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Exam 

•  Your exam was originally due today 
–  Several requested more time so I have allowed more time 
–  You now have until Friday morning to complete the exam 
–  If you have already turned in solutions but want to revisit your 

answers and submit a new document, you can do that as well 

•  Will grade ASAP 

•  Will cover solutions next time we meet 
–  Will miss next week’s lecture (guest lecturer) 

•  Any questions? 
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Scheduling changes 

•  I will miss next week’s lecture 
–  Out of town Sunday through Thursday 
–  BUT we will have a guest lecturer 

•  Remaining topics I’d like to cover 
–  SVOCs (today) 
–  Health effects of air pollution (today) 
–  Biological pollutants and infectious disease transmission (1 class) 
–  Developing countries (1 class) 
–  Measurement technologies (1 class) 
–  Applications and standards (1 class) 
–  Final presentations (1 class or exam period) 

•  Class periods remaining: up to 6 including today 
–  Apr 2, Apr 9 (guest), Apr 16, Apr 23, Apr 30, + make-up from Mar 5 
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Schedule for the rest of the semester 

•  April 2nd (today) à SVOCs + health effects of indoor and outdoor air 
pollution 

•  April 9th 
–  Guest lecturer: Ian Cull, Indoor Sciences: http://indoorsciences.com/ 
–  Will most likely cover biological pollutants + sampling 

•  April 16th à Infectious disease transmission 

•  April 23rd à Developing countries 

•  April 30th à Final presentations 
–  Prefer to give these during exam period? (Tuesday May 7, 5-7 PM) 

•  Possible make-up classes (x1) 
–  Will still try to reschedule our missed class (March 5th) 
–  Topics left: standards and applications, more measurement technologies 
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Class survey 

•  Please complete by Wednesday night 
–  4 out of 9 of you have completed the survey so far 
–  Very helpful way for me to get feedback about the class 

•  This is your best (only?) opportunity to influence the way the 
class operates! 

•  Totally anonymous (I promise) 
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Review from last time 

•  Last time: March 26, 2013:  

•  Finished particle filtration: portable air cleaners 
–  Another loss term for particulate matter 

•  Particle penetration/infiltration 
–  Another particle source term for particulate matter 

•  Also briefly described ozone penetration 
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Today’s lecture 

•  Introduce a new type of pollutant 
–  Semi-volatile organic compounds (SVOCs) 

•  Describe research on health effects of indoor (and outdoor) 
air pollution 
–  Probably should have done this earlier to pique your interest! 
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SEMI-VOLATILE ORGANIC 
COMPOUNDS 
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What are semi-volatile organic compounds? 

•  Semi-volatile organic compounds (SVOCs) are organic molecules that 
can have meaningful abundances in both the gas phase and condensed 
(particle) phases 
–  Sometimes called particulate organic matter (POM) 
–  Compounds with boiling points from 240 to 400°C 
–  Compounds with saturation vapor pressures from 10-2 to 10-7 kPa 

•  SVOCs are generally under-studied relative to VOCs and aerosols 
–  Doesn’t mean they’re not important à largely due to analytical limitations 

•  We’ve already touched on some of these 
–  e.g., polycyclic aromatic hydrocarbons (PAHs) originating from combustion 

•  SVOCs also occur as active ingredients in pesticides, cleaning agents, 
and personal care products,  
–  And as major additives in materials such as floor coverings, furnishings, and 

electronics components 

9 
Weschler and Nazaroff, 2008 Atmospheric Environment 

Generally: as pvap,sat ↑ BP ↓ à More likely to be in gas phase than solid phase 



What are semi-volatile organic compounds? 

•  Most SVOCs have a slow rate of release from sources 

•  Exposures can occur via inhalation 
–  Both gases and SVOCs adsorbed onto particles 

•  Exposures can also occur via dermal and ingestion pathways 

•  Some are known to be toxic 
–  Dioxins, benzo[a]pyrene, pentachlorophenol 

•  Many have been removed from production over the years 

•  Others have emerging indicators of concern 
–  More than 100 SVOCs have been found in the US population’s blood in large 

biomonitoring studies 
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Some SVOCs of emerging concern 

•  Phthalate esters (BBzP, DEHP) (often used as plasticizers) 
–  Allergic symptoms in children 
–  Slowed male reproductive development 
–  Altered semen quality 

•  Perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) 
–  Was a key ingredient in Scotchgard 
–  Low birth weight, chronic kidney disease 

•  Polychlorinated biphenyl (PCBs), brominated flame retardants (BFRs), 
di-2-ethylhexyl phthalate (DEHP), bisphenol A, and some pesticides 
–  Have been linked to endocrine disrupting activity 
–  SVOCs that have chemical structures similar to those of human hormones 

and can either mimic or block endocrine (hormonal) activity 
–  EDs may be important contributors to neurodevelopment and behavioral 

problems ranging from autism to attention deficit disorder 
•  Incomplete and sometimes controversial evidence 11 



SVOC classifications, sources, and potential health effects 

12 
Xu and Zhang 2011 ASHRAE Journal 



SVOC classifications, sources, and potential health effects 
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Xu and Zhang 2011 ASHRAE Journal 



SVOC ‘partitioning’ 
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! =
particle phase concentration

total gas + particle phase concentration
=

k !SAparticles

pvap,sat + k !SAparticles

ϕ = concentration of a compound in the particle phase relative to the 
total air concentration (gas + particle) [dimensionless] 
k = constant that depends on MW of compound 
SAparticles = aerosol surface area per volume [cm2/cm3] 
Pvap,sat = saturation vapor pressure of compound (mm Hg) 

SVOCs can exist in both gas and particle phases 

Generally: as VP ↑ BP ↓ à More likely to be in gas phase than solid phase 



SVOC ‘partitioning’ 
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Remember: as VP ↑ BP ↓ à More likely to be in gas phase than solid phase 

Kp =
F /TSP( )
cg

=
cp
cg

Kp = thermodynamic particle-gas partition coefficient [m3/µg] 
F = equilibrium particle concentration of a compound [ng/m3] 
TSP = concentration of total suspended particles [µg/m3] 
cg = equilibrium gas phase concentration (ng/m3) 
cp = concentration within the particle phase (ng/m3) 

F
cg
= Kp(TSP)

How do we get Kp? 

Weschler 2003 Atmos Environ 

We can also describe particle/gas partitioning as a function of the total 
aerosol mass concentration suspended in the air: 



SVOC ‘partitioning’ 

•  Ratio between organic compound’s particle phase concentration and its 
gas phase concentration: 
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F
cg
= Kp(TSP)

Kp = thermodynamic particle-gas partition coefficient [m3/µg] 
F = equilibrium particle concentration of a compound [ng/m3] 
TSP = concentration of total suspended particles [µg/m3] 
cg = equilibrium gas phase concentration (ng/m3) 

log(Kp) is higher for lower log(pvap,sat) 
 
Kp is therefore higher for lower pvap,sat 
 
Higher Kp means greater fraction F in 
the particle phase 
 
Lower vapor pressure more likely to be 
in solid phase… makes sense, right? 

Weschler 2003 Atmos Environ 



SVOC ‘partitioning’ 

•  Rule of thumb: heavier compounds will have lower vapor pressures and 
thus be more likely to be in the particle phase (higher Kp, F, and cp) 

17 
Weschler 2003 Atmos Environ 



SVOCs in indoor environments 

18 
Weschler and Nazaroff 2008 Atmos Environ; Xu et al. 2009 Environ Sci Technol 

Mass balance. SVOCs emitted from indoor materials exist as: 
•  Gases 
•  Attached to particles 
•  Adsorbed to surfaces 



Predicted gas, particle, and surface concentrations of 
different SVOCs 

19 
Weschler 2003 Atmos Environ 



Semi-volatile organic compounds found indoors 

20 
Weschler and Nazaroff 2008 Atmos Environ 



Semi-volatile organic compounds found indoors 
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Weschler and Nazaroff 2008 Atmos Environ 



What are typical indoor SVOC concentrations? 

22 
Weschler and Nazaroff 2008 Atmos Environ 



What are typical indoor SVOC concentrations? 

23 
Weschler and Nazaroff 2008 Atmos Environ 



Indoor and outdoor connections 

•  What do flame retardants in polar bears have to do with 
indoor air pollution?? 
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Muir et al., 2006 Environ Sci Technol 



Indoor and outdoor connections 
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Björklund et al., 2012 Environ Sci Technol 

For one of the first times we’re aware of, indoor air pollution in modern countries is 
linked strongly to outdoor air pollution in remote regions of the world! 
•   Potential effects go beyond human beings 



ADVERSE HEALTH EFFECTS AND  
AIR POLLUTION 
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Adverse health effects 

•  How do we know if something is harmful to humans? 
–  Or animals? Or plants? 
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Primary methods of assessing health effects 

•  Toxicology studies 
–  Cellular level 
–  Theoretical underpinnings/underlying biological mechanisms 

 
•  Entire organisms: humans or animal models (e.g., mice): 

–  Clinical (dose-response) 
•  Fundamental relationship between exposure/dose and effect 
•  Causative mechanisms 

–  Epidemiology (exposure-response) 
•  Simply a relationship between exposure/dose in a population 
•  Correlation not causation 

–  But if informed by fundamental biological plausibility, it can help confirm 
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How do air pollutants cause health effects? 

•  PM or ozone induce airway inflammation 
•  Oxidative stress is induced by transition metals or PAHs 
•  Modifications of intracellular proteins/enzymes 
•  Biological compounds (glucans, endotoxins) affect immune 

response and inflammation 
•  Stimulation of autonomic nervous system 
•  Adjuvant (stimulate immune response) effects 
•  Pro-coagulant activity (UFPs) 
•  Suppression of normal defense mechanisms 
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Example: Particulate matter 

•  Toxicological, clinical, and epidemiological studies have all 
increased understanding of the mechanism of action by 
which PM leads to adverse health effects such as mortality 
and lung and heart disease 

30 
Sun et al. JAMA, 2005; Kunzli et al. 2005 

•  Image to the right shows 
abdominal arteries from mice 
exposed to filtered air and to 
fine particulate matter (PM2.5) 

•  PM2.5 increased arterial 
blockage 



How does PM cause health effects? 

•  Several theories exist here… likely more than one mechanism 
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4.  PM causes inflammation 
of lung tissue, resulting in 
the release of chemicals 
that impact heart function; 

5.  PM causes changes in 
blood chemistry that 
results in clots that can 
cause heart attacks. 

1.  PM leads to lung irritation 
which leads to increase 
permeability in lung tissue; 

2.  PM increases susceptibility to 
viral and bacterial pathogens 
leading to pneumonia in 
vulnerable persons who are 
unable to clear these infections; 

3.  PM aggravates the severity 
of chronic lung diseases 
causing rapid loss of airway 
function; 

 



How could PM affect the cardiovascular system? 
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PM causes injury to cardiac cells 
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PM causes injury to cardiac cells 
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PM hardens arteries 
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Ozone damages lung tissue 

•  Tiny cilia that clear the lungs 
from mucus appear along the top 
of the image to the right (healthy 
lung tissue) 

•  In the lung exposed to only 20 
ppb of ozone (to the right) for 4 
hours of moderate exercise, 
many cilia appear missing and 
others are misshapen 
–  Arrows point to tiny bodies called 

neutrophils which indicate 
inflammation 

36 
Aris et al., 1993 Am Rev Respir Diseases 



HUMAN EPIDEMIOLOGY STUDIES 
Do these cell-level impacts show up in large human studies? 
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Human epidemiology studies 

•  How would you conduct an epidemiology study? 
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Human epidemiology studies 

•  Examine two populations with different exposures 
–  e.g., babies home to renovated nurseries or not 
–  e.g, children in homes w/ vinyl floors or not 
–  e.g., spouses of smokers and non-smokers 

•  Collect data on health outcomes 
–  Asthma, cancer, etc. 

•  Form 2x2 ‘epi matrix’ for select populations 
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With effect Without effect 
Exposed exposed with effect exposed without effect 

Not exposed not exposed with effect not exposed without effect 



Human epidemiology studies 

•  Relative risk = RR 

–  RR > 1.0 = association 
–  RR >> 1.0 = strong association 

•  Odds ratio = OR (often ~RR) 

–  OR > 1.0 = association 
–  OR >> 1.0 = strong association 

40 

OR =
exposed with effect( )! not exposed without effect( )
not exposed with effect( )! exposed without effect( )

RR =
exposed with effect( ) / total exposed( )

not exposed with effect( ) / total not exposed( )



Health effects of outdoor PM: Epidemiology 

•  Early impactful study: The Harvard Six Cities Study 
–  Long-term air pollution linked to shortened life expectancy 
–  15 year prospective study of 8000+ adults in six US cities 

41 
Dockery et al., 1993 New Engl J Med 



Health effects of outdoor PM: Epidemiology 

•  Harvard Six Cities Study 
–  Relative risk of dying almost linearly correlated with outdoor PM2.5 

42 
Dockery et al., 1993 New Engl J Med 

Steubenville, OH 

Harriman, TN 

St. Louis, MO 

Watertown, MA 

Portage, WI 

Topeka, KS 

Mean PM2.5 concentration measured outdoors 
in six cities over several years in the 1980s 



Health effects of outdoor PM: Epidemiology 

•  ACS cohort: over 1 million people 
–  Increased PM2.5 à increased risk of death 

43 
Pope et al., 2002 J Am Med Assoc 



Health effects of outdoor PM: Epidemiology 
•  Follow-up of ACS cohort: over 1 million people 

–  Increased PM2.5 most strongly associated with death from heart disease, 
dysrhythmias (irregular heartbeat), heart failure, and cardiac arrest 

44 
Pope et al., 2004 Circulation 



Outdoor PM and lung growth 

•  Children living in cities with higher air pollution showed 
greater deficits in lung function growth 

45 
Gauderman et al., 2007 The Lancet 

FEV1 = forced expiratory volume in 1 second 
•  Volume of air you can exhale in 1 sec 



Outdoor PM and asthma 
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Ambient PM2.5 and ER visits for  
pediatric asthma 

Strickland et al., 2010 Am J Respir Crit Care Med 

3-day average PM2.5data measured outdoors 
in Atlanta, GA from 1993 to 2004 



More PM2.5 risk relationships 

47 
Pope and Dockery, 2006 J Air Waste Manage Assoc 



What happens when you reduce PM? 

48 
Pope et al., 2009 NEJM 

Reduce outdoor PM2.5 by 10 µg/m3 à increase life expectancy by 0.61 years 



Increased mortality risks outdoor PM2.5 

All-cause mortality 
•  4 ± 3% increase per 10 µg/m3 in PM2.5 

•  6 ± 2% increase per 10 µg/m3 in PM2.5 

•  16 ± 9% increase per 10 µg/m3 in PM2.5 

•  Fann et al. (2012) estimated that 130,000 and 4,700 deaths 
were caused by PM2.5 and ozone in US, respectively, in 2005 
–  Nearly 1.1 million life years lost from PM2.5 exposure and 

approximately 36,000 life years lost from ozone exposure 
–  Among the 10 most populous counties, the percentage of deaths 

attributable to PM2.5 and ozone ranged from 3.5% in San Jose to 10% 
in Los Angeles 
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Pope et al., 2002 J Am Med Assoc 

Krewski et al., 2009 HEI Research Report 

Laden et al., 2006 Am J Respir Crit Care Med 

Fann et al., 2012 Risk Analysis 



PM2.5 compositions 

•  All PM2.5 constituents are not equally toxic 
 
•  Sulfate ion, iron, nickel, and zinc in PM2.5 

–  Mortality 

•  Vanadium, elemental carbon, and nickel in PM2.5 
–  Cardiovascular and respiratory hospitalizations 

•  Elemental carbon, organic carbon, and nitrates in PM2.5 
–  Cardiovascular deaths 

•  Elemental carbon in PM2.5 
–  Cardiovascular hospital admissions 
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Bell et al., 2009 Am J Respir Crit Care Med 

Burnett et al., 2000 Inhalation Toxicology 

Ostro et al., 2007 Environ Health Perspectives 

Levy et al., 2012 Am J Epidemiology 



PM size: Ultrafine particles (UFP, <100 nm) 

•  Mean UFP number concentrations, not mass, associated 
with reductions in peak expiratory flow in adult asthmatics 

•  Asthma medication use associated with increased PM2.5 
mass and UFP number concentrations 

•  UFP number concentrations (not PM2.5 mass) associated 
with daily total and cardio-respiratory mortality 

•  UFP concentrations associated with strongest risk of stroke 
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Penttinen et al., 2001 Eur Respir J 

von Klot et al., 2002 Eur Respir J 

Stölzel et al., 2007 J Expo Sci Environ Epidem 

Andersen et al., 2010 Eur Heart J 



Summary of PM health effects 

•  Myocardial infarction (heart attack) 
•  Stroke 
•  Arrhythmia (irregular heart beat) 
•  Heart failure exacerbation 
•  Lung cancer 
•  Children’s lung growth 
•  Hospitalizations for asthma 
•  Mortality 
•  No apparent thresholds 

•  Health risks link to outdoor measurements, so we don’t really 
know enough about actual indoor exposures & health effects  
   → We don’t really know what threshold to target  

52 
Pope and Dockery, 2006 J Air Waste Manage Assoc; Brook et al., 2010 Circulation 



WHERE IS PM IMPORTANT? 
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PM in the U.S. 

•  We can turn to the US EPA Integrated Science Assessment 
for Particulate Matter 
–  2228 pages dedicated to describing and summarizing impacts of 

particulate matter on human health and the environment 
–  Summary of PM standards since 1971: 
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EPA Integrated Science Assessment for PM 
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Outdoor air pollution and mortality 

56 
Fann et al., 2012 Risk Analysis 



EPA Integrated Science Assessment for PM 
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EPA Integrated Science Assessment for PM 
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EPA Integrated Science Assessment for PM 
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EPA Integrated Science Assessment for PM 
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Summary of PM health effects 

•  Short-term exposure exacerbates cardiovascular and 
pulmonary disease 
–  Increases risk of having symptoms, requiring medical attention, and/

or even dying 

•  Long-term exposure results in even larger increased risks of 
respiratory and cardiovascular disease and death 

•  US policy appears to have improved human health 
–  But has not eliminated concern 
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WHAT ABOUT INDOOR EXPOSURES? 
And epidemiology studies 
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Indoor proportions of outdoor pollutants 

•  Most of the health effect estimates we’ve described stem 
from outdoor monitoring data 
–  Usually assumes everyone in a location is exposed to the same 

concentration 

•  We’ve already discussed (and had HW and exam problems) 
on how outdoor pollution becomes indoor pollution 
–  Where we spend most of our time 

•  How do we get better exposure estimates and thus health 
effect responses? 
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Example: Indoor exposure to “outdoor PM10” 

•  A recent study attempted to account for variations in AER across the US 
and, after assuming some base values for kdep and P for PM10, they 
predicted indoor concentrations of outdoor PM10 inside average homes in 
each region 

–  Compared those estimates to short-term mortality data to see if their predicted average 
indoor concentration correlated with mortality rates 

64 
Chen et al., 2012 Epidemiology 
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Example: Indoor exposure to “outdoor PM10” 
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Chen et al., 2012 Epidemiology 
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•  Four year longitudinal study of the prevalence of respiratory symptoms 
and disease in almost 6000 6-11 year old school children 

–  Children from homes in which gas was used for cooking were found to have more 
cough, “colds going to the chest,” and bronchitis than children from homes where 
electricity was used 

66 

Melia et al., British Medical Journal 1977, 2, 149-152 
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•  NO2 measured in 80 homes in Australia using passive samples 
–  148 children 7-14 years old were recruited (53 had asthma) 
–  Indoor median NO2 concentrations were 6 ppb (max 128 ppb) 
–  Respiratory symptoms were more common in children exposed to a  gas 

stove (OR = 2.3) after adjustments for parental allergy, parental asthma, and 
gender 

–  NO2 exposure was a marginal risk factor for respiratory symptoms 
•  Gas stove was still a risk factor after accounting for NO2 
•  What does that mean? 
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Garrett et al., Am. J. Respir. Crit. Care. Med. 1998, 158, 891-895 



•  Population based case-control study conducted in Perth, Australia 
–  Children 6 months to 3 years of age (cases = 88; controls = 104) 
–  Cases had asthma; controls did not 
–  Housing questionnaires were given and indoor VOCs were measured 

68 

Rumchev et al., Thorax 2004, 59, 746-751 

VOCs 



•  Cases had significantly higher VOC levels than controls (p < 0.01) 
–  Highest odds ratios were benzene > ethylbenzene > toluene 
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Rumchev et al., Thorax 2004, 59, 746-751 

VOCs 

Exposure-response curve 



•  Frequency of use of 11 chemical based domestic products was 
determined via questionnaires completed by women during pregnancy 

–  Given a “total chemical burden” score (TCB) 

•  Four wheezing patterns were defined for the period from baby’s birth to 
42 months of age (never, transient early, persistent, late onset) 

•  13971 children tracked; completely data for 7019 children 
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Sherriff et al., Thorax 2005, 60, 45-49 

Use of cleaning  
products 
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Sherriff et al., Thorax 2005, 60, 45-49 

Use of cleaning  
products 



•  Identified 3503 people in 10 countries who do the cleaning in 
their homes and who were free of asthma at the beginning of 
the study 

•  Frequency of use of 15 types of cleaning products was 
obtained by interview 

•  Tracked incidence of asthma 
•  Use of cleaning sprays at least weekly (42% of participants) 

was associated with asthma symptoms or medication use 
(RR = 1.49) and wheeze (RR = 1.39) 
–  Asthma was higher among those using sprays at least 4 days per 

week (RR = 2.11) 
–  Highest risks for glass-cleaning, furniture, and air-freshener sprays 
–  Non-spray-form products were not associated 
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Zock et al., Am. J. Respir. Crit. Care. Med. 2007, 176, 735-741 

Use of cleaning  
products 



What about SVOCs? 

•  Cohort of 10852 children 
–  198 cases with persistent allergic symptoms 
–  202 controls without symptoms 

•  Measured phthalate concentrations in house dust 
•  BBzp (butyl benzyl phthalate) was higher in cases than controls 

–  Associated with rhinitis (stuffy/runny nose) and eczema (inflammation of skin) 

•  DEHP was associated with asthma 
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Bornehag et al., Environ. Health Perspect. 2004, 112, 1393-1397 



SVOCs and thyroid function 

•  Analysis of urinary biomarker data of exposure to phthalates (DEHP, 
DBP) and BPA for 1346 adults and 329 adolescents using the National 
Health and Nutrition Examination Survey (NHANES) 

–  Compared to serum thyroid measures 

•  Found significant relationships between phthalates (and possibly BPA) 
and altered thyroid hormones 

–  These hormones play important roles in fetal and child growth and brain development, 
as well as metabolism, energy balance, and other functions in the nervous, 
cardiovascular, pulmonary, and reproductive systems 

74 
Meeker and Ferguson, Environ Health Perspectives 2011 



Ventilation rates and health 

•  Same cases (198) and controls (202) from before 
•  Compared symptoms and diagnoses to AER measurements 

–  Cases had significantly lower ventilation rates 
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Bornehag et al., Indoor Air 2005 

Significant 
difference was on 
the order of 14% 

lower in cases than 
controls 



HVAC systems and health 

•  ‘Building-related symptoms’ in office workers were assessed in 97 air-
conditioned office buildings in the US 

•  A primary correlation between building symptoms and HVAC 
characteristics was: 

–  Outdoor air intakes less than 60 m above ground level were associated with significant 
increases in most symptoms 

–  For upper respiratory symptoms, OR for intake heights were: 
•  <30 m: OR = 2.0 
•  30-60 m: OR = 2.7 
•  Below ground: OR = 2.1 
•  Above 60 m: OR = 1.0 

–  Poorly maintained humidification systems and infrequent cleaning of cooling coils and 
drain pans were also associated 

•  What does this suggest? 
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Mendell et al., Indoor Air 2008 



A NOTE ON CARCINOGENS 
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Weight of evidence categories 

•  There are several categories of ratings for human carcinogens 

•  A: Human carcinogen  
–  Good epi data 

•  Very few of these 

•  B: probable human carcinogen 
–  B1 = limited epi data 
–  B2 = inadequate epi but good non-human data 

•  C: possible human carcinogen 
–  No epi data 
–  Limited non-human animal 

•  D: not classified (inadequate data) 

•  E: evidence of non-carcinogencity 
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Getting weight of evidence data 

•  EPA IRIS: Integrated Risk Information System 
–  http://www.epa.gov/IRIS/ 
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Next lecture 

•  Please attend in full force for our guest lecturer, Ian Cull  

•  Ian works as a consultant and trainer in IAQ 

•  Former technical director of the Indoor Air Quality Association (IAQA) 

•  Ian goes out into homes and offices around Chicago to investigate indoor 
air complaints (among other things) 

•  Need to assign someone to be his point of contact 
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