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Conventional Model of Indoor Air Quality

1. Source control

2. Ventilation

3. Air cleaning

“If there is a pile of manure in a space, do not try 
to remove the odor by ventilation. Remove the 
pile of manure."

~ Max von Pettenkofer, 1858

Why?

Health
Productivity, protection



Distance to Major 
Roadway

2M Canadians: 50 m
4M Canadians: 100 m
10M Canadians: 250 m



Alavy and Siegel (2019) Sci Tech Built Environ

Air cleaning should be an 
obvious target for investment



Ozone Filtration – Benefits
2 inch activated carbon filters in office buildings
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ASHRAE believes that indoor air quality and and will remain 
the single most important health issue…

Unacceptable indoor air quality can impair our health, affect 
our sense of well-being and affect our productivity…

Today, we might not always want to bring in unfiltered 
uncontrolled outside air…

The way we live today, spending more than 90% of our time 
indoors, creates the need for a better knowledge of what 
contaminants are present in the indoor environment and 
their effect on people….

The issue of indoor air quality is a sleeping giant whose time 
has come…



Why Not?

• The health benefits are real and large, but
• Very hard to motivate people about chronic health endpoints that occur 

decades in the future

• Very hard to monetize health impacts when people inhabit different buildings

• Industry (and individuals) pay the cost but don’t necessarily accrue the 
benefits

We need an alternative model



Satish et al. (2012) Environ Health Persp



Does CO2 impact cognitive performance?

• Maybe, but these results are 
pointing to something important

• Variations in environmental 
variables, including exposures, 
impact cognitive function

• This is an enormous potential 
opportunity for IAQ community
• It is an acute impact

• It is easily monetizable in some 
environments



Invest in indoor air to improve cognitive 
function.  Use benefits to pay for 

improvements.  Chronic health outcome 
improvement are a “side” benefit.



How do we get to this model?

• Role of CO2/ventilation in cognitive function

• Impact of indoor sources on cognitive function

• Role of indoor stimuli on cognitive function

• Connections between exposures and neurological processes

• Goal: neurocognitive understanding (exposing the brain)



Why CO2?

• Elevated CO2 is ubiquitous in indoor environments

• 37 studies in the literature (at time of review)

• Widely varying impacts
• What explains this variation?

DOI: 10.1111/ina.12706 
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CO2 & SUBMARINER COGNITION—Rodehef er et al.

comparison of our observed mean raw scores to those reported 

by Satish et al.11 suggests that SMS performance falls between 

the 50th and the 75th percentile; this indicates average decision-

making performance for each of our three submariner groups. 

Furthermore, none of the raw mean scores on the SMS perfor-

mance parameters fell below the 25th percentile.

T e ef ect sizes observed in the present study were low (h2
p 

ranging between 0.001 and 0.054). In other words, the level of 

CO2 that each subject was exposed to can only explain between 

0.1% and 5% of the variance in SMS results between groups. 

Using these values, a post hoc analysis of the current data indi-

cated that our study would have required 171 to 9627 subjects 

per group to achieve a power level of 0.80 at an alpha level of 

0.05. The large subject numbers required to achieve high 

power and the small ef ect sizes observed in the current study 

suggest that any potential changes in cognitive function attrib-

uted to CO2 exposure are of little practical importance. Fur-

thermore, given that the current results showed no trend for a 

decrease in cognitive function with increasing CO2 exposure 

(despite employing a high CO2 condition that was more than 

an order of magnitude greater than that reported to show sig-

nif cant cognitive decrements in the original Satish et al., 

study), it is unlikely that our null f ndings were the result of a 

Type II error.

One way to potentially increase study power without increas-

ing sample size would be to conduct within-subject analyses by 

exposing participants to each of the three CO2 conditions. T is 

might have improved sensitivity for low-magnitude ef ects that 

may have been masked by interindividual variability within 

Table II. One-Way ANOVA Results.

CONDITIONS (ppm of CO2)*

F(2, 33) P η2
pOUTCOME VARIABLES 600 ppm 2500 ppm 15,000 ppm

Basic Activity 89.92 6  31.62 83.42 6  28.28 89.58 6  21.47 0.21 0.81 0.013

Applied Activity 54.58 6  24.24 50.33 6  30.43 51.58 6  18.20 0.09 0.91 0.005

Focused Activity 12.33 6  4.48 12.25 6  4.14 11.50 6  3.00 0.16 0.85 0.010

Task Orientation 90.33 6  35.44 75.33 6  31.84 88.50 6  28.86 0.78 0.47 0.045

Basic Initiative 13.92 6  7.19 12.33 6  8.28 17.58 6  12.52 0.94 0.40 0.054

Information Orientation 9.08 6  9.22 5.83 6  6.02 8.92 6  7.46 0.68 0.51 0.040

Information Utilization 8.58 6  5.05 7.58 6  3.87 8.58 6  5.43 0.17 0.84 0.010

Breadth of Approach 7.83 6  1.47 7.75 6  1.06 7.83 6  1.03 0.02 0.98 0.001

Basic Strategy 16.58 6  11.02 16.08 6  12.13 16.00 6  11.22 0.01 0.99 0.001

* Means 6  SD.

Table III. Power Assessments on SMS Outcome Variables.

OUTCOME VARIABLE F P η2
p 95% CI FOR η2

p COHEN’S f POWER

N REQUIRED FOR 

POWER OF 0.8

Basic Activity 0.21 0.81 0.013 0-0.076 0.11 0.08 735

Applied Activity 0.09 0.91 0.005 0-0.031 0.07 0.06 1920

Focused Activity 0.16 0.85 0.010 0-0.061 0.10 0.08 957

Task Orientation 0.78 0.47 0.045 0-0.160 0.22 0.18 207

Basic Initiative 0.94 0.40 0.054 0-0.175 0.24 0.21 171

Information Orientation 0.68 0.51 0.040 0-0.149 0.20 0.17 234

Information Utilization 0.17 0.84 0.010 0-0.065 0.10 0.08 957

Breadth of Approach* 0.02 0.98 0.001 0-0.015* 0.03 0.05 9627

Basic Strategy* 0.01 0.99 0.001 0-0.037* 0.02 0.05 9627

* 95% CIs could not be computed for Breadth of Approach or Basic strategy, as values were too close to zero. 97% and 99% intervals 

are reported, respectively.

groups. In our present study, a 

within-subject design was not fea-

sible; submariners’ operational 

schedules made it difficult to 

ensure that subjects would be able 

to report to the lab for three sepa-

rate testing sessions. However, 

even if a within-subject design 

had been possible, it is unlikely 

that our results would have been 

dif erent as our results are consis-

tent with recent within-subject 

research conducted by NASA.10

Ryder and colleagues10 performed a randomized, double-

blind, repeated measures study in which 22 individuals were 

exposed to each of four acute CO2 exposure conditions (600 

ppm, 1200 ppm, 2500 ppm, and 5000 ppm). Although nominal 

SMS performance decreases were observed from 600 to 1200 

ppm, performance recovered or even improved at higher con-

centrations. Even when performance dipped at 1200 ppm, it 

was never reduced below average (50th to 75th percentile). T is 

concurrence with our present results provides additional evi-

dence that our inability to replicate Satish et al.11 is not due to 

methodological or statistical failure.

T e diversion of our results from that of work demonstrat-

ing SMS impairments at low-to-moderate levels of acute CO2 

exposure may be the result of our subject population’s previ-

ous occupational exposure to chronic low levels of CO2. Sub-

marines routinely operate with levels of CO2 around or above 

2500 ppm for sustained periods of time. A typical deployment 

for a submarine can last up to 3 mo. Depending on mission 

demands, opportunities to come to the surface and ventilate 

(i.e., refresh the boat’s air with that from the outside) may be 

rare. Speculatively, submariners may develop a physiological 

tolerance to elevated levels of CO2, resulting in protection 

against the cognitive def cits observed in a normal population. 

T is explanation is unlikely to fully explain our results, how-

ever, an increasing number of studies in healthy college stu-

dents19,20 and middle-aged adults between 31 and 53 yr of age10 

have similarly failed to show signif cant cognitive changes dur-

ing acute exposure to 1000 ppm – 5000 ppm CO2. Neverthe-

less, additional research would be required to determine if 

previous exposures to chronic 

low levels of CO2 impart a toler-

ance, or adaptive response, that 

would mitigate any potential cog-

nitive def cits resulting from sub-

sequent acute CO2 exposures. One 

way to probe CO2 tolerance might 

be through the use of objective 

physiological measures (e.g., heart 

rate, respiratory rate, oxygen 

saturation) in concurrence with 

cognitive testing. If submariners 

display blunted physiological 

responses to acute CO2 exposure, 
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List of selected studies

Source Ref. CO2

[ppm]

Test CO2

[ppm]

Duration 

[min]

Environment Occupation 

(sample size)

Significance

Allen et al. 2016 487/586 934

1410

480 Lab Unknown (24) Yes

Yes

Satish et al. 2012 600 1000

2500

150 Lab Unknown  (22) Yes

Yes

Snow et al. 2019 830 2700 <60 Office Unknown (31) Yes

Zhang et al. 2017 435 1083

3004

255 Lab Students (25) No

No

Zhang et al. 2016 409 ± 21 4913 ± 146 153 Lab Students (10) No

Zhang et al. 2017 435 1124

3192

255 Lab Students (25) Yes

Yes

Tham et al. 2005 571 ± 24

575 ± 35

1032 ± 83

1008 ± 74

757 ± 37

715 ± 35

1278 ± 95

1225 ± 73

Multiple 

Days

Office Office workers (26)

Office workers (26)

Office workers (27)

Office workers (27)

No

Yes

No

Yes

Maddalena et al. 2015 800 – 850 1050 – 1750 240 Lab Unknown (32) Yes

Wargocki et al. 2007 744 ± 176

809 ± 148

952 ± 232

1049 ± 154

Multiple 

Days

Classroom Children (32 – 45)

Children (32 – 45)

Yes

Yes

Petersen et al. 2016 800 – 970 1310 – 1610 36 – 258 Classroom Children (70 – 79) Yes

Vent

CO2

37 studies 
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Results from Selected Pure CO2 Studies

• Pure CO2 found only to 

affect high-level 

decision-making 

performance measured 

by the strategic 

management simulation 

(SMS) battery
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Results from Selected Ventilation Studies

• Low ventilation found to 

cause declines in the 

speed measurement of 

various cognitive 

functions but not 

accuracy.



Summary

• Lots of variation
• Cognitive battery

• Study design

• CO2 reinhalation

Zhu et al. (2005) Build Environ
Laverge et al. (2013) Build Environ
Ghahramani et al. (2019) J Build Eng

“Exposure to bioeffluents, when metabolically generated CO2 was at 3000 
ppm, significantly increased diastolic blood pressure and salivary a-amylase 
level compared with pre-exposure levels, and reduced the performance of a 
cue-utilization test: These effects may suggest higher arousal/stress.”

Zhang et al. (2017) Indoor Air

“Parameters measured using FVC decreased significantly from the start to 
the end of exposure only at the reduced ventilation condition (p < 0.04, 
large effect size). Hence, poor ventilation likely affects respiratory 
parameters. This effect is probably not caused by increased CO2 alone and 
rather by other pollutants—predominantly human bioeffluents in this 
work—whose concentrations increased as a result.

Mishra et al. (2021) Indoor Air



What about other pollutants?

3-h use every night

Zhang et al. (2020) Sci Tech Built Environ Schwartz-Narbonne et al. (2021) Indoor Air



Experimental Setup

• Diffuser with lemon oil 

/ grapeseed oil/ water

• Portable air cleaner 

with / without a filter

• Phase 1 (lemon 

oil/distilled water; n=42, 

22/20)

• Phase 2 (grapeseed 

oil/ filter; n=17, 8/9)

Scenarios

Environmental 

measurements

• VOCs (limonene 

& β-pinene)

• PM1, PM2.5, PM10

• CO2

• Ozone

• Formaldehyde

• Air temperature, 

relative humidity

Du et al. (2021) Indoor Air



Cognitive Test Battery

Stop Signal Reaction Time 

(response inhibition) 

82

Abstract Matching 

(executive functioning) 

Continuous Recognition Memory 

(memory over time) 

Old[F]         New[J] This balloon 

values

$0.85

Balloon Analog Risk Taking 

& Four-Armed Bandit (risk taking)

Du et al. (2021) Indoor Air



Du et al. (2021) Indoor Air



Du et al. (2021) Indoor Air

Stop Signal Reaction Time 

(response inhibition) 



Du et al. (2021) Indoor Air



Overall Results

“Results show that exposure to essential oil 
emissions caused shortened reaction time at the 
cost of significantly worse response inhabitation 
control and memory sensitivity, indicating 
potentially more impulsive decision-making.”

https://www.amazon.com/Romeo-and-Juliet/dp/B07GG1NHHB

• Rosemary essential oil improved short-term memory 

of images and numbers [1]

• Scent congruity influenced perceptions of retail 

stores and actual sales [2]

• Smell of citrus-scented cleaner enhances the 

behavior concept of cleaning [3]

[1] Filiptsova et al. (2017). Egyptian journal of basic and applied sciences.

[2] Spangenberg et al. (2006). Journal of Business Research.

[3] Holland et al. (2005). Psychological science.

Du et al. (2021) Indoor Air

https://www.amazon.com/Romeo-and-Juliet/dp/B07GG1NHHB


9/27/2015 Can indoor plants improve air quality? | Cleaning | What you can do | David Suzuki Foundation

http://www.davidsuzuki.org/what-you-can-do/queen-of-green/faqs/cleaning/can-indoor-plants-improve-air-quality-inside-my-home/?print 1/1

Believe  it  or  not,  NASA  created  a  list  of  the  best  air-­filtering  plants!

The  plants  listed  below  are  some  of  the  most  popular  house  plants,  so  they'll  be  easy  to  find,  and  they're

also  easy  to  care  for.

Decorate  your  home  or  office  with  a  combination  of  indoor  plants

Spider  plants

Peace  lilies

Snake  plants  (aka  mother-­in-­law's  tongue)

Elephant  ears

Weeping  figs

Rubber  plants

Bamboo  palms  (aka  reed  palm)

Back  in  the  1980s,  NASA  did  a  study  to  look  at  which  plants  were  best  able  to  filter  the  air  of  the  space

station!  And  if  it's  good  enough  for  the  space  station...

You  don't  have  to  be  an  astronaut  to  know  that  plants  produce  oxygen.  But  what  you  might  not  realize  is

that  indoor  plants  can  also  absorb  contaminants  like  benzene  and  formaldehyde  (a  known  carcinogen).  Dr.

B.C.  Wolverton's  research  also  showed  that  plant-­filtered  rooms  have  50  to  60  per  cent  less  airborne

microbes,  like  mold  spores  and  bacteria.

Get  rid  of  any  fake,  silk  plants—they  only  collect  dust—and  harness  the  environment's  natural  ability  to

clean  itself.  You  can  also  check  the  library  for  a  more  exhaustive  list  in  Dr.  B.  C.  Wolverton's  book,  How  to

Grow  Fresh  Air:  50  houseplants  that  purify  your  home  or  office.

What  you  can  do  »  Queen  of  Green  »  FAQs  »  Cleaning

Can indoor plants improve air quality?

Ref: http://www.davidsuzuki.org/what-you-can-
do/queen-of-green/faqs/cleaning/can-indoor-
plants-improve-air-quality-inside-my-home/



A Brief History of Plants and Indoor Air

• Many investigations of the impact of plants on IAQ

Journal of Mississippi 
Academy of Sciences (1993)

The Relative Benefits of Green Versus Lean Office Space:
Three Field Experiments

Marlon Nieuwenhuis
Cardiff University

Craig Knight
University of Exeter

Tom Postmes
University of Groningen

S. Alexander Haslam
University of Queensland

Principles of lean office management increasingly call for space to be stripped of extraneous decorations

so that it can flexibly accommodate changing numbers of people and different office functions within the

same area. Yet this practice is at odds with evidence that office workers’ quality of life can be enriched

by office landscaping that involves the use of plants that have no formal work-related function. To

examine the impact of these competing approaches, 3 field experiments were conducted in large

commercial offices in The Netherlands and the U.K. These examined the impact of lean and “green”

offices on subjective perceptions of air quality, concentration, and workplace satisfaction as well as

objective measures of productivity. Two studies were longitudinal, examining effects of interventions

over subsequent weeks and months. In all 3 experiments enhanced outcomes were observed when offices

were enriched by plants. Implications for theory and practice are discussed.

Keywords: space, office, plants, well-being, productivity

Supplemental materials: http://dx.doi.org/10.1037/xap0000024.supp

Shortly after his British general election victory in 2010, Prime

Minister (PM) David Cameron singled out the cost of flowers and

pot plants in Whitehall’s offices as clear evidence of the need to

eliminate waste in the public sector (Saner, 2012). His Communi-

ties Secretary, Eric Pickles, quickly followed suit and cancelled his

department’s floristry bill and berated the Audit Commission for

spending £40,000 on plants in its working environments.

Yet it appears that many of the PM’s cabinet colleagues were

not on message. It was revealed that four major government

departments — including the Foreign Office and Treasury (where

Chancellor George Osborne is responsible for the Government’s

austerity program)—spent £34,297.54 between them on plants and

flowers in the year after the Conservative election victory (Han-

sard, 2011). Luciana Berger Member of Parliament “denounced

the spending” (Morris, 2011, p. 11). David Laws, Treasury Sec-

retary, subsequently declared that his department’s spending on

plants had been cut to zero (Crampton, 2011).

Less is More: The Lean Office

Cameron’s policy—which was widely applauded in some cir-

cles—is clearly informed by a belief that money spent on office

plants is money wasted (Dravigne, Waliczek, Lineberger, & Zaji-

cek, 2008). This is a sentiment that is widely shared within the

business literature, where it is argued that clean, obstruction-free

work-surfaces are the most economical route to business health

and productivity (e.g., Haberkorn, 2005; Tapping & Dunn, 2006).

This lean philosophy has a long history. Indeed, the idea that

productive work requires a workspace clear of any interference

was first formally implemented by Josiah Wedgwood in the 18th

century (Dolan, 2004) and centuries later inspired Frederick Taylor

(1911) to apply his principles of scientific management to the

organization of office space (e.g., Crompton & Jones, 1984; Has-

lam & Knight, 2010, for a review). During the mid-20th century,

these manufacturing methods were also applied to white-collar

work (Haberkorn, 2005; Hyer & Wemmerlov, 2002) and it is from

this approach that the term the “lean office” emerged as a discrete

concept in the 1990s (e.g., Hirano, 1996). Reflecting this, it is

common for managers to insist that workspaces should be clear of

plants, pictures, souvenirs, food, and anything not directly required

for the job at hand in attempt to streamline business operations and

maximize productivity (Haslam & Knight, 2006; Skinner, 2005).

More generally, it has been observed there is a trend for offices

to move toward minimal decoration for two major reasons (Marko-

vitz, 2012). First and most importantly, this reflects the widespread

influence of a lean corporate philosophy. As the first sentence of

the Lean for Dummies guide puts it: “The principles and practices

of lean organizations are recognized the world over as the most

This article was published Online First July 28, 2014.

Marlon Nieuwenhuis, School of Psychology, Cardiff University; Craig

Knight, School of Psychology, University of Exeter; Tom Postmes, Faculty

of Behavioral and Social Sciences, University of Groningen; S. Alexander

Haslam, School of Psychology, University of Queensland.

This research was supported by an award from Productschap Tuinbow
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Correspondence concerning this article should be addressed to Craig

Knight, School of Psychology, University of Exeter, Perry Road, Exeter,
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The Relative Benefits of Green Versus Lean Office Space:
Three Field Experiments

Marlon Nieuwenhuis
Cardiff University

Craig Knight
University of Exeter

Tom Postmes
University of Groningen

S. Alexander Haslam
University of Queensland

Principles of lean office management increasingly call for space to be stripped of extraneous decorations

so that it can flexibly accommodate changing numbers of people and different office functions within the

same area. Yet this practice is at odds with evidence that office workers’ quality of life can be enriched

by office landscaping that involves the use of plants that have no formal work-related function. To

examine the impact of these competing approaches, 3 field experiments were conducted in large

commercial offices in The Netherlands and the U.K. These examined the impact of lean and “green”

offices on subjective perceptions of air quality, concentration, and workplace satisfaction as well as

objective measures of productivity. Two studies were longitudinal, examining effects of interventions

over subsequent weeks and months. In all 3 experiments enhanced outcomes were observed when offices

were enriched by plants. Implications for theory and practice are discussed.

Keywords: space, office, plants, well-being, productivity
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Shortly after his British general election victory in 2010, Prime

Minister (PM) David Cameron singled out the cost of flowers and

pot plants in Whitehall’s offices as clear evidence of the need to

eliminate waste in the public sector (Saner, 2012). His Communi-

ties Secretary, Eric Pickles, quickly followed suit and cancelled his

department’s floristry bill and berated the Audit Commission for

spending £40,000 on plants in its working environments.

Yet it appears that many of the PM’s cabinet colleagues were

not on message. It was revealed that four major government

departments — including the Foreign Office and Treasury (where

Chancellor George Osborne is responsible for the Government’s

austerity program)—spent £34,297.54 between them on plants and

flowers in the year after the Conservative election victory (Han-

sard, 2011). Luciana Berger Member of Parliament “denounced

the spending” (Morris, 2011, p. 11). David Laws, Treasury Sec-

retary, subsequently declared that his department’s spending on

plants had been cut to zero (Crampton, 2011).

Less is More: The Lean Office

Cameron’s policy—which was widely applauded in some cir-

cles—is clearly informed by a belief that money spent on office

plants is money wasted (Dravigne, Waliczek, Lineberger, & Zaji-

cek, 2008). This is a sentiment that is widely shared within the

business literature, where it is argued that clean, obstruction-free

work-surfaces are the most economical route to business health

and productivity (e.g., Haberkorn, 2005; Tapping & Dunn, 2006).

This lean philosophy has a long history. Indeed, the idea that

productive work requires a workspace clear of any interference

was first formally implemented by Josiah Wedgwood in the 18th

century (Dolan, 2004) and centuries later inspired Frederick Taylor

(1911) to apply his principles of scientific management to the

organization of office space (e.g., Crompton & Jones, 1984; Has-

lam & Knight, 2010, for a review). During the mid-20th century,

these manufacturing methods were also applied to white-collar

work (Haberkorn, 2005; Hyer & Wemmerlov, 2002) and it is from

this approach that the term the “lean office” emerged as a discrete

concept in the 1990s (e.g., Hirano, 1996). Reflecting this, it is

common for managers to insist that workspaces should be clear of

plants, pictures, souvenirs, food, and anything not directly required

for the job at hand in attempt to streamline business operations and

maximize productivity (Haslam & Knight, 2006; Skinner, 2005).

More generally, it has been observed there is a trend for offices

to move toward minimal decoration for two major reasons (Marko-

vitz, 2012). First and most importantly, this reflects the widespread

influence of a lean corporate philosophy. As the first sentence of

the Lean for Dummies guide puts it: “The principles and practices

of lean organizations are recognized the world over as the most

This article was published Online First July 28, 2014.

Marlon Nieuwenhuis, School of Psychology, Cardiff University; Craig

Knight, School of Psychology, University of Exeter; Tom Postmes, Faculty

of Behavioral and Social Sciences, University of Groningen; S. Alexander
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Experimental Design

• N= 19, Within-subject design (but not randomized order, 
potential learning effects)

• Three experimental conditions:
• Ordinary classroom (November 18, 2019)
• Hidden plants (November 25, 2019)
• Visible plants (November 25, 2019)

• Each test subject did cognitive battery (~20 minutes)

• Measurements of PM, HCHO, temp., RH, CO2

• Brief survey of IAQ perceptions and perceptions of 
plants

Jarvis et al. 2020 Indoor Air Conf. Paper 830



Four Armed Bandit Test
Condition vs. Average Number of Successful 
Balloon Pumps
95% Confidence interval 

Balloon Analogue Test
Condition vs. Average 
Cumulative Profit
95% Confidence interval 

Jarvis et al. 2020 Indoor Air Conf. Paper 830



Difficulty vs. Mean Response Time for Correct 
Abstract Matching Results 
95% Confidence



Jarvis et al. 2020 Indoor Air Conf. Paper 830



Implications

• Perceptions are also potentially important to cognitive function

• Within subjects: Learning effects/confusion between trials

• Between subjects: Individual variability



Overall Summary and Ongoing Work

Image: Hipskind et al. (2011) Nut Clin Prac

Old[F]         New[J]



Invest in indoor air to improve cognitive 
function.  Use benefits to pay for 

improvements.  Chronic health outcome 
improvement are a “side” benefit.



Parting Comments

• COVID-19 has increased attention on indoor air measures

• Can we maintain this attention as the pandemic recedes?
• Performance on standardized tests

• Reduced absenteeism from school and work

• Increased productivity

• Reduced asthma frequency and severity


