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BACKGROUND: Disaster events adversely affect the health of millions of individuals each year. They create exposure to physical, chemical, biological,
and psychosocial hazards while simultaneously exploiting community and individual-level vulnerabilities that allow such exposures to exert harm.
Since 2013, the National Institute of Environmental Health Sciences (NIEHS) has led the development of the Disaster Research Response (DR2) pro-
gram and infrastructure; however, research exploring the nature and effects of disasters on human health is lacking. One reason for this research gap
is the challenge of developing and deploying cost-effective sensors for exposure assessment during disaster events.
OBJECTIVES: The objective of this commentary is to synergize the consensus findings and recommendations from a panel of experts on sensor science
in support of DR2.
METHODS: The NIEHS convened the workshop, “Getting Smart about Sensors for Disaster Response Research” on 28 and 29 July 2021 to discuss
current gaps and recommendations for moving the field forward. The workshop invited full discussion from multiple viewpoints, with the goal of
identifying recommendations and opportunities for further development of this area of research. The panel of experts included leaders in engineering,
epidemiology, social and physical sciences, and community engagement, many of whom had firsthand experience with DR2.
DISCUSSION: The primary finding of this workshop is that exposure science in support of DR2 is severely lacking. We highlight unique barriers to
DR2, such as the need for time-sensitive exposure data, the chaos and logistical challenges that ensue from a disaster event, and the lack of a robust
market for sensor technologies in support of environmental health science. We highlight a need for sensor technologies that are more scalable, reli-
able, and versatile than those currently available to the research community. We also recommend that the environmental health community renew
efforts in support of DR2 facilitation, collaboration, and preparedness. https://doi.org/10.1289/EHP12270

Introduction
Disasters are on the rise around the world.1 Notwithstanding the
loss of housing and infrastructure, events such as hurricanes,
floods, and wildland fires frequently expose individuals to chemi-
cal, biological, and physical hazards that create both acute and
chronic health risks.2,3 Disasters, by their nature, exacerbate the
underlying physical and social vulnerabilities of communities,
which only broadens a disaster’s ill effects on human health.4

Flooding, for example, may release and dispersemyriad chemi-
cals (e.g., pesticides, metals, and persistent organic pollutants)

from soil, storm- or wastewater overflows, building materials, or
stored wastes. Lingering effects of floods also include mold accu-
mulation, contamination of food and drinking water by pathogens,
and the stress induced by loss of housing and infrastructure.3,5

Wildfires emit high levels of combustion byproducts, including
fine particulate matter (PM), volatile organic compounds (VOCs),
and reactive/toxic gases.6,7 When released to the upper atmos-
phere, these pollutants can travel thousands of miles, exposing
large proportions of the population.6 The rising trend of fires cross-
ing the wildland–urban interface raises new public health concerns
about population exposure to the burning of synthetic building
materials8—a largely uncharacterized mixture of hazardous chem-
icals. Chemical spills from industrial accidents, including fires at
chemical plants and spills that penetrate local water resources, cre-
ate conditions that can spread toxicants both near and far, with last-
ing effects and prolonged community exposure.9 Although the
immediate actions of local and national first responders, health offi-
cials, and residents are to protect the health and safety of affected
individuals, the cascading health and safety risks to exposed popu-
lations are often not considered in the days, months, and years fol-
lowing the event.9 Thus, we know woefully little about short- and
long-term health effects from disasters, and we remain poorly posi-
tioned to use our experiences to prepare individuals, communities,
and the public health system for potential future events.10

Recognizing the health burden posed by disaster-related expo-
sures, the National Institute of Environmental Health Sciences
(NIEHS) led the development of the Disaster Research Response
(DR2) program and infrastructure, established by the National
Institutes of Health (NIH) in 2013.10 Since its inception, the DR2
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program has spearheaded U.S. efforts and has worked with global
partners to improve capacity for timely environmental health
research in the wake of disasters and public health emergencies.

Despite these investments, there is a lack of research explor-
ing the nature and effects of disasters on human health, especially
population-based epidemiological studies with high-quality expo-
sure assessment.10 We contend that one reason for this gap is the
challenge of developing and deploying cost-effective sensors for
accurate detection and monitoring of contaminant release and ex-
posure during disaster events. For the purpose of this discussion,
we define “sensor” in this context as a device that can detect or
measure a physical property (e.g., quantifying the concentration
of one or more pollutants in an environmental or biological me-
dium). Such sensors are not only necessary for research but also
for identifying and preventing health risks during response and
cleanup efforts.11 This need is amplified by the fact that disasters
are increasing in frequency and magnitude globally,1 becoming
more complex, and will require enhanced preparation strategies.
Current sensor technologies have provided some measures of the
chemicals and other health hazards related to disasters.11,12

However, challenges remain in monitoring and characterizing the
complexity of chemical mixtures in air, water, and soil related to
disaster events that will continue to pose risks to human health.
The objective of this commentary is to identify potential knowl-
edge gaps, along with opportunities for research and development
related to sensor science in support of DR2.

To prepare the scientific community to address these challenges,
NIEHS convened the workshop, “Getting Smart about Sensors for
Disaster Response Research” 28–29 July 2021 to discuss current
gaps and recommendations for moving the field forward. Thework-
shop invited full discussion from multiple viewpoints with the goal
of identifying recommendations and opportunities for further devel-
opment of this area of research. The panel of experts included lead-
ers in engineering, epidemiology, social and physical sciences, and
community engagement, many of whom had firsthand experience
with conducting research in the context of events such as wildfires,
floods, and industrial accidents.

Because this workshop was designed to support the NIEHS
mission of advancing public and environmental health sciences,
topics of discussion were focused on sensor technologies for
quantifying exposures to environmental stressors from disasters,
in addition to sensors for quantifying the resultant acute and

chronic health effects of these stressors. Emphasis was also
placed on understanding exposure and health risks for community
members vs. an explicit focus on response and recovery workers,
with the acknowledgment that exposure and health research is
lacking for both groups of affected individuals. Although the
workshop organizers recognized the importance of immediate
injury risks from the disaster itself (e.g., physical injury from
floods, storms, wildfire, etc.) and the health impacts on first res-
ponders, these research areas fall more directly under the mission
of U.S. Centers for Disease Control and Prevention’s National
Institute for Occupational Safety and Health (CDC/NIOSH) and
were not an emphasis at this workshop.

The Need for Improved Sensor Science in DR2: A Case
Scenario
The need for improved sensor science for DR2 becomes clear
when reviewing lessons learned. For example, a fire (and subse-
quent chemical spill) occurred in 2019 at the Intercontinental
Terminals Company, LLC (ITC), a petrochemical storage facility
in Deer Park, Texas (Figure 1).13 This industrial disaster blanketed
surrounding communities with acrid black smoke—the result of
naphtha tanks burning out of control—and spilled benzene, tolu-
ene, ethylbenzene, and xylene (BTEX)-related chemicals and per-
and polyfluoroalkyl substances (PFAS) (the latter a by-product of
fire-retardant foam used to combat the fire) into local groundwater
and the Houston Ship Channel.14,15 Emissions and exposure moni-
toring were initially haphazard and uncoordinated. As reported by
news agencies, the air and water quality monitoring response was
“chaotic,” poorly integrated, and subject to delays in the release of
information.16,17 As a result, exposure assessment for the sur-
rounding communities was incomplete. Unfortunately, a lack of
comprehensive exposure monitoring typifies most disaster events,
because researchers often struggle to conduct postdisaster expo-
sure monitoring in coordination with public health agencies, com-
munity members, local government, and responders,18 which
severely limits the ability to conduct human health risk assessment
or surveillance.

Attendees of the 2021 workshop concluded that, ideally, ex-
posure monitoring that was sensitive and specific to VOCs and
PFAS in the air and water surrounding the community should
have commenced within hours of the event onset, at multiple

Figure 1. The 2019 ITC disaster typifies the need for improved sensor technology for emissions and exposure monitoring related to DR2. Image depictions
were created by the authors with the assistance of DALL·E 2. Note: DR2, Disaster Research Response; ITC, Intercontinental Terminals Company, LLC.
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locations (e.g., fence line, upstream/downstream, indoor/outdoor,
community/residential) surrounding the site. Such monitoring is
necessary not only to inform disaster response and risk manage-
ment in the immediate aftermath of a disaster but could also sup-
port research on acute and chronic health impacts and could
inform future disaster response efforts by providing information
on contaminant dispersion/exposure in a community setting. For
the ITC fire, because both volatilization and combustion of
VOCs occurred simultaneously,19 workshop attendees concluded
that real-time, continuous monitoring was needed for dozens of
toxic compounds [e.g., BTEX, naphtha compounds, aldehydes,
polycyclic aromatic hydrocarbons, PM with aerodynamic diame-
ter less than or equal to 2:5 lm (PM2:5) and black carbon]. Such
monitoring technology is expensive and challenging to deploy
rapidly (within hours of an event) and at scale.2,9,20 Further, even
if such technology were available, we are not aware of a standard
“playbook” for community exposure monitoring that is tailored
to specific disaster events.

Discussion
The primary goal of the DR2 program is to understand how disas-
ters impact human health. To achieve that goal, we believe that
advancements in sensor technologies, both for exposure and
health outcome assessment, are needed. We also see these advan-
ces as a necessary component of hypothesis-driven research that
focuses on causality and quantification of exposure–response
relationships. Without quantifiable exposure–response data, we
contend that our society will struggle to manage the health bur-
den from disaster-related pollution exposure, which is expected
to rise under a changing global climate.1 The discussion and rec-
ommendations that follow represent the authors’ opinions and the
consensus findings from the 2021 DR2 Workshop.

Current Sensor Technologies Are Limited in Their Ability to
Support DR2
Rigorous and systematic measurement of environmental expo-
sures and health outcomes in the aftermath of disasters present
major limitations to the conduct of DR2.20 In traditional occupa-
tional or environmental epidemiology, researchers dedicate sub-
stantial time and resources to ensure that exposures and outcomes
are measured using well-validated devices, assays, or assess-
ments. The nature of disaster research, however, requires rapid
deployment of devices capable of measuring exposures and out-
comes, often by end users with limited or no training and resources.
Standard reference instruments for exposure assessment (i.e., vali-
dated, “gold standard” instruments that provide reliable data) tend
to be expensive and cumbersome (bulky and heavy, requiring line
power and air-conditioned enclosures); they also require a skilled
technician to set up and operate. Taken together, these limitations
complicate the utility and feasibility of fielding standard reference
instruments in the immediate wake of a disaster, meaning that criti-
cal windows of exposure are often missed.

For health research, including epidemiology and health risk
communication, sensor technology offers an opportunity to iden-
tify initial health events (e.g., inflammation, irritation, symptom
onset, etc.) otherwise not captured in administrative databases used
for retrospective analysis. Identifying such health events contem-
poraneously may provide insight into pathways that link exposure
to disease, in addition to shedding light on dose–response and
time-to-event outcomes. Understanding the link between exposure
and subacute health outcomes is particularly important to health
risk communication, with the objective of informing and engaging
the public on adopting behavioral changes that could protect their
health. In the absence of such knowledge, public motivation to

adopt health protective behaviors is often hindered by low percep-
tions of risk and health outcomes that may be distant and rare.21 To
date, most health outcome data in the field of DR2 is limited to
health care encounters [e.g., hospitalizations, emergency depart-
ment (ED) visits],20 mortality, or survey-based research22 to cap-
ture both physical and mental health outcomes with a long time
between the exposure and the initial health event. Sensors for non-
invasive, subacute biomarkers are therefore a key priority for
improving health outcomes during disasters. Validated, commer-
cially available sensors are emerging. Examples of established
technologies include wearable devices for electrocardiogram
data,23 blood pressure24,25 and blood-oxygen partial pressure,26
and blood glucose27—all of which can be coupled to smartphone
systems for data visualization, storage, and transmission. There is
also growing interest in research and development of wearable,
point-of-care biosensors that leverage advances in microelectro-
mechanics and microfluidics.28 Although these emerging biosen-
sor technologies show promise, they have yet to be widely used in
support of DR2.

The burgeoning availability of low-cost sensors capable of
monitoring environmental exposures, paired with mobile health
devices and smartphones, may be one potential solution to this
challenge. These devices offer several advantages to traditional
occupational or environmental exposure methods, including their
scalability, price, and usability with limited training. Disaster
research following wildfire exposures offers a relevant example
where sensor technology may be employed to measure smoke
exposures and pulmonary outcomes. In traditional air pollution ep-
idemiological studies, measuring PM is conducted using stationary
monitors, often with filter-based, time-integrated active sampling.
This approach involves substantial costs, time, and resources and
is not suitable to the rapidly changing locations and exposures
associated with wildfires. In this scenario, low-cost, mobile air sen-
sors may be provided to firefighters and residents and either worn
or placed on their vehicles or in their homes. When paired with
GPS location data these devices can measure exposure in real-time
(e.g., 1-s resolution) enabling researchers to identify specific times
and locations of exposures that lead to unhealthy exposures in pop-
ulation and occupational settings. However, low-cost sensors are
limited in the agents/hazards they can detect,29 and they can be
prone to measurement error/interferences or are not adequately
calibrated or validated for the application of interest.30,31

The collection of health-outcome data is similarly difficult. For
example, traditional assessments of respiratory outcomes tend to
be time and resource intensive (e.g., spirometry conducted by
trained technicians), which can limit sample size, or imprecise and
prone to bias (e.g., collection of symptom data via questionnaires).
Smartphone-based questionnaires,32–34 ecological momentary
assessment (EMA) of symptoms,35,36 and handheld spirometers
are examples of alternative approaches more suitable to the needs
of disaster response research. Smartphone-based questionnaires
and EMA methods enable investigators to rapidly “push” notifica-
tions and questionnaires to affected individuals, particularly when
existing institutional review board (IRB) protocols are in place to
enable electronic consent. Providing handheld spirometers to res-
ponders and affected residents requires limited training, and data
may be collected, stored, and transmitted by smartphones.

Technology Transfer and Commercialization Are Key Steps
for Sensor Development, but Unique Barriers Exist for DR2
The advent of smartphones and related consumer electronics (the
“Internet of Things”) has resulted in a wave of commercially
available sensor technologies that have been leveraged for scien-
tific research.37 Examples include microelectronic sensors for tem-
perature, light and electromagnetic intensity, pressure, acceleration,
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location, and image data. The availability of sensors in the commer-
cial market generally works to support more rigorous, reliable, and
(more democratized) on-demand use. Commercialization of sen-
sors, however, is not uniform, and barriers exist for the development
and use of sensors for DR2. The unfortunate reality is that although
sensor technologies for DR2 exposure and health research are
desired, there may not be a strong enough market for them to suc-
ceed commercially.

One key program that supports scientific innovation in the
United States is the federal Small Business Innovation Research
(SBIR) program, including support by a range of federal agencies
for the development of sensors for detecting a range of environ-
mental pollutants and conditions affecting water and air quality
(https://www.sbir.gov/Sensor-technology-for-the-21st-century).

Although the SBIR and Small Business Technology Transfer
Research (STTR) programs provide seed funding for research
and development of these technologies, small businesses face
challenges in securing additional investment during the commer-
cialization and scale-up phase. In the absence of regulatory stat-
utes that prescribe regular monitoring at scale (e.g., ambient
PM2:5, household radon, carbon monoxide, total coliform bacte-
ria), markets for exposure assessment technologies and venture
capital or other investments can be limited. To meet the needs for
the growing DR2 community of practice, the cost of measure-
ment technologies developed in the SBIR/STTR programs will
need to be affordable for research teams. Scale-up efforts and
additional investments in production efficiency can be key to
lowering costs for products entering the market.

Although investments in scale-up efforts typically fall to venture
capital and private equity firms, the market for exposure measure-
ments related to environmental research is often too small to attract
serious attention, because large venture capital investments tend to
pursue exit valuations of more than USD $50 million.38 In practice,
only a few chemical/physical hazards have such large domesticmar-
kets, as previously described (e.g., ambient PM2:5,39 etc.). However,
many existing and emerging exposure hazards experienced during a
disaster do not have monitoring networks promulgated by law (e.g.,
isocyanates; PFAS; BTEX; engineered nanomaterials, etc.), mean-
ing that commercial sales potential is insufficient to support private-
sector investment. This reality drives up the cost of measurement
technologies, which can stifle both research and commercialization
efforts. For example, our experience has led us to conclude that real-
time analyzers for multiple VOCs such as BTEX that are accurate,
sensitive, and compound-specific tend to cost more than USD
$100,000 each. These market challenges are exacerbated within the
biomonitoring space. Although the biomedical device market is a
USD $400 billion industry,40 there is a considerably smaller market
for environmental exposuremonitoring, partly owing to our opinion
that most investments for health care focus on treating disease, not
preventing it. As a result, exposure biomonitoring technologies also
face an uphill climb.

An Opportunity Exists to Leverage Emergent Data into DR2
We believe the value of DR2 exposure data can be enhanced by
combining it with emergent (and nonstandard) data that are ubiqui-
tous but currently underused. Broadly, these include but are not
limited to data from cell phones, social media, and Internet of
Things (“found” data) devices; data collected by low-cost sensor
networks (“planned” data); existing public or privately owned
databases that can be repurposed (“repurposed” data); and data
associated with a particular disaster event such as administrative
data and claims (“event” data).When well organized, these nontra-
ditional data can be leveraged to understand the threat of a disaster,
provide background information about the nature and social envi-
ronment before and after a disaster, and inform the behavior

and health effects of impacted populations. For example, after
Hurricane Maria, geotagged tweets in Puerto Rico were used to
understand population movement patterns after the disaster.41

Geocoded tweets also provide a way to record the user’s travel his-
tory, space, and activity, which, otherwise, are difficult to collect.
The increasing number of low-cost sensor networks built through
crowdsourcing and community research initiatives present a
resource of “planned” data for DR2. Data collected by PurpleAir
sensor networks not only have been used for estimating PM2:5 con-
centration (ambient and indoor) during normal andwildfire days but
can potentially serve as a sentinel network for detecting a distant
wildfire event.42,43 Sentinel networks for environmental health haz-
ards, such as the PurpleAir network, are rare; however, when avail-
able, they have been leveraged to produce impactful DR2.44 In lieu
of such sentinel networks, however, there are numerous existing
place-based measurements, such as satellite remote sensing data,
community measures, and census data that can be leveraged for
assessing both baseline environment before a disaster and exposure
during and post disaster. It has been increasingly recognized that
combining and fusing these different data streams (satellite +
ground level monitoring network+ point source+mobile mapping,
smartphones and tweets) is critical for improved exposure prediction
andmore comprehensive assessment.45

Although these nonstandard data present enormous opportuni-
ties for DR2, there are inherent challenges because of the nature
of the data. Many of these data reside in the private sector and
are proprietary. Responsible parties may be reluctant to share
(such as the compensation claims associated with a disaster). The
data are often created for various reasons, are poorly organized,
and may exhibit significant implicit and explicit biases.46,47 The
research community is often unaware of data sources and plat-
forms, or the data requires specialized skills for access and use.
In addition, because the quality and format of these nontraditional
data vary broadly, there are likely to be challenges and issues in
curating, harmonizing, and systematic assessment. These chal-
lenges may also stem from the nonexistent or unclear context,
methodology, and or agreement on vocabulary (i.e., lack of meta-
data). So, there is a clear need to verify the quality of data, curate,
minimize interferences/bias, and harmonize, thereby improving
the ability to evaluate, interpret, and make meaningful predictions
or outcomes. Each of these tasks could have their own challenges
and limitations. In addition, we believe these approaches need to
be planned with a careful consideration of ethical issues, with
clear transparency, and with a focus on a broader adoption of
standards, so meaningful data can be obtained through these non-
traditional resources.

Beyond Sensors, There Are Challenges and Barriers
Associated with “Disaster Research Preparedness” in the
Context of DR2
Regardless of the available technology, there are administrative,
logistical, and technical challenges to conducting DR2.10 In addi-
tion to sensor deployment, DR2 poses time-sensitive challenges
to researchers who need to have personnel, IRB materials, and
study designs in place for an event of unknown timing, duration,
and location. Unexpected challenges may arise when the logisti-
cal needs of a research project (e.g., access to site locations, inter-
facing with local agencies and first responders) must occur
alongside response/recovery efforts in the immediate wake of a
disaster event. Collecting data from individuals in disaster-
impacted communities can also place psychological or other bur-
dens on those involved. It is not surprising, then, that most of the
existing literature on post-disaster research consists of case stud-
ies with relatively small sample sizes.
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Although partnerships among researchers, practitioners, and
communities can support an integrated and effective disaster
response, no sustained mechanism has been available to support
these efforts between disasters. In response to this need,48 the
NIEHS DR2 Network program10,49 has developed guidance on
disaster research ethics, compiled a searchable database of disas-
ter research protocols and tools, and established a DR2 commu-
nity of practice. From this program arose the NIH Rapid
Acquisition of Pre- and Post-Incident Disaster Data (RAPIDD)
protocol tool.50 Although the NIEHS DR2 program has made
steady progress since its inception, much remains to be done to
support improved disaster health research.

Sensor Science for DR2 is a Prime Opportunity for Public
Health Partnerships
We contend that research conducted in the wake of a disaster
necessitates a community-based approach, because sentinel net-
works for monitoring environmental exposure and/or health data
are lacking and unlikely to evolve soon. Just as collaboration,
communication, and interdisciplinary teaming are required to
mount an effective public health response to a disaster, so also do
these needs apply to research—including sensor and exposure
science. We also believe that research teams will require leader-
ship and expertise that span social, environmental, physical, and
data sciences. Our experience has shown us that the creation and
efficacy of such teams require time and effort; such teams are not
likely to succeed unless they are formed, practiced, and poised in
anticipation of a future event. The DR2 community should there-
fore look to improve on existing models, like influenza surveil-
lance networks, to facilitate the concept of transdisciplinary
research in support of DR2.

A particular challenge will be to establish, in advance, pub-
lic–private–community partnerships that bring together the capa-
bilities of many groups to enable improved tracking of exposures
and illnesses following disaster events. The formation of such
partnerships would not only facilitate research but could also
enhance response and recovery efforts through sample collection,
timely access to areas or populations, training of workers and citi-
zen scientists, and communication/education of affected stake-
holders on hazards and exposure risks. The involvement of
community groups is vital to sustain effective partnerships, to
build trust, and to facilitate bidirectional communication of infor-
mation before, during, and after disasters.51 Community groups
may also support exposure monitoring via sensor deployment
and/or related data gathering efforts. Training and education in
environmental health hazards in the wake of a disaster can aid re-
covery and help maintain engagement in the interdisaster period.
Academic institutions can also preapprove IRB protocols before
disasters to enable rapid emergency response. Such protocols,
modeled on the NIEHS RAPIDD, can be customized and rapidly
modified for review at the time of a disaster.

The NIEHS currently supports projects related to disaster
research for characterizing initial exposure, collecting environ-
mental and biological samples, and collecting human health and
exposure through a Time-Sensitive R21 grant program. The
NIEHS, in partnership with other NIH institutes also oversees the
Human Health Exposure Analysis Resource,52 which provides
resources to support targeted and untargeted exposure analyses of
biological samples as well as environmental samples that could
be leveraged to build DR2 capacity. The NIEHS Environmental
Health Sciences Core Centers (EHSCC) program funds institu-
tional infrastructure to support environmental health scien-
ces,53,54 and many of these centers have begun to support
disaster-related capacity development and investigations.55–57

The demonstrated leadership of the National Science
Foundation in supporting time-sensitive investigations and the
development of disaster research infrastructure provides a good
model for support of DR2. The NSF-supported Natural Hazards
Engineering Research Infrastructure (NHERI) is a “shared-use,
nationally distributed network that provides key infrastructure for
the natural hazards engineering and social science community.”58
The network includes a coordinating office, experimental facili-
ties, an instrumentation facility, a convergence science hub, and
topical or discipline-oriented post-event reconnaissance and
research teams.59 These teams are funded to develop systems,
processes, and networks of trained researchers to conduct recon-
naissance and collect time-sensitive, perishable data following
extreme events60 and have pre-positioned resources to deploy
teams to collect perishable data without NSF advance approval,
which then become available to the larger research community.

Collaboration among the NIEHS, the NSF, and other federal
agencies can also support additional data-collection opportunities
through supplements to these groups, including through the
RAPID grant program, which permits program officers to release
funds for time-sensitive research.61 Similarly, the NIH could con-
sider funding research teams and coordination centers to facilitate
infrastructure and capacity development and integration with
existing NHERI capabilities, including through partnership with
the NSF. We believe that leveraging these types of resources
with programs supported by other federal agencies will be impor-
tant for developing the infrastructure needed for disaster response
research.

Recommendations and Research Needs
We present three overarching needs for sensor technology devel-
opment in support of disaster response and research: scalability,
reliability, and versatility. These priorities are outlined in Table 1
and represent the consensus opinions of authors and the 2021
workshop attendees. We also provide a list of parallel needs in
support of the DR2 research community in Table 2.

Scalability means that sensors must enable sample sizes (and
study designs) that support causal-inference62,63 and the estab-
lishment of exposure–response relationships with adequate confi-
dence; without such capability, we contend that research is likely
to stagnate and/or produce limited impact. What is “adequate”
for sample size varies according to the study design and research
question, but, as highlighted by Bongers et al.,20 many disaster
events lack the exposure assessment necessary to make meaning-
ful health-effect associations. To be scalable in the context of
DR2, a sensor must have an acceptable cost-per-sample ratio and
be easy to deploy, likely with minimal user training. Many DR2
applications require sensor deployments by nonscientists; thus,
consideration must be given to the training of community mem-
bers, with access to training in multiple formats (e.g., handouts,

Table 1. Sensor research and development needs for DR2.

Need Description

Scalable Supporting large sample sizes and/or population-based epide-
miological studies

Easy to deploy in the field with minimal training
Low burden to the user
Low cost per sample to the researcher (including collection

and analysis)
Reliable Unbiased, precise, agent- or outcome-specific measurement

Well-characterized and independently validated (in field)
Versatile Rapidly deployable

Wearable (or at least portable)
Multianalyte measurement, space- and time-resolved

Note: DR2, Disaster Research Response.
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mobile apps, SMS instructions, online videos, etc.) and in multi-
ple languages. For this priority, the research community should
establish metrics that define a cost-per-unit basis that considers
overall budget, sample size, data quality, and required personnel
time/effort. The challenge of scalability is especially difficult
when considering that assessment of exposures and health out-
comes at the individual level is desired but rarely achieved.20

Reliability speaks to the collective performance of the sensor
itself (i.e., its analytic figures of merit). To be useful, a sensor
must have acceptable performance metrics such as precision,
specificity, sensitivity, bias, linearity, shelf life, and battery life.
Although “acceptable performance” can take on different mean-
ings, given the study design and research question(s), both the
U.S. Environmental Protection Agency (U.S. EPA)64 and NIOSH65

have published guidelines for sensors and sampling methods that
provide performance benchmarks for designers and manufacturers
to consider. A reliable sensor will have been validated, first in the
lab and then in the field, against standard reference methods so
that these performance metrics can be estimated under real-world
settings. We believe that a robust and independent validation (i.e.,
conducted, peer reviewed, and published by groups that did not
design/manufacture the technology) is often the key step that
engenders acceptance of sensor technology by the larger research
community.

In the age of the Internet of Things,66 sensor capabilities must
also include data logging, transmission, storage, and quality
assurance. Thus, software development should accompany sensor
development to process, analyze, and report back data captured
from the sensor. All data capabilities would need to have suffi-
cient quality assurance and quality-control measures to ensure
that data are reliable; these procedures would likely require a col-
lective effort to develop and establish standard practices for col-
lecting high-quality data.

A versatile sensor for DR2 research is one that can be
deployed rapidly while providing a measure of cumulative expo-
sure (or other relevant dose metric) for multiple hazards/
stressors/outcomes. Versatility also relates to quantifying spatial
and temporal heterogeneity of exposures and health outcomes. For
example, in the case of the ITC Fire, a need existed to quantify air
concentrations of dozens of different VOC species at many loca-
tions across Deer Park and within minutes of the event, given the
rapidly changing nature of the fire and the complex air dispersion
patterns67 that can occur in an urban environment. Having continu-
ous measures (i.e., real-time sensors) and geo-referenced data is
therefore a key advantage. We note, however, that in the absence
of real-time data, any exposure data are valuable, and that timeli-
ness and scalability (i.e., obtaining adequate sample size) are para-
mount concerns. For health outcome research, an estimate of
cumulative exposure,68 assigned at the individual level20 is key, as

is knowledge of a latency period (i.e., knowing the expected tim-
ing between exposure and disease onset).

We recognize that sensors and their capabilities must be fit for
purpose: The environmental hazards created by disasters vary
widely and may contain a mixture of biological, chemical, physi-
cal, and psychological stressors.2,11 It is unlikely that the research
community would be able to develop one instrument that has suffi-
cient utility for all disaster scenarios. We also recognize that the
field of disaster research is broad; the data needs for disaster health
science are distinct from that of disaster preparedness and disaster
response. We envision an iterative process among researchers in
this area wherein research needs at multiple levels can be identified
and appropriate sensor technology can be developed or adapted to
address current limitations in our understanding, moving toward
the goals of prevention, protection, and resilience.

We highlight needs of the DR2 research community that go
beyond sensor technology in Table 2. We believe these research
needs align with the mission of the NIEHS, for which an opportu-
nity exists to provide continued leadership.

Facilitation needs relate to communication and collaboration
between researchers, affected communities, responders, and state/
federal agencies. Disasters are often chaotic events, and the logis-
tical challenges of conducting research in the wake of a disaster
are numerous. The authors recognize that disaster research must
be subservient to disaster response; however, we also recognize
that to learn from, prepare for, and become more resilient to dis-
asters, we must do a better job of studying the environmental
health risks that ensue from disasters.

An opportunity also exists to improve data integration in sup-
port of DR2. This need speaks to the collection, management, and
analysis of myriad forms of data and metadata on exposure and
health surrounding a disaster. We live in an unprecedented age of
information, and the authors believe there are many forms of pre-
and post-event data that could be found (e.g., historic, electronic
records), planned (e.g., insurance claims), and/or repurposed (e.g.,
socialmedia) to support the needs of the DR2 community.

Finally, the need to improve preparedness is clear. The
authors have observed repeated disaster events that come and go
with a lack of quantitative exposure assessment for the affected
communities. Although we applaud the NIEHS time-sensitive
R21 program in providing necessary funding for the environmen-
tal health sciences, we believe that further improvements and
innovations are needed. For instance, the NSF has the Rapid
Response Research (RAPID) proposal type. This type of proposal
is used when “there is a severe urgency with regard to availability
of, or access to, data, facilities, or specialized equipment, includ-
ing quick-response research on natural or anthropogenic disasters
and similar unanticipated events.”61 We suggest that a corre-
sponding mechanism within the NIH should be explored. As con-
cluded during the workshop, the time-sensitive nature of DR2
requires quantitative and comprehensive exposure data within
hours of a disaster onset; such data are rarely captured.

Conclusions
The workshop was an effort to integrate the experiences of scien-
tists and community engagement experts in disaster situations to
produce a practical set of recommendations to devise new or
improved sensors that will allow measurement of serious expo-
sure and prediction of health risk. The consensus was that these
goals could be reached by addressing the following needs:

• Engage with communities.
� Emphasize those at increased risk from disasters.
� Work to achieve multiple levels of preparedness.
� Create stakeholder buy-in to participate in surveillance,
monitoring, and communication.

Table 2. Research community needs for DR2.

Need Description

Facilitation Internal team building: physical science+
health science+ social science+ data science

External team building: Public + private +
community partnerships

Data integration Management, integration, and analysis of “found,”
“planned,” “repurposed,” and “event” data

Guidance on common data elements to facilitate data
harmonization and utility

Preparedness Rapid, streamlined study design: data collection, sam-
pling logistics, and IRB are preapproved and ready in
advance

Flexible funding mechanisms to facilitate rapid deploy-
ment and data collection efforts for ephemeral data

Note: DR2, Disaster Research Response; IRB, institutional review board.
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� Focus on timely disclosures of results/findings to partici-
pants and community leaders.

• Produce sensors that can:
� near-continuously estimate personal exposure
� estimate body burden of exposure
� be available for rapid deployment
� produce baseline measures where possible
� have cost effectiveness and allow for distribution and use—
where appropriate—by the public, or with minimal techni-
cal assistance.

• Improve communication coordination and effectively return
data to researchers, local public health officials, and the public.

• Implement long-term follow-up studies and reporting on ex-
posure and health risk.
In closing, we believe the need for improved sensor science

in the field of DR2 is great and expected to grow in the coming
century.69 Without a sustained commitment to technology devel-
opment and discovery, in addition to increased facilitation of
transdisciplinary research, disasters are likely to exert continued
harm to human health, especially among the many susceptible
and vulnerable members of our society. The February 2023 train
derailment in East Palestine, Ohio, that released vinyl chloride,
benzene, and their combustion byproducts to the air, soil, and
waterways surrounding the community70 is an acute reminder of
the need for improved and coordinated DR2 and the need for the
deployment of rapid environmental assessment tools.
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