
   

 
 

 
 

 
January 17, 2024 

 
EPA-SAB-24-003 
 
The Honorable Michael S. Regan 
Administrator 
U.S. Environmental Protection Agency 
1200 Pennsylvania Avenue, N.W. 
Washington, D.C. 20460 
 

Subject: Transmittal of the Science Advisory Board Report Review of BenMAP and Benefits 
Methods 

 
Dear Administrator Regan,  
 
Please find enclosed the final report from the Science Advisory Board (SAB). The EPA’s 
Office of Air and Radiation requested that the SAB review the Environmental Benefits 
and Mapping (BenMAP) software tool and the Technical Support Document for 
Estimating PM2.5- and Ozone-Attributable Health Benefits (TSD).  In response to the 
EPA’s request, the SAB formed the SAB BenMAP and Benefits Methods Panel with 
subject matter experts to conduct the review.  
 
The SAB BenMAP and Benefits Methods Panel held three virtual meetings and met in-
person on March 2 – 3, 2023, to receive a briefing on the model, discuss, and 
deliberate on the agency’s charge questions and the Panel’s integrated responses. This 
report conveys the consensus advice of the SAB in response to the agency’s charge 
questions.  The SAB recognizes that BenMAP and the TSD are essential tools in estimating 
the scale of health benefits and their associated monetary values in EPA’s regulatory 
analysis, in particular Clean Air Act regulations reducing fine particles (PM2.5) and ground-
level ozone. Thus, this report offers recommendations in the spirit of continuous 
improvement, especially as EPA moves toward a web-based tool for BenMAP to replace 
the desktop version.   
 
Overall, the SAB concludes that the BenMAP software tool provides mapping of clean air 
benefits across the United States that are scientifically robust and appropriate for regulatory 
analyses. Nevertheless, we find that the tool can be improved in several specific ways detailed 
in our review. Furthermore, we note that prior versions of BenMAP have been widely used by 
the research and policy communities and recommend that the newly developed BenMAP web 



   

 
 

tool be released in a manner that maintains existing functionality so that it continues to be 
widely usable by those communities as the prior desktop version. We would like to see future 
developments move towards a model of collaboration between the Agency and the broader 
user community.  
 
With respect to the TSD, we would like to highlight the following recommendations as highest 
priority (in no particular order):   
 

1. The SAB recommends that the EPA expand the approach described in the TSD to include 
studies from countries beyond the U.S. and Canada and broaden the “minimum” criteria 
to include studies reporting a reduced form health effect estimate of a policy change.  

2. The SAB recommends that the EPA present a single probabilistic mortality estimate 
based on pooled risk estimates with associated uncertainty ranges rather than present 
multiple estimates of mortality outcomes.  

3. The SAB recommends that the EPA shift to the use of scenarios for demographic 
information, such as the Shared Socioeconomic Pathways, rather than a single 
deterministic projection. 

4. The SAB recommends that the EPA continue to use the 20-year segmented lag to 
characterize the profile of health benefits from air pollution reductions over time rather 
than moving to a 5-year lag structure. 

5. The SAB recommends that the EPA consider approaches for estimating willingness-to-
pay (WTP) accounting for the full spectrum of uncertainty with respect to causality, 
including levels below the “likely causal” designation.  

6. The SAB recommends the EPA update the application of the value of a statistical life 
(VSL) to mortality risk changes to make it consistent with the current literature and 
internally consistent within and across regulatory impact assessments. We provide 
recommendations for updating the income elasticity of the VSL reflecting current best 
practice in the literature. We also recommend updating the underlying VSL estimate, 
which reflects data and analyses more than three decades old. 

7. The SAB recommends that the EPA incorporate results from additional concentration-
response functions beyond those that meet the criteria used in the Integrated Science 
Assessments (ISAs) to form a more robust pooled uncertainty estimate. 

8. Regardless of whether or not the EPA updates the VSL to be more consistent with 
current literature, the SAB recommends that the EPA extend its current approach to 
quantifying sources of uncertainty in benefit measures to include a more explicit 
assessment of uncertainty associated with VSL including the shape of the VSL’s 
uncertainty distribution and the transferability of VSL measures from the values in EPA’s 
Guidelines for Preparing Economic Analyses to the population affected by changes in air 
pollution. 

9. To value reductions in nonfatal health risks, the SAB recommends that EPA develop 
more comprehensive measures by expanding its cost of illness (COI) estimates to 
include a wider range of averted medical and nonmedical costs and apply estimates of 
WTP based on a criteria-driven review of the literature using the benefits transfer 
framework.  



  

 
 

When suitable WTP estimates are not available, EPA should include proxy measures at 
minimum in a sensitivity analysis, rather than rely solely on COI estimates. EPA should 
consider the following approaches: combining health-related quality of life (HRQL) and 
value per statistical life (VSL) estimates; relying on monetized quality-adjusted life year 
(QALY) estimates that consider both HRQL and duration; and other approaches to 
structural preference calibration.  

10. The SAB recommends that EPA include the effects of air pollution exposure on both 
labor productivity and human capital using a WTP approach for valuation. 

 
With respect to the online BenMAP model, the SAB prioritizes the following recommendations:  

11. The SAB recommends that EPA include access to all the data elements that it has 
permission to distribute and that users be able to upload their own datasets. 

12. The SAB recommends that future versions allow users to apply their own health impact 
functions.   

13. The SAB recommends that EPA work towards making the BenMAP tool “open-source” 
and allowing researchers to contribute to source code in a managed collaborative 
process.  

14. The SAB recommends improvements to the guidance provided for preparing air quality 
surfaces and using the surfaces currently available. 

15. The SAB recommends that when EPA creates a new version of BenMAP (e.g., the web 
version) or makes updates, EPA should run standard benchmarks to ensure that things 
are working as intended.   

16. The SAB recommends that EPA provide a description of all model inputs used to create 
the model outputs through the online interface.   

17. The SAB recommends all future developments pursue FAIR (findability, accessibility, 
interoperability, and reusability) standards and choices in data, metadata, log files,  
code, and all datasets. 
 

The SAB suggests how BenMAP might provide a categorization of uncertainties beyond those 
attributable to the concentration-response function that are currently provided, including 
factors such as exposures, baseline vulnerability and population. For the latter two, our report 
discusses the possibility of the Agency exploring socio-economic projections that span a wide 
range of potential futures such as the Shared Socioeconomic Pathways (SSPs). 
 
Ultimately, it will be important for the Agency to incorporate higher spatial resolution data to 
enable greater characterization of the distributional impacts of exposure changes. Finally, going 
forward  we advocate future versions of BenMAP be developed so that it is ready to 
incorporate forthcoming geostationary satellite data from other federal agencies.  
 
  



  

 
 

The SAB appreciates this opportunity to review the BenMAP model and Technical Support 
Document for Estimating PM2.5- and Ozone-Attributable Health Benefits. We look forward 
to the EPA’s response to these recommendations. 

 
Sincerely, 

 
 
             /s/                                                                                   

 
 
 

 

            /s/ 
 

Kimberly L. Jones, Ph.D.  Drew Shindell, Ph.D. 
Chair 
EPA Science Advisory Board  

 Chair 
SAB BenMAP and Benefits Methods 
Panel  
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NOTICE 
 
 
This report has been written as part of the activities of the EPA Science Advisory Board, a public 
advisory committee providing extramural scientific information and advice to the Administrator 
and other officials of the Environmental Protection Agency. The Board is structured to provide 
balanced, expert assessment of scientific matters related to problems facing the Agency. This 
report has not been reviewed for approval by the Agency and, hence, the contents of this 
report do not represent the views and policies of the Environmental Protection Agency, nor of 
other agencies in the Executive Branch of the Federal government, nor does mention of trade 
names or commercial products constitute a recommendation for use. Reports of the EPA 
Science Advisory Board are posted on the EPA website at https://sab.epa.gov. 
 
The SAB is a chartered federal advisory committee, operating under the Federal Advisory 
Committee Act (FACA; 5 U.S. Code 10). The committee provides advice to the Administrator of 
the U.S. Environmental Protection Agency on the scientific and technical underpinnings of the 
EPA's decisions. The findings and recommendations of the Committee do not represent the 
views of the Agency, and this document does not represent information approved or 
disseminated by EPA. 
 
  

https://sab.epa.gov/
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1. INTRODUCTION  
 
In the fall of 2022, the U.S. Environmental Protection Agency (EPA) Office of Air and Radiation (OAR) 
sought the advice of the Science Advisory Board (SAB) on its Technical Support Document (TSD) for 
Estimating PM2.5- and Ozone-Attributable Health Benefits (U.S. EPA, 2023) and the Environmental 
Benefits and Mapping (BenMAP) software tool (https://benmap.epa.gov). OAR developed a web 
version of BenMAP that calculates and monetizes the health benefits from air quality changes.  The 
SAB was asked to peer review the new web tool which replaces a prior desktop version.  OAR also 
provided a User’s Manual for BenMAP (U.S. EPA, Dec. 2022) to assist with the SAB’s review.   
 
The 2023 TSD describes the process by which the Agency reviews health and economic studies in 
deciding how to estimate and monetize the health effects of air quality changes, the data that are used 
and the characterization of uncertainty. The TSD draws upon evidence published in the Integrated 
Science Assessments (ISA) for PM2.5 and ozone (U.S. EPA, 2019, 2020b).   
 
Together, these tools enable OAR to quantify both the estimated number and the economic value of 
avoided air pollution-related premature deaths and illnesses as a result of changes to PM2.5 and ozone 
regulations. As part of its regulatory process, OAR must prepare Regulatory Impact Analyses (RIAs) that 
provide an estimate of the magnitude of benefits associated with lowering PM2.5 and ozone levels.  
Thus, OAR sought the SAB’s feedback on its approach, as captured in the TSD and BenMAP tool, and 
presented the SAB with charge questions for its consideration. Broadly, the SAB was charged with 
providing feedback on OAR’s approach to identifying endpoints to quantify and monetize and its 
calculation of health effects using BenMAP.   
 
The SAB Staff Office formed the BenMAP and Benefits Methods Panel to conduct the peer review and 
brought in individuals with demonstrated expertise in the following disciplines and subject matters: air 
pollution epidemiology; biostatistics; risk assessment; air quality modeling; public health; data science; 
uncertainty analysis; and environmental economics. The Panel held its first virtual meeting on January 
13, 2023, followed by a face-to-face (and hybrid) meeting on March 2–3, 2023, and two additional 
virtual meetings on May 16, 2023, and June 15, 2023, to deliberate integrated responses and the draft 
report.   
 
The report is organized by charge question. Each section includes a charge question followed by the 
SAB’s consensus response and recommendations. The recommendations are grouped into three tiers 
to indicate their priority.  We offer Tier 1 recommendations as our highest priority; Tier 2 
recommendations to strengthen the TSD and BenMAP model over time; and Tier 3 recommendations 
to be pursued further in the future, as resources allow.   
 
 
 
 

 
 

 

https://benmap.epa.gov/
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2. RESPONSE TO CHARGE QUESTIONS 
 

2.1. Charge Question 1:  Health Endpoints, Epidemiological Studies and Risk Estimates 
Charge Question 1. Sections 1 and 2 of the TSD describe EPA’s approach to identifying (a) health 
endpoints to quantify; (b) the epidemiologic studies from which we draw inferences about 
associations between historical changes in air quality and; (c) unit changes in risk estimated by 
the chosen epidemiologic studies. Please consider these sections in answering questions 1(a)-1(c).  

 
2.1.a.  Is this approach appropriate for developing a set of health endpoints, epidemiologic 
studies, and risk estimates for use in generating the estimated benefits associated with regulatory 
changes in emissions as part of the Regulatory Impact Analyses? Please explain. Please comment 
on the strengths and weaknesses of the approach. 

 
We recommend that the EPA continue to use the approach described in the TSD while also expanding 
the approach in the following ways: (1) including studies from countries beyond the U.S. and Canada 
(Tier 1), (2) including impacts deemed ‘suggestive’ in the ISA (Tier 2), (3) including additional 
endpoints (Tier 2). 
 
Many high-quality studies exist outside of those performed in the U.S.. For example, Canadian studies 
are currently included in the TSD, but studies on populations from other countries are not, based on 
the logic that other populations or their health care systems may differ substantially from the U.S. 
However, Canada has national health care, as do nearly all other countries in the Organization for 
Economic Development and Cooperation (OECD). The differences between the U.S. and other OECD 
nations are likely comparable to those between the U.S. and Canada. We conclude that it would be 
useful to incorporate additional high-quality studies from comparable countries, when possible. We 
suggest the Agency prioritize expanding the literature included in their analyses in those cases in which 
there is a limited ability to reliably characterize the uncertainty of the exposure-response function 
based solely on North American studies, for example for endpoints where estimates do not exist or are 
few in number for the U.S. or where non-linear relationships are poorly understood.  A particularly 
valuable result of relaxing the requirement that studies be from the U.S. or Canada is that meta-
analyses and systematic reviews already available in the literature that incorporate data from both 
North America and elsewhere would be eligible for inclusion. A useful step would be to develop criteria 
on what constitutes a comparable country. A way forward might be to evaluate the distribution of key 
characteristics across the U.S. population, such as pollution exposures, socio-economic status, and life 
expectancy, and include studies from countries for which their mean values fall within the central 50% 
of the U.S. distribution.  
 
The TSD likely undercounts the full range of health impacts for at least two reasons. First, many of the 
transient and subclinical impacts from air pollution are not included because they are not widely 
measured or readily monetizable. Second, many health endpoints only have a “suggestive” relationship 
with air pollution, where the quantitative uncertainty may be due to emerging evidence or challenges 
with research designs rather than a weakly established relationship.  
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One approach to addressing this deficiency is to consider quantifying health endpoints currently 
deemed “suggestive,” such as birth outcomes including birth weight.  Among the suggestive endpoints 
identified in the ISA, the EPA could prioritize those with larger monetary values and/ the greatest 
prevalence and severity of disease. Low birth weight, for example, is both a common and costly 
outcome—worthy of the analyst’s attention. This prioritization would keep the additional endpoints to 
a smaller and manageable list. Continued reporting of individual impacts would permit only those with 
a ‘causal’ or ‘likely causal’ designation to be assessed when desired. 
 
Finally, additional endpoints might be available outside the traditional literature included in the EPA’s 
current approach to searching the literature. Research on the pollution-health relationship has become 
increasingly interdisciplinary, with many fields in the social sciences now conducting such research. 
These papers produce epidemiological-style research but are typically not published in epidemiology 
journals. It is important for these studies to be included in the TSD and hence we suggest the Agency’s 
search of the literature for health endpoints and risk estimates should include social science literature, 
in particular economics, in addition to epidemiological literature.  
 
As a specific example, another health endpoint worth considering is the occurrence of symptoms 
severe enough to lead to pharmaceutical use to alleviate them. Several studies consistently document 
impacts of air pollution exposure on drug use, but this is primarily in the economics (or 
pharmaceutical) literature since this reflects an important expenditure and thus welfare impact 
(Deschenes et al., 2017; Menichini and Mudu, 2010; Williams and Phanuef, 2019) rather than in the 
medical/epidemiological literature.  
 

2.1.b. The TSD describes the “minimum” and “preferred” criteria used to select epidemiologic 
studies and subsequent risk estimates that should be used to develop Health Impact Functions for 
inclusion in a benefits analysis. Please comment on whether the minimum and preferred criteria 
identified by EPA are appropriate, on the strengths and weaknesses of the preferred criteria 
identified by EPA, and whether the application of these criteria has been implemented with 
consistency in the TSD. Do you recommend adding to or editing the criteria for the selection of 
studies and risk estimates, or does the SAB have recommendations for alternative criteria or 
changes to EPA’s approach to applying those criteria? (See Section 2.2.3 and selection Excel file 
for the list of studies included)? Please explain. 

 
We conclude that the “preferred” criteria are appropriate for the selection of epidemiological studies, 
but that the “minimum” criteria are too narrow. We recommend that the “minimum” criteria be 
broadened to include studies reporting a reduced form health effect estimate of a policy change 
(Tier 1). We further recommend that EPA closely follow the development of the literature with 
regard to differential toxicity of individual PM2.5 components (Tier 3). 
 
When including point estimates from specific studies, it is important to consider the many important 
studies do not provide a direct estimate of the marginal effect from a unit change in pollution, but 
instead report a reduced form estimate of a particular policy change on a health endpoint. Since many 
of these studies often provide a higher degree of internal validity, it would be useful to incorporate 
them by converting the reduced form estimates into a marginal change in pollution, commonly 
referred to as the Wald estimator. An example is the work of Deschenes et al. (2017), who study the 
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effect of the Nitrogen Oxides Budget Program (NBP) on health endpoints. This paper produced a 
reduced form estimate of the effect of the NBP, but also scaled the reduced form by the first stage 
relationship between the NBP and ozone to provide an estimate of the effect of ozone on health. 
 
A second, closely related point is that it is important to consider incorporating studies that do not focus 
solely on PM2.5 but instead focus on other air pollution measures in cases for which PM2.5-based risk 
functions are not available. Although PM2.5 has now been monitored in the U.S. for several decades, 
some important contexts arise in which related pollutants, such as TSP or PM10, were instead the 
pollutant of interest. For example, early childhood exposure to pollution has been linked with 
deceased earnings in adulthood, where the gap between exposure and impacts is over 40 years (Isen 
et al., 2017; Voorheis 2017; Colmer and Voorheis, 2020). Another scenario arises where investigators 
use an historical event as part of an empirical strategy to obtain causal estimates of the effect from 
pollution exposure, such as the passage of the Clean Air Act Amendments or an important macro-
economic event (Sanders, 2012). Alternatively, TSP or PM10 may be appropriate measures when the 
investigation is in a country where PM2.5 measures are only more recent, which is the case in many 
European nations (see charge question 1.a for the recommendation for including such countries). For 
example, Holub et al. (2020) study PM10 in Spain and Roth studies PM10 in London (2018) but neither 
incorporate PM2.5 data.  
 
If these studies provide estimates for health or non-health endpoints that are not captured elsewhere, 
it would be prudent to consider including them in the EPA’s approach by converting the pollutants into 
PM2.5 using  relationships between the two. For example, Brook et al. (2011) find that PM2.5 accounts 
for 49% of PM10 and PM10 accounts for 44% of TSP.  However, there was considerable variability 
among sites in the Brook et al. study, with the mean PM2.5 to PM10 ratio ranging from 0.36 to 0.65. 
Therefore model results for the spatially resolved ratio of PM2.5 to PM10 would likely need to be used 
for this conversion, which would be challenging as the relationship between TSP or PM10 and PM2.5 
will vary temporally as well as spatially.  

When additional outcomes are considered for which data are from an historical event or non-U.S. 
context, there is a potential for double counting if such outcomes are also included in endpoints 
currently addressed . This can be minimized by focusing on non-traditional outcomes such as 
productivity or human capital (discussed in charge question 4.g). Note that when the outcomes under 
investigation stem from latent effects, the risk of double counting is essentially non-existent; these 
latent effects would not be captured elsewhere. 

With respect to the chemical composition of PM2.5, the EPA’s health evaluation does not consider 
different components based on the conclusions of the ISA. Emerging evidence suggests that different 
sources of PM may have different toxicities (e.g., Thurston and Bell, 2021; Wang et al. 2022), thus 
suggesting a future consideration for the EPA to include. This may also help when incorporating 
evidence from outside the U.S., where PM composition might be substantially different. The EPA 
should follow developments in this area with an eye toward eventually including differential toxicities 
of various PM components should adequate data become available. 

 
2.1.c. Considering existing OMB and EPA guidance on preparing economic analyses, please 
comment on: (1) the conditions under which the science or other best practice guidelines would 
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support EPA presenting multiple estimates of pollutant-attributable mortality; (2) whether the 
mortality estimates described in the TSD capture the range of potential benefits of PM2.5 and 
ozone reduction; and (3) the scientific and analytic advantages and disadvantages of reporting 
benefits calculated using a pooled risk estimate versus reporting benefits calculated using the 
single estimate best characterizing risk. 

 

We recommend that the EPA present a single probabilistic mortality estimate based on pooled risk 
estimates with associated uncertainty ranges rather than present multiple estimates of mortality 
outcomes (Tier 1). This will require development of a systematic method for pooling the available 
data that weights the studies to account for differences in credibility and provides risk estimate 
uncertainties (Tier 1). 
 
Guidance documents developed by both the Office of Management and Budget (OMB) and EPA 
encourage examining uncertainty broadly construed (OMB, 2003; U.S. EPA, 2014b).1 Risk estimates 
from the top epidemiologic studies sometimes differ by a factor of two or more. Presenting multiple 
estimates drawn directly from the primary literature is one way to convey the prevailing uncertainty 
and seems consistent with both sets of guidelines. The mortality estimates from PM2.5 and ozone 
reduction described in the TSD are presented in this spirit, and we conclude that these raw estimates 
provide a reasonable characterization of the range of potential benefits of PM2.5 and ozone based on 
current understanding. 

Yet, beyond merely presenting two or more alternative estimates of population risk parameters, we 
believe that a preferred approach would be to develop a single synthetic estimate and associated 
characterization of uncertainty that combines information from all relevant primary studies. The 
results of such a synthesis could take the form of a central point estimate with an associated range for 
sensitivity analysis or a probability distribution for Monte Carlo analysis. We encourage the Agency to 
examine whether one or more standard methods of meta-analysis (Borenstein, Hedges, Higgins, & 
Rothstein, 2021; Cooper, Hedges, & Valentine, 2019; Burnett et al., 2018, Stanley and Doucouliagos 
2011) or other forms of information synthesis (Manski CF, 2020; Manski, 2010) could be used for this 
purpose, and to support internal and external research and development of modified or new methods 
as needed. Presentation of results using individual risk functions should still be maintained to allow 
individual users flexibility even if a pooled risk became the primary risk function used in benefits 
analyses. 

A particular challenge that the EPA will face when synthesizing risk estimates will be to account for 
relevant heterogeneities within a single study among the exposed individuals that comprise the 
samples in each primary study. There are also substantial heterogeneities between studies, and the 
health effects of pollutant exposures are known to be moderated by age, sex, socio-economic status, 
and other factors, leading to heterogeneities since these factors will vary across studies in observable 
and unobservable ways. For example, the EPA may need to combine estimates of the effect of PM2.5 
concentrations on mortality risks from one study that examined individuals aged 40 and above from 
middle- and high-income households with an estimate from another study that examined individuals 

 
1 OMB Circular A-4 was updated on November 9, 2023, after the Panel completed this report.  We understand that EPA will 
be taking into account the effect of any updates on the recommendations in this report.  The updated Circular may be 
found at https://www.whitehouse.gov/wp-content/uploads/2023/11/CircularA-4.pdf.   

https://www.whitehouse.gov/wp-content/uploads/2023/11/CircularA-4.pdf
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aged 50 and below from low- and middle-income households. Some form of structural or model-based 
meta-analysis may be needed to account for these and other moderating factors (Jak, 2015; Jak & 
Cheung, 2020; Jak, Li, Kolbe, de Jonge, & Cheung, 2021). In Appendix A: Pooling Risk Estimates, we 
provide a simplified example to show how risk estimates pertaining to distinct or overlapping age 
ranges can be synthesized in an internally consistent manner. Burnett et al. (2018) provides another 
example of a method to pool results from different age groups. These examples consider only one 
dimension of heterogeneity, whereas in many cases analysts will need to account for multiple 
heterogeneities to provide a credible structural equation for generalizing risk estimates to a broader 
population or transporting estimates to new policy settings (Tipton & Hartman, 2023), so the example 
illustrates both the opportunities and the challenges of structural meta-analysis. 

A separate challenge when pooling evidence involves the assignment of weights on individual 
estimates from different studies. Conventional methods of meta-analysis pool estimates using weights 
that depend on the estimated sampling variability of each primary estimate (standard errors) and the 
overall heterogeneity among the estimates (Kepes, Wang, & Cortina, 2023). However, outside of the 
data collection phase when choices to include or exclude the available estimates are made, 
conventional meta-analytic methods typically do not account for differences in aspects of the 
identification strategies and other study design features that may affect the internal and external 
validity of the resulting estimates. A more efficient study with low standard errors might be based on a 
design that is less likely to isolate a generalizable or transportable causal treatment effect than another 
study with higher standard errors, which would set up a trade-off between precision and accuracy 
when combining evidence from the two studies. Therefore, we encourage the EPA to explore methods 
for adjusting the weights it assigns to pooled risk estimates to reflect the Agency’s considered 
judgments about differences in validity among the primary studies. Some previous meta-analyses have 
used a form of quality weighting (Ahn and Becker, 2011; Valentine, 2019), but we are aware of none 
that have applied the approach we propose in Appendix B: Validity Weighting in Meta-Analysis. 

We do not have a silver-bullet recommendation on this issue. Different methods of characterizing 
uncertainty and synthesizing risk estimates will have competing advantages and disadvantages. At one 
extreme, merely presenting multiple primary risk estimates may be the simplest way to convey some 
of the prevailing scientific uncertainty, yet it places a higher burden of interpretation and synthesis on 
the decision-makers who must make use of the estimates. At the other extreme, using some form of 
structural meta-analysis would allow analysts with the relevant subject matter and statistical expertise 
to make the judgments and perform the probability calculations that are notoriously difficult for most 
people (Benjamin, 2019), and it would give decision-makers a more directly actionable bottom-line 
result. But this approach would be more challenging for analysts to implement and would require 
making a series of simplifying assumptions and explaining these in a manner that is transparent and 
readily comprehensible to most readers. Of course, this is not a binary choice. The EPA could present 
multiple estimates in their raw form and present the results of a meta-analysis that produced a 
synthesized point estimate and uncertainty range or distribution, with full explanation of the 
intermediate and final results, including the key assumptions that are needed to justify each step in the 
progression. 
 

2.1.d. Currently, EPA updates its selection of health studies approximately every five years, in 
concert with each new ISA. What is the appropriate frequency for EPA to update its selection of 
health studies?  What would be too frequent?  What would be insufficiently frequent? 
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We recommend that the EPA continue to update its selection of studies at five-year intervals along 
with the ISA, and that it consider providing interim updates at its discretion when substantial 
advances in the science are reported (Tier 3). 
 
The ideal periodicity of review would be as frequently as the science demands.  Since the science is 
rapidly emerging at a rate that challenges EPA’s 5-year periodicity, we suggest that the EPA consider 
creation of a supplemental procedure that would allow for more rapid updating when new scientific 
evidence emerges. The details of such a procedure appears to be more of a practical question for EPA 
than a question that outside scientists could answer. The SAB is mindful that EPA is tethered to a 5-
year review schedule under the Clean Air Act2, and the review concluded that updating less frequently 
than at 5-year intervals would be insufficient.  
 
Given that EPA is constrained by law and its Integrated Science Assessments development process, we 
suggest a secondary step  for the EPA to facilitate the process of outside researchers uploading their 
own beta coefficients when a new study becomes available.  Naturally the latter would allow for any 
concentration-response (CR) function but would not necessarily be “officially endorsed” by EPA. 
 
2.2. Charge Question 2:  Baseline Rates of Death and Disease  

Charge Question 2. Sections 3 and 6.3 of the TSD describe the baseline rates of death and disease 
used to quantify counts of pollutant-attributable effects. Please consider the approaches used to 
generate these baselines as you answer questions 2(a)-2(e). 

 
2.2.a. Are these rates appropriately matched to each outcome according to ICD-9 or ICD-10 code? 

 
The SAB endorses the current approach and concludes that the ICD-9 or ICD-10 codes appear to be 
appropriately matched to each outcome. 

  
2.2.b. Are these rates resolved to the appropriate spatial and temporal scale for performing 
benefits analyses? 
 

We recommend that all baseline rates of death and disease be resolved at the county level, as some 
already are, or as close as possible to that level, and that the EPA balance the use of the most up-to-
date rates available with the stability of longer-term data (Tier 2). 
 
Regarding spatial scales, the EPA provides information on the geographical distribution of some 
background disease rates in the TSD. Mortality is stratified to age, cause, race, and county, which is 
adequate. All-cause mortality rates are specified at the census tract level, which is even more useful 
than the county level. While the panel recognizes that these are unlikely to be available for all specific 
individual health endpoints of interest, it encourages the Agency to continue pursuing higher 
resolution baseline rates of death and disease, especially as it moves towards more systematic and 
detailed distributional analyses. We encourage the Agency to expand baseline health (and population) 

 
2 In Section 42 U.S.C. §7409(d)(2), the Clean Air Act directs the Clean Air Scientific Advisory Committee (CASAC) to review the 
National Ambient Air Quality Standards (NAAQS) “at five-year intervals” and recommend to the EPA Administrator “any new 
national ambient air quality standards and revisions …as may be appropriate.” 



  

8 
 

datasets to better represent indigenous communities at a locality level. Other data are at varying 
degrees of geographical detail and other forms of stratification, but the information provided in the 
TSD is inadequate to evaluate the level of geographic detail underlying the analysis for some of the 
morbidity outcomes. The possibilities remaining with the documentation in the TSD imply very 
different levels of geographic specificity, so it is important that the TSD be clear about the geographic 
specificity of data coverage. It would be helpful for the TSD to provide a map of the detail of data 
coverage, and quantify the populations covered by each level of geographic specificity.  
 
The EPA should strive toward having as much of this data as possible at the county level, and to 
evaluate the adequacy of the data used in the TSD, the EPA should provide information on how much 
data are at what level of geographic detail. Currently, the TSD lists the following health outcomes as 
using national, regional, state, and/or county as levels of detail: Hospitalizations, emergency 
department visits, nonfatal acute myocardial infarction, and Alzheimer’s disease. However, there is no 
information on coverage for each of these levels of geographic specificity. For example, with 
information provided in the TSD it could be that 37 states have county-level information, 12 have 
state-level, and 1 state is using a nationwide average; alternatively, it could also be that 1 state had 
county-level data, 3 had a state average, and 46 were using a nationwide average.  

 
The following health outcomes appear to use national averages: asthma onset, Parkinson’s disease, 
allergic rhinitis, cardiac arrest, lung cancer, stroke, work loss days, school loss days, and minor 
restricted activity days. This is inadequate as it misses hotspots in background disease, which have 
been noted for asthma (New York City Health Department Environment and Health Data Portal), and 
likely exist for other health impacts.   

 
The TSD’s background rates of death and disease could benefit from an assessment of the data quality 
in addition to the questions of coverage and resolution. Such an assessment could focus on the 
following questions:  

• Is there comprehensive nationwide coverage of background rates for a disease? Or are there 
some areas of the country missing?  

• What is the core geographical resolution of the data being used? Are individual counties 
each reporting individual rates for each county or is a state or national average being used?  

 
We also suggest that the EPA explore the use of alternative datasets and methods that exist that could 
be incorporated into the TSD, BenMAP and future RIAs, specifically:  

• data available from Medicare and Medicaid claims datasets (Di et al., 2017a; Di et al., 2017b; 
Wei et al., 2021; Danesh et al., 2021; Eum et al., 2019); 

• data available from state, regional, and city departments of public health, U.S. Centers for 
Disease Control, or similar agencies (e.g., New York City Health Department; Center for 
Disease Control); and  

• imputation, interpolation, and downscaling methods, along with synthetic population 
methods for deriving more geographically resolved background rates of health outcomes 
(Levy et al., 2014). 

However, this could be challenging given inconsistencies in existing data.  
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Regarding timescale, there is a balancing act between finding a long-term, robust estimate of 
background health rates and being up-to-date. This is made even more challenging with COVID likely 
producing a categorical change in background vulnerability of the population and changing disease 
rates. EPA should endeavor to balance the most recent years with data available that apply most 
readily to years being examined with use of an adequate number of years of data to provide a stable 
estimate of background rates, which likely depends upon the particular health outcome. 

 
It would also be appropriate for EPA to incorporate background disease rates in a formal uncertainty 
analysis, including variation and general uncertainty, along with uncertainty introduced by having data 
at low-resolution.  

 
2.2.c.  Are the assumptions EPA makes in projecting death rates reasonable? 
 

The SAB concludes that the assumptions EPA makes are reasonable but recommends that the EPA 
move toward using projections that incorporate uncertainty in projected death rates such as the 
Shared Socioeconomic Pathways’ projections (Tier 2). 
 
The assumptions made in the TSD to project death rates are reasonable to the extent that it is 
reasonable or necessary to make a single deterministic prediction of future death rates. However, 
there exists substantial uncertainty regarding the future development of factors that influence death 
rates, including climate change, national and international politics, and technological development 
between now and 2060. Because of this uncertainty, a single deterministic prediction of related 
phenomena is unlikely to be accurate. Scenario analysis—making predictions under a range of 
assumed scenarios meant to capture the range of plausible outcomes—is often considered more 
appropriate than deterministic predictions when reasoning about the future under high uncertainty 
(Duinker and Greig, 2007). The “Shared Socioeconomic Pathways” (SSPs; Riahi et al., 2017) framework 
has recently gained widespread adoption in the research community as a shared framework for energy 
and environmental analysis for an uncertain future and could be useful in the context of EPA’s benefits 
analyses. The EPA should explore the possibility of using SSP-based projections for death rates, for 
example based on the work of Hauer (2019). 
 
By default, the SSPs are specified at a spatial resolution much coarser than is practical for use in the 
context of air pollution health impact assessment. SSP information has been downscaled to regional 
and local scales in several studies on a case-by-case basis, but there do not yet exist emergent best 
practices for such downscaling (O'Neill et al., 2020). Downscaling has been used in several relevant 
contexts, including air pollution, population, and temperature data (Fabian et al., 2014; Limaye et al., 
2018; Petkova et al., 2013; Di et al., 2019; Voorhees et al., 2011; Sun et al., 2022). The methods used 
include interpolation based on other available data, regression approaches, and machine learning. We 
also encourage the EPA to update its own Integrated Climate and Land-Use Scenarios (ICLUS) project3 
to incorporate more recent data within its projections of demographic trends. This project has 
produced spatially explicit projections of population and land-use for the conterminous United States 
on an annual basis through 2100 for a number of SSPs. These include domestic migration associated 

 
3 EPA’s Integrated Climate and Land-Use Scenarios (ICLUS) project provides downloads of land use and population projections 
at https://www.epa.gov/gcx/about-iclus.   

https://www.epa.gov/gcx/about-iclus
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with climate change, as well as other factors, and hence updated versions of these could provide 
valuable information for high-resolution death rate projections. 
 
Finally, we encourage the Agency to work towards aligning projections of death rates used for air 
quality-related benefits analyses and those used in the analyses of the social cost of greenhouses 
gases. This applies not only to death rates, but also to morbidity rates and population characteristics 
discussed in response to later charge question subsections. 

 
2.2.d.  Is the approach used to estimate race- and ethnicity-stratified mortality incidence 
appropriate?  
 

The SAB concludes that the current approach is appropriate but, as a longer-term goal, we recommend 
that the EPA look to include sub-county information and additional datasets related to the impact of 
COVID on mortality incidence (Tier 3). 
 
The EPA should continuously search for alternative datasets and methods to develop baseline 
mortality and morbidity rate data that is stratified by race and ethnicity, while also being mindful of 
existing constraints due to privacy concerns and suppressed data. The method the EPA applied in the 
TSD is adequate to develop mortality estimates for county-level estimates, pre-COVID, but this may not 
adequately represent the impact of COVID, or hotspots in mortality that exist at the sub-county level. 
We conclude that, as in our response to question 2b, it would be appropriate to consider using data 
from Medicare, Medicaid, datasets maintained by other federal, state, regional, and city health 
agencies, or imputation methods in order to develop mortality estimates below county level. 
   
According to the TSD, race stratification used 2007 – 2016 as the date range whereas the 2012 – 2014 
timeframe was used for the baseline. It was unclear why different date ranges would be used and it 
would be helpful for the Agency to expand upon the use of those specific dates. 
 
It would also be helpful to understand, or at least acknowledge, the impact that the COVID pandemic 
will have on both absolute death rate and mortality attributable to specific causes. We note that there 
may be an impact of COVID on overall lung and immune functioning, and that the virus can exacerbate 
death rates associated with causes that are not explicitly denoted as COVID-related. 
 

2.2.e.  Should EPA also consider projecting all or some morbidity rates? 
 
The SAB recommends that the EPA explore the availability of projections that reflect differences in 
baseline morbidity rates across race/ethnicity, and across geographies, such as those created under 
the Shared Socioeconomic Pathways initiative (Tier 3). 
 
Projecting morbidity data is challenging. Consider, for example, changes in rates of cardiovascular 
disease, which declined steadily for several decades throughout the latter 20th century (Kones and 
Rumana, 2017; Young et al., 2010). Until recently, it would have been reasonable to assume that the 
decline in some risk factors – hypertension, high cholesterol, smoking -- and in cardiovascular disease 
itself would have continued to decline. However, there was a deceleration in the decline in 
cardiovascular disease mortality in the last decade (Reither et al., 2011; Avanth et al., 2023)). The 
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epidemic of obesity and associated type 2 diabetes has also been projected to increase morbidity and 
mortality, especially among youth and young adults as they age (Stephen et al., 2016). Even before the 
COVID pandemic stagnation in the increase in life expectancy occurred in some US demographic 
groups. More recently there are promising new pharmacological treatments for obesity and associated 
metabolic disease (Akoumianakis et al., 2023). The impact of these treatments on long-term morbidity 
and mortality is still under study, so there is uncertainty in projecting changes into the future. In 
addition, some states have limited data even on current county-level morbidity rates, as described in 
Section 6.3 of the TSD. 

 
Given these uncertainties, for some outcomes using current morbidity rates may be a more defensible 
option than projecting changes in morbidity into the future. Nevertheless, one suggestion for how to 
project morbidity rates is the Shared Socioeconomic Pathways (SSP) developed by the research 
community described in greater detail in charge question 2c. Predictions can be made under a range of 
assumed scenarios meant to capture the range of plausible outcomes. Evaluating the effects of policies 
under these different scenarios could be part of sensitivity tests and uncertainty analysis. Scenarios 
might evaluate potential changes in full population morbidity rates due to trends like diet, medication, 
and COVID, along with equity/inequity of changes across race/ethnicities, income, educational 
attainment, and other demographic factors. Estimating these changes in covariates into the future and 
their impact on morbidity will be labor intensive, so it will be important to consider carefully which 
changes are likely and are also likely to have substantial impact on morbidity, and to focus on them. 
Regardless of the choice around one set of estimates or a set of scenarios, the EPA should develop 
projections of morbidity rates that reflect differences in baseline morbidity rates across race/ethnicity, 
and across geographies, in as much geographical detail as possible.   

 
Finally, appropriate qualitative consideration of uncertainty of current morbidity rates and of current 
population trends in rates, is appropriate in interpreting the pollutant-attributable effect estimates, 
including those from BenMAP. If BenMAP impact assessment continues to be updated in 5-year 
intervals, this provides an opportunity for corresponding updates in local morbidity rates. The trend in 
the age distribution of the population is relatively predictable at a local level, notwithstanding 
uncertainties due to factors such as migration, and this is likely to have a larger impact on health costs 
and benefits of PM2.5 and ozone than less certain trends in changing morbidity not related to an aging 
population.  
 
2.3. Charge Question 3:  Population and Demographic Data 

Charge Question 3:  Section 4 describes the population and demographic data used for 
quantifying health effects. Please reference this section in answering questions 3(a)-3(d). 

 
2.3.a. Does the demographic information used to quantify pollutant-attributable cases as 
described in Section 4 reflect the best available science? 

 
The SAB recommends that the EPA shift to the use of scenarios for demographic information, such as 
the Shared Socioeconomic Pathways, rather than a single deterministic projection (Tier 1). We also 
recommend that the Agency pursue further intra-urban level spatial resolution, extending analyses 
to neighboring nations, and developing models that account for the interdependence of air pollution 
changes themselves on population demographics (Tier 3). 
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Based on the TSD and clarifications from EPA staff, our understanding is that demographic data are 
determined by starting with the most recent available decennial Census data (for year 2010 currently) 
and then projecting it to years of interest using proprietary data from Woods & Poole. It appears that 
all demographic data are used at the Census-tract level of spatial aggregation. As discussed elsewhere 
in this report (for example, in response to charge question 2), scenario analysis is a more appropriate 
way to analyze future population, rather than making deterministic predictions. The use of the SSPs for 
this purpose has gained wide adoption, and SSP-based population projections are available, for 
example by Hauer (2019). These data are freely available, transparently documented, and generated 
by the academic community, which is preferable to the closed, inscrutable nature of the Woods & 
Poole projections. In addition, the academic community has developed SSP-specific projections for 
GDP per capita that could be used to consistently adjust WTP measures for future growth in real 
income, as outlined in TSD section 5.4. Dellink et al. (2017) and Wang and Sun (2022) provide 
examples. 
 
The use of census-tract level data will provide fairly high spatial resolution for demographic 
information. We encourage the Agency to push as much as practical toward utilizing intra-urban spatial 
resolution in their health impact assessments, including use of demographic data at block or block-
group resolution, as concentration levels typically co-vary with demographic characteristics within 
urban areas (Paolella et al., 2018). This effort is sometimes hindered by data suppression at high 
resolution, but this can be addressed in many cases by using data imputation (Levy et al., 2014). 
However, depending on why data are missing, imputation can sometimes bias results and create 
problems for estimation and inference, so that use of imputation should be carefully considered (e.g., 
Lillard, Smith, and Welch 1986; Hirsch and Schumacher 2004; Bollinger and Hirsch 2006; Little and 
Rubin 2014).  
 
Additionally, we note that current EPA methods only consider people within the borders of the United 
States. However, residents of other countries (in particular, Canada and Mexico) are also exposed to 
pollution originating in the United States. In light of a recent return by the EPA to the long-running 
practice of considering impacts to populations outside of the U.S. in its analysis of climate change 
impacts (Interagency Working Group Paper, 2021), we encourage the Agency to also consider doing 
this in its air quality impact assessments. 

 
Finally, we would like to highlight that some of the exogenous assumptions that go into population 
projections are in fact partially endogenous to any air quality scenario that is being analyzed. For 
example, reductions in air pollution will decrease the rate of death, leading to increased population. 
Similarly, if air pollution improves in a specific area, housing costs may rise, attracting more affluent 
people while displacing the previous residents (Patterson and Harley, 2019). We encourage the Agency 
to move toward approaches to modeling that can capture this type of dynamical interdependency. This 
may require interdisciplinary collaboration within EPA, or the adoption of more flexible software 
development frameworks and techniques to promote coupling among different models and is likely to 
require substantial effort. 
 

2.3.b. The Woods & Poole projected population is used to quantify and value PM2.5 and ozone 
health impacts. Is the Woods & Poole data appropriate for this purpose? Are there alternative 
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projections that EPA should consider using instead? Why might your proposed alterative be 
preferable? 

 
The SAB recommends that the EPA shift to the use of publicly available, peer-reviewed scenarios for 
demographic information, such as the Shared Socioeconomic Pathways, rather than the proprietary, 
single deterministic projection of Woods & Poole (Tier 1). 
  
There are a number of datasets providing population projections outside of Woods & Poole that may 
be appropriate for the purpose. Most notably, there are the population projections underlying the SSPs 
that are used by the Intergovernmental Panel on Climate Change (IPCC) (Hauer 2019). Those datasets 
are open access and publicly available (Hauer 2018). In addition to that dataset being fully open access 
(methods and code available publicly), publicly available, and peer-reviewed, the dataset provides five 
alternative projections for population throughout the United States, giving EPA the capacity to 
evaluate uncertainty and sensitivity of results to alternative population projections, something we 
have stressed in previous charge questions. We also encourage the Agency to consider updating its 
own ICLUS project projections with more recent data that could provide another option for population 
projections consistent with the SSPs.  
 

2.3.c.  Are the age, sex, race and ethnicity strata in the population data used to quantify effects 
appropriately delineated and appropriate for quantifying effects across subpopulations? 

 
While the current data are appropriate, the SAB recommends that EPA consider adding additional 
stratification to include multi-racial people, sexual minorities, and individuals with co-morbidities 
(Tier 2). 
 
The TSD does not include extensive information regarding which strata are used, stating only that 
projections are “stratified by race/ethnicity, age, and sex”. In the BenMAP User's Manual, Table D-8 
states that the race strata are White, Black, Native American, and Asian. Age strata appear to be < 1 
year, 1-4 years, 5-14 years, 15-24 years, 25-34 years, 35-44 years, 45-54 years, 55-64 years, 65-74 
years, 75-84 years, and 85+ years for race- or ethnicity-stratified data (Appendix D). It appears that 
there are also ethnicity strata (Hispanic and non-Hispanic; Table J-5). The gender strata are apparently 
Male and Female (Table J-5). 

 
In addition to the categories above, we recommend that the Agency consider additionally quantifying 
impacts to multi-racial people, sexual minorities, and individuals with co-morbidities. These groups are 
all known to have unique susceptibilities to various exposures (Goldsmith and Bell, 2022). We 
recognize that these efforts may be hindered by data limitations but encourage the Agency to explore 
the use of data imputation to fill any gaps, motivated by the consideration that an imperfect 
quantification of an important issue is often better than no quantification at all. A potential example of 
imputation is that described in Levy et al. (2014), though as noted in our response to 2.3a there are 
challenges associated with imputation that need to be considered. 

 
We would also like to stress the importance of the ability to analyze impacts stratified by demographic 
group, and to encourage the Agency to fully support the use of BenMAP-CE until these capabilities 
have been fully integrated into the new web version of the model. 
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2.3.d. Are the data used to estimate the number of individuals according to poverty status, 
educational attainment, and linguistic isolation appropriate?  

 
The SAB concludes that the data used are appropriate but we recommend that the EPA provide 
additional documentation on these data (Tier 1) and explore the use of additional indicators of socio-
economic status (Tier 3). 
 
Though the 2023 TSD did not provide specific information on the methods used for poverty status, 
educational attainment and linguistic isolation, details are given in Appendix J of the BenMAP User’s 
Manual.  These descriptions were helpful and generally represented reasonable approaches. There 
were several areas that lacked clarity including the specific variables from the American Community 
Survey (ACS) (U.S. Bureau of Labor Statistics, 2015) which were used in defining each of these areas. 
Though narrative descriptions were provided (e.g., “below poverty line”), it would be helpful for the 
Agency to list the specific variable used (e.g., B17001_002E) to aid in evaluation of the appropriateness 
of the variable.  

 
Similarly, specificity was not given about the specific variable used when multiple options were 
available – e.g., for linguistic isolation, two options - “less than very well” and “less than well” - were 
both defined as options. To increase transparency and the enhance the ability of external review of the 
methodologies, the variables used in the model should be explicitly defined. Additionally, if multiple 
variables are available for the same outcome, sensitivity analysis to determine the impacts of one 
option over another would be appropriate.  

 
We also note that the mechanism for selecting the socio-economic factors to include in EPA’s analysis 
is not clear, and that the Agency’s approach utilizes a smaller set of indicators relative to indices such 
as the Centers for Disease Control and Prevention (CDC) Social Vulnerability Index (SVI) (Center for 
Disease Control, 2018). In the CDC SVI, e.g., education and poverty are combined in a single variable 
defining socioeconomic status. Additional variables for socioeconomic status include income and 
unemployment variables. Sensitivity testing should be performed to determine the impacts of using a 
more inclusive definition of socioeconomic status versus poverty and education in isolation. The 
Agency should, at a minimum, evaluate the impacts of additional variables (e.g., those from the CDC 
SVI) on modeled outcomes in BenMAP.  

 
Finally, we note that the BenMAP demographic data are relatively coarse and lack information on 
household composition and housing characteristics that can make populations more vulnerable to the 
impacts of air pollution and other forms of environmental degradation. A more robust approach to 
identifying susceptible (and vulnerable) populations should be utilized whenever possible, to ensure 
that the Agency most accurately calculates both the burden and benefits associated with specific 
regulatory actions. The CDC SVI data are available at the tract level, which could make for a relatively 
easy integration into the BenMAP model.  
 

2.3.e. Are there other characteristics across which EPA should report stratified results?  If so, what 
characteristics, and what would be appropriate ways to measure those characteristics? 
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The SAB concludes that the characterization of stratified results is acceptable but we suggest 
additional characteristics that could be added (Tier 3). 
 
The characteristics included in the TSD (age, sex, race-ethnicity and location) are acceptable.  However, 
as discussed in prior sections, mixed race status should ultimately be developed as a characteristic and 
described by the component ethnicities. These are imperfectly included in the informing instruments 
which creates a need to examine emerging datasets that reflect this aspect of the current racial 
landscape of the country. Other characteristics that should ideally be captured and stratified are rates 
of premature birth, proximity to health care providers, and migration patterns.   
 
2.4. Charge Question 4:  Valuing Effects 

Charge Question 4:  Sections 5 and 6.4 describe the approaches EPA uses for valuing effects. 
Please reference this section in answering questions 4(a)-4(j). 

 
Cross-cutting Discussion of Valuation Approaches 
 
The SAB provides Tier 1 recommendations concerning valuation of nonfatal health risks that pertain to 
several charge question subparts. We recommend that the EPA develop more comprehensive cost of 
illness (COI) estimates that include a wider range of averted medical and nonmedical costs and apply 
estimates of WTP based on a criteria-driven review of the literature using the benefits transfer 
framework. When suitable WTP estimates are not available, EPA should include proxy measures at 
least in sensitivity analysis, rather than relying solely on COI estimates. Approaches EPA should 
consider include combining health-related quality of life (HRQL) and value per statistical life (VSL) 
estimates, relying on monetized quality-adjusted life year (QALY) estimates that consider both HRQL 
and duration, and other approaches to structural preference calibration.  
 
Five subparts of this charge question (4.b, 4.d, 4.e, 4.f, 4.h) relate to the use of cost of illness (COI) 
estimates for valuation. To minimize repetition, we provide a cross-cutting overview of related issues 
and recommendations here. More details on the approach for each endpoint are then discussed in the 
responses to the individual questions below. 

 
As indicated in the EPA Guidelines for Preparing Economic Analyses (U.S. EPA, 2014b) and other best 
practice guidance, e.g., from the U.S. Office of Management and Budget and U.S. Department of 
Health and Human Services (HHS) (OMB 2003, U.S. HHS 2016), WTP is generally the most appropriate 
approach for valuing reductions in fatal and nonfatal risks in benefit-cost analysis. However, for 
nonfatal health outcomes, at times EPA and others use COI estimates as rough proxies when WTP 
estimates are not available. These costs typically include direct medical costs and indirect costs 
associated with time losses due to illness. These time losses in turn may include changes in nonmarket 
(unpaid) and market (paid) time use, including both labor and leisure. Other averted costs may also be 
included if relevant, such as those associated with remedial education if pollution controls would 
decrease the risk of cognitive impairments.  
 
Comprehensive COI estimates should include costs borne by the affected individual and costs borne by 
other members of society. Even if individual-level WTP estimates are available, some social costs also 
should be included in the benefits estimates. WTP reflects individuals’ willingness to exchange their 
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own income for changes in their own risk. As discussed in the U.S. HHS Guidelines for Regulatory 
Impact Analysis (U.S. HHS, 2016) and elsewhere, real opportunity costs not borne by the individual 
(e.g., insured medical costs and caregiver time) should be added to estimates of WTP—or to other 
proxies for WTP (as discussed below)—to provide a comprehensive measure of value. However, costs 
that otherwise would be incurred by the affected individual should be excluded to avoid double-
counting when WTP estimates are used. Note that out-of-pocket costs borne by the individual are 
likely to significantly understate that individual’s WTP, since they exclude pain and suffering and other 
nonpecuniary effects; the extent of understatement is uncertain but may be significant. 
 
Another challenge in COI estimation arises because many of the epidemiological studies use a 
particular event, such as hospital admissions, as the outcome measure. These events may relate to 
exacerbation of an existing case or to incidence of a new case of illness. Because the value of averting 
these exacerbations and new cases likely exceeds the value of averting the event itself, we recommend 
that EPA review analyses of administrative records and perhaps the disease modeling literature to 
determine whether it is possible to predict the likelihood that extent signifies worsening of existing 
cases or incidence of new cases. The latter literature (e.g. Drummond et al., Editors, 2012) often uses 
microsimulation models to predict the incidence and progression of disease.  
 
For more information on best practices for estimating medical costs in regulatory analysis, see the 
2016 and 2017a guidance developed for the U.S. HHS as well as Onukwugha et al. (2016). As 
recognized in the TSD, one challenge in estimating medical costs is the need to ensure that the 
estimates reflect opportunity costs, which may differ from posted prices. Another challenge is ensuring 
that the estimates are reasonably comprehensive, including in-patient and out-patient costs as well as 
time losses; for many endpoints, EPA only includes a subset of these costs. 
 
Both HHS (2016, 2017b) and EPA (2020b) have developed guidance indicating best practices for valuing 
changes in time use. The guidance issued by each agency is similar in many respects but includes some 
important differences. However, the TSD does not appear to apply a consistent approach for valuing 
changes in time use across health outcomes. 
 
Due to the limitations of COI estimates, we recommend that the Agency develop a strategy to reduce 
its dependence on COI estimates as proxies for WTP. In the near-term, EPA should conduct a criteria-
driven review of the WTP literature (following a benefit transfer framework, e.g., U.S. EPA 2014, U.S. 
HHS 2016) to determine whether available estimates could provide a reasonable alternative or 
supplement to the COI measures, either as part of the primary benefits estimates or in sensitivity 
analysis. Several previous reviews may provide a useful starting point, including Alberini et al. (2010), 
Hunt and Ferguson (2010), Gerking and Dickie (2013), Hunt et al. (2016), and the European Chemicals 
Agency (2016). In addition, a new Organization for Economic Cooperation and Development (OECD) 
study (Organization for Economic Cooperation and Development, 2023) provides estimates for some 
health effects of concern, which should be included in this review. 
 
When suitable estimates of WTP are not available, EPA should include proxy measures at least in 
sensitivity analysis rather than relying on COI estimates alone. The SAB has identified three approaches 
that the EPA could use to improve its ability to value nonfatal health effects, based on (1) health-
related quality of life (HRQL) indices, (2) quality-adjusted life year (QALY) estimates that combine 
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estimates of HRQL and duration, and (3) structural benefits transfer (or “preference calibration”). A 
quality-adjusted life-year (QALY) is a nonmonetary measure that reflects the duration and severity of 
illness in a single scalar (see IOM 2006, HHS 2016, Neumann et al. 2016 for more discussion). QALYs are 
computed as the product of the duration of a health state and a measure of the health-related quality 
of life (HRQL) of the health state. The HRQL is an index usually measured on a scale of zero (as bad as 
death) to one (full health). QALYs and the HRQL indexes that underlie them have been estimated for 
many illnesses, whereas credible willingness to pay estimates are available for relatively few illnesses. 
Using these estimates has the potential to approximate WTP when direct estimates are not available.  
 
The first proxy measure would weight VSL by estimates of HRQL. To apply this approach, EPA should 
develop criteria for selecting (1) the health endpoints to value with the approach, and (2) the HRQL 
measures to apply. Criteria for selecting HRQL measures should consider the credibility of existing 
HRQL measures and their consistency with EPA’s use of the VSL; existing “best practice” guidelines 
(IOM 2006, HHS 2016); methods of elicitation of HRQL (standard gamble, time tradeoff, rating scale, or 
other system); the sources providing the ratings (general population, patients, experts) relative to the 
population at risk for the illness considered; and how to choose a best estimate or to pool estimates 
using a suitable form of meta-analysis when there are multiple measures of HRQL for a single 
condition.   
 
The second proxy measure would use monetized QALY values, that combine estimates of HRQL and 
duration, based on a value per statistical life year (VSLY) or value per QALY (vQALY) estimate derived 
from a VSL estimate. HHS and others use these estimates as rough proxies for WTP (see U.S. HHS 2016, 
U.S. HHS 2021).  
 
Interpreting these two types of proxy measures as exact measures of WTP to avoid nonfatal illnesses is 
believed to require additional restrictions on the structure of preferences beyond those embedded in 
conventional welfare measures (e.g., Hammitt 2017a, Klose 2003). More research is needed to fully 
characterize these restrictions. Nevertheless, the SAB believes that proxy measures of WTP based on 
HRQL indices and QALY estimates may provide more accurate estimates of WTP than proxy measures 
based on COI alone, by addressing impacts on health-related quality of life that are not included in COI 
measures. Reporting benefit measures based on HRQL indices, QALY estimates, and COI estimates in a 
sensitivity analysis would usefully clarify the economic importance of choosing between these 
approximations.   
 
The third approach the SAB suggests for EPA’s consideration to improve the valuation of nonfatal 
health effects is structural benefit transfer (or “preference calibration,” e.g., Smith et al. 2002, Smith et 
al. 2006) more generally. (Both of the approaches discussed above can be considered forms of such 
structural preference calibration.) This approach involves estimating a series of functions that relate an 
individual’s WTP to characteristics such as their age and income. The functions are based on 
parametric utility functions and are calibrated to be consistent with available WTP estimates. As the 
functions are derived from an underlying utility function, the estimates are consistent with theoretical 
restrictions; for example, that estimates of WTP do not exceed individual income and are responsive to 
changes in the size of the risk reduction. Data drawn from several sources can be used to estimate 
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these functions, which can be applied to predict the variation in individual WTP attributable to changes 
in the modeled parameters. Newbold (2011) illustrates how a simple structural preference function 
can be used to compute WTP from COI and QALY estimates. Kenkel (2006) shows how the value of a 
statistical case of chronic illness can be derived by combining HRQL and VSL in a one-period model. 
However, his model implicitly assumes that the individual would be in full health (HRQL=1) without the 
condition, whereas many affected by air pollution-related morbidity are in less than full health, at least 
in part because baseline health declines with age [see, for example, Hanmer et al. (2006)]. The 
advantages of such models are that they can combine data from different studies that do not 
necessarily address the same outcome and ensure both internal consistency and consistency with 
theory. Thus, they are less reliant on completion of studies that use the same outcome measure and 
can be used to predict values in contexts outside of those studied. The disadvantage is that they 
require the analyst to assume an appropriate valuation function and calibrate its parameters. We 
recommend that EPA further investigate the use of these models and their potential application to 
value the impacts of air pollution on health.    
  
In the long-term, EPA should encourage more primary WTP research for nonfatal illnesses. We 
recognize that stated preference (survey) research or revealed preference studies would be needed to 
develop these estimates. For example, Cameron and DeShazo (2013) demonstrate how stated 
preference research designs can be tailored to estimate WTP to reduce morbidity risks; numerous 
other examples are provided in the reviews listed above. Stated preference research conducted or 
funded by EPA requires OMB clearance under the Paperwork Reduction Act. Gaining such clearance is 
often very difficult. We encourage EPA to work with OMB to expedite the clearance of such research. 
 

2.4.a. EPA currently uses a “20-year segmented lag” when discounting the value of PM2.5 and 
ozone-related deaths associated with long-term exposure, consistent with SAB advice received in 
2004. EPA believes that a lag of five years or less as the primary method of analysis for PM2.5 and 
as a sensitivity analysis for ozone is more appropriate in light of the current best available 
scientific evidence. Please comment on whether EPA’s conclusion reflects the current state of the 
science and whether an alternative lag structure associated with long-term exposure should be 
assumed.  

 
The SAB recommends that the EPA continue to use the 20-year segmented lag rather than moving to 
a 5-year lag structure (Tier 1). 
 
The change from a 20-year segmented lag to a significantly shorter time frame (five years or less) of 
long-term exposure to either ozone or PM2.5 to model pollutant-attributable mortality does not seem 
based on a strong rationale attached to any new data or new analysis of previously collected data.  
Prior reports from the Advisory Council on Clean Air Compliance Analysis (e.g., Cameron 2001 and 
Hammitt 2008) suggest that the greatest mortality effects of PM reduction occur within the first 5 
years of exposure, and the SAB concludes that evidence still supports this conclusion but that this is 
not inconsistent with longer term effects also being present.  In the case of PM2.5, Section 6.4 of the 
TSD appears to cite Crouse et al. (2020) and Lepeule et al. (2012) as the basis for the EPA’s current 
belief in the need for a shorter lag period.  Crouse et al. (2020) analyze a national sample of Canadian 
adults and find that the hazard ratio describing the strength of the association between PM2.5 and 
non-accidental mortality increases monotonically as the duration of the exposure measure increases 
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from a lagged one-year average to a lagged three-year moving average to a lagged eight-year moving 
average. Lepeule et al. (2012) conduct an extended follow-up of the Harvard Six Cities study and find 
little difference in hazard ratios for lagged moving averages between one and five years. They do not 
consider periods longer than five years (see their Supplemental Material, Table 1).  There are no new 
ozone data.  It is unclear how the evidence from these two studies would rule out lag structures longer 
than five years.  It is also unclear how and why the EPA believes that this evidence would be more 
supportive of a five-year lag structure than the EPA’s current 20-year lag structure, which the SAB 
notes assumes that the majority of impacts (80%) takes place within the first 5 years. Restricting 
analyses to a 5-year lag also ignores latent effects including effects of early childhood exposure to PM 
that can affect health into adolescence and adult life. The change to a lag of 5 years or less would also 
seem inconsistent with new approaches EPA itself is developing to valuing benefits of PM2.5 reduction 
for non-fatal lung cancer, based on latency of 5-20 years between exposure and disease onset 
(Sections 5.3.6 and 6.4.2 in the TSD). In addition, in the response to charge question 4c, the use of 
latency from exposure to lung cancer onset may not be the same as the latency to onset of benefits. 
Latency between exposure and lung cancer onset may be long, but the decline in rates after exposure 
cessation may be much shorter (with persistent declines in risk during many years), based on evidence 
from cigarette smoking cessation studies. In addition, the latency from exposure reduction to achieved 
benefits may vary by chronic disease outcome. There is a relatively robust literature showing latency 
from chronic air pollution exposure to disease onset, but few studies have examined specifically the 
time course of benefits after exposure cessation. These are considerations for future research, and the 
SAB encourages the EPA to monitor the air pollution literature for studies that would allow greater 
certainty in assessing appropriate lags for benefits after exposure reduction.  

 
Considering subgroups that may have exquisite susceptibilities to pollutants, e.g., the aged, those with 
cardiac or respiratory comorbidities, those with chronic inflammatory conditions or 
immunodeficiencies, etc., a compelling argument exists that the mortality risk in those populations 
occur in shorter timescales (Hill et al., 2023), but would be captured in the current segmented 
distribution. In summary, the SAB is unaware of compelling evidence supporting a lag restricted to five 
years or less when discounting the benefits of reduced PM2.5 and ozone-related deaths associated 
with long-term exposure. 
 

2.4.b. Please comment on the approach to estimating neurological health effects using a cost of 
illness measure for hospital visits, as well as whether it is appropriate to assume that the first 
hospital visit indicates disease onset.  

 
The SAB discusses cross-cutting issues and recommendations related to the use of COI estimates at the 
beginning of the responses to Charge Question 4. In addition, the SAB concludes that the first hospital 
visit is unlikely to indicate the timing of disease onset, but that developing an improved measure of 
onset would require additional research. Regarding COI, as stated above, we recommend that the EPA 
utilize more comprehensive estimates of averted costs beyond the cost of a patient’s first hospital 
admission (Tier 1) while moving towards a WTP approach for valuing neurological and other health 
effects (Tier 1). 
 
First Hospital Admission and Disease Onset:  
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The TSD proposes to measure nervous system effects of PM2.5 based on first hospital admissions for 
Alzheimer’s disease and Parkinson’s disease. A hospital admission is a response to disease 
manifestation, and these diseases are not thought to occur suddenly, so the first admission is likely to 
occur subsequent to disease onset. This means it is not necessarily appropriate to assume that the first 
hospital admission indicates onset. The implications of this assumption for measuring the benefits of 
reducing PM2.5 depend on several factors not discussed in the TSD. These factors include the effects of 
PM2.5 on disease onset and progression, the shares of patients with each disease who are ever 
admitted to hospitals with those disease codes recorded as primary or secondary diagnoses, and the 
time between onset and first hospital admission. For reference, the Alzheimer's Association (2023, 
p.68) reports that 32% of Medicare beneficiaries with Alzheimer’s or other dementias have at least one 
hospital discharge annually and that 22% of their hospital stays are followed by a readmission within 
30 days.  

 
The TSD constructs measures of neurological health effects from associations between PM2.5 
exposures and first hospital admissions reported in Kioumourtzoglou et al. (2016).  On page 27 of that 
article, the authors explain that “Given the design of our study and the use of administrative data, we 
were not able to assess whether air pollution was associated with the onset of 
neurodegeneration…our findings indicate that air pollution likely accelerates the progression of 
neurodegeneration, potentially after the onset of disease.” 

 
Evaluating how changes in PM2.5 exposure affect disease onset would require additional literature 
review or additional research. In principle, clinical diagnoses of Alzheimer’s disease and Parkinson’s 
disease could provide indicators of disease that would be more inclusive than hospital admissions and 
may be observed closer to disease onset. The U.S. Centers for Medicare and Medicaid Services (CMS) 
has criteria for translating medical claims into flags indicating disease presence. These data are 
available in the Center for Medicare & Medicaid Services’ Chronic Condition Data Warehouse files 
(Center for Medicare & Medicaid Services).  

 
Cost-of-Illness: 
The COI measures for Alzheimer’s and Parkinson’s diseases presented in Section 5 of the TSD are based 
on hospital stays for a patient’s first admission with the disease. These measures are likely to 
understate the benefits of reducing neurodegeneration for several reasons, as introduced in the 
discussion of cross-cutting issues above. First, patients experiencing neurodegeneration may have 
multiple hospital stays. As noted above, the Alzheimer’s Association (2023) reports that among 
Medicare beneficiaries with Alzheimer’s or other dementias, 22% of hospital stays are followed by a 
readmission within 30 days. Second, the progression of neurodegeneration is likely to generate 
additional medical costs before and after the first hospital stay, as well as costs for patients who are 
not admitted to a hospital. These additional costs include prescription drugs, home health care, nursing 
home stays, and other costs considered in TSD Section 6.4.5. Third, a potentially large cost not 
considered in the TSD is the shadow value of time associated with unpaid caregiver labor hours. For 
example, the Alzheimer’s Association (2023) reports 11.5 million hours of time that unpaid caregivers, 
such as family and friends, devoted to caring for patients with Alzheimer’s or other dementias in 2022.  
Fourth, neurodegeneration is thought to impair financial decision making, for example, by causing 
changes in portfolio allocation, changes in risk behavior, increased risk of financial mistakes, and 
increased vulnerability to financial fraud (Chandra et al., 2023).  

https://www2.ccwdata.org/web/guest/home/
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Finally, COI measures, and estimates of averted costs more generally, include both out-of-pocket costs 
paid by the patient and costs paid by third parties such as insurers. As noted earlier, out-of-pocket 
costs likely understate what people would be willing to pay to reduce their risk of neurodegeneration 
given its nonpecuniary as well as its pecuniary effects. As recommended above, EPA should conduct a 
criteria-driven review of the WTP literature to determine whether they provide estimates that would 
be a reasonable supplement to the COI measures, either as part of the primary benefits estimates or in 
sensitivity analysis. In the long-term, we recommend that EPA encourage more research on WTP to 
reduce the risk, and slow the progression, of Alzheimer’s and Parkinson’s diseases as well as other 
health endpoints. 
 

2.4.c. EPA currently values lung cancer using an estimated latency period between air pollution 
exposure and disease onset. Do you have any suggestions for improving the approach used? 

 
While we stressed the need to move beyond COI for all morbidity, here we specifically recommend 
that EPA move beyond COI for lung cancer valuation (Tier 1) and examine whether the response to 
increases of air pollution exposure is equal but opposite to the response to equivalent exposure 
decreases for lung cancer occurrences (Tier 3).  
 
In order to value the reduction in mortality of reducing PM, Section 6.4.2 of the TSD states that EPA 
uses a 20-year distributed lag model approach to estimate the temporal distribution of reductions in 
mortality risk after reducing exposure, based on guidance from the Advisory Council on Clean Air 
Compliance Analysis in 2004 (Ostro and Cameron, 2004). Use of this lag was addressed in charge 
question 4a. Lung cancer has a latency between PM exposure and disease, and this has been used to 
develop models to estimate the temporal distribution of benefits after exposure reduction. To value 
the non-fatal lung cancer reduction benefits of reducing PM2.5, three models were developed by EPA 
with different latency distributions: An age-at-diagnosis cessation lag distribution model accounting for 
a lag-specific latency period; an adapted 20-year distributed lag model, using a 10-year modal latency 
(with a range of 5-20), based on 5 studies described in Section 5.3.6; and a latency-based triangular 
distribution of latency between 5 and 20 years. Each approach has some limitations. The age-of-
diagnosis distribution, for example, assigns the highest reductions to the first 5 years of the distribution 
and not all ages have latency periods. The triangular distribution and adapted 20-year distributed-age 
distribution approach use the same latency period for all ages. There is merit in further investigation to 
identify age-specific latencies. A recent detailed cross platform ecologic study associating genetically-
driven lung cancer incidence (EGFR-positive adenocarcinoma) in United Kingdom, South Korea, Taiwan 
and Canada with ambient air pollution measurements provides some guidance for specific classes of 
lung malignancies. Non-smokers living in high PM2.5 areas showed incidence coefficients ranging from 
.63 to 1.82.  The relative incidence of these tumors (comparing high vs low pollutant exposures) was 
significantly higher at 3 years of cumulative exposure but not at 20 years.  These findings suggest that 
for specific subsets of lung malignancies, plausibly those not exclusively driven by cigarette smoke 
exposure, a lag of 5 years or less is reasonable. However, given the broader spectrum of malignancies 
addressed in the charge question, these data do not support a change in lag/latency time (Hill et al., 
2023). Nevertheless, these are reasonable approaches given the limited number of studies available to 
estimate latency to development of lung cancer and the lack of a good alternative. 
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An alternative and likely better approach would be to examine the reduction in risk of lung cancer after 
reduction of exposure, rather than a benefit estimated based on the latency to onset. The implicit 
assumption of the current EPA approach seems to be that in the absence of data showing the 
reduction in risk after reduced exposure that this will be equivalent in magnitude (opposite in sign) to 
the increase in risk with increased exposure. The reduction in risk of lung cancer after cessation of 
smoking has been established, and it is noteworthy that the distribution of reduction in risk is largest in 
the first 5-10 years after cessation, even though the latency to onset after exposure may be 
considerably longer in population studies, and in addition continues to decline during more than 30 
years of follow-up. The temporal pattern of declining risk after smoking cessation is consistent in the 
American Cancer Study II cohort, worker populations, and in health conscious Seventh Day Adventists 
among whom smoking is unusual (and from whom the CR function for lung cancer used by EPA is 
obtained) (Markowitz et al., 2013; Gharibvand et al., 2017). Tobacco smoke is a much heavier PM 
concentration among smokers, and the composition is very different than ambient PM, but it would be 
worth evaluating whether the pattern of distribution of benefits from reduced risk after smoking 
cessation could be relevant to estimating the benefits of reduced PM exposure. How the empirical 
temporal distribution of benefits of smoking cessation compares with the latency to smoking-induced 
lung cancer onset could provide insight into the validity of the use of the current EPA approach to 
valuing lung cancer reduction. New research is needed to determine the distribution of lung cancer risk 
reduction after PM2.5 exposure reductions, including perhaps populations that move to areas with 
substantial differences in exposure.  
 
The approach used to value non-fatal lung cancer in the TSD involves combining the latency period 
with an estimate of medical costs. We recommend that the Agency move away from the use of 
avoided illness costs as measures of benefits for nonfatal effects. Although most available WTP-based 
estimates of the value of avoiding a statistical case of cancer do not isolate the value of a nonfatal case, 
proxy measures based on either monetized QALYs or HRQL-weighted VSL suggest a value an order of 
magnitude larger than the approximately $33,000 proposed in the TSD. Guidance from the Nuclear 
Regulatory Commission (2023) uses monetized QALYs to value a case of non-specific, non-fatal cancer 
at $340,000 (2014) with a range of $130,000 to $630,000. (Nuclear Regulatory Commission, 2023). A 
meta-analysis by Sturza (2010) estimated HRQL weights for nonfatal non-small-cell lung cancer of 
0.573 (metastatic) to 0.823 (non-metastatic).  
 
An additional concern with the current EPA approach is that it assumes people retire at 65. The 
average retirement age is 65. However, it has been increasing over time, resulting in approximately 40 
percent of the current workforce working past 65, so that valuation of lung cancer impacts should 
include lost wages for a more senior workforce as well as for the younger ‘working-age’ population. 
 

2.4.d. EPA currently values acute myocardial infarctions (AMI) using a cost of illness measure.  The 
cost of illness varies by age. Do you have any suggestions for improving the approach used? 

 
The SAB discusses cross-cutting issues and recommendations related to the use of COI estimates at the 
beginning of the responses to Charge Question 4 where we recommend that the EPA examine newer 
literature and develop a more current cost estimate including both averted medical and nonmedical 
costs. With respect to AMI specifically, here we recommend that EPA should consider more recent 
health-labor studies that examine effects of AMI on labor market outcomes while relying on its value 
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of time guidance (U.S. EPA 2020a), which addresses the valuation of both market and nonmarket 
(labor and leisure) time (Tier 2). 

 
In the absence of applicable estimates of WTP to reduce risk of AMI, the EPA proposes to use avoided 
COI. Estimates of 3-year medical costs, exclusive of costs of initial hospitalization, are combined with 
estimates of reduced earnings over 5 years based on Cropper and Krupnick (1999). It would be better 
for  the EPA to avoid reliance on studies this old, given that medical treatment costs and labor market 
conditions have changed significantly since that time. Older studies are also unlikely to reflect current 
standards for empirical best practices. The EPA should consider more recent health-labor studies that 
examine effects of AMI on labor market outcomes. For example, Stephens and Toohey (2022) find 
labor market effects 6 years after AMI, which is longer than the 5 years described in the TSD. As 
recommended earlier, EPA should also consistently rely on its value of time guidance (U.S. EPA 2020a), 
which addresses the valuation of both market and nonmarket (labor and leisure) time. 

 
2.4.e. EPA uses morbidity cost of illness (COI) approaches for allergic rhinitis, asthma symptoms 
(albuterol use), cardiac arrest, school loss days, stroke, and work loss days. Do you have any 
suggestions for improving the approach used? 
 

The SAB discusses cross-cutting issues and recommendations related to the use of COI estimates at the 
beginning of the responses to Charge Question 4. In addition, the SAB recommends that the EPA 
expand the valuation of lost school days to children younger than 13 (Tier 1) and consider adjusting 
the valuation for cardiac arrest and stroke to account for lost earnings (Tier 2). Additional discussion 
below focuses on issues specific to these endpoints. 

 
Allergic rhinitis:  
To estimate the avoided cost of illness for cases of allergic rhinitis in persons under age 18 years, EPA 
proposes (p. 88 of the TSD) to rely on Soni’s (2008) estimate of mean annual expenditures from the 
Medical Expenditure Panel Survey (MEPS) (Agency for Healthcare Research and Quality). MEPS 
includes expenditures by all sources including patients and insurance companies. Soni (2008) reported 
that over half of expenditures are for prescription medications and most of the rest is for outpatient 
services; over-the-counter medications are not included. The proposed value is $600 per person with 
hay fever aged 0-17, based on Soni’s estimated mean expenditure of $434 for this age group in 2005$ 
(inflation adjustment presumably used the medical care subindex of the Consumer Price Index (CPI)). 
The Soni (2008) study is a good choice for measurement of medical expenses of allergic rhinitis, and it 
matches the health impact function relationship between long-term exposure and prevalence. 

 
It may be useful for EPA to investigate whether a related approach, based on allergen immunotherapy 
(allergy shots or tablets) would provide a valid measure for the population considered. The money and 
time costs of allergen immunotherapy, which are substantial, could be compared to the effectiveness 
of the therapy in reducing symptoms. Meta-analyses (Nurmatov et al., 2017, Calderon et al., 2007) 
generally find both subcutaneous and sublingual immunotherapy to be effective in reducing symptoms 
and medication use. Hardin et al. (2021) estimate costs and cost-effectiveness, and general 
information on the treatment is available from the American Academy of Allergy, Asthma & 
Immunology.4  

 
4 https://www.aaaai.org/tools-for-the-public/conditions-library/allergies 

https://www.aaaai.org/tools-for-the-public/conditions-library/allergies
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Asthma symptoms (albuterol use):  
COI estimates typically include the costs of medical treatments to prevent or alleviate the condition, as 
noted earlier. Costs of albuterol use may be considered expenditures that defend against asthma 
symptoms. The method proposed in the TSD (p. 89) to measure costs of albuterol actuation would be a 
reasonable way to estimate a portion of defensive expenditures for asthma, particularly if coupled with 
a measure of the effectiveness of albuterol use in reducing symptoms.  

 
Cardiac arrest:  
The EPA proposes to measure avoided costs of illness from reduced nonfatal cardiac arrest based on 
estimates of medical costs derived from O’Sullivan et al. (2011). Over three years, medical costs 
excluding hospitalization and costs incurred during the first month following the event are about 
$35,000 to $36,000 depending on discounting (p. 90 of the TSD). Over three-fourths of the costs occur 
in the first year, suggesting that increasing the number of years considered might have only a modest 
effect on the total (although costs are larger in the third year than in the second).   

 
The O’Sullivan study appears to provide a reliable estimate of medical expenses but failing to include 
lost earnings caused by cardiac arrest implies understatement of  the full costs of illness. We are 
unaware of credible estimates of earnings losses caused by cardiac arrest in the U.S. A Canadian study 
(Garland et al. 2019) used tax records to estimate differences in employment and earnings for persons 
admitted to hospital for cardiac arrest relative to matched controls, and found a 12% reduction in 
employment, and a 14% reduction in earnings among those still employed, three years after cardiac 
arrest. These finding suggest that cumulative indirect costs of cardiac arrest over three years may be 
roughly similar in magnitude to estimated three-year medical expenses. If so, the total costs of illness 
may be underestimated by approximately one-half, and the EPA could consider adjusting costs to 
reflect this. 
  
School loss days: 
The EPA’s proposed measure of the value of school loss days includes: (1) the reduction in lifetime 
earnings caused by the loss of learning due to school absences for middle- and high-school children 
only, plus (2) the value of caregiver time for all preschool and school children. The proposed approach 
to using results from Chetty et al. (2014) and Liu et al. (2021) to estimate the reduction in lifetime 
income caused by the loss of learning resulting from unscheduled school absences, as described on 
TSD pages 93-94, is broadly consistent with recent economic literature on education. However, it is 
unclear why the EPA proposes to restrict its measurement of lost learning to children ages 13-18. The 
literature shows similar effects of lost learning for younger elementary school students who take 
standardized exams during grades three through five. For example, Aucejo and Romano (2016) use a 
research design similar to Liu et al. (2021) and find that ten student absences reduce end-of-year math 
scores by 5.5%.  Note also that Chetty et al. (2014) use data beginning in grade three, and the 
estimated association between ozone and absences from Gilliland et al. (2001) is based on 4th-grade 
children, as described on TSD pages 55-56.  

 
Against this background, the EPA should consider extending its current approach to valuing school loss 
days to include learning losses during elementary school.  For example, the EPA could combine the 
results from Aucejo and Romano (2016) and Chetty et al. (2014) to develop lost learning measures for 
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elementary school students that would complement the existing measures that the EPA proposes to 
use for middle school and high school students.   

 
The proposed estimate of the value of caregiver time for working parents is consistent with EPA 
guidance (US EPA 2020a), but the estimate for working parents omits the value of fringe benefits 
voluntarily paid by employers in apparent contradiction to the guidance. The reason for this 
discrepancy should be explained in the TSD or the value of fringe benefits should be included.  
 
Two parts of the TSD description of the valuation of school loss days warrant clarification. First, the TSD 
(p. 93) lists four reasons why the proposed unit value is likely to understate the actual value of a school 
loss day. The first reason listed (omitting the value of avoiding the underlying symptoms or illness 
causing the absence) is valid. It is less clear what is meant by the second reason (omitting the 
opportunity cost of time for non-working caregivers) because the unit value estimate includes a 
measure of this value. We suggest the Agency remove this second reason or clarify what is missing 
from the unit value estimates. The third reason, omission of other aspects of school attendance such as 
social and emotional development or meals is valid. The fourth reason listed (not accounting for loss of 
learning in other subjects) may reflect that the Liu et al. (2021) estimate of the value of learning loss is 
based on missing classes in mathematics. As this aspect of the estimate is not stated in the TSD, we 
suggest the Agency clarify which ‘other’ subjects are referred to in their fourth reason. Second, Table 
21 indicates the value is based on lost productivity of the parent, when in fact the larger share of the 
value is the impact of loss of learning on earnings.    

 
Stroke: 
The EPA proposes to measure avoided COI from reduced incidence of nonfatal stroke based on 
estimates of medical costs in the first year following the event derived from Mu et al. (2017). Estimates 
of longer-term costs could not be included because information on the timing of the costs was 
unavailable. The TSD (p. 94) cites evidence that about three-quarters of direct medical costs occur in 
the first year. The resulting cost estimate of about $34,000 is comparable to estimates of medical costs 
in days 31-365 following acute ischemic stroke from Johnson et al. (2016).  

 
Avoided medical costs understate the full costs of illness for stroke by omitting indirect costs. We are 
unaware of credible estimates of earnings losses from incidence of stroke in the US. A Canadian study 
(Garland et al. 2019) used tax records to estimate differences in employment and earnings for persons 
admitted to hospital for stroke relative to matched controls, and found approximately a 19% reduction 
in employment, and a 19% reduction in earnings among those still employed, three years after stroke. 
These finding suggest that indirect costs of stroke may be roughly comparable to the estimated 
medical expenses. If so, the EPA estimate may understate the total costs of illness for stroke by about 
one-half and the Agency could consider adjusting costs to reflect this.  
 
Work loss days: 
According to the TSD (p. 94), work loss days are valued based on median annual earnings by county, 
exclusive of fringe benefits and employer overhead costs. In contrast, the value of lost working time for 
employed caregivers in the case of school loss days is based on national average earnings, inclusive of 
benefits and overhead. The TSD does not explain why the approach to valuing lost working time differs 
between the two apparently similar situations. Based on the values reported in the TSD, the different 
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approaches may cause a two-fold difference in the value of a lost workday. In the case of school loss 
days, the approach used to value caregiver time for working parents is consistent with the EPA 
guidance (US EPA 2020a). But the estimate for work loss days appears inconsistent with the guidance. 
If there are compelling reasons for differences in the way working time is valued in different situations, 
they should be explained; otherwise, a consistent approach to valuing working time should be utilized. 
In any case, if there is a considerable degree of monopsony power in the labor market (Council of 
Economic Advisers 2022), these measures would be expected to understate the value of lost 
production. 
 
Summary  
As discussed above, the averted costs associated with reducing the risk each of the 
endpoints/occurrences listed in question 4e is likely to be underestimated using the methods proposed 
in the TSD, for reasons including the omission of indirect costs of illness and the exclusion of the value 
of lost learning for children younger than age 13, as well as lack of estimates of willingness to pay (see 
discussion at beginning of responses to Question 4). 
 

2.4.f. Do you have suggestions for improving the other morbidity willingness to pay (WTP) 
approaches: asthma symptoms (cough, wheeze, chest tightness, and shortness of breath) and 
minor restricted activity days (MRADs). 

 
The SAB has no specific suggestions for these endpoints but, as discussed at the beginning of question 
4, we recommend that the EPA undertake a criteria-driven review of the WTP literature (Tier 1). 
 
Asthma symptoms (cough, wheeze, chest tightness, and shortness of breath) 
The EPA proposes to use the Dickie and Messman (2004) stated-preference survey to value reductions 
in symptoms for persons aged 0-17 years. While this study provides morbidity values for children’s 
symptoms, two disadvantages are that the survey was conducted (1) in a single city and (2) in 2000. 
Concerning representativeness, Dickie and Messman (2004) provide evidence indicating that the 
study’s estimates of parents’ WTP to reduce their own symptoms were broadly similar to estimates 
from previous symptom valuation studies of adults. As discussed earlier, EPA should conduct a criteria-
driven review of the WTP literature, including WTP studies for adults and children for similar health 
outcomes, which might allow additional data to be included. As part of this review, EPA may wish to 
consider using the ratios for nonfatal risks in Robinson et al. (2019b) to adjust adult values to estimate 
values for children in sensitivity analysis.  
 
Minor restricted (respiratory) activity days (MRRADs)  
There are no peer-reviewed studies providing an estimate of willingness to pay to avoid a MRRAD, and 
there might be any number of underlying respiratory symptoms that would cause an individual to 
restrict activities. The approach proposed in the TSD to determining a value for a MRRAD is reasonable 
in the absence of WTP estimates. However, MRRAD should be one of the endpoints considered in the 
WTP literature review referenced at the beginning of the responses to question 4.  
 

2.4.g. Should EPA consider other morbidity or economic impacts of PM2.5 and ozone pollution, 
including but not limited to labor productivity and human capital formation? Which ones should 
be considered and under what conditions or in what settings they should be considered?  
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The SAB recommends that the EPA include the effects of air pollution exposure on both labor 
productivity and human capital using a WTP approach for valuation (Tier 1). 
 
It is important to include the effects on labor productivity and human capital. Changes in labor 
productivity and human capital from pollution likely reflect subclinical and, in some cases, transient 
health impacts. Given how difficult it is to measure and monetize these impacts, using these economic 
outcomes represents an important step for doing so. Furthermore, a now robust literature has 
emerged in the past decade to demonstrate consistent and significant effects from air pollution 
exposure on these outcomes (Aguilar-Gomez et al., 2022).  

 
One question that arises is the extent to which these estimates may double-count impacts included in 
the values applied to individual health outcomes. As noted above, at times COI estimates include time 
losses due to illness. Whether WTP estimates include lost labor or leisure time depends in part on the 
study design, although conceptually WTP includes both pecuniary and non-pecuniary effects. 
Otherwise, the direct changes in productivity are in most cases an additional damage to include in the 
calculations and can be valued using prevailing wages as discussed in Graff-Zivin and Neidell, (2012) as 
well as the EPA (2020a) and HHS (2016, 2021) guidance on valuing changes in time use. Care needs to 
be taken to recognize the findings that demonstrate differential effects across sectors of the economy, 
i.e., outdoor workers are more affected than indoor ones. 

 
Valuing the impacts on human capital can be more challenging, depending on whether the focus is on 
short-run changes in cognition or long-run changes in human capital. As long as care is taken to avoid 
double-counting, changes in human capital can be added to COI or WTP measures and monetized using 
evidence on the return to human capital (Currie et al., 2009). Short-run changes in cognition, however, 
are more challenging to value. Some cognitively demanding tasks can be substituted across days, for 
example, such that the welfare impacts from a cognitive insult may be minimal. Whereas some 
cognitive insults may have long-term effects if high stake decisions cannot be substituted 
intertemporally. One approach is to construct “minor cognitive-restricted activity days,” which could 
be constructed to parallel the way the EPA uses results from the study by Chetty (2014) to translate 
test-score reductions (due to school absences) into reduced lifetime income. A focal study that credibly 
measures how PM2.5 affects test scores is Ebenstein et al. (2016), though there are some contextual 
differences from the U.S.  At a minimum, the EPA can add a section to the TSD discussing cognitive 
effects on human capital production as a non-quantified benefit of reducing PM2.5 that can be 
updated in the future as the literature matures.  
 

2.4.h. In some cases, EPA may determine that the evidence of a relationship between PM or ozone 
and a health endpoint indicates that the relationship is causal or likely causal but be unable to 
confidently value that endpoint (e.g., metabolic effects of short-term ozone exposures, for which 
the 2020 Ozone ISA made a “likely to be causal” determination). Can SAB recommend methods 
(e.g., bounding approaches) to better characterize presently unquantifiable health benefits for 
endpoints for which there is sufficient evidence of pollutant-attributable health effects? 

 
The SAB does not have recommendations for the inclusion of endpoints that cannot be confidently 
valued. 
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This question raised two issues: quantifying the health outcome in terms that are amenable to 
valuation and estimating values. The second issue, estimating values, is addressed at the beginning of 
the responses to question 4 as well as in the discussion of uncertainty under question 5. On the first 
issue, valuation is very difficult for outcomes that do not necessarily manifest in noticeable health 
effects. Individuals are unlikely to be able to provide valid responses to questions about WTP if they do 
not know how they are likely to be affected, nor can we estimate proxy values without this 
information. Ideally, these outcomes would be translated into the likelihood of occurrence for different 
health outcomes. 
 

    
2.4.i. In some cases, EPA may determine that the evidence of a relationship between PM or ozone 
and a health endpoint is insufficient to indicate that the relationship is causal or likely causal.  
Section 1 describes a conceptual perspective on valuing health outcomes under causal uncertainty 
in the relationship between exposure and those outcomes. Are there scientific studies or practical 
settings where analysts accounted for causal uncertainty when estimating WTP estimates to 
reduce mortality or morbidity risks? Please comment on the appropriateness and potential for 
estimating and applying WTP estimates to avoided mortality or morbidity risks when there is 
causal uncertainty.  An example is ozone-attributable all-cause mortality, which is discussed in 
section 6.2.3 of the TSD and not currently valued. 

 
The SAB recommends that the EPA consider approaches for estimating WTP accounting for the full 
spectrum of uncertainty with respect to causality, including levels below the “likely causal” 
designation (Tier 1).  

 
On estimating WTP under causal uncertainty, there is an important conceptual distinction between 
expected WTP and WTP under uncertainty. The former would be computed by probability-weighting 
WTPs estimated under certainty; the latter would be computed as the compensating variation for 
some reduction in pollutant exposure conditional on the relevant uncertainties about the downstream 
health effects. Despite the important conceptual distinction between these two varieties of WTP, they 
should be close in magnitude when the risk changes being valued are small. To see this, note that 
causal uncertainty can be addressed in at least two ways, either in the main analysis or as part of a 
sensitivity analysis. First, a per-unit WTP measure estimated under the assumption of causal certainty 
can be scaled downward by an amount that reflects the uncertainty surrounding the causal influence 
of the pollutant on the health outcome in question. Such a scaling approach can be justified by the 
following logic. If the probability of causality is denoted as 𝑝𝑝, then the willingness-to-pay for a 
reduction in pollution from 𝑥𝑥 to 𝑥𝑥 − Δ𝑥𝑥 by an individual with income 𝑦𝑦 and baseline health status ℎ 
would be defined implicitly by the following equivalence between expected utility without and with 
the pollution reduction, 

 
𝑈𝑈(𝑦𝑦,ℎ) = 𝔼𝔼�𝑈𝑈�𝑦𝑦 −𝑊𝑊𝑊𝑊𝑊𝑊, ℎ(𝑥𝑥 − Δ𝑥𝑥)�� 

 = 𝑝𝑝𝑝𝑝�𝑦𝑦 −𝑊𝑊𝑊𝑊𝑊𝑊,ℎ(𝑥𝑥 − Δ𝑥𝑥)� + (1 − 𝑝𝑝)𝑈𝑈(𝑦𝑦 −𝑊𝑊𝑊𝑊𝑊𝑊,ℎ) , 
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where 𝔼𝔼[⋅] denotes the expected value. For small enough risk changes, a first-order approximation will 
accurately estimate expected utility, so we can re-write the second line of the expression above as 

 
𝑈𝑈(𝑦𝑦,ℎ) ≈ 𝑝𝑝�𝑈𝑈(𝑦𝑦,ℎ) − 𝑈𝑈𝑦𝑦𝑊𝑊𝑊𝑊𝑊𝑊 + 𝑈𝑈ℎℎ𝑥𝑥Δ𝑥𝑥� + (1 − 𝑝𝑝)�𝑈𝑈(𝑦𝑦,ℎ) − 𝑈𝑈𝑦𝑦𝑊𝑊𝑊𝑊𝑊𝑊�, 

 
which can be solved for willingness-to-pay under uncertainty: 

 

  𝑊𝑊𝑊𝑊𝑊𝑊  �����
Willingness to pay
under uncertainty

≈ 𝑝𝑝 ×
𝜕𝜕𝜕𝜕
𝜕𝜕ℎ

𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

× Δ𝑥𝑥

���������

 

Willingness to pay
under certainty

 

 
In words, for expected-utility maximizers facing small risk changes, WTP under uncertainty will be 
approximately equal to WTP estimated under certainty scaled by the probability of causality. Two 
important assumptions that must be maintained when using this approach are: 1) people’s beliefs 
about causality and other aspects of uncertainty match the Agency’s own characterizations of the 
scientific evidence about dose-response, and 2) people are not averse to ambiguity about causality. 

 
This approach can be extended in a sensitivity analysis by scaling WTP by a range of values defined to 
reflect the uncertainty surrounding the causal influence of the pollutant on the health outcome in 
question. For example, the range attributed to a positive but causally-uncertain outcome could be 
defined to extend from a logical lower bound of zero (i.e., no true effect) to an upper bound defined by 
the high end of a 95% statistical confidence interval for a point estimate of the risk coefficient. This 
approach follows the general logic suggested by economic literature on partial identification, 
summarized in Manski (2008). 

 
A second approach would be to use stated preference methods to elicit people’s WTP under 
uncertainty by describing the state of the science to the survey respondents. The aim would be to elicit 
measures of WTP that embed the ways in which people value potential health improvements under 
causal uncertainty, attempting to estimate WTP under uncertainty on the left-hand side of the 
equation above directly rather than using the right-hand side approximation. This approach requires 
understanding peoples’ beliefs. In the stated preference context, a review article by Johnston et al. 
(2017, pp. 328-329) on “Contemporary Guidance for Stated Preference Studies” recommends that 
practitioners communicate relevant information about causal uncertainty to survey respondents. In 
principle, the resulting WTP measures will reflect the importance that respondents attach to causal 
uncertainty. However, in practice, it may be challenging for analysts to effectively communicate causal 
uncertainty to survey respondents. Cameron et al. (2011) provide an example where survey 
respondents’ answers to stated choice questions designed to elicit WTP to reduce morbidity and 
mortality risks appeared to embed the respondents’ subjective adjustments to information they were 
given about the objective probabilities of experiencing particular health outcomes. Leggett (2002) 
outlines an analogous framework for adjusting revealed preference measures of WTP for divergences 
between objective information and the decision-makers’ subjective beliefs. 
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Both approaches have advantages and disadvantages. The first approach may be more tractable and 
more broadly applicable given existing information available in extant non-market valuation studies. 
The second approach might be more accurate but would require conducting or commissioning one or 
more new tailored stated preference studies. 
 

2.4.j. Please comment on the income adjustment factors that EPA uses to value endpoints (section 
5.4).  

 
The SAB recommends that EPA update both the income adjustment factors and the base VSL to be 
consistent with the current literature within and across regulatory impact assessments.  When 
estimating both VSL and values for nonfatal effects, the income adjustment should begin at the date 
when the data were collected, should rely on an income measure that is consistent with the income 
measures used to estimate the elasticities, and should use a formula that reflects currently accepted 
practices. For VSL, the Agency should apply an income elasticity of 1.0 with lower and upper bounds 
of 0.8 and 1.2, respectively in sensitivity analyses, and anchor the endpoints of the range at 
elasticities of 0.5 and 1.5 in probabilistic (Monte Carlo) modeling. For nonfatal effects, a central 
elasticity estimate of 1.0 should be used. (Tier 1) 
 
The SAB recommends updating the approach for income adjustments to reflect currently accepted 
practices, as described in more detail below. Applying these recommendations to the current VSL used 
by the EPA, which is based on 26 estimates from studies published before 1992 that draw from, on 
average, income data from 1978, would produce a central VSL estimate that is much higher than 
estimates drawn from more recent literature (e.g., U.S. Department of Transportation (DOT) 2021a, b; 
HHS 2016, 2021, Viscusi 2015, 2018).  For example, updating the $8.7 million VSL (2015 dollars) 
reported on p. 84 of the TSD for inflation – based on the CPI-Urban deflator – yields a VSL of $10.8 
million in 2022 dollars. Additionally adjusting for growth in real incomes using an income elasticity of 
1.0 over 1978-2022 yields a VSL range of $21.8 to $22.7 million in 2022 dollars (depending on whether 
real GDP per capita or real disposable income is used as the income measure). To ensure that the VSL 
estimates used in EPA’s analysis are reasonable given available empirical work, it seems essential that 
the EPA revise its base VSL rather than simply adjusting its current recommended default for changes 
in income. 
 
The income adjustment factors presented in Table 32 and discussed in Section 5.4 of the TSD combine 
estimates of the change in real income over time (net of inflation) with estimates of income elasticity 
(i.e., the proportional change in WTP associated with a change in income). The discussion in section 5.4 
is brief, referencing the BenMAP-CE User Manual (U.S. EPA 2018) for more detailed information. 
Because the 2018 version of the User Manual is not included in the TSD reference list and does not 
appear to be available online, we instead reviewed the 2022 edition and other EPA documents for 
more information on these adjustments.  
 
The TSD provides income adjustment factors from 1990 through 2026, relying on estimates of per 
capita gross domestic product (GDP) to represent income. The TSD references suggest that the 
calculations reflect data available as of 2016. Monetary values are reported in 2015 dollars, adjusted 
for inflation using the GDP implicit price deflator (alternatively, at times the Consumer Price Index (CPI) 
is used in these adjustments). Historical GDP per capita estimates are from the U.S. Department of 
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Commerce’s Bureau of Economic Analysis; future estimates combine GDP forecasts from the 
Congressional Budget Office5 with Woods and Poole (2015) estimates of the projected change in the 
U.S. population. (Some limitations of the Woods and Poole data are discussed earlier in this report.) 
The approach in the TSD differs from the approach used by other major regulatory agencies (U.S. DOT 
2021a,b; HHS 2016, 2021). These agencies rely on earnings measures rather than GDP to estimate 
income growth, and generally update their values annually to reflect the most recent data available.  
 
Table 31 of the TSD presents a central estimate and lower and upper bounds for the income elasticities 
for minor health effects, severe and chronic health effects, and mortality. The TSD does not present a 
reference for the income elasticity values, although these appear to be values developed by Kleckner 
and Neumann (1999). As summarized in Ludwig and Neumann (2012) and Robinson and Hammitt 
(2015), the elasticity estimates for nonfatal effects reflect the range from eight studies published 
between 1975 and 1997; for mortality, the values are based on the range from seven studies and two 
literature reviews published between 1979 and 1998. These studies reflect data collected 25 or more 
years ago, which are not likely to reflect current conditions, data and methods now available, nor 
current standards for best practices. Several primary research studies as well as reviews and meta-
analyses have been completed since the 1999 estimates were developed. DOT and HHS take these 
newer studies into account in estimating elasticities.      
  
To combine estimates of changes in income and income elasticity to estimate values in each year, the 
TSD relies on a formula (p. 96) that relates proportional changes in WTP and income to the elasticity 
estimate. However, this formula is sensitive to the starting point. A more exact approach consistent 
with currently accepted practices involves using a logarithmic formula for calculating the arc elasticity 
over the income range considered.   
  
Time Period Covered by Adjustment 
For mortality, the EPA applies the income elasticity to its primary VSL measure. In the TSD, this is 
reported as $8.7 million in 2015 dollars (p. 84). It is difficult to compare this value to values reported 
elsewhere, because the estimates vary depending on the dollar year and the year in which the data on 
historical and future income were collected. However, as discussed in TSD Section 5.1.1, this estimate 
is consistent with the $4.8 million in 1990 dollars VSL used in its Section 812 reports on the 
retrospective and prospective benefits and costs of the Clean Air Act (U.S. EPA, 1997, 1999, 2011). That 
VSL is in turn derived from a review conducted by Viscusi (1992). The VSL estimate reflects an 
assessment of 26 estimates from 22 studies. While the level of the VSL is beyond the scope of this 
SAB’s charge, a few characteristics of this set of studies have implications for the income elasticity 
adjustment. The set includes 21 estimates from labor market hedonic studies and 5 estimates from 
contingent valuation studies, and 5 of the 26 estimates address risk-income trade-offs in non-U.S. 
contexts. These studies were published between 1974 and 1991 and are based on data collected 
several years prior to their respective publication dates: specifically, income data collected in these 
studies date to 1978, on average.  
  

 
5 While the TSD states that future income estimates come from a Congressional Budget Office (CBO) 2016 publication, we 
could find no citation for CBO 2016 in the reference list.  Appendix H-19 of the User’s Manual states that future changes in 
annual income are based on data from the Annual Energy Outlook by the U.S. Energy Information Administration.   
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EPA’s practice in applying this VSL in regulatory impact analysis has typically taken the following form: 
inflate the VSL to the common base year dollars used in the RIA and then adjust the VSL for growth in 
per capita income over a specified period of time. For example, the 2001 Diesel Sulfur Regulation (66 
Federal Register 5002) RIA adjusts the VSL to 1999 base year dollars and then adjusts for changes in 
per capita income projected between 1990 and 2030 (EPA 2000, p. VII-33, VII-64), the focal year for 
presenting full implementation of the regulation. The 2014 Tier 3 Gasoline Regulation (79 Federal 
Register 23414) RIA adjusts the VSL to 2010 base year dollars and then adjusts for changes in per capita 
income over 2000-2030 (U.S. EPA, 2014, p. 8-16). Adjusting for growth in per capita incomes over 
different length time horizons – 1990-2030 in one case and 2000-2030 in another case – results in 
different measures of the VSL for the same point in time (year 2030).  
 
Moreover, neither example accounts for adjustments that are merited to reflect the age of the 
publications. Ideally, the income adjustment should be applied from the date when the original data 
were collected in the studies underlying the agency’s VSL to the target year in the regulatory impact 
analysis. In both examples above, the adjustment practice fails to account for changes in per capita 
income from the date of data collection to 1990 or 2000.    
  
For nonfatal effects, the details of the approach for income adjustment are not discussed in the TSD. 
However, we assume the approach is analogous. As is the case for the VSL estimates, the approach 
should be consistent with the underlying studies. For example, if a study reports data collected in 1990, 
the income adjustment should be applied from 1990 to the target year. Note that income adjustments 
only apply to WTP estimates. WTP is sensitive to income because it reflects individuals’ willingness to 
exchange their own income for changes in their own risks. COI estimates will also change over time, 
but the factors that affect medical and other averted costs differ from the factors that affect WTP 
estimates and hence must be addressed differently. 
  
Choice of Income Measure 
As discussed in Hammitt (2017b) and elsewhere, the choice of income measure can significantly affect 
the results of any VSL adjustment for income. The rate of change in labor earnings can differ 
significantly from the rate of change in GDP per capita, which is a much broader measure (see, for 
example, the comparison in Figure 4.1 of Robinson and Hammitt, 2015). One question is whether the 
income measure is consistent with how income was estimated in calculating the elasticity. For 
example, elasticity may vary depending on whether it was derived based on changes in earnings or in 
GDP per capita.  
 
Another question is the consistency of income measures the EPA uses within and across regulatory 
impact analyses. For example, income projections are undertaken through the Shared Socioeconomic 
Pathways to produce future population estimates, as a part of the social cost of carbon (including 
adjustments of the value of reducing mortality risk associated with mitigating climate change risks), 
and in estimating the costs of proposed regulatory actions, as well as in updating the VSL for ozone and 
PM2.5 related mortality. 
     
The EPA should clarify the measure of “income” used in different components of its analyses as well as 
the justification for selecting that measure.    
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Choice of Income Elasticity   
Since the Kleckner and Neumann (1999) recommendations were developed, a significant number of 
primary research studies and reviews have been conducted that support a higher primary estimate for 
VSL income elasticity than 0.4. Examples of more recent reviews include reports developed for EPA 
(e.g., Ludwig and Neumann 2012; Robinson and Hammitt 2015) and for the World Bank (Narain and 
Sall 2016) as well as peer-reviewed journal articles (Hammitt and Robinson 2011, Robinson et al., 
2019b) and several meta-analyses discussed below. In addition, both the U.S. DOT (2021a,b) and U.S. 
HHS (2016, 2021) use higher estimates.  
  
More specifically, over 1997-2002, four studies reported income elasticities for the value of statistical 
life: 0.53 (Liu et al 1997), 0.89 (Miller 2000), 1.66 (Bowland and Beghin 2001), and 0.46 (Mrozek and 
Taylor 2002). Viscusi and Aldy (2003) replicated these studies and found that the vast majority of the 
variation in income elasticity reflected variations in the studies included in estimation samples. Their 
replications – based on a common sample of studies – yielded estimates across these four studies 
empirical strategies of 0.51 to 0.61, and further analyses in Viscusi and Aldy produce similar income 
elasticity estimates of 0.5 to 0.6. None of these five studies employed the same sample of studies as in 
the sample of 26 employed by EPA in estimating its VSL. Indeed, the entire VSL income elasticity 
literature draws on samples that differ from this set of 26. Some of this income elasticity literature 
draws on samples that include none of the EPA set of 26 studies because of reservations about 
systematic biases in measures of occupational fatality risk before the Bureau of Labor Statistics began 
producing the Census of Fatal Occupational Injuries in 1992 (see Viscusi 2004, Viscusi 2015).   
  
More recent studies have employed methods for addressing publication selection bias in generating 
estimates of the VSL income elasticity. Doucouliagos et al (2014) conduct a broader meta-analysis of 
the VSL income elasticity literature, and in their evaluation of fourteen meta-analyses, they estimate a 
range for the income elasticity of 0.25 to 0.63. Viscusi (2015) conducts a meta-analysis of U.S. labor 
market hedonic studies that employ the Census of Fatal Occupational Injuries measure of occupational 
fatality risk and estimates an income elasticity of 0.8 to 1.1. Note that this measure of occupational 
fatality risk is considered the standard for labor market hedonic studies, but the Bureau of Labor 
Statistics began producing these data in 1992, after the most-recently published paper in EPA’s sample 
of 26 studies used in estimating its VSL.   
  
Viscusi and Masterman (2017) draw from a larger set of labor market hedonic studies – 68 studies 
across the U.S. and another thirteen countries – to estimate a U.S. income elasticity of 0.5 to 0.7, and a 
non-U.S. income elasticity of about 1.0. This is similar, and draws from a similar sample of studies, as 
the income elasticity estimated in Viscusi (2018) that varies from 0.53 to 0.85. In a review of the stated 
preference literature, Masterman and Viscusi (2018) estimate an income elasticity of 0.55 for “more 
affluent countries” (including the United States) and an elasticity of 1.0 for lower-income countries.  
  
In addition to meta-analyses of VSL studies, Costa and Kahn (2004) estimated the value of statistical life 
through labor market hedonic analyses based on the decennial U.S. Census over 1940 to 1980. They 
estimate an income elasticity of 1.5 to 1.7. In a cross-sectional analysis of the U.S. labor market, 
Kniesner et al (2010) employ quantile regression and estimate how the compensating differential for 
occupational mortality risk varies with worker income. They estimate an income elasticity of 1.44.   
  



  

34 
 

In surveying this variation in income elasticities in the literature, DOT (2021b) adopted an income 
elasticity of 1.0. This decision reflected a weighing of the literature as of 2013, when the DOT estimates 
were developed. DOT references the 0.5 to 0.6 estimates in Viscusi and Aldy (2003), the 1.44 estimate 
in Kniesner et al.’s (2010) longitudinal study, and the 1.5 and 1.6 estimates in Costa and Kahn’s (2004) 
cross-country analysis. HHS (2016) likewise adopted an income elasticity of 1.0, with similar references 
to Viscusi and Aldy (2003) on one end, and Kniesner et al (2010) and Viscusi (2015) on the other end. 
The International Monetary Fund has employed an income elasticity of 1.0 for its application of VSL to 
monetize the externalities from fossil fuel combustion (Parry et al. 2021), referencing Viscusi and 
Masterman (2017) and Robinson et al. (2019a). In its recent proposed updating of the social cost of 
greenhouse gases, EPA (2022c) has used an income elasticity of 1.0 for valuing mortality risk 
reductions, and likewise referenced, inter alia, Viscusi and Masterman (2017) and Robinson et al. 
(2019a).   
  
We suggest that it would be appropriate for the EPA to use a central VSL income elasticity of 1.0. This 
reflects the balance of evidence across studies, recognizing that some produce estimates less than 1.0 
and others produce estimate greater than 1.0. We note, with significant reservation, the inconsistency 
in applying a VSL income elasticity derived from the current literature to a VSL measure derived from a 
dated literature comprised of papers published before 1992. We also recognize that the income 
elasticity could enable income-based adjustments to valuing reductions in mortality risk across 
populations in a contemporary cross-section as well as across populations over time.   
  
With respect to characterizing uncertainty in the income elasticity of the VSL (Tables 31 and 55 of the 
TSD), the SAB recommends adjusting the low and high estimates in light of the review of the literature 
with respect to charge question 4j. For the purpose of sensitivity analysis, 0.8 and 1.2 provide 
reasonable low and high estimates of VSL income elasticity. Note that these elasticity estimates should 
be applied to EPA’s central VSL estimate. Combining two low- or two high-end values leads to extreme 
estimates that are highly unlikely; e.g., EPA should not combine its low elasticity and a low VSL 
estimate to develop a low-end value. For probabilistic (Monte Carlo) analysis, where a full distribution 
of values is needed, the ends of the ranges should be anchored at 0.5 and 1.5. An array of meta-
analyses include 0.5 in their range (including Viscusi and Aldy 2003, Doucouliagos et al 2014, and 
Viscusi and Masterman 2017). Several studies estimated income elasticities in excess of 1.0, including 
the cross-sectional income elasticity of 1.44 from the U.S. labor market in Kniesner et al (2010).    
 
For nonfatal risks, income elasticity has not been as well studied and may vary depending on the 
nature of the health effect. As discussed in Robinson and Hammitt (2015), the sparse evidence 
available suggests that there is substantial variation and uncertainty regarding the income elasticities 
appropriate for nonfatal health effects, due in part to issues related to study design. As a default, we 
recommend that the EPA apply the same estimates to nonfatal effects as to fatal effects and 
encourage further research on this topic.  
  
Combining Income and Elasticity Estimates 
The equation that the EPA uses to adjust for income changes (TSD p. 96) essentially assumes that 
income elasticity is a point estimate, derived by dividing the percent change in the VSL by the percent 
change in real income. However, this formula is sensitive to the starting point. A more exact approach 
involves using a logarithmic formula for calculating the arc elasticity over the income range considered. 
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Under this approach, the equation for adjusting VSL for changes in real income becomes the following, 
as described in more detail in HHS (2016, 2021) and elsewhere. 
  

VSL(year y) = 
VSL(year x)*(real income(year y)/real income(year x)) elasticity 

Where: 
• VSL(year y) = the value of mortality risk reductions in the target year. 
• VSL(year x) = the value of mortality risk reductions in the reference year. 

 
We recommend that EPA change its approach to apply this formula. 
 
2.5. Charge Question 5:  Characterizing Uncertainty 

Charge Question 5:  Section 6.4 and 6.5 describe approaches EPA uses for characterizing 
uncertainty.  Please reference these sections in answering 5(a)-6(d).  

 
2.5.a. EPA uses risk estimates from air pollution epidemiologic studies when quantifying the 
number of avoided cases of premature death and illness from future changes in air quality. Given 
that, by design, epidemiologic studies report associations between historical changes in air quality 
and the odds (or relative risk, or hazard ratio) of an outcome, how should EPA characterize this 
source of uncertainty?  Are there methods to estimate the magnitude of this uncertainty that EPA 
should explore using?  Please explain.  

 
The SAB is unaware of methods to reliably quantify uncertainties associated with the evolution of risk 
functions into the future. We suggest that the EPA consider a retrospective analysis of the 
uncertainty associated with the historical changes in their own risk functions to provide a guide to 
the approximate magnitude of the uncertainty due to risk function changes over time (Tier 3). 
 
This question overlaps with other parts of question 5, for example, appropriate approaches to 
assessing the statistical uncertainty to the beta coefficient in the CR function, using standard errors to 
characterize sampling variation and heterogeneity of the estimates for non-sampling variation and 
simulation studies to link the CR function with benefits (question 5b). However, how health effects of 
historical changes in air quality reflect future effects (question 5a) is more challenging, as changes 
might occur that could affect the CR function. There may be changes in health and vulnerability of the 
population to pollution exposure. For example, there is already good evidence that the CR function is 
increased by co-exposure to COVID-19 (Marian et al., 2022; Chen et al., 2022; Chakraborty, et al., 2022) 
and this is not reflected in historical epidemiologic studies developing the CR function used in BenMAP. 
Mortality associated with PM2.5 may also be enhanced by climate change. There is uncertainty both to 
the change in temperature that will occur and to the CR function at different temperatures. Emerging 
evidence suggests that mortality may be greater during the co-occurrence of extreme temperature and 
short-term peaks of PM2.5 (Rayman et al., 2022), conditions that are becoming more frequent in areas 
where extreme temperatures also produce wildfires. Other anticipated changes that might affect the 
estimated benefits of regulation include both the level and the changing composition of pollutants as 
coal-fired power plants are retired and electrical vehicles become a larger proportion of the vehicular 
fleet.  
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In addition to uncertainty due to changing climate and sources of PM, there are recognized 
uncertainties that may have larger impacts on the estimated benefits. For example, as levels of PM2.5 
fall to attain compliance with the current standards, the uncertainty of the shape of the mortality CR 
relationship at low levels will become more important for accurately assessing population benefits. As 
described in Section 6.5.15.1 of the TSD, the studies available are not inconsistent with a linear 
relationship at levels below 12 ug/m3, but there is some limited evidence from three Canadian studies, 
which provided key data at low levels for the most recent ISA, for both supra and threshold effects at 
lower levels (U.S. EPA, 2023). To complicate further the task of estimating benefits, deviations from a 
linear CR function could differ between PM2.5 and O3, and by outcome. In addition, relatively new 
methods for estimating population exposure to PM components and for assessing effects of pollutant 
mixtures may challenge the historical assumption that EPA and other regulatory agencies have made 
that PM2.5 toxicity depends exclusively on concentration with little variation by composition. Emerging 
results using rapidly evolving methods for assessing impact of pollutant mixtures will need to be 
incorporated into future ISAs. Advances in medical technology and treatment could also affect the CR 
function.  

 
Existing studies on COVID-19 and PM2.5 interactions on mortality may be sufficient to estimate new 
population CR functions for PM2.5 and incorporate them into the ISA and BENMAP, though there is 
clearly uncertainty as to the duration of COVID-19-related effects on CR functions. Emerging research 
on PM composition and mixtures, applied to historical cohorts that form the foundation from which 
EPA estimates benefits, is likely to provide results useful for the revision of ISAs in the near future. 
However, additional research is likely needed to assess how historical CR functions may be affected by 
changing conditions like climate change for which there is a paucity of historical data to be able to 
estimate impacts on CR functions, or of electric vehicle penetration, for which health impacts are only 
beginning to be assessed (Garcia et al., 2023). 

 
It could be informative to frame the uncertainty in projections of changes in CR functions over time by 
reporting the quantitative importance of the historical evolution of the EPA’s preferred CR function. 
For example, the EPA could prepare a table summarizing the sensitivity of benefit estimates to a range 
of values for the CR hazard ratio, where that range is defined by the set of hazard ratios that the EPA 
has used in past regulatory analyses. For example, in the EPA’s Regulatory Impact Analysis for the 
Proposed Reconsideration of the National Ambient Air Quality Standards for Particulate Matter6 (U.S. 
EPA 2022a) the benefit measures in Table 8-1 of that document could be recalculated using the 
baseline hazard ratios that the EPA previously used when developing the Second Prospective Study of 
the Clean Air Act Benefits and Costs7 (2011) and the First Prospective Study8 (U.S. EPA 1999). Reporting 
the sensitivity of benefits and net benefits to changes in the EPA’s preferred hazard ratio from 1999 to 
2011 to 2023 could help readers to assess the potential magnitude of uncertainty under the 
assumption that future changes in hazard ratios are similar in magnitude to past changes. We note that 
such an assumption is speculative as the change in preferred CR functions over time may reflect factors 
such as changes in the health of the population or in the composition of particulate matter that would 
reflect genuine variation in the CR function but they might also reflect advances in data, pollution 

 
6     https://www.epa.gov/system/files/documents/2023-01/naaqs-pm_ria_proposed_2022-12.pdf 
7 https://www.epa.gov/clean-air-act-overview/benefits-and-costs-clean-air-act-1990-2020-report-documents-and-graphics 
8     https://www.epa.gov/clean-air-act-overview/benefits-and-costs-clean-air-act-1990-2010-first-prospective-study 

https://www.epa.gov/system/files/documents/2023-01/naaqs-pm_ria_proposed_2022-12.pdf
https://www.epa.gov/clean-air-act-overview/benefits-and-costs-clean-air-act-1990-2020-report-documents-and-graphics
https://www.epa.gov/clean-air-act-overview/benefits-and-costs-clean-air-act-1990-2010-first-prospective-study
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monitoring, and/or statistical modeling techniques that have led to improved quantification of the CR 
function (which might or might not have varied in time). Even changes in factors that affect the CR 
function, such as the health of the population or the composition of particulate matter mentioned 
previously, might not continue to change with similar magnitudes in the future. Nevertheless, such a 
retrospective analysis might provide useful information about the scale of future CR function changes, 
which are difficult to forecast. 
 

2.5.b. EPA performs a Monte Carlo simulation to quantify a distribution around certain input 
parameters including the beta coefficient used to quantify attributable cases of air pollution-
related effects. Are there other input parameters for which EPA should specify a distribution? To 
the extent that insufficient data exist to specify such a distribution, should EPA assume a 
distribution? What other methods are available to quantitatively or qualitatively assess 
uncertainty if sufficient data are lacking? 

 
The SAB recommends that the EPA improve the representation of uncertainty in their analysis by 
moving towards a more holistic treatment within the Monte Carlo simulation. Furthermore, the 
discussion of uncertainty in the TSD can and should be clarified (Tier 1).  

 
Section 6 of the TSD outlines a three-tiered strategy for dealing with uncertainty in their analysis: 1) 
Monte Carlo assessment of benefits associated with PM2.5 and ozone reductions (Sections 6.1 and 
6.2); 2) quantitative sensitivity analysis on selected inputs (Section 6.4); and 3) qualitative discussion of 
remaining uncertainties that are difficult to quantify (Section 6.5). Section 6.3 describes a set of quality 
assurance steps on the baseline incidence data rather than a proper sensitivity or uncertainty analysis 
and, therefore, does not belong in Section 6 and should be moved to section 3 (probably section 3.2 as 
it applies to 3.2 and 3.3). This tiered strategy is fundamentally a sensible one given the complexity of 
the problem and the myriad sources of uncertainty, not all of which are well quantified.   

 
However, the EPA should adopt a rigorous and holistic approach to evaluating uncertainty in its 
benefits assessments. From Section 6 of the TSD, it appears that the EPA currently considers a large 
number of sources of uncertainty but does so in a piecemeal, one-at-a-time manner rather than 
assessing an overall uncertainty from all sources combined. Monte Carlo methods are probably the 
most flexible and rigorous approach for doing this, but the EPA’s analyses should support a Monte 
Carlo calculation that produces a single output distribution of benefits that combines sources of 
uncertainty across multiple inputs.  We also encourage the Agency to explore the adequacy of existing 
data to evaluate the co-variance of different sources of uncertainty, which could then be included in 
the Monte Carlo analysis. 

 
The three-tiered strategy currently used by the EPA still makes sense even if a holistic Monte Carlo 
approach is adopted. There will be sources of uncertainty that turn out to be small in the overall 
assessment. For these, a quantitative sensitivity analysis (Tier 2) can be performed without needing to 
incorporate them into a full Monte Carlo assessment. There will be other sources of uncertainty that 
cannot be quantified but should still be recognized and discussed (Tier 3).  

 
For uncertainties where the EPA performs a Monte Carlo assessment (e.g., PM2.5 mortality and other 
endpoints examined in Sections 6.1 and 6.2), the EPA uses the reported standard errors from a given 
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epidemiological study to quantify uncertainty in the inputs. Standard errors account for sampling 
variation only and give an incomplete picture of overall uncertainty. A better approach would 
incorporate and account for heterogeneity of risk estimates across the entire literature. Meta-analyses, 
formal expert elicitation or other forms of expert judgement are methods to assess appropriate 
uncertainty distributions on key input parameters. Where limited data are available to assess 
uncertainty, simple distributions for key input parameters (e.g., uniform or triangular distributions) can 
be used and are preferable to ignoring these uncertainties altogether. Manski’s work (2008) on partial 
identification on bounding assumptions also might be useful in this context.   

 
The SAB identified several sources of uncertainty that ought to be considered. There is uncertainty in 
the air quality modeling that links emissions changes to changes in concentrations and exposure. This 
uncertainty is likely somewhat smaller than that for risk estimates and WTP but still appreciable. 
Literature suggests that exposure misclassification tends to bias reported hazard ratios downward 
leading to a low bias in risk estimates. Other limitations of epidemiological studies (e.g., whether it 
accounts for co-pollutants, temperature, and other stressors) contribute uncertainties to risk 
estimates. Uncertainty in assumed income elasticity on WTP is important in assessing benefits, and the 
range of elasticities currently used in the EPA’s analyses is probably too low. Additional uncertainty 
accrues when the economics literature infers WTP from working-age adults, but these are necessarily 
applied to older populations who account for a large share of the quantified premature mortalities due 
to air pollution. Not all these sources of uncertainty are equally important or even possible to quantify, 
but many could be meaningfully incorporated into Monte Carlo simulations to give a more holistic 
assessment of uncertainty. Uncertainties in income elasticity of WTP and in the air quality modeling – 
and perhaps others – are probably tractable and important enough to specify a distribution using some 
form of expert judgement.  

 
The TSD should be revised to clarify how key uncertainties are treated. The introduction to Section 6 is 
quite short and gives only a very limited overview of how uncertainty is handled. Much of the key 
information is found in Sections 6.1 to 6.5, which are lengthy. Essential information often gets lost 
amongst many less important details. It is difficult to determine what distributions are being used in 
the Monte Carlo analysis for key parameters such as the beta parameters and WTP/VSL. The 
introduction to Section 6 should be expanded to give a more detailed overview. This could include a 
more thorough description and justification of the overall approach for characterizing uncertainty, a 
list or table of which parameters get which tier of treatment (Monte Carlo versus quantitative 
sensitivity versus qualitative), and a summary of distributions for parameters that dominate the overall 
uncertainty in benefits. 
 

2.5.c. Does this section sufficiently characterize the various sources of uncertainty associated with 
the estimate of WTP for reduced PM2.5 and ozone exposure? Are there other sources of 
uncertainty that warrant identification and evaluation? 

 

We conclude that this section appropriately characterizes the primary sources of uncertainty and 
suggests several additional factors that warrant additional consideration (Tier 3). 

 
Income elasticity bounds: 
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TSD Section 6.4.3 outlines sensitivity bounds on income elasticities. These bounds should be revised, as 
needed, to be consistent with any changes that are made in response to the SAB’s comments on 
central estimates and ranges for income elasticities in the response to charge question 4j. 

 
Errors in measuring pollution exposures 
TSD Section 6.5.3 addresses measurement errors in assigning pollution exposures.  While techniques 
for predicting pollution exposure have improved over time, significant challenges remain due, for 
example, to variation in building sealing and individual mobility through commuting and other 
activities.  Studies that use techniques designed to avoid biases from measurement errors often find 
that addressing measurement errors (together with other sources of confounding) increases estimates 
for the causal effects of pollution exposures on health outcomes (Deryugina et al., 2019; Graff-Zivin 
and Neidell 2013; Aguilar-Gomez et al., 2022). 

 
Latency periods 
TSD Section 6.5.6 addresses the delay between changes in exposure and changes in health.   Most 
latency effects last just a few years, though some persist longer, but even short delays could be 
critically important for childhood exposures. 

 
Confounding by individual risk factors 
TSD Section 6.5.9 addresses confounding by individual risk factors in epidemiological studies and states 
that it is not currently possible to quantify uncertainty due to this confounding. However, research 
designs have been developed to mitigate this source of confounding and these designs could be 
applied to epidemiological studies. Graff-Zivin and Neidell (2013) and Aguilar-Gomez et al. (2022) 
provide recent reviews of this literature.  
 

2.5.d. Please comment on whether and how EPA could account for uncertainties associated 
 with the shape of the concentration-response function, particularly at concentrations near and 
 below the lowest concentrations observed in the epidemiologic studies used to quantify health 
 benefits. 
 
We recommend that the EPA incorporate results from additional CR functions beyond those that 
meet the criteria used in the ISAs to form a more robust pooled uncertainty estimate (Tier 1) and 
extend its current sensitivity analyses to incorporate results from studies of the association between 
mortality and short-term air pollution exposures (Tier 2). 
 
First, the current approach to calculating and propagating uncertainties is not well explained in the 
documentation. It appears the uncertainties for each CR function are developed from the uncertainties 
garnered from the individual studies and then Monte Carlo simulations are used to provide the given 
uncertainties. It would seem this would be done analytically, assuming a given uncertainty distribution 
(which should be documented). Further, how they are propagated is not well explained, and a sample 
calculation should be shown, e.g., in an appendix or similar. 

  
As noted elsewhere in this review, the EPA should include additional CR functions beyond those that 
strictly meet the criteria used in the ISAs, particularly the Global Exposure Mortality Model (Burnett et 
al., 2018)) should be supported. This CR function, based on data both from North America and data 
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from elsewhere, has a different shape. Including such functions would create a larger set of responses 
to be included in the overall pooled uncertainty estimate recommended previously by the SAB, 
providing additional information to more robustly characterize uncertainties, including at lower 
concentrations.   

 
It would be instructive to have a box showing the CR functions supported by BenMAP (and potentially 
others), along with their uncertainties, in both the TSD and the BenMAP manual for the most 
important endpoints (e.g., mortality for ozone and PM, asthma incidence for ozone, etc.), graphically 
comparing the functions. The figure caption should note the limitations of such comparisons.  For 
studies where different CR function shapes have been evaluated, a separate graphical presentation can 
be provided, focusing on the lower concentration range. While it is recognized that the EPA has chosen 
not to develop a single composite CR function, a comprehensive discussion of what the comparison of 
CR functions and their uncertainties suggests about the range of potential values over the likely range 
of concentration exposures would be instructive to individuals using the TSD and BenMAP. However, 
the EPA need not go into great detail given the limited, very specific applications of the TSD. 
Nevertheless, given the likely broader range of use for BenMAP, and to the extent that the TSD also 
provides documentation for BenMAP, some discussion is warranted.  Potentially more detail could be 
contained in the BenMAP User’s Manual and its Appendices.   

 
The EPA could account for some of the uncertainty associated with the shape of the CR function at 
concentrations near and below the lowest concentrations observed in the epidemiologic studies by 
extending its current sensitivity analyses to incorporate results from studies of the association between 
mortality and short-term air pollution exposures. In principle, studies of short-term air pollution 
exposures could be used to identify a lower bound on the value of reducing air pollution in locations 
where the CR function for long-term exposure cannot be directly estimated. Such locations are still 
likely to experience short-term exposures that are within the range of concentrations observed in 
epidemiologic studies that estimate CR functions for short-term exposure. Valuing reductions in short-
term exposure only in these locations would give a lower bound on the total value of reducing 
exposure under the EPA’s maintained assumption that the association between long-term exposure 
and mortality is inclusive of (but not limited to) the effects of short-term exposure on health outcomes 
(TSD Table 1). In the economics literature, Deryugina et al. (2019) provide evidence supporting a causal 
relationship between short-term PM2.5 exposures and mortality among people over age 65. The upper 
uncertainty bound would remain that based on the pooled estimates from long-term exposure studies. 
 

2.5.e. Please comment on any other assumptions that significantly impact the magnitude of the 
benefits for which EPA should generate more explicit assessments of uncertainty, either 
quantitative or qualitative.  

 
Regardless of whether or not the EPA updates the VSL to be more consistent with current literature, 
we recommend that the EPA extend its current approach to quantifying sources of uncertainty in 
benefit measures to include a more explicit assessment of uncertainty associated with VSL including 
the shape of the VSL’s uncertainty distribution and the transferability of VSL measures from EPA’s 
Guidelines values to the population affected by changes in air pollution (Tier 1).  
 



  

41 
 

One source of uncertainty arises from the distribution of VSL measures used. The 26 studies currently 
used by the EPA to construct a VSL distribution were published between 1974 and 1991. Since then, 
there have been many developments in data availability and econometric techniques. In Section 2.4.j, 
the SAB recommends updating the distribution of VSL studies used to reflect current literature.  
Regardless of whether or not the EPA updates the VSL distribution, sensitivity analysis using the ranges 
of estimates recommended by other major Federal regulatory agencies (DOT 2021a, b, HHS 2016, 
2021) could be informative. A second source of uncertainty arises from differences between the 
populations that are used to estimate VSL in academic studies and the populations believed to be most 
affected by changes in air pollution. Most of the VSL studies cited in the EPA’s Guidelines for Preparing 
Economic Analyses (U.S. EPA, 2014) are based on employment decisions made by workers aged 18 to 
65.  In contrast, most of the premature mortality from air pollution is concentrated among people over 
age 65. Thus, the VSL study population differs from the transfer population in terms of age, health, 
wealth, and other characteristics that could affect the population average willingness to pay to reduce 
mortality risk. 

 
2.6. Charge Question 6:  Data 

Questions 6-10 are related to the second goal of the panel (how the program implements EPA's 
methods to quantify estimated benefits, focusing on the user interface and software 
engineering), in the context of the recently developed cloud-based implementation of BenMAP.  
BenMAP is a complex tool incorporating air quality modeling results, demographic and 
population data and projections, economic valuation estimates, health related concentration 
response functions, and numerical methods and parameterization. To support the Panel’s review 
of BenMAP, EPA is providing a document entitled “User’s Manual” (U.S. EPA , Dec. 2022)9 as well 
as providing panel members access to the cloud-based version of the tool and training on how to 
use the tool. 

 
Charge Question 6:  BenMAP uses a broad set of air quality (monitoring and modeling), 
demographic, economic, concentration-response, incidence, and prevalence data. 

 
2.6.a. Are the contents and sources of input data transparent and appropriate? 

 
The TSD and the BenMAP User’s Manual have provided extensive documentation on the literature and 
preparation process for the default data choices in the online BenMAP, including air quality surfaces, 
incidence/prevalence rates, population datasets, health impact functions, socio-economic and 
demographic data, inflation, valuation functions, and income growth adjustments. In general, the 
contents and sources of data are described transparently. The appropriateness of the input data for 
use in BenMAP is harder to evaluate. Furthermore, the online tool doesn’t provide direct access to 
some of the data used, such as demographic and baseline incidences, making the evaluation and user 
interpretation/diagnosis of the results difficult. To make it fully transparent, we recommend that EPA 
include access to all the data elements that it has permission to distribute (Tier 1).  We also 
recommend that users be able to upload their own datasets (Tier 1). These could also be provided for 
general use in the data center so that people can further diagnose their model outputs. 

 
AQ input choices:   

 
9 https://sab.epa.gov/ords/sab/f?p=114:0:32679603711722:APPLICATION_PROCESS=AGENCY_REVIEW:::AR_ID:2489 

https://sab.epa.gov/ords/sab/f?p=114:0:32679603711722:APPLICATION_PROCESS=AGENCY_REVIEW:::AR_ID:2489
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The model offers a variety of pre-policy and post-policy air quality (AQ) surfaces data options, but it’s 
not clear what each option is. Some explanation of what these are would be helpful. If these options 
are only for demonstration purposes, the process for the user to upload user-specific AQ data needs to 
be better documented. For example, the shape file of current 12 km grid definition needs to be 
provided for the user to convert a user defined air quality surface or other input data into the BenMAP 
grid definition. Given that the population data and baseline incidence rates are locked into the default 
spatial resolutions, such conversion of AQ surfaces is a necessary step. However, if future cloud 
versions of BenMAP can accommodate a flexible user defined population, the air quality surface will 
need to be prepared differently. Finally, the functionality to use monitoring data is not yet currently 
implemented in the online BenMAP. Following our recommendation above that future versions of the 
online BenMAP incorporate the functionality for users to use their own data, monitoring data could 
then be uploaded. Future versions may also consider including emerging spatial and temporal air 
quality surfaces, such as satellite data, or a low-cost sensor network such as PurpleAir. 

 
Population data and baseline incidence data:  
Open-source data are preferred. Until such time as open-source can be implemented, we recommend 
evaluation of Woods & Poole data against the American Community Survey data from the U.S. 
Census10 to benchmark its validity (Tier 2). Finer grid resolution for population and baseline incidence 
rates are more appropriate for environmental justice applications. For example, population data at 100 
m resolution is available in the literature (e.g. Depsky et al., 2022). Currently, users cannot (yet) enter 
their own population data or incidence data, only the pre-loaded U.S. population. This is especially 
important for incidence data because users may need to use their own validated local and regional 
health data that are more appropriate to their study domain. We also encourage the Agency to take 
advantage of related EPA work that has built tools to analyze air pollution sources and impacts at high 
spatial resolution, including environmental justice indicators, by working collaboratively with the 
NEXUS project (https://nexusweb-test.app.cloud.gov). 

 
Health effects studies:  
In the TSD, studies that fell outside of the inclusion criteria in Table 42 could be provided, for example, 
as external links, for users to evaluate the appropriateness to include or exclude. Since the papers are 
taken from the EPA’s Integrated Science Assessments, which are quite robust, the evaluations are 
appropriate. For inputs into running BenMAP, one key limitation is in the choice of health effects 
studies. The user cannot select individual health effects, only the sets of all mortality or morbidity 
effects. Moreover, unlike in the desktop version, users cannot apply their own functions that are more 
appropriate for their study region, which limits the opportunities to customize the analysis. We 
recommend that future versions of BenMAP allow users to apply their own health impact functions 
(Tier 1).   

 
As a cautionary note, although the criteria are clear for choosing health endpoints in terms of causality 
and biological plausibility and core preferred health effect studies, one challenge that arises is when 
these endpoints and preferred studies change over time – e.g., from the 2009 PM2.5 Integrated 
Science Assessment (U.S. EPA, 2009) to the 2019 Integrated Science Assessment (U.S. EPA, 2019). 
Health effects evaluated at different points in time will be confounded by changes in the selection 

 
10 https://www.census.gov/programs-surveys/acs 
 

https://www.census.gov/programs-surveys/acs
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criteria. For example, when a user tries to evaluate air pollution attributable health impacts over time 
by comparisons to previous BenMAP studies, such a comparison becomes problematic as the previous 
studies are not compatible with the current version. 

 
2.6.b. Are the inputs appropriately indicated for user selection and implemented as documented 
in the referenced literature? 

 
The documentation and explanation of the inputs in both the User’s Manual and TSD are generally 
adequate. However, the online BenMAP could make it more intuitive for users to relate the options to 
their descriptions in the TSD. It was unfortunate that there wasn’t information within the program 
itself to more deeply interrogate the inputs. We recommend that the Agency add additional ways 
within the online BenMAP for users to interact with and understand the inputs and reference 
literature (Tier 2). Also, as mentioned above, the lack of input choices, particularly user-defined inputs, 
is a limitation of the online BenMAP at this point.   

 
2.6.c. Is the information provided to judge the sources and quality of the underlying data used for 
calculation or as input to algorithms and parameterizations sufficient? 

 
The online BenMAP locks users into predefined analysis paths based on standardized exposure fields 
and high-quality published studies for CR functions. This “design feature” forces BenMAP users to use 
standard model results and published health response data for calculations, but more advanced 
researchers may need flexibility to explore a broader array of inputs and configurations. We 
recommend that EPA provide explicit instructions and examples that describe how to introduce new 
input data and CR functions (Tier 2). Examples and details follow below.   

 
Selecting among the published CR functions is challenging for new and intermediate users because the 
subtle features of each study are difficult to differentiate. It would be helpful for EPA to publish their 
“expert rating” for each study based on the criteria listed in the offline documentation. EPA’s 
comments and ratings in each category and an overall rating would greatly help users understand 
which CR functions may be most applicable for their own work. Alternatively, should the EPA support 
an expert elicitation on the credibility of various CR studies (see response to charge question 4) that 
information could be provided in BenMAP. It may also be helpful to develop a feedback feature where 
users can post comments and advice that can be accessed by new users. The combination of these 
features would guide new users towards the most appropriate datasets while still allowing the expert 
users the flexibility to test alternative datasets.    

 
As a case study to illustrate the need to better explain how to judge the strengths of each CR function, 
it appears that the BenMAP model and the CO-Benefits Risk Assessment11 (COBRA) model use different 
default CR functions for PM mortality. It isn’t clear why these two EPA models made different choices.  
The rationale for the choice between CR functions should be easily understandable to all BenMAP 
users in the documentation.  

 

 
11  The CO-Benefits Risk Assessment Health Impacts Screening and Mapping Tool (COBRA) is described on EPA’s website at 
https://www.epa.gov/cobra.   

https://www.epa.gov/cobra
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The procedure for a BenMAP user to replace model inputs with their own data needs more 
documentation with examples. Most importantly, this includes the ability for users to supply their own 
exposure fields developed through chemical transport model (CTM) studies and/or through the 
processing of monitoring data. Other inputs such as socio-economic data, demographic data, inflation 
rates, etc should also be placed in a data center with links to the online version of BenMAP.  
Performance metrics for future demographic predictions should be developed to help understand the 
accuracy of this data, especially in cases where proprietary datasets are used. Open-source data would 
be preferred for all inputs to BenMAP whenever feasible.  

 
Providing documentation on the BenMAP source code would potentially create a new type of user that 
could fully exercise the capabilities of BenMAP and possibly even contribute new code to future 
versions of BenMAP; thus we recommend that EPA work towards making BenMAP “open-source” in 
such a manner that researchers could contribute to source code in a managed collaborative process 
(Tier 1). There are several “open-source” model projects that follow this paradigm, including the 
Community Multi-Scale Air Quality (CMAQ) and the Weather Research and Forecasting Model with 
Chemistry (WRF/Chem). Harnessing the creativity of the research community to grow BenMAP has the 
potential to greatly enhance the quality and functionality of the model.  
 

2.6.d. Are the concentration-response functions appropriately implemented, documented, and 
referenced for users to evaluate and select? Are the concentration-response functions 
appropriately included or indicated in outputs?  
 

As mentioned previously, we would like to see BenMAP upgraded so that users can add their own 
health impact functions rather than being restricted to those preloaded into the model. For the choice 
of health effects studies and CR functions, the user cannot select individual health effects, only the sets 
of all mortality or morbidity effects. This limits the questions that researchers can answer, e.g., 
BenMAP users often want to examine how air pollution attributable health impacts change over time – 
in comparison to previous BenMAP studies – but this becomes problematic when the sets of morbidity 
effects change. For example, the 2009 and 2019 PM2.5 ISAs (U.S. EPA 2009, 2019) understandably 
made different determinations about biological plausibility and causality of health endpoints, and 
therefore BenMAP should allow users to select endpoints. 
 
Where BenMAP provides a variety of CR functions for the same health endpoint, it should provide 
users with some description of the conditions under which  that particular CR function was evaluated 
to aid users in identifying CR functions that are most appropriate for particular applications. 
 
Another issue is that there is some inconsistency with other EPA models that examine health and 
economic impacts of PM2.5 pollution, e.g., EPA’s COBRA model, a reduced form model that estimates 
health and economic impacts directly from criteria pollutant emissions changes. The latest version of 
COBRA uses a different set of health effect studies; notably it still uses for PM2.5 mortality results from 
the American Cancer Society and Harvard 6-Cities cohort studies. Perhaps this is a COBRA issue rather 
than a BenMAP issue. Still, this inconsistency across models is problematic and more flexibility in 
modeling choices would allow users to perform more consistent analyses. 
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For ozone, care needs to be taken that the air quality data input to BenMAP is consistent with the CR 
function used. For example, the daily maximum 8-hour ozone levels are provided but health effects are 
computed for 1-hour effects. There was limited documentation about how BenMAP converts between 
1-hour max to 8-hour max and vice versa. This could be more transparent. It appears the conversion 
works both ways without loss of information, i.e., if you convert 8-hour to 1-hour and back, you end up 
with the original value. Better documentation would help the user navigate these issues. 
 
Also, in terms of health endpoints for ozone, it was not clear how to adjust the CR functions for annual 
versus warm season ozone when quantifying acute health effects. For mortality, the studies are almost 
all from the warm season. For morbidity, some studies cover other seasons or the annual basis. These 
issues with averaging time for input ozone data need to be clear to the user and, ideally, BenMAP 
would be able to enforce consistency between the air quality data and CR function in terms of time 
period. 
 

 
2.6.e. Has EPA appropriately characterized the capabilities and limitations of the BenMAP tool and 
supporting appendices with respect to incorporating externally created air quality modeling data inputs 
(3.3.1) and estimated changes in air quality over time? Are there tools that EPA might consider offering 
to improve information quality for air quality monitoring data inputs? 
For reference, the document “User’s Manual” describes the inputs [Chapters 2,3,5], underlying data 
[Chapter 11, Appendix I], concentration-response functions [Appendices B, D, E, F], and economic 
valuation parameters [Appendices G, H]. 
 
We agreed that the standard capabilities for incorporating externally created air quality modeling data 
inputs (3.3.1) and estimated changes in air quality over time were adequately described by the online 
BenMAP tool and supporting appendices, including many planned capabilities not yet implemented. 
We identified documented limitations in using pre-loaded air quality data, uploading and formatting 
user-created data on the 12km grids, using monitoring data (not yet supported) as well as inconsistent 
and missing variable documentation and incomplete guidance on using the surfaces provided in the 
current version.   
  
We thus recommend improvements to the guidance provided for preparing air quality surfaces and 
using the surfaces currently available (Tier 1). Algorithms for calculating each metric (e.g. 
“QuarterlyMean,” “WarmSeason_D8HourMax”) were not presented or provided via citations in the 
tool, appendices, or TSD document. Full documentation and functionality (in BenMAP or external 
scripts) to calculate BenMAP-ready surfaces for all metrics from an annual hourly BenMAP-formatted 
text file or CMAQ I/O API file would be helpful additions for BenMAP users. Clarification is needed in 
the manual for how BenMAP internally selects or adjusts CR functions to account for seasonal data. We 
note the absence of file headers for metadata in the air quality surface files and suggest such 
functionality be added. The 12km grid definition should be provided in the manual, the tool, and 
external references.  
  
Panelist Ling Jin verified that the current version of BenMAP can incorporate externally created air 
quality surfaces on sub-domains of the 12 km grid to which the tool is currently limited (Figure A). We 
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express interest in standardized functionally or external code for re-gridding and processing air quality 
surfaces like the AQS data formatting script available on BenMap CE website.12  
  

 
Figure 1:  Externally generated MDA8 Ozone surface uploaded on the 12 km grid for a central California 
sub-domain for three emissions years (source: Ling Jin) 

  
The air quality surfaces currently populated in the online version of BenMAP were not described or 
cited in the User’s Manual, and no metadata about their policy cases or provenance were provided in 
the online tool, including in the available (currently empty) text boxes below them. We recommend 
“info buttons” for metadata on air quality surfaces, links to describe their creation (emissions, 
meteorology, chemical transport model, etc.) and guidance on how to use each case (Tier 2). The 
ability to share externally created air quality surfaces and analysis templates for public re-use in the 
data center is a common request. Performance benchmarks for modeled air quality surfaces are 
important guidance and metadata to prioritize in development.  
  
Tools for using air quality monitoring data beyond monitor rollback are suggested, including monitor 
grid creation, quality assurance, the ability to fuse modeled and observed surfaces to reduce bias 
modeled inputs, and the spatial processing components included in BenMAP-CE and its offline scripts.  
  
One major limitation that the User’s Manual mentions is that BenMAP only resolves PM2.5 and ozone 
independently and does not necessarily resolve the full health and economic burdens of changes in air 
pollution considering the combined effects of both compounds or effects from ozone precursors, 
aerosol speciation, and other gases. We recommend that EPA provide context or references on the 
importance of these limitations and for the Agency to consider functionality to estimate health 
impacts of changes to other pollutants and interaction terms for PM2.5 and ozone (Tier 2). The latter 
reflect important ongoing scientific and model developments for regulatory and research applications.  
  
 

 
12 https://www.epa.gov/benmap 
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2.7. Charge Question 7:  Technical Implementation and Transparency 
Please comment on the technical implementation and transparency of the tool's calculations and      
presentation of output results. Please include discussion on the extent to which: 

 
2.7.a. results are correctly calculated, given the technical descriptions;  
 

The TSD and User’s Manual generally did a good job documenting a very complex tool, however this 
question seems to ask whether the different versions of the BenMAP tool (desktop, web) implement 
the scientific procedures described in the TSD and User’s Manual exactly as described. In a tool this 
complex, it is difficult or impossible to guarantee a “bug free” implementation and difficult to even 
evaluate by the review process undertaken by the SAB. 
 
Instead, as discussed above in 2.6.c, BenMAP’s development could be enhanced with a set of best 
practices to promote transparency and aid in identifying and correcting any errors that might exist. The 
BenMAP source code should be available for inspection by all users, ideally via a widely used repository 
such as GitHub. Additionally, a BenMAP Users Group, similar to the CMAQ users group would help in 
this regard. As a Tier 1 recommendation, when EPA creates a new version of BenMAP (e.g., the web 
version) or makes updates to BenMAP, the EPA should run standard benchmarks to ensure that 
things are working as intended. In particular, the EPA could reproduce with the web version of 
BenMAP some reference results from the desktop version. Benchmark results should be made 
available to users as output files that can be downloaded with summary tables and figures in 
appendices to the User’s Manual. More documentation embedded in the user interface of the online 
tool would also help in this regard. 
 
More specifically, outputs should carry both text identifiers (e.g., county names) as well as Federal 
Information Processing System (FIPS) codes to make it easier for users to navigate (Tier 3). Model 
outputs should be stratified by demography, e.g., by race and ethnicity (Tier 3). 

 
2.7.b. documentation clearly describes how results are calculated; 
 

The documentation in the Users’ Manual and TSD adequately describes how the results are calculated 
in general. Some of the ozone related health effects are not well documented. For example, the online 
version of BenMap computes ozone acute effects for D1hourmax (highest hourly value from 12:00 
A.M. through 11:59 P.M.) even when the metric provided is D8hourMax (highest eight-hour average 
calculated between 12:00 A.M. and 11:59 P.M.). This could be an error or incorrect. It is not clear how 
the incidences are computed absent the corresponding AQ surface. About health endpoints for ozone, 
it is unclear how to adjust the CR function for annual versus warm season metrics. For mortality, the 
studies cited are all conducted for warm seasons indicating that the CR functions are only applicable to 
warm season metrics. However, online BenMAP returns outputs for ozone acute effects regardless of 
annual or warm season metrics provided in the air quality surface.  

 
Additionally, as noted previously, while there is extensive documentation within the TSD and the User’s 
Manual, the information provided during the user’s experience within the model interface itself is very 
limited (see also response to Charge Question 6b). 
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2.7.c. results are presented clearly and with adequate explanation; 
 

While the Users’ Manual does a good job explaining how to run BenMAP, it lacks in its description of 
how to use the results and how to present results. This starts with the figures of the BenMAP results 
being un-readable in that the text is so fine that you cannot readily read the words. Zooming in on the 
text, at least with the pdf available, led to blurry letters as well. We recommend that EPA make the 
text legible and then explain each field using the example of the text shown (Tier 2).  There is 
virtually no discussion of the results from the economic valuation and what each of the fields means. It 
would be useful to have the latitude and longitude of the grid results in the .csv file (or at least the 
option to provide them). Units should be provided in the output .csv file.    
 
As noted elsewhere in this review, the explanation of the uncertainties needs to be more precise as it 
is not clear exactly how they are propagated from the grid-by-grid estimates to the aggregated results, 
and then to the estimated benefits. 

 
2.7.d. results are useful and appropriate for the intended scientific or policy purposes as 
documented; and  
 

We found the results useful and appropriate for the intended scientific and policy purposes as 
documented. Analyses at finer spatial resolutions (most commonly 1km) are supported by 
contemporary population data and air quality surfaces and necessary for many contemporary scientific 
applications and for environmental justice analyses. We would like to see guidance and references on 
the limitations of 12km and county scales for current policy purposes. We would also like to see 
guidance on how EPA applies results in cases of tradeoffs among different pollutants and tradeoffs and 
overlaps among different health endpoints. See also our response to 2.7.e below regarding 
presentation of uncertainties. Again the SAB encourages cooperation with the EPA’s NEXUS team who 
have implemented environmental justice indictors into their web tools, including source proximity and 
demographic indicators, as well as additional exposures to climate impacts and air toxics that could 
enable a more holistic evaluation of multiple environmental stressors. 
 

2.7.e. potential biases or uncertainties have been appropriately indicated and appropriate user 
notices are made available for practitioners applying the tool to their scientific or policy analyses. 
For reference, the “User Manual for BenMAP” describes the presentation of results [Chapter 10]. 

 
We recommend the model and its supporting documentation should more thoroughly address and 
explain the multiple sources of uncertainty in the analysis and its results (Tier 2). There is clearly 
uncertainty at every step of the BenMAP modeling process: air quality data, population and 
demographic estimates, baseline health incidence, data, epidemiological CR relationships, and 
valuation functions. BenMAP does not provide means to include, estimate, or propagate uncertainties 
in the population, incidence, and air quality surface data, only for CR functions. Adding this 
functionality would be very useful. The Agency should ideally provide guidance and performance 
benchmarking for biases and uncertainties in each user-provided dataset and in net uncertainties in 
BenMAP health impacts assessments and valuation, and tools to calculate them. Net uncertainties are 
also important for both scientific and policy purposes to provide a signal to noise ratio for scientific 
phenomena and policy cases and to contextualize the magnitude of the response calculated. The 
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Monte Carlo approach discussed in our response to Charge Question 2.5.b would be a good way to 
develop a net uncertainty estimate. We specifically identified quantified margins of error in Census and 
American Community Survey population data and estimated uncertainties for baseline incidence that 
should be added to BenMAP as well as, highlighted a need for documentation on addressing 
uncertainties in population projections using Woods & Poole data and in projecting inflation and 
income growth. 
  
We recommend that BenMAP include descriptions and references for individual components of the 
analysis (Tier 2). BenMAP quantifies the probability distribution for point estimates, reporting point 
estimate, mean, standard deviation, 2.5% and 97.5% (i.e., 95% confidence bounds). The 
documentation states that “BenMAP uses an N-point Latin Hypercube to represent the underlying 
distribution of β and to create a corresponding distribution of incidence changes in each population 
grid cell, where N is specified by you.” However, in the tool and documentation, it is not clear where 
users can specify “N” for uncertainty analysis. The User’s Manual discussed potential biases regarding 
the usage of VSL and COI for monetized health benefits, an area of ongoing debate. Users would 
benefit from additional guidance and flexibility in defining their own valuation functions and 
parameters. We also suggest that BenMAP include a description of potential biases and uncertainties 
related to modeling health and economic impacts at 12 km and county resolutions, and the impacts of 
extreme events. 

 
2.8. Charge Question 8:  User Interface 

Charge Question 8:  In answering questions 8(a)-d(d), please consider the user interface, software 
platform and implementation, data formats, documentation and the user experience of the 
BenMAP software.  Do these elements support the user’s ability to: 

 
2.8.a. make appropriate analytic choices;  

 
The offline documentation for the desktop version of BenMAP used for the TSD is comprehensive and 
impressive, but the online documentation links are very sparse. We recommend that EPA provide a 
description of all model inputs used to create the model outputs through the online interface (Tier 
1).  As an example, the air quality datasets provided in the online/cloud version of BenMAP need more 
description to guide the user. Abbreviations for model inputs and outputs also need to be clearly 
defined, and units for each variable need to be provided. All this information should be available by 
hovering a mouse over variable names in the online version. Further links to a summary discussion of 
model performance metrics would also be useful so that BenMAP users can judge the quality of the 
pre-defined exposure fields. More direct links from the BenMAP user interface to the supporting 
background information will enable the broader scientific community to use the BenMAP model, not 
just internal EPA experts. 

 
2.8.b. conduct a novel analysis; 

 
As discussed above, the current state of the cloud version of BenMAP is highly restrictive to the 
analyst’s choices, significantly hampering their ability to conduct a novel analysis. As of this review, 
these restrictions apply to virtually each step of the online BenMAP’s analytic process. For air quality 
inputs, the user seems to be restricted to a variety of pre-policy and post-policy air quality surfaces, 
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and the process of uploading user-specific air quality data is not clear, and the functionality to use air 
monitoring data is not yet incorporated into the model. Moreover, it does not seem possible to upload 
a geographic grid shape file that is not the preloaded counties or the CMAQ 12km grid.  For both 
population and baseline health incidence inputs, the user cannot enter their own data and is restricted 
to pre-loaded U.S. population and incidence data. The analyst faces even more significant restrictions 
on their choice of health effects to evaluate and the health effects studies to estimate PM2.5- and 
ozone-attributable impacts. The user cannot select individual health effects, only subsets of all 
mortality or morbidity effects. Moreover, the user cannot input their own health impact functions and 
can only use those preloaded into the model. Finally, the analyst cannot pool together multiple health 
effect studies in their analysis. Generally, these restrictions on model input choices result in the online 
version of BenMAP user locked into an analysis path with few opportunities to customize and conduct 
a novel analysis.  

 
In addition to restrictions in model inputs, there are potential novel analyses that either are not 
currently possible with BenMAP or not well documented within the software or its supporting 
documents. For example, the User’s Manual states that in addition to modelling a small change in air 
quality resulting from a specific policy or action, another application of BenMAP is to assess the total 
health burden of current levels of air pollution. In the past, studies using BenMAP have done this 
exactly (e.g., Fann et al, 2012). However, there is no guidance in the User’s Manual as to how to 
estimate the total health burden of air pollution.  

 
Other limitations to the ability to conduct analysis are beyond the current functionality of BenMAP.  
BenMAP can only evaluate impacts of PM2.5 and ozone. Impacts of other pollutants, or sub-species of 
PM2.5, are outside the current scope of BenMAP, but expanding this functionality would further equip 
the analyst to assess attributable health impacts of air pollution. Other expansions of BenMAP 
functionality that could expand the ability to conduct novel analyses include incorporation of 
interactions between climate change and the health impacts of atmospheric pollutants and 
distributional analysis that incorporates consideration of equity and environmental justice across 
demographic subgroups, including indigenous tribes and other disproportionately burdened 
communities, in the estimation of health and economic impacts of air pollution. 

 
2.8.c. revisit a prior analysis to either replicate it or edit and rerun the prior analysis; and  

 
One somewhat-related current drawback of online BenMAP that hampers revisiting of a prior analysis 
is the fact that the user gets timed out of the program quickly, and in so doing seems to lose work in 
progress.  Thus, after re-logging into the program, the user cannot return to the analysis that was in 
process. We recommend that future versions of BenMAP fix the timing out problem (Tier 2). Other 
than this, we did not identify limitations with the BenMAP user’s ability to revisit a prior analysis. 

 
2.8.d. appropriately interpret and present results? 

 
For the most part, the current implementation does what it says it does, though it is very limited. The 
interface is easy to use though, as a Tier 3 recommendation, we recommend links in the online 
BenMAP to the part of the User’s Manual that covers that part of the program, i.e., a simple click to 
an explanation is enabled for each step where input or execution is optional or required from the 
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user, which includes information on how to utilize and interpret the results. The data format is 
reasonably commonly used, though a bit painful to use. Indeed, a main limitation of the current 
BenMAP implementation is the rigidity of the input form (12 km grid following a specific CMAQ 
domain). While we did not pursue this further, it seems that it would be possible to input a data file 
that does not strictly align with the domain currently enabled, and the user would be unaware of such, 
including potentially using a different “origin corner.” As noted elsewhere, more flexibility should be 
built into BenMAP, but also the way data are provided to BenMAP should be more flexible, particularly 
if it is going to be tied to CMAQ grid structures. It should be adapted to use the network Common Data 
Format (netCDF) files, given that is how CMAQ fields tend to be stored and used. One could readily 
develop a part to the user interface to use a CMAQ file.The approach should also be ready to utilize 
future CMAQ (and other model) formulations (e.g., when CMAQ starts using the Model for Prediction 
Across Scales (MPAS) system). As noted above, the documentation does lay out the inputs and how to 
run the model as implemented, though it is lacking when it describes the outputs, particularly for the 
valuations. 
 
2.9. Charge Question 9:  Future Peer Review 

Charge Question 9:  Please comment on what types of changes the SAB believes warrant 
subsequent peer review of the BenMAP software. 

 
Many changes and updates to BenMAP’s analytic choices follow changes to the EPA’s PM and ozone 
Integrated Science Assessments (ISAs). Because the ISAs are peer reviewed, additional peer review for 
updates to BenMAP that reflect the latest science from the ISAs would be redundant and unnecessary.  
For example, changing the health effects resulting from PM2.5 and ozone exposure that meet the 
causality threshold required for inclusion in EPA’s core suite of PM2.5- and ozone-attributable health 
effects, or the preferred health effects studies to quantify these attributable impacts in BenMAP, 
would not need peer review.  
 
Other changes to the software, however, that expand or change the capabilities or functionality of 
BenMAP should undergo peer review. Below we list several such changes that would qualify as 
functional changes that would warrant peer review, including:  
 

• addition of new pollutants, including speciation of PM2.5, that BenMAP could evaluate;  
• significant changes to spatial or temporal resolution for BenMAP inputs and/or outputs;  
• significant changes in valuation approaches, such as shifting from the current cost-of-illness 

based-studies for valuing morbidity impacts to more comprehensive willingness-to-pay 
approaches;  

• changes to the model such that interactions between climate change and health impacts of 
atmospheric pollutants are taken into account;  

• incorporation of distributional analysis that would present opportunities for new applications of 
BenMAP; and  

• substantive changes to how BenMAP treats uncertainty.  
 
As the BenMAP model evolves in the above ways, or in ways not anticipated here, peer review would 
not necessarily require review of the entire model. Instead, peer review could be more focused on the 
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specific change(s) and done by a smaller group, potentially with the aid of a contractor that could 
conduct specific calculations determined by the peer-review group.  
 
Finally, in addition to peer review for major changes to the model, we believe that periodic review, 
perhaps every five years, would be warranted to ensure that the model is up to date and reflects the 
latest science and economics. This is especially important if BenMAP is to continue to be a central 
model used by the EPA in benefit-cost analyses for air regulations. Such periodic reviews could include 
review of changes to future health incidence projections, population projections, CR functions, 
valuation functions, and other features of the BenMAP model. 

 
2.10.  Charge Question 10:  Emerging Trends 

Charge Question 10:  Please discuss any emerging trends in software development, computer 
science, or data management technologies that should be considered or prioritized, for future 
upgrades to the BenMAP software or similar tools.  
 

BenMAP is useful both for its algorithmic pipeline and its current parameterizations and input data 
(population, incidence rate, CR function and valuation functions, etc.). The development already 
considers architecture that separates graphical user interfaces (GUI) and scientific computation, client 
and server, and can support more flexibility for the research communities to apply BenMAP’s 
algorithmic pipeline to user-defined input data and scientific, computational, analytical, data 
management, and visualization extensions. Additional functionalities to handle additional and 
emerging datasets such as satellite data, high resolution spatial and temporal data from low-cost 
sensor networks, mobile sensors, and traffic data, could enhance data quality and greatly expand the 
user community. The near-term availability of geostationary satellite remote sensing data for ozone 
and its precursors from other federal agencies at high spatial and temporal resolution was highlighted 
as an important trend to incorporate in future releases.  
 
We note that the user community may likely prefer a non-cloud desktop or software library version of 
BenMAP available that replicates and extends functionality of the official cloud version. To expand on 
our recommendation in 2.6.c, we recommend that EPA package BenMAP source code and 
components such as preprocessing modules, core computation modules, and post processing 
modules, so that the research community can grow ecosystems around it (Tier 2). BenMAP would 
benefit from a centralized data sharing and code platform for cross validation and innovation to 
support research applications and community health impacts assessment tool research and 
development following the CMAS center community modelling approach while agency-led 
development is constrained. More specifically, we recommend an R or python implementation be 
available and able to be downloaded from community software repositories such as anaconda13 and 
r-cran14 before availability and support for the desktop version of BenMAP is discontinued (Tier 2).  
 
We also recommend unit tests for all algorithms (Tier 2). We encourage clear standards for unit tests, 
code organization, code comments, and systematic dependencies with clarity and consistency across 
the user manual, code documentation and markup, and GitHub repositories.  
 

 
13 https://anaconda.org/anaconda/repo 
14 https://cran.r-project.org/web/packages/available_packages_by_name.html 
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Coordination with development in the Models-3 ecosystem and upstream models would support 
BenMAP or similar tools in incorporating emerging trends in software development, computer science, 
and data management. For example, development of variable-scale, nesting, and flexible grids is 
ongoing in the chemical transport models used to create air quality surfaces for BenMAP (CMAQ, WRF-
Chem, Community Earth System Model (CESM)). When CMAQ moves to a new grid structure, the cloud 
based BenMAP should be ready to use the fields developed using the new grid system. The adjoint and 
linear tangent of the CMAQ model can support more sophisticated sensitivity analyses and we expect 
this to be a growing trend in scientific and policy applications of BenMAP and similar tools.  
 
Ensuring data meet principles of findability, accessibility, interoperability, and reusability (FAIR; 
Wilkinson et al., 2016) is an emerging data management and sharing priority among the scientific 
communities that apply BenMAP and contribute to its many inputs, and a contemporary priority across 
several federal agencies, notably NIH and NIST. We recommend all future development of BenMAP 
pursue FAIR standards in all datasets and choices in data, metadata, log files, and code (Tier 1). Two 
examples of changes that would improve alignment with FAIR standards are standardizing the log file 
format to include all input data sources and parameter choices and conform to a machine-readable 
standard and providing documentation for the BenMAP database schema and code examples in 
Python and R detailing how to connect to the database and extract data from it. Replicability in the 
current version of the tool can be greatly enhanced with minimal development by supporting public 
sharing of user-added data and analysis templates. Models-3 has long conformed to FAIR principles in 
standardized formats, and this presents an effective initial area for coordination. Machine-readable 
data and metadata will support incorporation of BenMAP results into sophisticated visualization suites 
(e.g., Tableau), automated evidence maps, and re-use of scientific and policy applications of BenMAP.  
 
We highlight machine learning tools and large language models as important emerging trends to 
consider across code development, testing, documentation, analysis, sensitivity evaluation, 
optimization, replication. Making BenMAP data FAIR will ensure compatibility with these trends. 
Among currently available tools, we identified potential value in applying GitHub Copilot for coding 
suggestions, Mintlify to generate documentation from code, Deepcode to identify bugs and security 
vulnerabilities, and large language models to convert code between programming languages and 
standards and convert documentation to other written languages. 
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Appendix A: Pooling Risk Estimates 
 
The Agency asked for suggestions about how to pool estimates from studies with different underlying 
population characteristics. This is a major challenge and we do not have a complete solution. As a 
starting point for addressing this challenge, we offer the following example to illustrate how multiple 
estimates can be pooled while accounting for differences in the age ranges of the sampled individuals. 
Specifically, we use three estimates of PM2.5 mortality risks shown in Table 10 in the TSD and 
reproduced below: 
 

Study information Ages Beta coefficient (se) 

Wu et al. (2000) 65-99 0.0064 (0.0003) 

Pope III et al. (2019) 18-99 0.0133 (0.0016) 

Turner et al. (2016) 30-99 0.0058 (0.0010) 

 
We assume the risk coefficient in each study, 𝛽𝛽, is a reduced-form parameter in a Cox proportional 
hazards model that is a weighted average of latent parameters, 𝜃𝜃, for each age range covered by that 
study: 

ℎ = ℎ0𝑒𝑒−𝛽𝛽𝛽𝛽 = ℎ0𝑒𝑒−(𝜃𝜃1𝐴𝐴1+𝜃𝜃2𝐴𝐴2+𝜃𝜃3𝐴𝐴3)𝑥𝑥, (A1) 

where ℎ0 is the background hazard rate when the pollutant concentration 𝑥𝑥 = 0, and 𝐴𝐴1, 𝐴𝐴2, and 𝐴𝐴3 
are indicator variables for three mutually exclusive age ranges that cover the full range of ages 
considered in all three studies. Let 𝑓𝑓𝑖𝑖,𝑗𝑗 be the fraction of the sample in study 𝑖𝑖 that falls into age 
category 𝑗𝑗. The table below shows the estimates from each study as weighted averages of three age 
ranges. 
 

Study information Equation 

Wu et al. (2000) 0.0064 = 𝑓𝑓1,1𝜃𝜃1 + 𝑓𝑓1,2𝜃𝜃2 + 𝑓𝑓1,3𝜃𝜃3 

Pope III et al. (2019) 0.0133 = 𝑓𝑓2,1𝜃𝜃1 + 𝑓𝑓2,2𝜃𝜃2 + 𝑓𝑓2,3𝜃𝜃3 

Turner et al. (2016) 0.0058 = 𝑓𝑓3,1𝜃𝜃1 + 𝑓𝑓3,2𝜃𝜃2 + 𝑓𝑓3,3𝜃𝜃3 

This forms a system of three equations, which can be written in matrix form and solved for 𝜃𝜃 as 
follows: 

𝐹𝐹𝐹𝐹 = 𝐵𝐵 ⇒ 𝜃𝜃 = 𝐹𝐹−1𝐵𝐵, (A2) 

where 

𝐹𝐹 = �
𝑓𝑓1,1 𝑓𝑓1,2 𝑓𝑓1,3
𝑓𝑓2,1 𝑓𝑓2,2 𝑓𝑓2,3
𝑓𝑓3,1 𝑓𝑓3,2 𝑓𝑓3,3

� ,    𝜃𝜃 = �
𝜃𝜃1
𝜃𝜃2
𝜃𝜃3
� ,   and   𝐵𝐵 = �

0.0064
0.0133
0.0058

�. (A3) 



  

A-2 

To complete the example, we will assume that the age distribution in each study matched that of the 
U.S. general population (within the age range covered by each study), using the following age 
categories: 𝐴𝐴1 = 20-29 years old, 𝐴𝐴2 = 30-64 years old, and 𝐴𝐴3 = 65-99 years old. This gives: 

𝐹𝐹 = �
0.000 0.000 1.000
0.176 0.601 0.224
0.000 0.729 0.182

� 

Using these assumptions, we get:  

Age range 
Latent risk 
coefficient, 𝜃𝜃 s.e. 

20-29 0.046 0.010 

30-64 0.0064 0.0014 

65-99 0.0064 0.00030 

We estimated the standard errors using a Krinsky-Robb procedure, drawing from the sampling 
distributions of each coefficient estimate and re-solving the system of linear equations each time.  
 
The results suggest that the risk for the youngest age range, 20-29 years old, is nearly an order of 
magnitude greater than that for older ages. This seems implausible in light of what is known about 
human physiology and aging, but we can see where it comes from mathematically: The Pope estimate 
for 18-99 year olds is 0.0133 while the Turner estimate for 30-99 year olds is 0.0058. The only way to 
rationalize these results is for the Pope estimate to be a weighted average of a much higher risk for 18-
29 year olds and a lower risk for 30-99 year olds to produce the intermediate value of 0.0133. 

This example highlights the strong assumptions that are required for the calibrated risk parameters to 
be consistent estimates of the true parameters when the pooled studies differ along more dimensions 
than those explicitly included in the pooling estimator. In this case, we would have to maintain either 
of the following assumptions: 

1) age is the only relevant factor that differentiate the samples—or, in a linear model, perfectly 
uncorrelated with other unobserved factors that influence mortality risks—in which case the 
calibrated age coefficients are causal parameters and valid for predicting mortality risk changes, or  

2) age is perfectly correlated with unobserved factors that differentiate the samples, in which case 
the age-specific latent risk coefficients are not causal parameters but still would provide accurate 
predictions of mortality risk changes. 

In the foregoing example neither of these assumptions seems credible, so we do not recommend using 
the quantitative results of this example for policy analysis. To develop a more credible risk transfer 
function, multiple factors that differentiate the primary studies would need to be controlled in the 
pooling estimator. Our example provides only a starting point, not a complete solution to the challenge 
of pooling estimates from studies with different underlying population characteristics.  

To generalize the illustrated approach, the analyst would begin by specifying a structural equation 
relating the estimated risk coefficients to all relevant and observable moderating factors that 
distinguish the primary studies, analogous to equation (A1) but including more factors than just age 
categories. Next, a suitable numerical method would be used to find the coefficients of the structural 
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equation—the 𝜃𝜃’s in equation (A1)—that minimize the sum of (possibly weighted) squared errors 
between the observed and predicted risk coefficients from the primary studies. To examine the 
robustness of the resulting coefficient estimates, sensitivity analysis could be used to quantify the 
potential bias associated with the full range of possible correlations between unobserved factors and 
observed factors in the structural meta-regression equation (Cinelli & Hazlett, 2020). 
 

R script 

set.seed(1234) 
F <- matrix(c(0.000 , 0.000 , 1.000 , 
              0.176 , 0.601 , 0.224 , 
              0.000 , 0.729 , 0.182),3,3,byrow=TRUE) 
B  <- c(0.0064 , 0.0133 , 0.0058) 
SE <- c(0.0003 , 0.0016 , 0.0010) 
theta <- solve(F)%*%B 
# Krinsky-Robb: 
MC <- 10000 
theta.MC <- matrix(0,MC,3) 
for(mc in 1:MC){ 
  Bmc <- rnorm(3,B,SE) 
  theta.MC[mc,] <- solve(F)%*%Bmc } 
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Appendix B: Validity Weighting in Meta-Analysis 

  
A common challenge when pooling evidence involves the assignment of weights on individual 
estimates from different studies. Conventional methods of meta-analysis pool estimates using weights 
that depend on the estimated sampling variability of each primary estimate, typically reported as 
standard errors, and the overall heterogeneity among the estimates (Borenstein M, Hedges LV, Higgins 
JPT, Rothstein H, 2010). However, beyond sampling variability and heterogeneity, primary studies 
considered for a meta-analysis may also differ on other important dimensions, including the validity of 
their identification strategies or other relevant design features that may influence their credibility. A 
more efficient study with low standard errors might be based on an identification strategy that is less 
likely to isolate a causal treatment effect that is generalizable to the broader population or 
transportable to other settings (Tipton E, Hartman E, 2023) than another study with higher standard 
errors, which would set up a trade-off between precision and accuracy when combining the evidence 
from the two studies. Typically, differences in study validity are considered only in the data collection 
phase when analysts decide which studies to include or exclude. As noted by Cordray and Morphy 
(2009), “Agreement on the exclusion of studies, however, is not widespread.” Many studies have 
strengths and weaknesses that make their overall credibility difficult to judge. In these cases, which 
may comprise a large share of the relevant studies, the include-or-exclude determination may itself be 
uncertain. In light of this common dilemma, it would be advantageous to extend standard meta-
analytic methods to relax the strict in-or-out constraint to handle borderline cases.  
 
One way to do this would be to assign a “validity weight” to each relevant study representing the 
analysts’ considered judgments regarding the strength of the identification strategy and other 
elements of the study design.15 If the study design is known to be valid in all relevant respects and 
thereby provides an unbiased estimate of the treatment effect that can be applied to the policy 
context of interest, then the study would be assigned a validity weight of 1. If the study is known to be 
invalid on one or more relevant dimensions and therefore biased by some unknown amount, the study 
would be assigned a validity weight of 0. In these extreme cases, the include-or-exclude decision is 
clear. When the analysts cannot make a definitive 0-1 validity determination, they would assign an 
intermediate weight between 0 and 1 representing their subjective judgments about the overall 
validity of the study. These judgments would be made prior to analyzing the meta-data and would be 
treated as exogenous features of the studies in the analysis stage. Then, to combine the evidence from 
the full set of relevant studies, optimal weights that balance the differential precision and accuracy of 
the studies can be derived that include not only the point estimates and standard errors from each 
study (the usual ingredients of any fixed- or random-effects meta-analysis) but also the assigned 
validity weights.  

 
15 Valentine (2019) discussed incorporating judgments about study quality in meta-analysis and recommended using multi-
dimensional measures of study quality as moderators in a meta-regression rather than a single dimensional measure of 
quality to derive weights like the approach we propose here. Valentine’s recommendation was partly informed by Ahn and 
Becker (2011), who conducted a simulation study using a quality weighted estimator of the form ∑𝑞𝑞𝑖𝑖𝑤𝑤𝑖𝑖𝑑𝑑𝑖𝑖

∑ 𝑞𝑞𝑖𝑖𝑤𝑤𝑖𝑖
, where 𝑑𝑑𝑖𝑖  is the 

effect size, 𝑤𝑤𝑖𝑖  is the conventional inverse variance weight, and 𝑞𝑞𝑖𝑖  is the subjective quality weight for study 𝑖𝑖. Ahn and Baker 
found that this estimator did not eliminate bias but had a lower MSE than the conventional fixed-effects estimator when 
lower quality studies had larger biases, but they nevertheless concluded that “quality weights lead to bias in almost every 
condition studied, [so] we recommend against the use of quality weights” (p 555). 
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Model set-up 
We will denote the target of estimation as 𝑌𝑌, which could be a hazard ratio, dose-response coefficient, 
or some other measure of the causal effect of a specific air pollutant on a specific human health 
outcome. We assume that each of 𝑖𝑖 = 1,2, … ,𝑁𝑁 studies reported a single estimate of 𝑌𝑌, 𝑦𝑦𝑖𝑖, with a 
standard error, 𝑠𝑠𝑒𝑒𝑖𝑖. The analysts assign a subjective “validity weight,” 𝜌𝜌𝑖𝑖, to each study representing 
their judgment about the validity of the identification strategy used in study 𝑖𝑖: if a study is credible 
then 𝔼𝔼[𝑦𝑦𝑖𝑖] = 𝑌𝑌, otherwise 𝐸𝐸[𝑦𝑦𝑖𝑖] = 𝑍𝑍 where 𝑍𝑍 ≠ 𝑌𝑌. I.e., poorly designed studies—those that do not 
use estimators with sampling distributions centered on the true causal effect—are biased by some 
unknown amount 𝑍𝑍 − 𝑌𝑌.16  

The estimator 
Consider the family of convex estimators: 

𝑌𝑌� = �𝑤𝑤𝑖𝑖𝑦𝑦𝑖𝑖   where   �𝑤𝑤𝑖𝑖 = 1    and    0 ≤ 𝑤𝑤𝑖𝑖 ≤ 1  ∀𝑖𝑖. (B1) 

We want to find the set of weights that gives the lowest mean squared error for 𝑌𝑌� .17 In expectation, 
we have 

𝔼𝔼�𝑌𝑌�� = 𝔼𝔼 ��𝑤𝑤𝑖𝑖𝑦𝑦𝑖𝑖� = �𝑤𝑤𝑖𝑖[𝜌𝜌𝑖𝑖𝑌𝑌 + (1 − 𝜌𝜌𝑖𝑖)𝑍𝑍]. (B2) 

The mean squared error of the estimator is 

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝔼𝔼 ��𝑤𝑤𝑖𝑖[𝜌𝜌𝑖𝑖𝑌𝑌 + (1 − 𝜌𝜌𝑖𝑖)𝑍𝑍] − 𝑌𝑌�
2

+ �𝑤𝑤𝑖𝑖
2𝑠𝑠𝑒𝑒𝑖𝑖2. (B3) 

Including the constraint that the weights must sum to one, the Lagrangian is 

ℒ = 𝔼𝔼 ��𝑤𝑤𝑖𝑖[𝜌𝜌𝑖𝑖𝑌𝑌 + (1 − 𝜌𝜌𝑖𝑖)𝑍𝑍] − 𝑌𝑌�
2

+ �𝑤𝑤𝑖𝑖
2𝑠𝑠𝑒𝑒𝑖𝑖2 + 𝜆𝜆 ��𝑤𝑤𝑖𝑖 − 1�. (B4) 

After combining the first-order conditions for an optimum of the Lagrangian with the constraint to 
eliminate the Lagrange multiplier, we arrive at the following formula for the optimal weights: 

𝑤𝑤𝑖𝑖 =
𝑠𝑠𝑒𝑒𝑖𝑖−2

∑ 𝑠𝑠𝑒𝑒𝑖𝑖−2
+ 𝐴𝐴(𝑤𝑤) �

𝑠𝑠𝑒𝑒𝑖𝑖−2

∑ 𝑠𝑠𝑒𝑒𝑖𝑖−2
��

[𝜌𝜌𝑖𝑖𝑌𝑌 + (1 − 𝜌𝜌𝑖𝑖)𝑍𝑍]
𝑠𝑠𝑒𝑒𝑖𝑖2

� −
[𝜌𝜌𝑖𝑖𝑌𝑌 + (1 − 𝜌𝜌𝑖𝑖)𝑍𝑍]

𝑠𝑠𝑒𝑒𝑖𝑖2
�, (B5) 

 
16 A more general set-up would also allow for (zero-mean) non-sampling errors as in a conventional random-effects meta-
analysis, and would allow the variances of non-sampling errors to differ across credible and non-credible studies. 
17 The mean-squared-error (MSE) metric combines into a single measure two of the most important criteria for estimators: 
bias and variance (Kennedy P, 2008). Rather than focusing on the least variable estimators among unbiased or consistent 
estimators, the MSE criterion allows a smooth trade-off between the two. One implication of using the MSE criterion is that 
the researcher allows the use of an inconsistent estimator even when a consistent estimator may be available (Winer BJ, 
1978). This can be an advantage if it is possible to achieve a large reduction in variance by accepting a small increase in bias. 
In these cases, the researcher can be “less wrong” on average. We can make this idea more concrete by considering the 
estimation problem as one of minimizing a loss function (Williams & Hooten, 2016): what is the cost of our point estimate 
deviating from the true value? In the present context, this cost might come in the form of deadweight loss from a poorly 
designed environmental regulation owing to the use of an erroneous point estimate of an important epidemiological or 
economic parameter. A system or market that the decision-maker is trying to regulate does not know or care if the 
estimation error is due to bias or variance. The MSE loss function effectively assumes that the cost of the estimation error 
increases with the square of the difference between the point estimate used to design the policy and the true value of the 
parameter, which can be viewed as a second-order approximation of any loss function that has a minimum at the true 
parameter value. 
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where 

𝐴𝐴(𝑤𝑤) = �𝑤𝑤𝑖𝑖[𝜌𝜌𝑖𝑖𝑌𝑌 + (1 − 𝜌𝜌𝑖𝑖)𝑍𝑍] − 𝑌𝑌. (B6) 

The first term on the right-hand side of equation (B5) is the familiar inverse-variance precision weight 
from a conventional fixed-effect meta-analysis. The second term is the adjustment to the weights for 
the differential validity assignments across the studies. It is not possible compute the 𝑤𝑤𝑖𝑖’s straight 
away using equation (B5) since the 𝑤𝑤𝑖𝑖’s also appear on the right-hand side, embedded in 𝐴𝐴(𝑤𝑤). But it 
is straightforward to iterate equation (B5) to a fixed-point, replacing negative weights with zeros as 
needed.18 
To compute the weights, we first need estimates of 𝑌𝑌 and 𝑍𝑍. To estimate these quantities, consider 

𝔼𝔼[𝑦𝑦𝑖𝑖] = 𝜌𝜌𝑖𝑖𝑌𝑌 + (1 − 𝜌𝜌𝑖𝑖)𝑍𝑍 = 𝑍𝑍 + 𝜌𝜌𝑖𝑖(𝑌𝑌 − 𝑍𝑍). (B7) 

Therefore, to compute initial estimates of 𝑌𝑌 and 𝑍𝑍, we can regress 𝑦𝑦𝑖𝑖 on a constant and 𝜌𝜌𝑖𝑖  and then 
take the intercept as an initial estimate of 𝑍𝑍 and take the slope as an initial estimate of 𝑌𝑌 − 𝑍𝑍. We can 
then use these initial estimates to compute 𝑤𝑤𝑖𝑖’s, then use the 𝑤𝑤𝑖𝑖’s to compute 𝑌𝑌� , which is an updated 
estimate of 𝑌𝑌. Then we can compute an updated estimate of 𝑍𝑍 using 

𝑍̂𝑍 =
∑𝑦𝑦𝑖𝑖 − 𝑌𝑌� ∑𝜌𝜌𝑖𝑖
∑(1 − 𝜌𝜌𝑖𝑖)

 (B8) 

and repeat until convergence.  

Example using constructed data 
In the R script below, we compare the performance of the proposed validity-weighted estimator to the 
conventional precision-weighted meta-analysis estimator that uses only fully valid studies (i.e., studies 
with 𝜌𝜌𝑖𝑖 = 1) and discards the rest. In this example, 𝑌𝑌 = 1, 𝑍𝑍 = 2, there are 10 studies with standard 
errors between 0.2 and 1.0, and the credibility weights are 𝜌𝜌 = [1,1, .9, .9, .8, .8, .7, .7, .6, .6]. That is, the 
analyst has collected two fully valid studies, two less valid studies, and so on, down to two marginally 
valid studies. We simulated data using these assumptions 500 times and computed both estimators for 
each simulated dataset.  

The histograms below show the sampling distributions for the conventional meta-estimator using only 
fully valid studies (left) and the validity-weighted meta-estimator (right). The MSEs for the 
conventional and validity-weighted estimators are 0.161 and 0.073, respectively. On close inspection, 
the bias-variance tradeoff is apparent here. The validity-weighted estimator is slightly biased away 
from 𝑌𝑌 = 1 towards 𝑍𝑍 = 2 (its mean is 1.095 compared to 0.982 for the conventional estimator), but it 
has a substantially lower standard error (0.253 compared to 0.401). 

 
18 As a cross-check, we also used a numerical gradient algorithm to compute the weights while respecting all of the 
constraints, independent of the formulas given in equations (B5) and (B6). In all of the examples we tried, both methods 
gave virtually identical weights. 
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The validity-weighted estimator also will indicate which of the candidate studies should be excluded 
from the meta-analysis by producing weights for those studies equal to zero. In the example above, on 
average 1.43 of the 10 studies were excluded by the validity-weighted estimator. There also appears to 
be an intermediate level of validity below which studies should be excluded ex ante. When we ran the 
example again excluding the two 𝜌𝜌𝑖𝑖 = 0.6 studies the MSE went down, then when we also excluded 
the two 𝜌𝜌𝑖𝑖 = 0.7 studies the MSE went back up. So in this case the cutoff appears to be between 0.6 
and 0.7. We suspect this result is not fully general, but we would conjecture that some such interior 
value will be optimal in many relevant cases. 

R script 

#------------------------------------------------------------------------------- 
# FUNCTIONS: 
#------------------------------------------------------------------------------- 
{ 
   
  pause  <- function(sec){ 
     
    if(missing(sec)){ 
      readline(prompt='Paused. Press [enter] to continue.\n') 
    }else{ 
      Sys.sleep(sec) 
    } 
     
  } 
   
  MSE.fn <- function(w,Y,Z,se,rho){ 
    MSE <- (sum(w*(rho*Y+(1-rho)*Z))-Y)^2 + sum(w^2*se^2) 
    return(MSE) 
  } 
   
  w.fn   <- function(Y,Z,se,rho){ 
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    if(method=='comp'){ 
       
      N    <- length(se) 
      w    <- matrix(1/N,N,1) 
      MSE  <- MSE.fn(w,Y,Z,se,rho) 
      done <- 0 
      while(done == 0){ 
         
        # up 
        MSE.up <- MSE 
        w.up   <- w 
        for(i in 1:N){ 
          w.ij <- w 
          if(w.ij[i]<=(1-dw)){ 
            w.ij[i] <- w.ij[i] + dw 
            for(j in 1:N){ 
              if(j!=i & w.ij[j]>=(dw+dw/10)){ 
                w.ij[j] <- w.ij[j] - dw 
                MSE.ij  <- MSE.fn(w.ij,Y,Z,se,rho) 
                if(MSE.ij < MSE.up){w.up <- w.ij; MSE.up <- MSE.ij} 
                w.ij[j] <- w.ij[j] + dw 
              } 
            } 
            w.ij[i] <- w.ij[i] - dw 
          }  
        } 
         
        # down 
        MSE.dn <- MSE.up 
        w.dn   <- w.up 
        for(i in 1:N){ 
          w.ij <- w 
          if(w.ij[i]>=(dw+dw/10)){ 
            w.ij[i] <- w.ij[i] - dw 
            for(j in 1:N){ 
              if(j!=i & w.ij[j]<=(1-dw)){ 
                w.ij[j] <- w.ij[j] + dw 
                MSE.ij  <- MSE.fn(w.ij,Y,Z,se,rho) 
                if(MSE.ij < MSE.dn){w.dn <- w.ij; MSE.dn <- MSE.ij} 
                w.ij[j] <- w.ij[j] - dw 
              } 
            } 
            w.ij[i] <- w.ij[i] + dw 
          }  
        } 
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        if(MSE.dn < MSE){MSE <- MSE.dn; w <- w.dn}else{done <- 1} 
         
      } 
       
    } 
     
    if(method=='math'){ 
       
      phi <- .25 
       
      N <- length(se) 
      w <- matrix(1/N,N,1) 
       
      done <- 0 
      while(done==0){ 
         
        Aw <- sum(w*(rho*Y+(1-rho)*Z))-Y 
        ww <- se^(-2)/sum(se^(-2)) + Aw*( se^(-2)/sum(se^(-2))*sum((rho*Y+(1-rho)*Z)/se^2) - (rho*Y+(1-
rho)*Z)/se^2 ) 
         
        ww[which(ww<0)] <- 0 
        ww[which(ww>1)] <- 1 
        ww <- ww/sum(ww) 
         
        # print(ww); pause() 
         
        if(max(abs((w-ww)/(w+1e-12)))<0.0001){done <- 1}else{w <- (1-phi)*w + phi*ww} 
         
      } 
       
    } 
     
    return(w) 
     
  } 
   
} 
 
 
#------------------------------------------------------------------------------- 
# MAIN PROGRAM: 
#------------------------------------------------------------------------------- 
 
set.seed(1234) 
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Y     <- 1 
Z     <- 2 
se.lo <- 0.2 
se.hi <- 1.0 
rho   <- c(1,1,.9,.9,.8,.8,.7,.7,.6,.6) # MSE = 0.079 
# rho   <- c(1,1,.9,.9,.8,.8,.7,.7)       # MSE = 0.059 
# rho   <- c(1,1,.9,.9,.8,.8)             # MSE = 0.074 
N     <- length(rho) 
 
method <- 'math' # 'comp' or 'math 
 
dw    <- .005 
 
MC       <- 1000 
Y.infMC  <- matrix(0,MC,1) 
Y.hatMC  <- matrix(0,MC,1) 
YY.hatMC <- matrix(0,MC,1) 
n.MC     <- matrix(0,MC,1) 
for(mc in 1:MC){ 
   
  se <- runif(N,se.lo,se.hi) 
  w  <- w.fn(Y,Z,se,rho) # ideal weights (infeasible) 
   
  # Simulate data: 
  y <- matrix(0,N,1) 
  c <- matrix(0,N,1) 
  for(i in 1:N){ 
    c[i] <- 1*(runif(1)<rho[i])  
    y[i] <- c[i]*Y + (1-c[i])*Z + rnorm(1,0,se[i]) 
  } 
   
  Y.infMC[mc] <- sum(w*y) 
   
  w.hat0 <- matrix(1/N,N,1) 
  x      <- cbind(matrix(1,N,1),matrix(rho,N,1)) 
  b      <- solve(t(x)%*%x)%*%t(x)%*%y 
  Z.hat0 <- b[1] 
  Y.hat0 <- b[2] + Z.hat0 
   
  w.hat1 <- w.fn(Y.hat0,Z.hat0,se,rho) 
  Y.hat1 <- sum(w.hat1*y) 
  Z.hat1 <- (sum(y)-Y.hat1*sum(rho))/sum(1-rho) 
   
  w.hat2 <- w.fn(Y.hat1,Z.hat1,se,rho) 
  Y.hat2 <- sum(w.hat2*y) 
  Z.hat2 <- (sum(y)-Y.hat2*sum(rho))/sum(1-rho) 
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  w.hat3 <- w.fn(Y.hat2,Z.hat2,se,rho) 
  Y.hat3 <- sum(w.hat3*y) 
  Z.hat3 <- (sum(y)-Y.hat3*sum(rho))/sum(1-rho) 
   
  Y.hatMC[mc] <- Y.hat3 
  n.MC[mc]    <- sum(w.hat3<=(dw+dw/10)) 
   
  yy <- y[which(rho==1)] 
  ss <- se[which(rho==1)] 
   
  ww.hat <- (1/ss^2)/sum((1/ss^2)) 
   
  YY.hat <- sum(ww.hat*yy) 
   
  YY.hatMC[mc] <- YY.hat 
   
  if(mc>5){ 
    par(mfrow=c(1,2)) 
    hist(YY.hatMC[1:mc],breaks=seq(-1,3,length=30),freq=FALSE,xlim=c(-.5,2.5),ylim=c(0,1.6),main='Fully 
valid studies',xlab='Estimate') 
    hist(Y.hatMC[1:mc], breaks=seq(-1,3,length=30),freq=FALSE,xlim=c(-
.5,2.5),ylim=c(0,1.6),main='Validity-weighted studies',xlab='Estimate') 
     
    cat('\014Working on mc =',sprintf('%-.0f',mc),'of',sprintf('%-.0f\n',MC)) 
    cat('MSE[Yinf]  =',sprintf('%8.5f\n',mean((Y.infMC[1:mc] -Y)^2))) 
    cat('MSE[Yhat]  =',sprintf('%8.5f\n',mean((Y.hatMC[1:mc] -Y)^2))) 
    cat('MSE[YYhat] =',sprintf('%8.5f\n',mean((YY.hatMC[1:mc]-Y)^2))) 
    cat('E[n]       =',sprintf('%8.5f\n',mean(n.MC[1:mc]))) 
    pause(.05) 
  }else{ 
    cat('\014Working on mc =',sprintf('%-.0f',mc),'of',sprintf('%-.0f\n',MC)) 
  } 
   
} 
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