceptible to unrelated factors like
the laboratory environment and handling methods that may confound the outcomes.
Studies have shown that even genetically identical mice from the same vendor do behave
differently across laboratories in identical test systems due to subtle environmental differ-
ences, undermining reproducibility (Crabbe et al. 1999). Moreover, the reproducibility of
outcomes from short-out-of-the-cage tests is notoriously low when examined across
experimenters or institutions. For example, one multi-lab study found that the results of
anxiety tests varied significantly between facilities despite using the same protocols, high-
lighting systemic issues with replicability in such “classical” assays (Grieco et al. 2021;
Kafkafi et al. 2018).

HCM directly addresses these challenges by flipping the experimental paradigm:
instead of bringing the animal to the test, HCM brings the test to the animal. In HCM
systems, rodents are monitored continuously in their home environment, often over days
or weeks, using sensors and automation to collect behavioral and/or physiological data.
This approach minimizes human intervention and novelty to the bare minimum, thereby
reducing unspecific stressor-related confounding effects. Even measurements that tradi-
tionally required animal restraint, such as core body temperature or heart rate, can be made
via implanted or remote sensors in the home cage, avoiding acute stress hyperthermia
caused by handling. By capturing behavior 24/7, including during the animals’ nocturnal
active phase, HCM allows to record intrinsically motivated behavior patterns, which can-
not be provided by commonly used short daytime out-of-the-cage tests. Mice are far more
active during the dark phase of their cycle than in light hours, a circadian effect that influ-
ences performance in open field tests. HCM experiments indicate deliberate exploration of
a test compartment starting out from a home cage compartment almost exclusively during
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the dark phase (Hager 2014). Even if short episodic tests have revealed some behavioral
traits, e.g., challenging experimental conditions will not capture the full behavioral reper-
toire, continuous monitoring also enables the detection of subtle or sporadic phenomena
(e.g., micro-movements, sleep disturbances, early signs of disease, stereotyped behavior)
that would likely go unnoticed in short-term observation. Ahloy-Dallaire et al. (2019)
demonstrated that automated home cage tracking of mouse feeding and weight can detect
health status changes sensitively. This allows continuous health assessment without
removing the animals from their cage. Since HCM provides a far richer and unbiased
behavioral dataset, it improves the signal-to-noise ratio and increases the chance of iden-
tifying actual relevant (more important than significant!) phenotypic differences (as
opposed to chance findings based on high data variability in short-term datasets).

From a core facility perspective, the fundamental advantages of HCM may enhance
rigor and reproducibility. Data gathered in the home cage tend to have higher within-group
consistency because animals are less perturbed. However, inter-individual differences can-
not be addressed (cage effect, Townsend et al. 2025) since many HCM systems work on
the group level as experimental units. Automated HCM indicates reliable strain differ-
ences in behavior across multiple labs, illustrating improved reproducibility through auto-
mation (Krackow et al. 2010). Additionally, HCM expands the scope of measurable
endpoints beyond what is feasible in brief tests, encompassing circadian activity patterns,
social interactions (still an emerging field), and physiological readouts continuously over
time (Horii et al. 2017; Kim et al. 2019). This comprehensive approach aligns with parts
of the principles of the 3Rs (Replacement, Reduction, Refinement) by refining how behav-
ioral data are collected and potentially reducing the number of animals needed (since each
animal yields more data over time). However, capitalizing on these strengths requires care-
ful experimental design and user training and competence. Researchers must understand
the functional meaning (biological relevance) of longitudinal data and how these home
cage metrics relate to classical human or experimental endpoints. The following sections
delve into how HCM can be integrated with traditional assays and how core managers/
directors may facilitate this.

3 Integrating HCM with Classical Behavioral Assays

While HCM offers a powerful alternative to conventional tests, it is often complementary
rather than a wholesale replacement of conventional/classical screening/phenotyping
approaches. Many researchers will wish to integrate HCM with established out-of-cage
behavioral assays, such as novel object recognition or rotarod, to enrich their phenotypic
assessments. Therefore, the following section discusses synchronizing HCM with classi-
cal tests, merging data streams for a holistic analysis and interpreting the findings com-
paratively. In a later section, possibilities of cage add-ons (to optimally exploit the animals’
motivational states based on deliberate choice) will be explored.
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Experimental Synchronization Planning is essential when incorporating continuous
HCM and discrete behavioral tests in the same study. One key consideration is timing.
Because rodents have circadian variations in behavior and physiology, the schedule of out--
of-cage tests should be chosen with the animals’ activity cycle in mind. To capture their
peak performance, tests should be carried out in their active phase (dark phase). On the
other hand, some tests intentionally occur in the light (when mice are naturally less active)
to provoke anxiety-like behavior, as in the case of light—dark (or better dark-light) box
tests, elevated plus maze or open field exploration. To leverage HCM effectively, research-
ers can use it to establish each animal’s baseline activity pattern and then schedule the
classical test at a meaningful time relative to that baseline. Importantly, the use of HCM
systems does not replace commonly used phenotyping baselines; rather, it should be
viewed as a complementary approach within an already established comprehensive pheno-
typing battery. For example, a behavioral core facility worked with a neuroscience research
group to investigate a novel anxiolytic drug. The researchers used HCM to monitor loco-
motor activity and sleep disruptions of mice for 1 week, establishing baseline behavior for
each animal before drug administration. HCM data during drug administration showed
that the drug resulted in slightly higher activity during the early dark phase compared to
baseline/controls. The scientists then conducted an elevated plus maze test at the onset of
the dark phase, when differences were expected to be maximal, rather than during the day.
This synchronized timing enabled a data-based interpretation of the drug’s effects.
Aligning test timing according to home cage activity insights may improve the detection
of experimental effects and provide potential explanations for their lack because of an
incorrectly selected time window of drug action and when to perform the tests. In addition,
the commonly used serial testing may increase inter-individual variation due to differences
in the exact time of testing within the circadian pattern. Individually housed C57BL/6 J
mice particularly show a high activity level in the beginning and at the end of the dark
phase. Another synchronization strategy is to use HCM as a pre-screen or post-test
observation period. For instance, animals might be continuously tracked in the home cage
before and after a specific (intermittent) behavioral challenge. This design allows research-
ers to see how a brief test or challenge (e.g., a stressor such as a foot shock or social defeat)
impacts subsequent home cage behavior (recovery time, sleep patterns, etc.), or conversely,
whether pre-test home cage metrics can predict performance in the test. In HCM, shock
exposure during contextual avoidance training results in profound post-shock activity sup-
pression in the dark phase (Hager 2014).

Moreover, automated HCM systems can also deliver stimuli or tasks parallel to classical
assays into their home cage. Some advanced setups include gated connections between the
home cage and a test apparatus, allowing animals to voluntarily enter a testing arena from
their home enclosure. This “brings the test to the animal” approach preserves the home
cage as a safe zone and may yield more ethologically relevant responses, particularly
because it is easier to start a new test in a novel environment that has the full attention of
the animals. With such a setup, human interaction can be kept to a minimum. Core



102 P. Villiger et al.

facilities that can implement such hybrid setups (for example, an automated gate allowing
a mouse to move from its home cage into an adjacent open field arena) can offer scientists
a novel way to conduct behavioral tests (Hager 2014).

Comparative Interpretation Integrating HCM with traditional assays requires careful
interpretation, as the two approaches might not always yield congruent results, the ques-
tion arises as to what we consider as the gold standard testing method. Core scientists
should guide users in understanding why an animal’s standard behavior (out-of-the-cage)
test may differ from its behavior determined by HCM. For example, a mouse may exhibit
high anxiety in an open field test (rearing along the walls, reduced center exploration) but
appear quite active and exploratory in the familiarity of its home cage during nocturnal
periods. Rather than viewing these outcomes as contradictions, researchers are encour-
aged to interpret them as complementary facets of the phenotype, e.g., the fear of novelty,
neophobia, is not induced by pure basal increased locomotion. The discrepancy may illus-
trate context-dependent behavior: the classical test measures the animal’s acute reaction to
novelty-induced arousal due to many additional unspecific stressors, such as cage transfer
and handling, whereas HCM measures its behavior by avoiding these unspecific stressors.
Notably, continuous home cage data can help distinguish between a consistent low-activity
phenotype and a context-specific suppression of activity, e.g., reduced exploration of a
novel area that may be related to increased anxiety. Suppose experimental treatment (or
genetic modification) yields no change in open-field exploration, but HCM detects
increased voluntary running-wheel activity at night. In this case, one should infer that the
treatment (or genetic modification) effect emerges only in a familiar environment.
Conversely, HCM may reveal subtle but longer-lasting small differences with larger statis-
tical power that traditional tests cannot detect. Core unit managers/directors should edu-
cate users to consider factors like habituation, unspecific stressors, and intrinsic
motivational differences when comparing HCM data that relies on voluntary behaviors
and data that reflects the animal responses to the assay’s setup. It can be helpful to perform
habituation trials or repeated testing, if feasible, to gauge how quickly animals adapt to
novel tests, and to use HCM to evaluate if their home cage behavior changes after the test
(indicating residual stress or learning). The integration of these approaches ultimately
strengthens the overall conclusions: convergent findings build confidence in a result’s
robustness and replicability, while divergent findings spur deeper investigation into under-
lying mechanisms and/or contributing factors depending on different experimental vari-
ables. Data Integration Strategies A practical challenge in combined studies is
integrating the disparate data streams—continuous time-series data from HCM and point-
in-time measurements from behavioral tests. Core facilities should establish data manage-
ment and analysis pipelines that allow these datasets to be merged or compared on common
timelines. One approach is to mark events from classical tests on the continuous time-
series: for example, timestamp the exact period when an animal was removed for testing
and when it was returned to the home cage. Moreover, most HCM systems include built-in
surveillance, enabling continuous monitoring of the cage environment and facilitating the
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collection of information on potential confounders, such as planned or unexpected events
(e.g., cage changes, routine procedures, injections, apparatus inspections, fluctuations in
light or temperature, construction noise, and more). Although generally undesired, these
events cannot be avoided. This enables retrospective analyses of home cage activity imme-
diately before and after the test or the interruption. Researchers can then quantify the
stressor-induced deviation in home cage activity combined with other indicators of con-
founding events occurring during the performance of any test. Another approach is to
derive summary metrics from HCM data analogous to experimental endpoints in classical
tests (without temporal constraints such as short test duration). For instance, “time spent
in center vs periphery” is an open field measure of anxiety; similarly, one could use video-
based home cage tracking to calculate how often a mouse ventures into an open area of an
enriched home cage or how it distributes time across zones. Although the home cage lacks
the aversive properties (novelty, high light intensity) of an open field test arena, creative
analyses can yield comparable metrics for anxiety or exploration measured in the home
environment, e.g., by analyzing the dynamic changes in the cage exploration after intro-
ducing the animal to the new home cage or latencies to enter and explore an attached test
compartment. Core data scientists might also assist users with multivariate analyses incor-
porating both data types. Techniques like principal component analysis or machine learn-
ing models can combine features from HCM (e.g., circadian activity amplitude, bout
duration of activity, feeding frequency and timing, social interaction counts) with classical
outcomes (e.g., maze latency, distance traveled) to identify underlying factors or predict
phenotypic classifications or even inter-individual variation. For example, a machine
learning model could be trained to predict whether a mouse is in a high-anxiety or control
group based on a combination of its home cage metrics and open field test results, poten-
tially improving sensitivity over either measure alone. By guiding such data integration,
core facilities help researchers maximize the insight gained from each experiment and
thereby may support the reduction of mice needed for the experiment, e.g., when longitu-
dinal data can identify larger effect sizes.

Case example (scientist’s perspective): A neuroscientist is studying a transgenic mouse
model of Alzheimer’s disease. With assistance from the behavior core, she designs a study
where each mouse undergoes periodic, repetitive cognitive out-of-the-cage testing while
being continuously monitored in the home cage for general activity and sleep. HCM data
reveal subtle sleep disruptions and nighttime hyperactivity emerging in the transgenic
mice months before any cognitive deficit is detected in the object recognition test (Martin
et al. 2024). When cognitive impairments finally appear, the neuroscientist integrates the
two datasets and discovers that the extent of early sleep fragmentation (from HCM) pre-
cedes the emerging memory deficits (from cognitive testing). This combined approach
strengthens her findings by linking an early phenotype to a later outcome, something nei-
ther method alone would have uncovered.

In summary, integrating HCM with classical behavioral assays can provide a more
comprehensive picture of an animal’s phenotype than either approach alone. The core
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facility should serve as an interface/integrator between these methodologies, helping to
synchronize experimental timing, teaching users how to interpret context-dependent
behavior, and providing guidance with tools to merge and analyze complex datasets. When
executed thoughtfully, this integration enables scientists to draw nuanced conclusions
about behavior, yielding both robust results in controlled tests and longitudinal circadian
(home cage) activity data of high scientific value.

4 Strategic Integration Pathways for Core Facilities

Successfully adopting HCM in an animal facility requires more than just buying new
equipment—it demands a strategic plan that aligns technology implementation with the
needs of diverse stakeholders. Core directors must navigate questions of which systems to
adopt, how to incorporate HCM into existing workflows, and how to build user support
and creativity for new possibilities. This section outlines strategic pathways for integrating
HCM into core phenotyping workflows, focusing on stakeholder engagement, workflow
compatibility, data interoperability, and resource sharing.

Stakeholder Alignment and Needs Assessment Early in the integration process, core
directors should engage with the stakeholders of the core facility—principal investigators
(PIs), research staff, veterinarians, and institutional leadership—to assess the demand and
requirements for home cage monitoring. Understanding the scientific use cases research-
ers are most interested in, it will guide system selection and protocol development tailored
to the needs of the core facility and its users. For example, some groups may be interested
in HCM for high-throughput screening of locomotor activity or circadian rhythms. In
contrast, others might focus on specific behaviors like social interactions, learning tests, or
physiological functions. A collaborative requirement-gathering exercise ensures that the
chosen HCM platform and its configuration meet the broadest possible range of needs.
Animal welfare bodies are frequently interested in improved surgical recovery and moni-
toring of new mouse lines with potential discomfort. In practice, this might involve sur-
veys or workshops where potential users discuss what features (e.g., video tracking, RFID
individual identification, operant task capability) are most important. An example frame-
work is the “PhenoKey” concept, an informal strategy emphasizing cross-departmental
input in core design: by bringing together neuroscientists, pharmacologists, ethologists,
and data analysts, the core director can create a roadmap that addresses everyday research
needs and identifies any technical gaps. This proactive engagement builds a sense of com-
munity ownership of the new HCM system and helps manage user expectations (e.g.,
clarifying what HCM can and cannot measure reliably). Moreover, involving institutional
animal care committees or welfare officers at this stage ensures that any HCM protocols
align with animal welfare standards and regulatory guidelines. Initiatives at national and
international levels are also paving strategic pathways that cores can follow. For instance,
the COST Action “TEATIME” consortium in Europe has explicitly focused on improving
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biomedical research by automated HCM, bringing together experts across academia and
industry. Through TEATIME, best-practice guidelines and standardized definitions of
what constitute an HCM system have been developed (e.g., an online catalog of HCM
technologies and an ontology of home cage (COST-Action, TEATIME 2025). Core direc-
tors can leverage such resources to make informed decisions to shape their strategy, adopt-
ing internationally recognized standards. Another example is the UK’s NC3Rs-sponsored
CRACK IT Challenges, which have funded multidisciplinary projects to develop or vali-
date new automated monitoring technologies. By aligning with these broader efforts, a
core facility gains credibility and plugs into a network of expertise for troubleshooting and
future upgrades.

Workflow Compatibility and Implementation Integrating HCM should be done to
complement and improve existing core services, rather than disrupt them. A thorough
workflow compatibility analysis helps identify which traditional assays can be augmented
or replaced by HCM. A more detailed breakdown of the system can be found in Chapters
“Technologies for Home Cage Monitoring in Preclinical Research” and “Study Design
and Data Analysis in Home Cage Monitoring Experiments”. For example, if the core rou-
tinely offers conventional telemetry for recording vital signs, integrating telemetry into an
HCM system can streamline those studies. A valuable example is indirect calorimetry
systems such as Sable Systems Promethion Core System, which, combined with radiote-
lemetry, enables quantification of metabolic rate and, depending on the transmitters used,
measurement of additional parameters such as blood glucose levels, heart and respiratory
rate, or temperature. If the core conducts many nighttime behavior tests (e.g. running
wheel monitoring or metabolic assays), transitioning those into automated HCM systems
might increase throughput and consistency. Another example is RFID-based group housed
solutions, exemplifies the type of platform that can integrate into phenotyping workflows.
One example is the IntelliCage, which automatically allows group-housed mice to be
assessed for various behaviors (activity, drinking, learning tasks) within their home cage
via RFID-tagged individuals and computer-controlled operant corners. It was developed to
measure complex behaviors such as spatial learning and reversal learning in a fully auto-
mated fashion. For instance, Urbach et al. (2014) demonstrated automated phenotyping in
a Huntington’s disease mouse model using the IntelliCage by capturing cognitive and
motor readouts continuously without human intervention. Such longitudinal data sets can
help to determine early markers of diseases etiology and progression helping to identify
optimal intervention timepoints. By examining such cases, core directors can judge how
an HCM system can be used to perform assays that are originally performed manually
out-of-the-cage. It may emerge that some tests (like simple locomotor activity or prefer-
ence tests) can be transferred entirely into HCM setups, whereas others (like fine motor
coordination on a rotarod or specific motor coordination test [e.g., catwalk]) may still
require separate equipment and experimenter support. In the latter case, the core might
still use HCM to monitor animals before/after the rotarod to enrich the data, as discussed
earlier. In this case, HCM systems such as the DVC system are highly valuable because
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they function as typical IVC cage racks while also providing continuous monitoring of the
housed mice. Unlike many other HCM systems, this system can be seamlessly integrated
into daily laboratory and husbandry workflows due to its strong similarities to the widely
used IVC cage racks. Therefore, it can be seen as an HCM system, which truly comple-
ments a classical phenotyping battery since it offers the same standard cage environment
widely used in research. In addition, this approach allows to observe longitudinally to
determine age-related alterations, such as changes in activity in combination with poten-
tial disease etiology and progression. The goal is to weave HCM into the fabric of the
core workflow so that it adds value seamlessly. Piloting the new workflow with a small
project or an internal test run is an advisable strategy. This allows the involved team to
optimize settings, data handling, and animal acclimation procedures and prepare for data
analysis before advertising the service widely to users. During implementation, flexibility
is key: the core might start with offering a limited set of HCM-based assays and gradually
expand as staff and users become more comfortable.

Data Interoperability and Standards A significant aspect of strategic integration is
ensuring that the data generated by HCM systems can interface with the core’s data pipe-
lines and the researchers’ analysis tools. Different HCM technologies produce diverse data
types: RFID-based systems log timestamps and IDs for each interaction, video-tracking
systems output position coordinates and images. At the same time, pressure or capacitance
sensors generate continuous analog activity signals. Without a plan for harmonizing these
formats, the core (and the end-users) may struggle with data overload or incompatibility.
Adopting data standards and interoperability practices is therefore a priority. Wherever
possible, core directors should utilize or develop software that can import and convert
HCM data into standard formats (CSV, HDF5, EDF, etc.) and integrate it with existing
databases. The principles of FAIR data management—making data Findable, Accessible,
Interoperable, and Reusable—are highly relevant in this context. For example, a core
might require that all HCM study data be accompanied by metadata in a standard schema
(describing animal IDs, timestamps, variables recorded, etc.), which enables future re-
analysis or multi-study comparisons. Collaborative groups like the TEATIME consortium
work on bioinformatics tools for large-scale HCM data analysis, which core facilities can
adopt or contribute to. In practice, a core director may set up a centralized data storage
server for HCM outputs and provide users with analysis notebooks or pipelines (poten-
tially using cloud-based platforms for heavier computational tasks). Standardizing on a
limited number of HCM platforms in the facility also helps reduce complexity. If all data
comes from one or two systems with known data structures, it is easier to develop robust
analysis workflows and cross-compare results. Interoperability extends beyond data for-
mats and includes experimental protocols as well: cores should promote standardized pro-
tocols for standard HCM assays. If both labs want to use HCM to test circadian activity
under a drug treatment, the core can recommend a standard experimental design and data
reporting format. This makes life easier for scientists and builds a repository of compara-
ble datasets over time, enhancing the core’s scientific impact and comparability with avail-
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able data to better discriminate normal variation from real pathological changes, e.g., as
observed in a specific mouse line. Resource Pooling and Shared Infrastructure HCM
systems, especially high-end commercial ones, can be expensive and have considerable
long-lasting costs from IT (e.g., server capacity) to online software packages from vendors
(e.g., analysis software). A strategic approach for a core is to use a shared equipment
model to maximize utilization and cost-effectiveness. This model entails centralizing
HCM equipment within the core and making it available to all investigators on a schedule,
rather than individual labs purchasing their own systems that might sit idle. Some institu-
tions have pioneered this approach; for instance, a cardiovascular research core at Stanford
incorporated an HCM-based telemetry system as a shared resource, supporting multiple
studies on cardiac function in rodents (Bernstein 2003). By pooling resources, the core
facility ensures that the costly equipment serves many projects, improving the return on
investment. It also allows the core staff to maintain and troubleshoot the system, rather
than each lab struggling independently. When planning a shared HCM resource, core
directors should perform a cost-benefit analysis that includes maintenance costs, through-
put (how many cages can be run and how often), and the user pricing model. Often, sup-
plementary funding (via equipment grants or institutional support) is needed to acquire the
system, with the expectation that user fees will cover operating costs over time. Transparent
communication of the cost-recovery plan to users will help manage expectations—
researchers should understand, for example, whether they will be charged per cage per
monitoring day or experiment, and what technical support is included. Resource sharing
also opens collaboration opportunities: the core might encourage two labs interested in
similar HCM applications to run a joint experiment, thereby sharing data and costs. Such
cooperative use is beneficial when demand is still growing in early adoption phases.
Furthermore, the core can organize user groups or monthly meetings for HCM users to
share tips and experiences, effectively pooling knowledge in addition to equipment. This
community-building fosters a culture where HCM is seen not as a black-box service but as
a collaborative scientific endeavor, increasing its acceptance and successful integra-
tion. In summary, strategic integration of HCM into a core facility revolves around care-
ful planning and stakeholder collaboration. By aligning HCM capabilities with user
needs—ensuring compatibility and standardization in workflows and high data quality
(replicability)—and leveraging shared resource models, core directors can embed HCM as
a sustainable and valued component of their services. This strategic groundwork sets the
stage for the practical operational steps—infrastructure setup, training, and governance—
discussed in subsequent sections.

5 Infrastructure and Data Ecosystem Development

Implementing HCM in core facilities requires building a robust infrastructure and data
ecosystem to support continuous, high-volume data collection. This involves selecting
appropriate hardware configurations for housing and monitoring animals, establishing
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computational architecture for data handling, and employing software tools to analyze and
share results. In this section, we outline key considerations for infrastructure development,
drawing on current technologies and case studies of successful HCM implementations.

Modular Hardware Configurations Modern HCM systems have various hardware con-
figurations, each suited to different experimental needs. Broadly, we can classify these as
single-housing modules, social housing arrays, and hybrid environments. In single-
housing modules, one animal per cage is monitored in isolation. This setup is proper when
individual data without social interference is needed—for example, precise tracking of an
individual’s metabolism (Promethion Core), vital parameters (DSI radiotelemetry
implants), food intake (FED3) and water intake, or phenotyping of traits where social
interactions could be confounding (like measuring fine-grained locomotor patterns or
sleep in a single mouse). Single housing can also be advantageous in pharmacological
studies to avoid drugged animals affecting others. However, because many research ques-
tions and welfare guidelines favor group-housing, HCM vendors have designed systems
that accommodate small groups of animals together. Social housing arrays allow group-
housed rodents (often 4—5 per cage for mice, or 2-3 for rats, depending on the sizes of
animals and cage) to be continuously monitored while living together, thereby preserving
natural social behavior. These monitoring systems must solve the challenge of attributing
observed behaviors to the correct individual in a group. In some systems, this issue is man-
aged by defining the cage (group) rather than the individual mouse as the experimental
unit. Tecniplast’s DVC system, for example, can still detect differences between groups if
only one mouse is affected by disease or shows welfare impairment in a group of 3—4
mice, but it cannot identify the specific individual. Other companies, such as Olden Labs,
use cameras instead of electromagnetic fields and, with the help of color codes, can dif-
ferentiate individual animals within a group. Moreover, individual baselines can be estab-
lished. Another solution is to include RFID transponders implanted in each animal,
antennae or detectors at interaction sites (feeding stations, wheels, etc.). RFID-based
HCM systems, such as the Home Cage Analyzer, mouse matrix, and IntelliCage, can iden-
tify specific animals as they nose-poke a sensor or visit a corner, linking each data point to
an individual ID. This technology allows group housing with the resolution of individual
animal performance. Social housing is critical for studies of social hierarchy, dominance,
and collective behaviors, and simply increases throughput by monitoring several animals
at once. Some systems even enable competitive or collaborative tasks within the home
cage (e.g., two mice competing in an operant task for a reward) to study social aspects of
cognition. Hybrid environments combine features of home cage comfort with the scale
of an arena or specialized testing environment. One example is an enlarged home cage
enclosure that provides more complex space (sometimes called an “arena cage”, Mieske
etal. 2021). These hybrids allow animals to move and explore much more than a standard
cage still as controlled environment. Another form of hybridization is connecting home
cages to external devices via tunnels or gates (as mentioned earlier, Kahnau et al. 2023a).
For example, an automated gate can allow a mouse to leave its home compartment to enter
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a testing chamber (like a puzzle box or maze) deliberately, effectively making the animal
a voluntary participant in assays. In terms of hardware, implementing these hybrid setups
may require modifying rack systems or purchasing specialized enclosures that fit into
standard racks while providing extra capabilities (running wheels, maze compartments,
etc.). Core directors should consider whether their facility space can accommodate the
footprint of larger or custom cages and whether their vivarium husbandry practices (bed-
ding changes, sanitation schedules) can adapt to more complex cage structures and sensi-
tive sensors such as cameras, microphones, and others.

Computational Architecture and Edge Computing The data infrastructure is para-
mount alongside the physical hardware. HCM systems continuously generate large vol-
umes of data—video recordings, sensor logs, and more—which can demand considerable
computational resources if not managed well. A practical approach is to use edge comput-
ing, where initial data processing occurs on devices at the “edge” of the network (i.e., near
the data source) rather than sending everything to a central server as raw data. Many con-
temporary HCM platforms include on-board processors or local computers that handle
tasks like tracking an animal’s position from video in real-time, or summing beam break
counts in 1-min bins, thereby reducing the raw data stream to manageable features. For
example, Iannello (2019) describe a HCM cage rack using electrical capacitance sensors
that detect mouse movements through cage flooring; this system’s electronics compute
activity indices on the fly, dramatically cutting down the data that needs to be stored cen-
trally. By implementing edge processing, cores can avoid network bottlenecks and only
record salient processed data (with raw data optionally saved in a buffer if needed for later
re-analysis). Nonetheless, for specific applications like behavior sequencing or novel
behavior detection, saving raw video or high-resolution data may be necessary (e.g. for
validation or analysis refinements), in which case a robust storage and transfer setup is
required (e.g., a dedicated high-speed network-attached storage for the core). The core’s
computational architecture should include adequate data storage, backup, and processing
power. Continuous monitoring can produce terabytes of data in weeks, especially with
high-resolution video or ultrasound recordings. Establishing an automated pipeline where
data from HCM experiments are regularly offloaded from the acquisition PCs onto a cen-
tral server is advisable. Depending on the acquired data volume, this could be scheduled
daily or weekly to avoid data loss and free up acquisition system space. Data backup strat-
egies (to protect against disk failures) are essential, given the irreplaceable nature of exper-
imental data; RAIDs or cloud-based backup solutions can be employed. On the processing
side, having a local analysis workstation or a server with substantial CPU/GPU resources
will aid in running computationally intensive tasks like video analysis or machine learning
on behavior data. Suppose the institute has a high-performance computing cluster. In that
case, integrating core data with that resource can accelerate analysis (for example, training
a DeepLabCut; Mathis et al. 2018) neural network for pose estimation might be done on a
GPU cluster rather than on the core director’s laptop). A trend in recent years is also to
utilize cloud-based collaboration platforms for data sharing and analysis such as CalR
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(Mina et al. 2018). Core facilities might set up a secure cloud repository where users can
log in to view their HCM data, perform analysis via hosted Jupyter notebooks, and even
integrate their data with external datasets. This approach can be convenient for multi-
center collaborations or PIs who want to access data remotely. The computational archi-
tecture, whether local or cloud, should also be designed with data security and privacy in
mind, especially if any video data could show identifying features of animal caretakers or
contain sensitive experimental details.

Software and Data Analysis Tools The full potential of HCM is realized only when the
data is translated into biologically meaningful results. Thus, part of the infrastructure
investment must include software tools and analysis pipelines. Many HCM systems come
with proprietary software. For example, the Promethion Core system includes the Macro
Interpreter and CalR-compatible outputs, enabling the use of an open-source analysis
pipeline that allows the same type of data analysis as with a TSE system. Another example
is the DVC system, which can be used with DVC Analytics, a powerful tool that translates
artificial readouts from electrodes into meaningful activity or even behavioral patterns.
Similarly, DSI implants generate data that can be analyzed with Data Insights, and
IntelliCage provides IntelliCage Plus software for experiment configuration and basic
analysis of nose-poke data. Regardless of the manufacturer or software, core staff should
be well trained and continuously updated in these packages to effectively support users.
However, often the built-in software has limitations in analysis sophistication and/or flex-
ibility. Thus, complementary customized tools are frequently needed. Open-source soft-
ware has flourished in this domain. For instance, DeepLabCut is a popular open-source
tool that uses deep learning to track user-defined body points in videos, enabling detailed
behavior and posture analysis from home cage video data. A core can set up DLC and even
provide training data or pre-trained networks for common lab mouse behaviors, simplify-
ing life for scientists who want to classify behaviors from video. DLC has been success-
fully used to reduce human scoring variability in behavioral analysis and can reach
human-level accuracy in posture tracking with minimal effort (Mathis et al. 2018). Other
tools include motion-detection and circadian analysis programs, machine learning pipe-
lines for unsupervised behavior classification (such as Motion Sequencing or MoSeq for
identifying movement motifs), and data visualization dashboards. The core’s data scientist
or informatician might create standardized scripts (in R, Python, or MATLAB) to generate
reports for each experiment, for example, automatically plotting each animal’s activity
over time, average daily rhythms, correlation between metrics, etc. By providing these as
templates, users can quickly gain insights without needing advanced coding skills. A com-
mitment to interoperability also means ensuring that outputs from one system can feed
into others; if a user exports timestamps of certain events from the HCM software, the core
could have a script ready to integrate that with corresponding video files or external sensor
data (like synchronized EEG or metabolic data, if any). This cohesive data ecosystem
should be documented clearly so that users know what to expect: e.g., “At experiment end,
you will receive a dataset with X, Y, Z metrics and a set of graphs; raw data is stored at
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location Q and is accessible for further analysis for up to N months”. The inclusion of case
studies and technical exemplars can be helpful; for instance, the SCORHE system (System
for Continuous Observation of Rodents in Home cage Environment) is a case study high-
lighting how a simple hardware setup (a dual-camera unit mounted on a standard cage
rack) combined with intelligent software can yield valuable activity and behavior data.
Salem et al. (2015) described SCORHE as a low-cost, scalable solution that required mini-
mal cage modification and produced automated readouts of mouse activity patterns.
Learning from such examples, core facilities can adapt off-the-shelf tools or develop cus-
tom ones to fit their needs. In conclusion, establishing an HCM infrastructure in a core
facility is a multidimensional task covering physical equipment, IT resources, and analyti-
cal software. By choosing flexible modular hardware, ensuring strong data handling capa-
bilities (edge processing, storage, backup), and equipping the core with state-of-the-art
analysis tools, a core director creates the foundation for successful HCM-based research.
The next step is ensuring that people—both staff and users—are competent to use this
infrastructure effectively, which we address in the following sections on training and oper-
ational processes.

6 Operational Guidance for HCM Core Management

Deploying HCM as a core service involves scientific and technical aspects as well as
operational management to ensure the platform’s success and sustainability. This section
guides several key operational areas: project intake and workflow management, gover-
nance and ethics oversight, cost recovery and funding, and performance metrics for con-
tinuous improvement. A core director can run the HCM platform efficiently while meeting
users’ needs and institutional requirements by setting up clear processes in these areas.

Project Intake and Workflow Management Introducing HCM into a core’s portfolio
will likely generate interest from core users and new users with no prior experience in
automated behavioral monitoring. It is crucial to have a structured project intake process
that handles initial inquiries through to study completion. Typically, this begins with a
consultation phase where the core team assesses the project’s feasibility, design needs, and
resource requirements. The core can then advise on experimental design, suggesting modi-
fications if necessary (for example, recommending appropriate habituation time in the
HCM system or including control groups monitored in parallel). Once a project is
approved, an experimental plan (study plan or work protocol) is formalized, often as a
service agreement or protocol document, and as required legal animal research documen-
tation. This should outline the responsibilities of the core (equipment setup, data collec-
tion, preliminary analysis) and of the user (animal preparation, experimental treatments,
final data interpretation), along with a timeline. Clear communication at this stage sets the
tone for the project; users should know what data they will receive and when, while core
staff should know the critical experimental events to coordinate, i.e., events that affect the
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HMC, such as experimental manipulations, welfare assessments, and “out-of-the-cage”
assays. During the execution of the project, standard operating procedures (SOPs) are
vital. For instance, the core might have an SOP for habituating animals to the HCM sys-
tem. Another SOP might cover how often to check on the animals and system (since HCM
usually runs unattended overnight, clear instructions for daily animal welfare checks and
system status checks must be in place). Maintaining a project log or notebook for each
HCM system/study is advisable, noting any events such as system errors, animal remov-
als, or anomalies (e.g., “Day 3: animal #5 found chew damage to sensor, replaced sensor
pad”). Next to a project log, some HCM systems offer an environmental monitoring unit,
which automatically tracks the environment for sound, light, and other emissions. This and
personal documentation are essential for troubleshooting and transparency if results need
to be interpreted in light of a technical issue.

Governance and Ethical Compliance Operating an HCM core intersects with institu-
tional governance, including animal welfare regulations, data governance, and compliance
with cost accounting rules (for billing). First and foremost, any use of HCM in live ani-
mals must be covered by appropriate ethical approvals (Institutional Animal Welfare Body
or Animal Care and Use Committee, IACUC, in the United States or equivalent).
Fortunately, HCM aligns well with the refinement tenet of the 3Rs, as it is generally less
stressful than traditional testing, which committees often view favorably. Nevertheless,
considerations such as maximal monitoring duration, ensuring provision of food/water if
automated dispensers are used, and contingency plans for equipment failure affecting ani-
mal welfare need to be spelled out. Furthermore, some systems might require single hous-
ing, and depending on the authorities, this could limit the system. Additionally, core staff
must be trained in animal care within the HCM context, for example, recognizing signs of
distress in animals that might not be disturbed daily due to automated monitoring, or
knowing when it is necessary to remove an animal from an experiment early for humane
or experimental reasons. Data governance is another facet of oversight. The core should
define who owns the data generated by the HCM experiments and how data sharing is
handled. Typically, the researcher owns their experimental data, but if the core stores it
centrally, policies must ensure confidentiality and integrity of that data. Multi-user sys-
tems might inadvertently allow one user to glimpse another’s ongoing experiment data if
not properly access-controlled. Thus, IT measures should include data protection as
needed. If video recording is part of the monitoring and if any facility staff appear in those
videos (even peripherally during cage maintenance), privacy issues might arise—cores
may decide to position cameras or schedule personnel duties to avoid recording humans,
or to redact/blur any such instances if videos are to be shared. Regarding intellectual con-
tribution, if core staff significantly contribute to experimental design or analysis, author-
ship or acknowledgments in publications should follow institutional core guidelines to
ensure proper credit, a governance aspect that core directors should communicate to users
upfront.
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Financial compliance and governance are crucial for cost recovery, but broadly, the core
must operate in accordance with institutional policies for service centers. This often
includes undergoing periodic rate reviews or audits to ensure that billing rates align with
actual costs and do not generate undue profit (for federally funded institutions, for exam-
ple, this is mandated). In summary, governance in an HCM core context means staying
compliant with animal ethics, protecting data and privacy, and following administrative
policies, all foundational to running a trustworthy and accountable core service.

Cost Recovery and Sustainability With their advanced hardware and software, HCM
systems represent a significant investment for a core facility. To sustain operations, core
directors typically implement a cost recovery model whereby users are charged fees for
the services. Designing a fair and practical pricing model requires understanding the direct
costs (equipment depreciation, maintenance contracts, consumables like RFID tags or
bedding, staff time for setup and analysis) and indirect costs (facility space, utilities,
administrative support). One approach is a per-cage-per-day charge, which directly ties to
the capacity usage of the system. Alternatively, some cores may offer experiment-based
package pricing. Package pricing can be simpler for users to budget. However, the core
must pay attention to not underestimating required efforts and to be cost-neutral. Another
model is tiered pricing depending on the level of service—for example, a lower rate if the
user handles more of the work versus a higher rate if full service with core personnel doing
analysis is provided. In the initial stages, full cost recovery might not be immediately
feasible if user adoption is slow. However, surveys have shown that many academic cores
operate at 80-90% cost recovery, with some exceptional cores achieving near 100%
through high volume and efficiency (Turpen et al. 2016). The core director should strive
for a sustainable balance: underpricing might attract users but could lead to budget short-
falls, whereas overpricing could deter usage and result in idle equipment (which is equally
unsustainable). Regular review of finances is necessary—tracking metrics like utilization
rate, number of distinct user groups served, and revenue vs expenses. If utilization is low,
targeted outreach or workshops might be needed to drum up interest (often, investigators
are unaware of what HCM can do until they see examples). On the expense side, careful
maintenance is important; unexpected downtime due to equipment failure can be costly in
terms of lost revenue and credibility. Therefore, service contracts with vendors or stocking
of critical spare parts are usually justified for minimizing downtime of the HCM systems.

To bolster sustainability, core directors can explore supplementary funding avenues.
For example, adding an HCM component might make the core eligible for equipment
grants or instrumentation supplements from funding agencies. Collaboration with users on
grant proposals (where they budget for core service costs or even write the core into the
methods) ensures future income if those grants succeed. A fully sustainable HCM core is
one where the inflow of projects and funding covers the operational costs and allows for
maintenance and eventual upgrades; achieving this may take a few years of growth and
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adjustment. However, this is a long-term goal and therefore strongly depends on the size
of the core, the scientific directions of the core, and the researcher turnover at the core.

Performance Metrics and Continuous Improvement To guide the success of a core
facility, it is essential to define and track performance metrics and to use those metrics for
continuous improvement. A 2016 analysis by Turpen et al. outlined categories for core
facility performance evaluation, including financial health, user satisfaction, efficiency,
and scientific impact. Applying these to an HCM core, key metrics might include: utiliza-
tion rate, number of users and repeat users, turnaround time, publications, external fund-
ing, data quality/error rates, user satisfaction and training outcomes. By regularly reviewing
these metrics, the core team can identify areas for improvement. Importantly, a culture of
continuous improvement also means staying current with technological advances and user
needs. The core director should maintain awareness of new HCM technologies (through
literature, conferences, vendor demos). For instance, if a novel sensor could expand the
core’s capabilities (like HCM with EEG integration), it might be worth planning for.
Regularly soliciting user input on desired features can guide future development; maybe
users express interest in monitoring a specific behavior (e.g., ultrasonic vocalizations) that
the core does not yet support, this feedback could direct investment in new modules or
collaborations with developers. In essence, running an HCM core is an evolving process.
Setting clear operational guidelines and metrics ensures that day-to-day activities align
with larger scientific excellence and service quality goals. By paying attention to project
management, governance, finances, and performance indicators, a core director can adapt
and refine the core’s operations, thereby maintaining a high level of service for researchers
and sustaining the core’s value to the institution.

7 Training and User Adoption Strategies

The successful integration of HCM into a research environment depends as much on peo-
ple as technology. Both core staff and scientific users must develop new skills and under-
standing to make the most out of HCM systems. This section focuses on building internal
training frameworks, setting user expectations, and cultivating a culture that embraces
automated monitoring. We will cover competency-based training programs, data literacy
initiatives (especially around handling the large datasets and novel analysis methods HCM
produces), and strategies to encourage adoption through collaboration and
communication.

Competency-Based Training for Core Staff and Users Introducing HCM often means
that even experienced animal technicians or behavioral scientists must learn new methods.
Competency-based training ensures individuals attain specific skills and knowledge mile-
stones before operating the system independently. For core staff (technicians, technolo-
gists, or junior scientists in the facility), training might involve vendor-provided HCM
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hardware/software courses, followed by hands-on practice with dummy experiments. To
conduct dummy experiments an animal experiment license is needed, which might be hard
to get and training animals may be applied for in the ordinary experimental license
(depending on the country and the current legislation). Further, core staff should be profi-
cient in system setup, troubleshooting common issues, and basic data retrieval/analysis.
Cross-training among staff is valuable so that HCM expertise is not siloed—multiple peo-
ple should know how to maintain and run the system to cover absences and provide depth
of support (redundancy). For scientific users, training is equally important. Many may
be unfamiliar with continuous monitoring, or how to design experiments without the tra-
ditional “control vs test in a 5-min trial” mindset. The core should offer a tiered training
program: introductory seminars for broad awareness, followed by practical workshops for
those who intend to use the system, and one-on-one mentoring for initial projects. A nota-
ble initiative is the European TEATIME Training Schools, which provided instruction on
home cage technologies including experimental design, operant task setup, and data anal-
ysis for complex behaviors (details can be found in the chapter on Education and Training).
Inspired by such models, a core facility could host annual or semi-annual training courses
covering HCM theory and practice. For example, a two-day workshop might include mod-
ules on: Day 1—theory (capabilities of HCM, examples of studies, limitations, and con-
siderations like circadian factors); Day 2—hands-on (setting up a cage, configuring the
software for a simple task, and a demo of analyzing the output). Participants could receive
a certificate or simply be noted as “trained users” of the core. Impressing upon users the
importance of proper training is part of managing expectations—they need to know that
HCM is not a push-button magic box or “ready to use turnkey system”. Experimental rigor
and understanding of the system are still required for success.

Data Literacy and Analysis Skills HCM flips the data paradigm from sparse to rich,
meaning scientists must be prepared to handle and interpret large datasets. Many users
may initially not have the computational skills to fully analyze, for example, minute-by-
minute activity data over several weeks for dozens of animals. A core facility should thus
consider data literacy as part of its educational mission. This can range from basic training
in how to use analysis software provided by the system manufacturer, to more advanced
workshops on topics like statistical analysis of time-series data, machine learning for
behavior classification, or integrating HCM data with other data types. In recent years,
there has been a push to improve data skills in biology in general, often through workshops
or online courses in coding and analysis. The core can partner with bioinformatics or bio-
statistics colleagues to offer tailored sessions (for example, a short course on “Analyzing
Behavioral Time Series in R/Python”). Alternatively, if resources allow, the core might
develop user-friendly analysis templates. Imagine providing a Jupyter Notebook that a
user can run by simply pointing it to their dataset, and it will generate common analyses
and visualizations—this empowers those who are not coding experts to still glean insights
from HCM data. One particular area where data literacy is crucial is the application of
machine learning for behavior analysis. Video-based HCM yields particularly complex
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data (often requiring behavior to be classified from footage). Tools like DeepLabCut have
made it feasible for non-experts to apply deep learning to track animal movements.
However, using these tools still demands understanding concepts like training a network,
overfitting, and validating results. The core can help by pre-training some networks on
typical behaviors, maintaining them for users to apply, and teaching the underlying prin-
ciples at a high level. Hence, users trust and verify the outputs. For example, an interested
lab might want to track rearing behavior in the home cage. The core could provide a base-
line DLC model for mouse posture and show the lab how to refine it with a few annotated
video frames of rearing vs non-rearing, then use that model to process their entire dataset.
By doing so with guidance, the user gets their immediate result and learns the workflow
for future analyses, achieving competency that they carry forward.

Another facet of data literacy is ensuring users know how to interpret HCM outputs bio-
logically and meaningfully. As mentioned earlier, not every blip or change in an activity
plot equates to a significant behavioral event. The core should counsel researchers on
appropriate statistical analyses (for example, methods for repeated fluctuating measures
over time, circadian rhythm analyses like Fourier or Cosinor analysis, or more adequately
advanced nonlinear analyses with higher sensitivity and translational power (Hager et al.
2025). There may be cases where core analysts directly assist in higher-order analysis for
a fee or collaboration, akin to a bioinformatics support model.

Promoting Acceptance Through Collaboration and Success Stories No matter how
advanced the technology, a core will only thrive if researchers are motivated and con-
vinced to use HCM. Cultural adoption can be encouraged by showcasing the success sto-
ries and promoting collaborative publication. When early adopter labs achieve compelling
results with HCM, the core should work with them to disseminate these outcomes through
seminars, internal newsletters, or conference presentations. Providing concrete examples
of HCM leading to important scientific results providing scientific results. For instance, if
one lab could detect subtle early signs of neurodegenerative disease in mice via HCM of
disturbed circadian patterns, that story can be highlighted as a breakthrough that would not
be possible with conventional methods. It is effectively an advertisement for the added
value of HCM. Collaboration is a powerful incentive. Core directors can identify com-
mon interests among users and propose multi-group studies where the core might
coordinate a larger project. Multi-disciplinary projects (like pairing a behavioral neurosci-
entist with a data scientist to do an HCM-based behavioral phenomics study) could pro-
duce more impactful results which cannot ge generated by single labs. In terms of
publication, it helps to ensure core involvement is credited, either through co-authorship
or at least acknowledgment, as this encourages core staff to invest deeply in projects and
signals to the community the scientific contributions of the core. Some early HCM studies
have been collaboration between technology providers and biologists, leading to cross-
disciplinary publications. These papers also demonstrate how to report HCM data, setting
precedents in the literature (Golini et al. 2020, 2023).
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User expectations should also be managed by transparently discussing the capabilities and
the current limitations of HCM. For example, while HCM can capture “more natural”
behavior and reduce experimenter-induced variance, it is not inherently better at all types
of assessments. A frank discussion might explain that for certain questions (like precise
cognitive task performance), extensive training and particular hardware are needed, and
even then, classical tests might still complement the findings. By setting realistic expecta-
tions on various available techniques, users will approach HCM projects with proper plan-
ning and avoid discouragement from initial hurdles. It is helpful to emphasize a growth
mindset: automated monitoring may require a learning curve and some trial-and-error in
experimental setup. However, the outcome can be gratifying regarding data richness and
animal welfare improvement.

Role-Specific Example To ground the training and adoption strategies, consider two per-
spectives—the core director and the research scientist—in hypothetical case stud-
ies: Core Director’s perspective: As a director of a behavioral phenotyping core that just
acquired a HCM system he promotes adoption, and organizes an open house demonstra-
tion. They set up the HCM system with a few mice and project real-time data plots on a
screen, inviting researchers to drop by. Seeing live activity and even video of mice behav-
ing naturally generates a wider interest in the behavioral repertoire of the attending
researchers. A pharmacologist also shares a case study where the core staff partnered with
him to investigate a new anxiolytic drug: they ran a controlled study showing the drug
increased nocturnal activity while reducing anxiety-like behavior bursts, a nuanced find-
ing published in a high-tier journal. Following this, the director notices a surge in inqui-
ries. He established a mentorship program where his staff will closely assist the following
two labs to design and run HCM studies, in exchange for co-authorship and permission to
present the outcomes in institutional forums. Within a year, several labs have integrated
HCM into their grant proposals, citing the core’s capabilities as strengths.

Research Scientist’s perspective: A young investigator is intrigued by HCM but unsure
how it fits her research on metabolic syndrome in rats. After attending the core workshop,
she realizes HCM could continuously monitor feeding behavior, activity, and even body
temperature of her rat model, providing an integrated picture of metabolism and behavior.
Collaborating with the core’s data expert, she sets up a study where rats are fed either a
high-fat or control diet and are monitored 24/7 for 2 weeks using an automated system that
logs each feeding event and locomotor activity, along with periodic telemetry for tempera-
ture. The young investigator may be initially concerned about data overload. Luckily, the
core provides her with processed summaries showing clear patterns: high-fat diet rats have
more fragmented feeding across the circadian cycle, reduced overall activity, and a slight
elevation in nocturnal body temperature—indications of metabolic disturbance. These
data strengthen her hypothesis and are included in a successful grant renewal.

Through such examples, it becomes evident that training, supportive collaboration, and
communication of successes drive the adoption of HCM systems. Over time, as more
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scientists become proficient and share their experiences, HCM evolves from a “novel” to
a mainstream, even indispensable, part of the behavioral research toolkit.

8 Future Directions and Emerging Technologies in HCM

As HCM systems are increasingly established in laboratories, the horizon continues to
expand with emerging technologies and experimental paradigms promising to further
revolutionize behavioral phenotyping. Core directors and researchers should be aware of
these developments to future-proof their strategies and remain at the cutting edge. In this
section, we discuss several exciting directions: closed-loop experimentation, integration of
HCM with multi-omics and physiological data streams, and the fusion of virtual reality
with home cage systems to create enriched cognitive testing environments. These innova-
tions, some already in early use and others on the cusp, illustrate the concept of “cognitive
laboratories” of the future, where automated systems observe and interact with subjects in
real time.

Closed-Loop Experimentation Traditional experiments are mostly open-loop—we
observe the animal and later adjust conditions. Closed-loop experimentation, by contrast,
involves real-time modulation of experimental conditions based on the animal’s behavior
or physiology at that moment. HCM is ideal for closed-loop systems because it continu-
ously collects data and can be connected to actuators that deliver stimuli or interventions.
For example, imagine a setup that automatically triggers a stimulus like a mild tone, an
electric brain stimulation, or drug infusion to prevent a behavioral pattern (e.g., prolonged
inactivity that might indicate a seizure, stereotyped behavior, or the prevention of drug-
seeking). Such systems could aid in the prevention of compromised animal welfare or
enforce experimental conditions precisely (like delivering a stimulus exactly when a spe-
cific sleep stage is detected to prove its precise role in memory consolidation. Early ver-
sions of closed-loop HCM are being explored in pain and epilepsy research, where
feedback loops adjust stimuli in real time (e.g., the trigger of seizure activity is removed
or completely stopped once a critical (e.g., induction) threshold is reached). One practical
implementation could be in operant learning. If an animal reaches a criterion in a
self-training task at 2 AM, the system could immediately advance the task difficulty with-
out human intervention, thus using the animal’s timing and motivation to drive the experi-
ment forward. Even though they are not completely new from the technological perspective,
closed-loop approaches can reduce human-induced variability further and enhance the
depth of data and precision of conclusions, but they require robust detection algorithms
and fail-safes (Ho et al. 2023; Remmelink et al. 2017). As reported by some pilot studies,
these setups significantly reduce the need for experimenter intervention, which further
minimizes unspecific stressors and yields more reliable data (Richter 2020). However,
they also highlight a challenge: sophisticated closed-loop platforms can be technologically
complex and expensive, putting them out of reach for many labs. Core facilities may play
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a key role in popularizing closed-loop experimentation by hosting such advanced systems
and making them available as a shared resource. Multi-omics and Physiological
Integration While HCM primarily focuses on behavior, the next frontier is to link con-
tinuous behavioral data with underlying biological changes. Integrating multi-omics data
(genomic, transcriptomic, proteomic, metabolomic) with behavior is highly attractive for
understanding complex disorders. For instance, consider an experiment where mice are
monitored for behavior around the clock. At the same time, intermittent sampling or sen-
sors provide data on hormone levels, or where tissue samples (or blood microsamples) are
taken at key behavioral inflection points for transcriptomic analysis. Already, some studies
have combined telemetry (for electrophysiological signals such as EEG or ECG) with
HCM of activity, generating combined datasets of brain activity and behavior over long
periods (Coborn et al. 2019). Soon, we might see cages equipped with non-invasive bio-
chemical sensors—for example, to detect cortisol metabolites in urine or infrared spec-
trometers to gauge CO,/O, exchange for metabolic readings—synchronized with
behavioral outputs. Multi-omics integration might also occur at the data analysis stage:
behavioral phenotypes identified via HCM can be correlated with gene expression profiles
or genomic variants. With large enough datasets, machine learning could predict an ani-
mal’s molecular phenotype from its behavior or vice versa. Such comprehensive pheno-
typing would contribute to better understand the mechanisms behind observed behaviors,
moving the field toward a systems biology-focused approach. Core facilities venturing
into this area must collaborate closely with genomics/proteomics cores or have cross-
disciplinary staff. The data management challenge also grows, ensuring that timestamps
align across modalities and that analyses account for the multiple comparisons inherent in
multi-omics data. Nonetheless, the payoff is significant: a holistic view of an organism’s
biology. In a sense, HCM coupled with—omics could help realize the idea of an in vivo
phenotypic screen where behavior is another readout like a gene expression pattern, broad-
ening the phenotype definition in preclinical studies, successfully demonstrated by the
Mouse Phenotyping Consortium (Brown et al. 2018; Groza et al. 2023).  Virtual Reality
and Augmented Environments One of the more futuristic developments is using virtual
reality (VR) setups for rodents in combination with home cage living. VR for animals typi-
cally involves devices like head-mounted displays or projection systems around the cage,
and sometimes treadmills or ball platforms that allow a mouse to navigate a virtual space.
Researchers have begun to merge these with home cage contexts so that the animal can
seamlessly transition between a real home cage and a virtual environment. For example, a
system might allow a mouse to voluntarily climb onto a spherical treadmill (the Servoball
is one such device) placed adjacent to its home cage; once on the ball, motion sensors and
computer graphics create the illusion that the mouse is running in a boundless virtual cor-
ridor or maze. If the mouse can return to its home cage deliberately, the setup qualifies as
a home cage setup. Kaupert et al. (2017) demonstrated an approach where mice in a home
cage extension experienced a virtual spatial navigation task with minimal unspecific
stressor exposure, as they were neither handled nor restrained. Another approach by Kislin
et al. (2014) involved a flat-floored air-lifted platform (essentially a virtual reality arena)
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that allowed freely moving rodents to experience virtual stimuli while still moving natu-
rally, bridging classical experiments and HCM settings. These hybrid VR-HCM systems
enable complex cognitive testing (like navigational memory, decision-making in mazes,
etc.), which typically requires placing the animal in a specialized out-of-the-cage setup.
The implication for core facilities is significant: if VR systems become more accessible, a
core facility could theoretically host a “‘cognitive VR arena” where animals from different
studies rotate in. At the same time, their behavior is monitored in VR and their home cage
behavior is tracked before/after the voluntary behavioral test. If such systems are used on
multiple home cages and additionally 24/7 on a voluntary basis (e.g., combined with a
reward) this can save time and costs compared to the classical serial testing. Nevertheless,
there are challenges to overcome, such as ensuring VR does not induce unintended stress
(some argue that head-fixing mice for VR, as is sometimes done, is not ethologically
friendly, but newer free-moving VR addresses that). Also, not all animals will spontane-
ously engage with a VR interface; some training or habituation is needed but this can be
facilitated by increased motivation (e.g., by highly palatable food rewards after testing).
Nonetheless, VR offers a way to present stimuli and environments that are otherwise
impossible, greatly expanding what can be tested. As a concrete example, a mouse could
be tested on a complex foraging task in a VR forest environment, then immediately be
back in its home cage to eat and rest, effectively experiencing a “world” far larger than any
physical lab apparatus could provide, with all data logged.

Toward the “Cognitive Laboratory” of the Future When combining all these emerg-
ing trends—closed-loop control, multi-omics integration, VR, and advanced sensing, we
foresee a future cognitive laboratory largely automated, immersive, and data-rich beyond
current imagination. In such a lab, an animal might live in a smart home cage rig for an
extended period, during which it encounters various scenarios (some real, some virtual),
perhaps experiences automated challenges (like a sudden temperature drop to mimic envi-
ronmental challenges, or a puzzle to obtain a food reward), while an array of sensors
captures everything from behavior to physiology to molecular signals. The system could
adapt protocols on the fly (closed-loop), ensuring the animal is always appropriately chal-
lenged but not overloaded, resulting in reduced motivation. Data analytics, likely Al-driven,
would parse this firehose of data to detect phenotypic signatures or changes. For the
researchers, this means deeper and more exploratory experiments—instead of testing one
hypothesis with one assay, they could gather data to test numerous hypotheses concur-
rently (behavioral, metabolic, neurological, etc.). The role of the scientist shifts somewhat
from hands-on data collection to experimental design upfront and data interpretation after-
wards, guided by sophisticated HCM systems. However, it is essential to remember that
the remaining hands-on work and interaction with the animals are becoming increasingly
important, both for the experiment itself and for early-career researchers to gain a full
understanding of how an animal experiment is conducted. From a core facility perspec-
tive, the cognitive laboratory vision underscores the importance of keeping an eye on new



Home Cage Monitoring in Practice in Core Labs: Training, Infrastructure, and Research... 121

technologies and thinking holistically. Core directors may eventually oversee integrated
platforms that cut across what are today separate core areas (behavior, physiology, genom-
ics). Early adoption of modular upgrades can pave the way, for instance, by adding a meta-
bolic monitoring capability (like indirect calorimetry) to existing HCM cages or
incorporating a few “VR-ready” cages into the standard rack for those who would benefit
from this technology in their experimental assays. Collaboration with engineers and soft-
ware developers might become a regular aspect of core operations to customize solutions.

Ethically, these advancements also push us to consider the welfare impact: an automated
system that can intervene in an animal’s environment must be carefully validated to truly
benefit the animal and not inadvertently cause harm or serve as an intermittent stressor due
to, e.g., false alarms. Fortunately, many of these innovations are being developed with
animal welfare as a priority (the idea of reducing human handling and providing enrich-
ment through VR, for instance, aligns with refinement goals).

To sum up, the future of HCM is poised to integrate cutting-edge technology to create
an environment where laboratory animals can be studied more humanely, comprehen-
sively, and rigorously. Core facilities will be instrumental in bringing these advances to the
broader scientific community, acting as incubators for new methods and providing access
to complex setups that individual labs might not manage alone. By staying informed and
adaptable, core directors can ensure that their playbook evolves in step with these emerg-
ing opportunities, guiding scientists through the next era of behavioral research.

9 Conclusion

HCM has moved from a niche innovation to a central component of modern behavioral
phenotyping, and its successful implementation requires a synergistic approach between
technology, people, and required processes. For core laboratory directors, establishing an
HCM platform is a technical acquisition and a strategic enhancement of their facility’s
capabilities. This chapter has provided a comprehensive overview for guiding scientists in
this journey, from understanding fundamental benefits of HCM to integrating it with clas-
sical tests, setting up the necessary infrastructure, training users, managing operations, and
looking ahead to future developments leading to a reduction of classical out-of-the-
cage assays.

In summary, HCM systems offer continuous real-time monitoring, which complements
traditional methods by capturing nuanced behavioral patterns and physiological parame-
ters that episodic tests cannot provide. This strength leads to improved reproducibility and
data richness in studies, as demonstrated by numerous examples where automated home
cage data revealed phenotypes or drug effects that were missed by conventional assays
(Sun et al. 2025; Theologidis et al. 2025). The core director’s role is pivotal in translating
these advantages into routine practice. By carefully planning integration
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pathways—aligning stakeholders, ensuring workflows and data streams are compatible,
and pooling resources for efficiency—core animal facilities can embed HCM into their
service lineup in a sustainable manner. Robust infrastructure, including modular hardware
and advanced data management pipelines, forms the foundation that core staff must main-
tain and continuously improve.

Equally important are the human factors: through competency-based training programs
and data literacy initiatives, core facilities equip researchers with the skills to optimally
design insightful experiments and interpret the complex data that are generated. Managing
user expectations and fostering a collaborative culture help in overcoming initial adoption
barriers. The chapter’s operational guidance highlights that clear project management,
governance compliance, and financial planning are essential to running HCM as a reliable,
highly valuable core service. Tracking performance metrics and iterating on processes
ensures the core remains responsive to users’ needs and accountable to its institution.

Real-world case studies illustrate how core directors and scientists can partner effec-
tively—the core providing expertise and support, and the scientists bringing domain-
specific questions to achieve results that push boundaries of scientific progress. As HCM
technology continues to evolve, incorporating closed-loop interactions, multi-modal data
integration, and even virtual reality, core facilities will likely be at the forefront of these
innovations. Embracing new tools and maintaining flexibility will allow core directors to
continue guiding their scientific users through increasingly sophisticated experimental
paradigms.

Finally, the “core director’s playbook” for HCM is one of integration—integrating new
technology with existing methods, integrating rich datasets with biological insight, and
integrating the efforts of core staff with the ambitions of researchers. When executed well,
the outcome is a robust platform that enhances both experimental outcomes and animal
welfare. This development educates and empowers a new generation of scientists in quan-
titative, systems-level behavioral research. HCM stands as a testament to how methodol-
ogy can drive discovery in combination with animal welfare improvements. With
knowledgeable core facilities leading the way, its full potential can be realized across
disciplines ranging from neuroscience and pharmacology to physiology and beyond.
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