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1.

Understand how IAQ affects health beyond exposure to
airborne viruses

. Learn the power of air sensor data and medically-based

analysis to reveal the health-impact of IAQ and guide
effective remediation

. Perform case studies that correlate IAQ, occupant health

and productivity, and building energy consumption

Develop Return-On-Investment reports that include building-
specific profitability of healthy occupants
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* Gas exchange surface area of an adult’s lungs is ~70-100 m?
through a thin membrane of ~0.2-0.6 um

* 13,000 liters of air are inhaled every day

 Surface area of adult’s skin: ~1.5-2.0 m?2

"
fi




Elizabeth Barrett Browning 1846
modified by S. Taylor 2026

<4

How do-lHeve does IAQ impact thee?

Let me count the ways.

| impact thee to your depth and breadth and height
where all my particles and gases reach.

| impact thee in everyday’s most quiet times,
whether lit by sun or candle-light.

| impact thee through the very breath of your life,
and, if you choose, | shall hasten your death.
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Metabolism

Airborne bio-aerosols

Immune system

Cell growth

IAQ effects on the human

Brain function : :
| , microbiome
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rillions of microbes, mostly

~

bacteria, with some viruses and

fungi, colonize our skin, upper

airways, intestines and vaginas

(if you have one).

o

J

/Don’t worry, most of these

our:
v/ digestion and metabolism
v/ mental health

\ v immune system

~

microbes are good for us, helping
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Human cells ~
30 trillion




Occupants send
microbes into buildings
(37 million microbes
per person per hour)
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Building materials and I1AQ
determine which microbes
survive indoors and
interact with occupants



Historical (and Incorrect)
Approach to Hygiene

Research shows having
a cat can double your risk
of schizophrenia

icrobes are bad germs that require tota
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Magnification: x400

Healthy airway of a person with cilia
functioning to protect the lungs from

inhaled particles

Inflammatory
cells

Disrupted cell
architecture

Dysfunctional
cilia

Damaging inflammation from ozone,
particles and low relative humidity (<40%)
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Oxidative stress
DNA damage

Cell dysfunction
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_ Fatigue Poor memory Alzheimer’s /Parkinson’s
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2. Learn the power of air sensor data and medically-based
analysis to reveal the health-impact of IAQ and guide
effective remediation



Building Management

* Reduce energy use

* Avoid disasters

* Follow best practices and
codes

Make occupant health the
NORTH STAR for IAQ
management

Medical Care

* Heal patients
* Follow clinical protocols
* Avoid lawsuits



Quantify and
manage
health impact
of IAQ

Respiratory Cardiovascular Immune System Cognitive Inflammation



1 MEASURE 2 ANALYZE 3 COMMUNICATE 4 REMEDIATE

CONTINUOUSLY
MONITOR INDOOR &
OUTDOOR AIR

CALCULATE OUTDOOR
& IAQ HEALTH IMPACT

Y+

U IAQ & HEALTH
T{ Analysis
In-duct
Sensor

Indoor
Sensors

REPORT TO CUSTOMER

.......

IMPLEMENT ENERGY
EFFICIENT IAQ
MANAGEMENT AT THE
CENTRAL OR IN-SPACE
LEVEL
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Intake duct sensor for
outdoor air quality

Customizable in-room sensor

Thickness: 2.5"

Width: 4"
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Smaller drops are trapped in the cloud
and are carried rapidly forward.

Extension of range by a factor of more than 200 for droplets <10 pm




.5 micron .1 micron




~
Temp ) Lungs: respiratory
N Oxidative Stress » epithelium, gas
Humidity exchange
Os 11 Inflammation Brain: inflammation,
| blood/brain barrier breach
Particles |
‘ dmn;unet. Heart: endothelial
VOCs ystunction & rhythm dysfunction
A s )
NO Immuplty. innate &
) adaptive response
Y deregulation
CO2
/ Microbiome Shift Microbiome:
co ggt—lung—immunity
J disruption




4 :
Lungs: increased

respiratory epithelium Asthma exacerbation, acute bronchitis, reduced lung

function, eye/throat irritation

| leakiness, broncospasm

Bram neuroinflammation. ..
blood/brain barrier ~ { w :
kdlsruptlon

Headache, dizziness, cognitive impairment, fatigue,
decreased hand-eye coordination

7

Heart: endothelial !

& rhythm dysfunction Chest tightness, angina, myocardial infarction, arrythmias

\.

é . 4
Immunity:

innate & adaptive
| response suppression

Mucosal drying, increased barrier penetration, increased
susceptibility to infections

( Microbiome:

. . Decreased microbiome diversity, higher number of
gut-lung-immunity

pathogenic organisms
\

_ disruption




1 MEASURE 2 ANALYZE 3 COMMUNICATE 4 REMEDIATE

CONTINUOUSLY CALCULATE OUTDOOR REPORT TO CUSTOMER IMPLEMENT ENERGY
MONITOR INDOOR & & IAQ HEALTH IMPACT EFFICIENT IAQ
OUTDOOR AIR e MANAGEMENT AT THE
=" - =77 .- .- CENTRAL OR IN-SPACE
P ) e 8 %u LEVEL
U IAQ & HEALTH ~_/
M Analysis
In-duct
Sensor

Indoor
Sensors



Example Contaminant
Clusters

Immunity

PM,.s/UFP + NO, + O3 + low RH

VOCs + Os (oxidative chemistry)

Low RH + particles

Heat + high RH + particles

CO (hypoxia)




In this example, IAQ was found to be most
harmful to the brain and immune system
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light fixture as an air purifier

Stand alone,
In-room

N

N

N
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16-Nov
13-Dec 17-Nov

* Detailed analysis of air quality metrics e -

19-Nov

* The correlation of outdoor air quality versus IAQ e
is illustrated e

8-Dec

20-Nov

21-Nov

22-Nov

* The data is normalized to show the value of
ventilation and/or indoor air puriﬁcationj

6-Dec
Before

7-Dec 23-Nov

25-Nov

26-Nov

27-Nov

440
-




|AQ supports all systems
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» ldentify stakeholders

1. Create |IAQ . .
Determine budget
* Agree on sensor placement
Correlate IAQ improvement
with patient health & staff
absenteeism

4. Evaluate multi-
domain outcomes

Report ROI CONTINUOUSLY MONITOR

INDOOR & OUTDOOR AIR

2. Measure &
Keep

going o]
ALY
ST B
CALCULATE HEALTH
IMPACT

3. Identify "‘;\
contaminant sources;

remediate
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Conserve Energy

40

-

Reduce energy consumption

« Energy costs are immediate

\_

» Decarbonization is a high priority

~

J

Protect the occupants

60 70 80 90 100

\_

Manage IAQ for occupant health

* Decrease infections
 Reduce staff absenteism
* Increase work performance

J
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PARTICLES TEMPERATURE
& RH

OUTDOOR AIR
quality
IMPLEMENT BMS |AQ ANALYSE
MANUAL PHYSIOLOGIC
o REMEDIATION

REMEDIATION IMPACTS /

o
\ / A Outdoor air quality determines the
most effective ventilation, filtration

STEPS

and air cleaning schedule




2025 report: HEPA alone did not lower the odds of high viral
exposure, though it modestly reduced viral diversity. This argues
against single-lever thinking.

Conclusions: Because multiple environmental drivers matter,
“multicomponent interventions are needed” (e.g., combining
filtration with maintaining 40-60% RH).



. Perform case studies that correlate IAQ, occupant health
and productivity, and building energy consumption

. Develop Return-On-Investment reports that include building-
specific profitability of healthy occupants






Operating Room Suite Enviromental Quality Improvement (EQI) Map

IAQ was comprehensively monitored and managed in operating rooms



* RH was kept between 35%-50%
» Ceiling obstacles were minimized to direct
supply air over surgical and back tables



When OR IAQ was managed for patient safety:
« 87% Reduction in patient infections

« 80% reduction in HAls/liability payouts
« Air change rates were decreased by 20%,
saving significant energy




ﬂost IAQ monitoring and remediation \

Particles: |, 40—70%
e Reduced airway & vascular
inflammation

Relative Humidity: Stabilized 40—60%

response
CO,: ' 300-600 ppm

e Improved mucosal defense & immune

e I[mproved cognition, ventilation
pathogen dilution

/

/ Health & Financial Response \

Weeks 1-4:

e Fewer acute illness exacerbations

e Reduced admissions from ED
Months 2—6:

e Decreased Length of Stay

e I[mproved staff productivity
Months 6-12:

e Durable cost stabilization

k e Slowed chronic disease /

2 Payback Period R
* Typical IAQ upgrade break-even: 6—18 months
S Faster (3—9 months) in ICU, elderly care, high-acuity facilities )







$300,000

$250,000

$200,000

$150,000

$100,000

$50,000

S0

Cost/Benefit Analysis of Improved IAQ in a Critical Access Hospital

Q1 Q2 Q3 Q4

M Investments M Savings






IAQ Levers
Ventilation / ACH
CO2, Particles, VOCs
RH 40-60%
Filtration upgrades

Health & Learning Mediators
| Absences (asthma, infections)
1 Attention / cognition
| Headaches, drowsiness

Academic Outcomes
1 Test scores / growth
1 Graduation & on-time promotion
| Failure & retention

Funding & Resources
Stable / 1 enrollment
Better academic performance ratings
More grant & bond success

e 1-3% test score gain — higher rating tier

e 2-4% higher enrollment retention over 5 years

. Greater community support for levies / bonds

o Eligibility for performance-linked grants

e Each 1% enrollment retention in a 5,000-student district
=~ 50 students x $12,000 = $600,000/year preserved




Weakened humans:

 Impaired respiratory defenses
« Compromised immunity
« Damaged organs

Increased pathogen strength:

e Enhanced transmission

¢ Increased infectivity

e Selection of “bad” over “good
microbes



Supports good microbes:

« Cleaner air environment
» Healthy microbial diversity
« Pathogens less infectious

Healthy humans:

* Decreased allergies
* Functioning immunity
« Optimal cognitive performance



The past A better future

- Based on limited, STATIC DATA Continuous Data Measurement

* Scheduled HVAC run-times, Evaluate Impact on Human Health
resulting in unnecessary energy Manage to real time conditions

costs
: Choose the most efficient options
« Unknown impact on occupant

health
Energy

+

/\S/ ‘_ .2 Health

Energy

Embrace change!







People resist and often STAGES OF RESISTANCE TO CHANGE
choose to not even listen
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2016 answer....

ﬁ[our work] is the design, specification, selection,
installation, and operation of HVAC equipment.

Research on IAQ and occupant health will suggest

that will not be helpful and ultimately have little

(neaning to ASHRAE members”.

~

complex, esoteric, unproven ‘solutions’ to health issues

/




Energy Dominates Facility Agendas

» Measurable, fundable, low-risk: Energy KPIs are universal

» Turnkey capital: Rebates, and decarbonization grants make
financing easier

» Clear ownership: Facilities control energy; clinical
outcomes live elsewhere



An influential physician discounted
airborne transmission of germs, and
then the Spanish Influenza hit.....

It will be impossible to teach people
to wash their hands 1f they understand
that the air 1s the chief vehicle of
infection.

It will be a great relief to most
persons to be freed from the
1916 specter of infected air.”
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IAQ Paradigms—
The Next Generation

BY MAX SHERMAN, PH.D., FELLOW/LIFE MEMBER ASHRAE

ASHRAEF's Vision is “a healthy and sustainable built environment for all.” The
“healthy” part of that vision primarily has to do with providing appropriate indoor

air quality (IAQ). For the first century of ASHRAE’s existence, that meant determining
and providing minimum ventilation rates. Over the last few decades, however,
research both within ASHRAE and in the health community has shown us that the
ventilation-only approach cannot always achieve the vision because of the diversity of
sources and the potential contributions of other removal mechanisms. On the other
hand, consideration of sources and their impacts can lead to improvements in both
health and sustainability. This article covers the evolution from the first paradigm—
ventilation rate—to the emerging harm paradigm, which has recently been enabled by
some important research.

IEQ’s Future

Bridging Metrics and
Health Outcomes

BY JOHN MCKEON, M.D., ASSOCIATE MEMBER ASHRAE

Indoor environmental quality (IEQ) has profound implications for health and
well-being. This evolving field is crucial for shaping sustainable, health-optimized
buildings of the future. The pursuit of healthier indoor environments remains
paramount as we continue to innovate and refine our understanding of IEQ. As

the field advances, there is an increasing recognition of the need to establish
comprehensive standards that both assess and enhance IEQ, ultimately contributing
to improved public health outcomes. This column provides a glimpse into the evolving
field of IEQ metrics, highlighting the intersection of IEQ and human health.



"GLOBAL PUBLIC HEALTH LEADERS SIGN HISTORIC PLEDGE DECLARING
HEALTHY INDOOR AIR A FUNDAMENTAL HUMAN RIGHT"
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Please ask questions!

Stephanie Taylor, MD, M Arch

stephanie@thinklite.com Lo



mailto:stephanie@thinklite.com

. Dockery, D. W., Pope, C. A. lll, Xu, X., Spengler, J. D., Ware, J. H., Fay, M. E., Ferris, B. G. Jr., & Speizer, F.
E. (1993). An association between air pollution and mortality in six U.S. cities. New England Journal of
Medicine, 329(24), 1753-17509.

. Pope, C. A_lll, Burnett, R. T., Thun, M. J., Calle, E. E., Krewski, D., Ito, K., & Thurston, G. D. (2002). Lung
cancer, cardiopulmonary mortality, and long-term exposure to fine particulate air pollution. JAMA, 287(9),
1132-1141.

. Hoek, G., Krishnan, R. M., Beelen, R., Peters, A., Ostro, B., Brunekreef, B., & Kaufman, J. D. (2013). Long-
term air pollution exposure and cardio-respiratory mortality: A review. Environmental Health, 12, 43.

. Brook, R. D., Rajagopalan, S., Pope, C. A. lll, Brook, J. R., Bhatnagar, A., Diez-Roux, A. V., ... Kaufman, J. D.
(2010). Particulate matter air pollution and cardiovascular disease: An update to the scientific statement from
the American Heart Association. Circulation, 121(21), 2331-2378.

. Shah, A. S. V,, Langrish, J. P., Nair, H., McAllister, D. A., Hunter, A. L., Donaldson, K., ... Mills, N. L. (2013).
Global association of air pollution and heart failure: A systematic review and meta-analysis. The Lancet,
382(9897), 1039—-1048.

. Allen, J. G., MacNaughton, P., Satish, U., Santanam, S., Vallarino, J., & Spengler, J. D. (2016). Associations
of cognitive function scores with carbon dioxide, ventilation, and volatile organic compound exposures in
office workers: A controlled exposure study of green and conventional office environments. Environmental
Health Perspectives, 124(6), 805-812.



Oberdorster, G., Sharp, Z., Atudorei, V., Elder, A., Gelein, R., Lunts, A., ... Kreyling, W. (2004). Translocation
of inhaled ultrafine particles to the brain. Inhalation Toxicology, 16(6—7), 437—445.

Donaldson, K., Stone, V., Seaton, A., & MacNee, W. (2001). Ambient particle inhalation and the
cardiovascular system: Potential mechanisms. Environmental Health Perspectives, 109(Suppl 4), 523-527.

Satish, U., Mendell, M. J., Shekhar, K., Hotchi, T., Sullivan, D., Streufert, S., & Fisk, W. J. (2012). Is CO; an
indoor pollutant? Direct effects of low-to-moderate CO, concentrations on human decision-making
performance. Environmental Health Perspectives, 120(12), 1671-1677.

Rudnick, S. N., & Milton, D. K. (2003). Risk of airborne infection transmission estimated from carbon dioxide
concentration. Indoor Air, 13(3), 237-245.

Seppanen, O. A., Fisk, W. J., & Mendell, M. J. (1999). Association of ventilation rates and CO, concentrations
with health and other responses in commercial and institutional buildings. Indoor Air, 9(4), 226-252.



VOCs / Aldehydes / Indoor Chemistry

1.

Rumchey, K., Spickett, J., Bulsara, M., Phillips, M., & Stick, S. (2004). Association of domestic exposure to
volatile organic compounds with asthma in young children. European Respiratory Journal, 24(6), 855—-

860.

Weschler, C. J. (2006). Ozone’s impact on public health: Contributions from indoor exposures to ozone and
products of ozone-initiated chemistry. Environmental Health Perspectives, 114(10), 1489-1496.
Salthammer, T. (2011). Formaldehyde in the indoor environment. Chemical Reviews, 110(4), 2536-2572.

Relative Humidity (RH), Mucosal Integrity, & Infection

1.

3.

Noti, J. D., Blachere, F. M., McMillen, C. M., Lindsley, W. G., Kashon, M. L., Thewlis, R. E., ... Beezhold, D.
H. (2013). High humidity leads to loss of infectious influenza virus from simulated coughs. PLOS ONE, 8(2),
e57485.

Kudo, E., Song, E., Yockey, L. J., Rakib, T., Wong, P. W., Homer, R. J., & lwasaki, A. (2019). Low ambient
humidity impairs barrier function and innate resistance to influenza infection. Proceedings of the National

Academy of Sciences, 116(22), 10905-10910.
Institute of Medicine. (2004). Damp indoor spaces and health. National Academies Press.



1.

McDonnell, W. F., Stewart, P. W., Andreoni, S., & Smith, M. V. (2010). Ozone-induced respiratory
symptoms: Exposure—response models and extrapolations of findings from chamber studies to ambient
exposures. Journal of Exposure Science and Environmental Epidemiology, 20, 2—-19.

Bell, M. L., Peng, R. D., & Dominici, F. (2006). The exposure—response curve for ozone and risk of mortality
and the adequacy of current ozone regulations. Environmental Health Perspectives, 114(4), 532-536.

Nitrogen Dioxide (NO,)

1.

2.

Lin, W., Brunekreef, B., & Gehring, U. (2013). Meta-analysis of the effects of indoor nitrogen dioxide on
children’s respiratory symptoms. Indoor Air, 23(4), 277-286.

Hulin, M., Simoni, M., Vieqi, G., & Annesi-Maesano, |. (2012). Respiratory health and indoor air pollutants
based on NO, and VOCs: A review. International Journal of Hygiene and Environmental Health, 215(3),
228-235.

Jarvis, D., Chinn, S., Luczynska, C., & Burney, P. (1996). Association of respiratory symptoms and lung
function in young adults with use of domestic gas appliances. The Lancet, 347(8999), 426-431.

Mold, Dampness, Fungi

Mendell, M. J., Mirer, A. G., Cheung, K., Tong, M., & Douwes, J. (2011). Respiratory and allergic health effects
of dampness, mold, and dampness-related agents: A review of the epidemiologic evidence. Environmental
Health Perspectives, 119(6), 748—756.



1. Riley, R. L., & Murphy, G. (1978). Airborne spread of measles in a suburban elementary school. American
Journal of Epidemiology, 107(5), 421-432.

2. Li, Y., Leung, G. M., Tang, J. W., Yang, X., Chao, C. Y. H., Lin, J. Z., ... Yuen, P. L. (2007). Role of
ventilation in airborne transmission of infectious agents in the built environment. Indoor Air, 17(1), 2—-18.

3. Nardell, E. A., et al. (2008). Safety, efficacy, and acceptability of upper-room ultraviolet germicidal irradiation
for preventing airborne contagion in healthcare settings. Proceedings of the National Academy of
Sciences, 105(46), 18027-18032.

4. Azimi, P., & Stephens, B. (2013). HVAC filtration for controlling infectious bioaerosols. Building and
Environment, 70, 150-160.

Immune Suppression, Physiologic Pathways

1. Totlandsdal, A. |., Cassee, F. R., Schwarze, P. E., Refsnes, M., & Lag, M. (2015). Diesel exhaust particles
impair the ability of human macrophages to phagocytose apopftotic cells. Toxicology Letters, 239(3), 166—
172.

2. Block, M. L., & Calderdon-Garciduenas, L. (2009). Air pollution: Mechanisms of neuroinflammation and CNS
disease. Trends in Neurosciences, 32(9), 506-516.



1.

Farina, F., Sancini, G., Battaglia, C., Tinaglia, V., Mantecca, P., Camatini, M., & Palestini, P. (2011). Milano
summer particulate matter (PM,,) triggers lung inflammation and extra-pulmonary toxicity in mice.
Toxicology Letters, 202(3), 209-217.

Cognitive Performance & Productivity

1.

Wargocki, P., & Wyon, D. P. (2013). Providing better thermal and air quality conditions in school classrooms
would be cost-effective. HVAC&R Research, 19(8), 886—-897.

Bako-Bir6, Z., Clements-Croome, D. J., Kochhar, N., Awbi, H. B., & Williams, M. J. (2012). Ventilation rates
in schools and pupils’ performance. Building and Environment, 48, 215-223.

Shaughnessy, R. J., Haverinen-Shaughnessy, U., Nevalainen, A., & Moschandreas, D. (2006). A school-
based intervention using HEPA filtration units: Impact on airborne particulates and student health. Indoor
Air, 16(6), 465-473.



. Beggs, C. B., Shepherd, S. J., & Kerr, K. G. (2008). Potential for airborne transmission of infection in the
indoor environment. Journal of the Royal Society Interface, 5(26), 575-586.

. Fusco, F. M., et al. (2012). Air quality in healthcare environments and its relation to infection control. Indoor
Air, 22(5), 369-379.

. Haidar, E., Bate, L., Sivakumar, B., & Keevil, C. (2016). Airborne contamination in critical care units and the
risk of infection. Journal of Hospital Infection, 92(3), 228-235.

. Qian, H., Li, Y., Seto, W. H., Ching, P., Ching, W. H., & Sun, H. Q. (2010). Natural ventilation reduces
airborne infection risk in hospitals. Indoor Air, 20(6), 517-528.



Adams, R. I., Miletto, M., Taylor, J. W., & Bruns, T. D. (2013). Dispersal in microbes: fungi in indoor air are
dominated by outdoor air and show dispersal limitation at short distances. The ISME Journal, 7(7), 1262—
1273. https://doi.org/10.1038/ISMEJ.2013.28

Bosch, T. C. G., Wigley, M., Colomina, B., Bohannan, B., Meggers, F., Amato, K. R., Azad, M. B., Blaser, M.
J., Brown, K., Dominguez-Bello, M. G., Finlay, B. B., Geddie, K., Geva-Zatorsky, N., Giles-Vernick, T., Gros,
P., Guillemin, K., Ehrlich, S. D., Elinav, E., Haraoui, L. P., ... Melby, M. K. (2024). The potential importance
of the built-environment microbiome and its impact on human health. Proceedings of the National Academy
of Sciences of the United States of America, 121(20), e2313971121.
https://doi.org/10.1073/PNAS.2313971121/ASSET/312D1AA2-FD36-4C02-82E1-
F24864FEE474/ASSETS/IMAGES/LARGE/PNAS.2313971121FIG01.JPG

Dai, D., Prussin, A. J., Marr, L. C., Vikesland, P. J., Edwards, M. A., & Pruden, A. (2017). Factors Shaping
the Human Exposome in the Built Environment: Opportunities for Engineering Control. Environmental
Science and Technology, 51(14), 7759-7774.
https://doi.org/10.1021/ACS.EST.7B01097/ASSET/IMAGES/LARGE/ES-2017-01097Y_0005.JPEG



Dannemiller, K. C., Gent, J. F., Leaderer, B. P., & Peccia, J. (2016). Indoor microbial communities: Influence
on asthma severity in atopic and nonatopic children. Journal of Allergy and Clinical Immunology, 138(1), 76-
83.e1. https://doi.org/10.1016/J.JACI.2015.11.027

Fu, X., Ou, Z., & Sun, Y. (2022). Indoor microbiome and allergic diseases: From theoretical advances to
prevention strategies. Eco-Environment & Health, 1(3), 133-146.
https://doi.org/10.1016/J.EEHL.2022.09.002

Gatto, M. R., Mansour, A, Li, A., & Bentley, R. (2024). A State-of-the-Science Review of the Effect of Damp-
and Mold-Affected Housing on Mental Health. Environmental Health Perspectives, 132(8), 86001.
https://doi.org/10.1289/EHP14341/SUPPL_FILE/EHP14341.S001.ACCQO.PDF

Gilbert, J., & Hartmann, E. (2024). The indoors microbiome and human health. Nature Reviews Microbiology
Volume 22, 742-755. https://doi.org/10.1038/s41579-024-01077-3

Hospodsky, D., Qian, J., Nazaroff, W. W., Yamamoto, N., Bibby, K., Rismani-Yazdi, H., & Peccia, J. (2012).
Human Occupancy as a Source of Indoor Airborne Bacteria. PLOS ONE, 7(4), e34867.
https://doi.org/10.1371/JOURNAL.PONE.0034867


https://doi.org/10.1289/EHP14341/SUPPL_FILE/EHP14341.S001.ACCO.PDF

Kembel, S. W., Jones, E., Kline, J., Northcutt, D., Stenson, J., Womack, A. M., Bohannan, B. J. M., Brown,
G. Z., & Green, J. L. (2012). Architectural design influences the diversity and structure of the built
environment microbiome. The ISME Journal, 6(8), 1469-1479. https://doi.org/10.1038/ISMEJ.2011.211

Kirjavainen, P. V., Karvonen, A. M., Adams, R. |., Taubel, M., Roponen, M., Tuoresmaki, P., Loss, G.,
Jayaprakash, B., Depner, M., Ege, M. J., Renz, H., Pfefferle, P. |., Schaub, B., Lauener, R., Hyvarinen, A.,
Knight, R., Heederik, D. J. J., von Mutius, E., & Pekkanen, J. (2019). Farm-like indoor microbiota in non-
farm homes protects children from asthma development. Nature Medicine 2019 25:7, 25(7), 1089—-1095.
https://doi.org/10.1038/s41591-019-0469-4

Klepeis, N. E., Nelson, W. C., Ott, W. R., Robinson, J. P., Tsang, A. M., Switzer, P., Behar, J. V., Hern, S. C.,
& Engelmann, W. H. (2001). The National Human Activity Pattern Survey (NHAPS): a resource for
assessing exposure to environmental pollutants. Journal of Exposure Analysis and Environmental
Epidemiology, 11(3), 231-252. https://doi.org/10.1038/SJ.JEA.7500165

Kramer, A., Schwebke, |., Kampf, G., (2006) How long do nosocomial pathogens persist on inanimate
surfaces? A systematic review. BMC Infectious Diseases, 6:130 doi:10.1186/1471-2334-6-130


https://doi.org/10.1038/SJ.JEA.7500165

Lynch SV, Wood RA, Boushey H, Bacharier LB, Bloomberg GR, Kattan M, et al. Effects of early-life
exposure to allergens and bacteria on recurrent wheeze and atopy in urban children. J Allergy Clin Immunol.
2014;134:593-601.e12.

Ma, Z., Zuo, T., Frey, N., & Rangrez, A. Y. (2024). A systematic framework for understanding the
microbiome in human health and disease: from basic principles to clinical translation. Signal Transduction
and Targeted Therapy 2024 9:1, 9(1), 1-36. https://doi.org/10.1038/s41392-024-01946-6

Mannan, M., & Al-Ghamdi, S. G. (2021). Indoor Air Quality in Buildings: A Comprehensive Review on the
Factors Influencing Air Pollution in Residential and Commercial Structure. International Journal of
Environmental Research and Public Health, 18(6), 3276. https://doi.org/10.3390/IJERPH18063276

Martin, L. J., Adams, R. |., Bateman, A., Bik, H. M., Hawks, J., Hird, S. M., Hughes, D., Kembel, S. W.,
Kinney, K., Kolokotronis, S. O., Levy, G., McClain, C., Meadow, J. F., Medina, R. F., Mhuireach, G., Moreau,
C. S., Munshi-South, J., Nichols, L. M., Palmer, C., ... Dunn, R. R. (2015). Evolution of the indoor biome.
Trends in Ecology & Evolution, 30(4), 223-232. https://doi.org/10.1016/J.TREE.2015.02.001



McAlister, J. S., Blum, M. J., Bromberg, Y., Fefferman, N. H., He, Q., Lofgren, E., Miller, D. L., Schreiner, C.,
Candan, K. S., Szabo-Rogers, H., & Reed, J. M. (2025). An interdisciplinary perspective of the built-environment
microbiome. FEMS Microbiology Ecology, 101(1), 166. https://doi.org/10.1093/FEMSEC/FIAE166

Meadow, J. F., Altrichter, A. E., Kembel, S. W., Kline, J., Mhuireach, G., Moriyama, M., Northcutt, D., O’'Connor,
T. K., Womack, A. M., Brown, G. Z., Green, J. L., & Bohannan, B. J. M. (2014). Indoor airborne bacterial
communities are influenced by ventilation, occupancy, and outdoor air source. Indoor Air, 24(1), 41-48.
https://doi.org/10.1111/INA.12047

Mendell, M. J., Mirer, A. G., Cheung, K., Tong, M., & Douwes, J. (2011). Respiratory and allergic health effects of
dampness, mold, and dampness-related agents: a review of the epidemiologic evidence. Environmental Health
Perspectives, 119(6), 748—756. https://doi.org/10.1289/EHP.1002410

Mujan, I., Licina, D., Kljaji¢, M., Culi¢, A., & Andelkovié, A. S. (2021). Development of indoor environmental
quality index using a low-cost monitoring platform. Journal of Cleaner Production, 312, 127846.
https://doi.org/10.1016/J.JCLEPRO.2021.127846



National Academy of Sciences. (2017). Microbiomes of the Built Environment: A Research Agenda for Indoor
Microbiology, Human Health, and Buildings. In Microbiomes of the Built Environment. National Academies
Press. https://doi.org/10.17226/23647

Nimlyat, P. S., & Kandar, M. Z. (2015). Appraisal of indoor environmental quality (IEQ) in healthcare facilities: A
literature review. Sustainable Cities and Society, 17, 61-68. https://doi.org/10.1016/J.SCS.2015.04.002

Nunez, A., & Garcia, A. M. (2022). Effect of the passive natural ventilation on the bioaerosol in a small room.
Building and Environment, 207, 108438. https://doi.org/10.1016/J.BUILDENV.2021.108438

Ogunrinola, G., Oyewale, J., Oshamika, O., Olasehinde, G., (2020). The Human Microbiome and Its Impacts on
Health. International Journal of Microbiology, Volume 2020, Article ID 8045646,
https://doi.org/10.1155/2020/8045646

Porter, L., Sultan, O., Mitchell, B., Jenney, A., Kiernan, M., Brewster D., Russo, P. (2024) How long do
nosocomial pathogens persist on inanimate surfaces? A scoping review. Journal of Hospital Infection, Volume
147, 25 - 31. DOI: 10.1016/.jhin.2024.01.023



https://doi.org/10.1016/J.BUILDENV.2021.108438
https://doi.org/10.1155/2020/8045646
https://www.journalofhospitalinfection.com/article/S0195-6701(24)00072-0/fulltext
https://www.journalofhospitalinfection.com/article/S0195-6701(24)00072-0/fulltext
https://www.journalofhospitalinfection.com/article/S0195-6701(24)00072-0/fulltext
https://www.journalofhospitalinfection.com/article/S0195-6701(24)00072-0/fulltext
https://www.journalofhospitalinfection.com/article/S0195-6701(24)00072-0/fulltext
https://www.journalofhospitalinfection.com/article/S0195-6701(24)00072-0/fulltext
https://doi.org/10.1016/j.jhin.2024.01.023

Prussin, A. J., & Marr, L. C. (2015). Sources of airborne microorganisms in the built environment.
Microbiome 2015 3:1, 3(1), 1-10. https://doi.org/10.1186/S40168-015-0144-Z

Rook GAW (2023) The old friends hypothesis: evolution, immunoregulation and essential microbial inputs.
Front. Allergy 4:1220481. doi: 10.3389/falgy.2023.1220481

Stein, MM., Hrusch, CL., Gozdz, J., Igartua, C., Pivniouk, V., Murray, S., Ledford, JG., Marques dos Santos,
M., Anderson, RL., Metwali, N., Neilson, JW., Maier, RM., Gilbert, JA., Holbreich, M., Thorne, PS., Martinez,
FD., von Mutius, E., Vercelli, D., Ober, C., Sperling, Al. (2016). Innate immunity and asthma risk in amish

and hutterite farm children. The New England Journal of Medicine, 375 (5). DOI: 10.1056/NEJMo0a1508749

Von Mutius, E. (2016). The microbial environment and its influence on asthma prevention in early life.
Journal of Allergy and Clinical Immunology, 137(3), 680—689. https://10.1016/}.jaci.2015.12.1301

Wolkoff, Peder. 2023. Indoor Air Humidity Revisited: Impact on Acute Symptoms, Work Productivity, and
Risk of Influenza and COVID-19 Infection. International Journal of Hygiene and Environmental Health 256
(December), 114313. https://doi.org/10.1016/].ijheh.2023.114313



https://doi.org/10.1186/S40168-015-0144-Z
https://10.1016/j.jaci.2015.12.1301
https://doi.org/10.1016/j.ijheh.2023.114313

ATSDR (Agency for Toxic Substances and Disease Registry), 2018. Framework for assessing health
impacts of multiple chemicals and other stressors (update). Available online:
https://www.atsdr.cdc.gov/interactionprofiles/ ip-ga/ipga.pdf

Azimonti G, Galimberti F, Marchetto F, Menaballi L, Ullucci S, Pellicioli F, Alessandra C, Lidia C,
Alessio I, Angelo M, de Boer W and van der Voet H, 2015. Comparison of NOEC values to
EC10/EC20 values, including confidence intervals, in aquatic and terrestrial ecotoxicological risk
assessment. EFSA Supporting Publications, 12(12), p.906E.

Baas J, Jager T and Kooijman B, 2010. A review of DEB theory in assessing toxic effects of mixtures.
Science of the Total Environment, 408, 3740-3745.

Baas J, Augustine S, Marques GM and Dorne JL, 2018. Dynamic energy budget models in ecological

risk assessment: from principles to applications. Science of the Total Environment, 628-629, 249—
260.

Backhaus T, Brooks BW and Kapustka L, 2010. Chemical risk assessment: pressures, perceptions
and expectations. Integrated Environmental Assessment and Management,6, 323-324.



Bjarnason SG, 2004. Toxicology of chemical mixtures: a review of mixtures assessment (No. DRDC-
TM-2004-016). Defence research and Development Suffield (ALBERTA).

Bopp S, Berggren E, Kienzler A, van der Linden S and Worth A, 2015. Scientific methodologies for the
assessment of combined effects of chemicals — a survey and literature review. JRC Technical
Reports, 64.

Bopp SK, Kienzler A, van der Linden S, Richarz A-N, Triebe J and Worth A, 2016. Review of case
studies on the human and environmental risk assessment of chemical mixtures: Identification of
priorities, methodologies, data gaps, future needs. JRC Technical Reports.

Bopp SK, Barouki R, Brack W, Dalla Costa S, Dorne JLC, Drakvik PE, Faust M, Karjalainen TK,
Kephalopoulos S, van Klaveren J and Kolossa-Gehring M, 2018. Current EU research activities on
combined exposure to multiple chemicals. Environment International, 120, 544-562.



Bosgra S, van der Voet H, Boon PE and Slob W, 2009. An integrated probabilistic framework for
cumulative risk assessment of common mechanism chemicals in food: an example with
organophosphorus pesticides. Regulatory Toxicology and Pharmacology., 54, 124—133.
https://doi.org/10.1016/j.yrtph.2009.03.004

van Broekhuizen FA, Posthuma L and Traas TP (RIVM), 2016. Addressing combined effects of
chemicals in environmental safety assessment under REACH — A thought starter. 36 pp. Available
online: https://www.rivm.

Carvalho RN, Arukwe A, Ait-Aissa S, Bado-Nilles A, Balzamo S, Baun A, Belkin S, Blaha L, Brion F,
Conti D and Creusot N, 2014. Mixtures of chemical pollutants at European legislation safety
concentrations: how safe are they? Toxicological Sciences, 141, 218—-233.

Cedergreen N, 2014. Quantifying synergy: a systematic review of mixture toxicity studies within
environmental toxicology. PLoS ONE, 9, €96580. https://doi.org/10.1371/journal.pone.0096580

Cedergreen N, Dalhoff K, Li D, Gottardi M and Kretschmann AC, 2017. Can toxicokinetic and
toxicodynamic modeling be used to understand and predict synergistic interactions between
chemicals? Environmental Science and Technology, 51, 14379-14389



World Health Organization Regional Office for Europe. (2009). WHO guidelines for indoor air
quality:dampness and mould. World Health Organization, 228.

https://books.google.com/books/about/WHO Guidelines_for_Indoor_Air _Quality.html?hl=es&id=PxB8UUHih
WgC

Zhang, D., Mui, K. W., & Wong, L. T. (2023). Ten Questions Concerning Indoor Environmental Quality (IEQ)
Models: The Development and Applications. Applied Sciences 2023, Vol. 13, Page 3343, 13(5), 3343.
https://doi.org/10.3390/APP13053343

Zhao, Y., & Li, D. (2023). Multi-domain indoor environmental quality in buildings: A review of their interaction
and combined effects on occupant satisfaction. Building and Environment, 228, 109844
https://doi.org/10.1016/J.BUILDENV.2022.109844



	Slide Number 1
	Hi, I am honored to be speaking with you today
	Thanks to my colleagues:
	Learning objectives
	Slide Number 5
	Let’s look at air – by far our biggest exposure
	In fact, love - and indoor air – reach our very depths!
	IAQ affects much more than comfort and odors
	A closer look at our indoor environment�
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Poor IAQ also disrupts the human microbiome
	Slide Number 17
	Our challenge is to unite buildings & human health
	Slide Number 19
	Slide Number 20
	Slide Number 21
	2. Analyze the composite health impact on human physiology
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Health dashboard specifies which organs are most affected by IAQ
	Measurements and trends are reported
	Slide Number 31
	Slide Number 32
	Report remediation outcomes
	The health dashboard indicates effective remediation
	Commit to continuous IAQ improvement for optimal outcomes
	Give your building an "autonomic nervous system"
	Slide Number 37
	Slide Number 38
	Conversely, a one-lever intervention might not work
	Slide Number 40
	Slide Number 41
	Slide Number 42
	IAQ was managed to reduce patient risk
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Headwinds
	Slide Number 54
	Slide Number 55
	The cost of energy is more tangible than illness costs
	Historically, the role of the air in illness has been downplayed
	Tailwinds
	Slide Number 59
	Slide Number 60
	United Nations global event September 23, 2025
	Slide Number 62
	References: Particulate Matter
	References: CO2 and Ventilation
	References: CO2 and Ventilation
	References: Ozone, Nitrogen dioxide, Fungi
	References: Airborne Infection, Wells–Riley equation 
	References: Airborne Infection, Wells–Riley equation 
	References: Hospital IAQ and infections
	References: Microbes
	References: Microbes
	References: Microbes
	Slide Number 73
	Slide Number 74
	Slide Number 75
	Slide Number 76
	References: Multipollutant Health Impacts
	References: Multipollutant Health Impacts
	References: Multipollutant Health Impacts
	References: Multipollutant Health Impacts

