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A B O U T  H E I

The Health Effects Institute is a nonprofit corporation chartered in 1980 as an independent 
research organization to provide high-quality, impartial, and relevant science on the effects of air 
pollution on health. To accomplish its mission, the Institute

• identifies the highest-priority areas for health effects research

• competitively funds and oversees research projects

• provides an intensive independent review of HEI-supported studies and related research

• integrates HEI’s research results with those of other institutions into broader evaluations

• communicates the results of HEI’s research and analyses to public and private decision-makers.

HEI typically receives balanced funding from the US Environmental Protection Agency and the 
worldwide motor vehicle industry. Frequently, other public and private organizations in the United 
States and around the world also support major projects or research programs. HEI has funded 
more than 380 research projects in North America, Europe, Asia, and Latin America, the results of 
which have informed decisions regarding carbon monoxide, air toxics, nitrogen oxides, diesel exhaust, 
ozone, particulate matter, and other pollutants. These results have appeared in more than 260 
comprehensive reports published by HEI, as well as in more than 2,500 articles in the peer-reviewed 
literature.

HEI’s independent Board of Directors consists of leaders in science and policy who are committed 
to fostering the public–private partnership that is central to the organization. The Research 
Committee solicits input from HEI sponsors and other stakeholders and works with scientific staff to 
develop a Five-Year Strategic Plan, select research projects for funding, and oversee their conduct. The 
Review Committee, which has no role in selecting or overseeing studies, works with staff to evaluate 
and interpret the results of funded studies and related research.

All project results and accompanying comments by the Review Committee are widely 
disseminated through HEI’s website (www.healtheffects.org), reports, newsletters, annual conferences, 
and presentations to legislative bodies and public agencies.
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COMMENTARY 
Review Committee

Research Report 221, Assessing the National Health, Education, and Air Quality 
Benefits of the United States Environmental Protection Agency’s School Bus Rebate 
Program: A Randomized Controlled Trial Design, S.D. Adar et al.

Commentary

Dr. Sara D. Adar’s 3-year study, “Assessing the National Health and Educa-
tion Benefits of the EPA’s School Bus Retrofit and Replacement Program: A 
Randomized Controlled Trial Design,” began in January 2020. Total expen-
ditures were $545,277. The draft Investigators’ Report from Adar and col-
leagues was received for review in April 2023. A revised report, received 
in September 2023, was accepted for publication in October 2023. During 
the review process, the HEI Review Committee and the investigators had 
the opportunity to exchange comments and clarify issues in both the Inves-
tigators’ Report and the Review Committee’s Commentary. Dr. Adar is a 
member of the HEI Review Committee and has been recused from all dis-
cussions of the report.

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, 
it may not reflect the views of these parties, and no endorsements by them 
should be inferred. 

* A list of abbreviations and other terms appears at the end of this volume.

INTRODUCTION

Governmental regulation is essential for protecting 
environmental quality and human health, but also typically 
incurs an economic cost. It is therefore essential to under-
stand whether environmental policies result in the intended 
improvements. The area of study known as environmental 
accountability research evaluates the extent to which envi-
ronmental regulations have yielded improved air quality 
and public health. A major challenge in this research field is 
isolating changes that can be attributed to the policy in ques-
tion from improvements that might be due to other unrelated 
regulations or long-term trends. This challenge is a particular 
concern when policies target numerous pollutant sources, 
affect large geographic regions, and take several years to fully 
implement. 

Over the past two decades, HEI has emerged as a leader 
in air pollution accountability research, contributing to 
research design, funding, study oversight, and evaluation 
of such research (see Preface). Through a series of Requests 
for Applications (RFAs*), HEI has now funded more than 20 
studies that assessed a wide variety of regulations targeting 
both point and mobile sources of air pollution. For practical 
reasons, earlier studies tended to focus on local-level actions 
that were implemented over a relatively short time frame. 
HEI later solicited research that evaluated actions with a 
larger geographical scope or that were implemented over 
longer timeframes.

In its 2018 research solicitation, RFA 18-1, “Assessing 
Improved Air Quality and Health from National, Regional, 
and Local Air Quality Actions,” HEI aimed to fund empiri-
cal studies to assess the health effects of air quality actions 
(regulatory and other air quality interventions and natural 

experiments) or to develop methods required for, and spe-
cifically suited to, conducting such research and make them 
accessible and available to other researchers. Areas of interest 
included national- or regional-scale regulatory actions 
implemented over multiple years, local actions targeted at 
improving air quality in urban areas with well-documented 
air quality problems, and regulatory programs to improve 
air quality around major ports and transportation hubs and 
corridors.

In response, Adar and colleagues proposed to assess the 
effects of school bus retrofit and replacement funding oppor-
tunities as part of the United States Environmental Protection 
Agency’s (US EPA’s) National Clean Diesel Rebate Program on 
student health and educational performance. To facilitate the 
transition of school districts to lower-emitting school buses, 
the US EPA funded fleet owners to replace or retrofit old, 
higher-emission, diesel-powered school buses. The program 
started with a pilot in 2012, and school bus replacement 
programs have continued in various forms to date. A random 
lottery approach is used to allocate the funds. Dr. Adar and 
colleagues planned to take advantage of the randomized 
allocation of funding to evaluate the effect of the program on 
school attendance and educational performance. They later 
added aims on emergency department visits for respiratory 
causes and community air pollution levels at the request of 
HEI’s Research Committee.

The HEI Research Committee recommended the proposal 
by Adar and colleagues for funding due to its strong study 
design with testable hypotheses. The Committee liked that 
the study would evaluate a national program with policy 
relevance using a clearly defined and randomized interven-
tion and well-defined outcomes. They also appreciated the 
approach of using an intention-to-treat analysis (explained 
below) that leveraged randomized selection of school districts 
for funding, which was a unique opportunity in environ-
mental epidemiology. The Research Committee also liked 
the inclusion of student absenteeism as a potential mediator 
of educational performance and the sensitivity analyses 
proposed by the investigators to evaluate some underlying 
assumptions of the study.

This Commentary provides the HEI Review Committee’s 
evaluation of the study. It is intended to aid the sponsors of 
HEI and the public by highlighting both the strengths and lim-
itations of the study and by placing the Investigators’ Report 
into scientific and regulatory context.
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  Commentary on Investigators’ Report by S.D. Adar et al.

SCIENTIFIC AND REGULATORY BACKGROUND

SCHOOL BUS EXPERIENCES OF STUDENTS IN THE 
UNITED STATES

Every day, school buses transport 20 to 25 million chil-
dren, including 50% of all pre-high school students and 60% 
of low-income students, to and from primary and secondary 
schools in the United States.1–3 Nationwide, in 2019 and 2020, 
students attending traditional public schools who rode school 
buses rode about 25 minutes each way to school, with 75% of 
students riding school buses for less than 30 minutes.4 How-
ever, the experience of riding the school bus varies geographi-
cally, by race, and by family income, with rural and minority 
children typically experiencing longer bus rides. A survey 
of 1,194 elementary school principals in five states (Arkan-
sas, Georgia, New Mexico, Pennsylvania, and Washington) 
reported that students who attended rural elementary schools 
were more likely to be eligible to ride school buses than were 
students attending urban schools.5 Compared with students 
who attended suburban schools, those attending rural schools 
also had longer bus rides — lasting 30 minutes or more each 
way with rougher ride conditions — than suburban school 
students. One of the most studied cities for student transpor-
tation is New York City, where typical lengths of school bus 
rides were in line with national averages.6 In New York City, 
public school students who rode school buses were more 
likely to be Black or Hispanic and to attend choice or charter 
schools (thus traveling farther to school). They had dispro-
portionately longer travel times to school compared with 
students who used public transportation or arranged private 
transportation.6,7 With many children spending at least an 
hour per day on school buses, their exposure to emissions 
from the school buses, particularly those with old, highly 
emitting diesel engines, and to traffic emissions generally, is 
of concern.

DIESEL EMISSIONS FROM SCHOOL BUSES

About 89% of the half million school buses currently in 
use are powered by diesel fuel.8,9 Increased concentrations of 
air pollutants — including fine particulate matter ≤2.5 µm in 
aerodynamic diameter (PM2.5), black carbon, ultrafine parti-
cles, and carbon monoxide (CO) — from diesel exhaust have 
been reported near idling school buses during student pickup 
and drop-off and inside the buses themselves, including in 
previous research funded by HEI.10,11 Diesel exhaust has been 
classified by the International Agency for Research on Cancer 
as a known human carcinogen,12 and exposure has been 
associated with increased risks of adverse respiratory symp-
toms, hospitalizations related to heart and lung illnesses, and 
premature death.13

To reduce these emissions, the US EPA implemented 
substantially more stringent emissions certification standards 
for school bus and other engines starting with model year 
1985 for CO and starting with model year 1990 for PM and 

nitrogen oxides (NOx) (Commentary Figure 1). Following on 
earlier reductions, the most recent emissions requirements of 
2007 and 2010 have substantially improved emissions of PM 
and NOx and alleviated some of the associated health con-
cerns.14–17 These latest improvements were possible because 
of a combination of new technologies and fuel standards. For 
example, diesel particulate filters and selective catalytic con-
verters became standard in new diesel engines in 2007 and 
2010, respectively. Supporting the effectiveness of these tech-
nologies and also reducing PM formation on its own, the US 
EPA implemented fuel requirements to reduce PM emissions 
and to protect catalytic converters, including the phase in of 
ultra-low sulfur diesel starting in 2006.18 Most states have also 
implemented rules to address air quality issues associated 
with idling of school buses and other vehicles.19

As a result of the decreases in allowable emissions from 
new diesel engines over time, newer model year diesel 
engines used in school buses and other vehicles have substan-
tially lower emissions of air pollutants such as CO, PM, and 
NOx than do older diesel engines. However, many old school 
buses remain on the road. School buses are currently retired 
at an age of about 15 years, and in 2023, the average age of 
school bus fleets was just under 9 years with 67% of diesel 
school buses having the newest model year 2010 or newer 
technologies.9,20,21 Overall, about 1% of the school bus fleet 
in the early 2020s were pre-1990 model years.22 As of 2022, 
about 3% of buses were 1999 and older model years, and at 
least 8% of buses were of unknown age.23

Several studies have demonstrated decreased air pol-
lutant emissions from school buses with new technologies. 
Tests of new school buses that use lower-emitting diesel 

Commentary Figure 1. Changes in US emissions standards for CO, PM, and 
NOx from heavy-duty highway compression ignition engines (as used in 
school buses) over time. (Data from US EPA 2016.)
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technologies (e.g., diesel particulate filters and selective cat-
alytic conversion), alternative fuels (e.g., condensed natural 
gas and liquefied petroleum gas), and electric power have 
shown reduced emissions of NOx compared with older die-
sel buses.24 Additionally, retrofitting older buses with newer 
emissions control technologies such as diesel oxidation 
catalysts or crankcase filter systems can reduce exhaust (i.e., 
tailpipe and engine) emissions in some cases.10,25 Calibrating 
the emissions control technology and testing the same bus 
before and after the retrofit were both important to see these 
effects. Although exhaust emissions have decreased with 
new technologies and power sources, in-use real-world 
emissions continue to be higher than laboratory-based emis-
sions certification standards.24

EFFECT OF REDUCING SCHOOL BUS EMISSIONS ON 
CHILDREN

The relationship between reduced emissions and changes 
in children’s exposures has been less clear. A study in Wash-
ington (by the authors of the current study) found lower fine 
and ultrafine particles on school buses after diesel oxidation 
catalysts, closed crankcase ventilation systems, and ultra-low 
sulfur diesel fuel were adopted.26 However, in a separate 
study of a small sample of diesel-powered school buses in 
the United States, retrofitting buses with a diesel oxidation 
catalyst, a crankcase filtration system, or both resulted in 
substantially reduced exhaust concentrations of ultrafine 
particles, black carbon, and PM2.5 during idling but did not 
reduce in-cabin concentrations of the measured pollutants.10

Studies of student health and educational performance 
are starting to provide evidence that school bus rides affect 
students’ educational experience and that reducing school 
bus emissions can improve the educational performance 
and school attendance rates of students. In a study of school 
bus ridership in New York City, bus rides longer than 45 
minutes were associated with decreased school attendance 
and higher probability of chronic absenteeism relative to 
shorter bus rides.6 School bus emissions decreased, and 
English and math test scores improved after school bus 
retrofits in studies in Georgia.27,28 Studies in Washington 
state (including by the investigators of the current study) 
reported improvements in student respiratory health fol-
lowing the implementation of lower-emitting school bus 
technologies and fuels, especially among patients with 
persistent asthma.26,29 A recent nationwide study in the 
United States projected that replacing diesel model year 
2005 school buses with diesel model year 2010 school 
buses could result in reduced attributable mortality and 
new childhood asthma cases and that an estimated $84,200 
of health and climate benefits would be achieved for each 
diesel school bus replaced with an electric school bus.30 

Those benefits would be mainly realized in large cities, 
although there would also be some benefits in other areas.

REGULATORY PROGRAMS FOR LOWER-EMITTING 
SCHOOL BUSES

To reduce the potential effects of diesel exhaust on children, 
the US EPA provides funds to support the replacement or ret-
rofit of older, higher-emission diesel school buses by owners of 
school bus fleets through various rebate and grant programs. 
The school bus retrofit and replacement funding opportunities 
evaluated in the current study were part of the National Clean 
Diesel Rebate Program, which was authorized by the Diesel 
Emissions Reduction Act (DERA) of 2010, and provided rebates 
for the replacement of 2006 and older model year school buses 
with new models of diesel, gasoline, propane, condensed nat-
ural gas, or electric school buses. Between 2012 and 2017, the 
US EPA awarded over $27 million to replace or retrofit school 
buses, and since then, the program has continued for a total of 
more than $66 million either disbursed or committed to school 
bus replacement as of April 2024.31

In recent years, the US EPA has run other clean school bus 
programs concurrently with the DERA School Bus Rebates. 
Those programs include the American Rescue Plan (ARP) 
Electric School Bus Rebates for electric school buses for 
underserved school districts and the Bipartisan Infrastructure 
Law (BIL) rebate and grant programs to replace old, high-
er-emitting diesel buses, with priority to fleets that serve dis-
advantaged communities. In most cases, the US EPA’s school 
bus replacement programs require proof of new school bus 
purchases and scrappage of the old school buses, although 
school buses from model years 2011 that are fueled by diesel, 
gasoline, propane, or condensed natural gas can alternatively 
be sold or donated when using BIL funding to purchase new 
battery-electric school buses if a fleet has no diesel school 
buses of 2010 or older model years.

Selection of applicants for funding in the National Clean 
Diesel Rebate Program is determined via various lottery meth-
ods, with funding priority set by random selection. Starting in 
2014, some US EPA regions (each of which includes several 
states and territories) contributed additional funding to the 
rebate program to allow the selection of additional applicants 
from those regions after the US EPA headquarter funds were 
allocated. About one third of applicants selected for funding 
in lottery years 2012 and 2014–2017 (there was no lottery in 
2013) were allocated US EPA regional funds. The ARP and 
BIL lotteries have more complex procedures to target the 
allocation of funding, but, at the time of funding the current 
study, only the DERA program was in place.

The current study by Adar and colleagues took advantage of 
the randomized allocation of DERA funds to evaluate whether 
this program to replace old diesel school buses improved 
student health (based on school attendance and respiratory 
emergency department visits for school-aged children) and 
educational performance (based on standardized test scores), 
and community air quality levels, all at the school district 
level. Their findings inform the implementation of programs 
to replace the most highly polluting old school buses.
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SUMMARY OF THE STUDY

STUDY OBJECTIVES

Adar and colleagues studied the effects of being selected 
for the US EPA’s school bus retrofit and replacement funding 
on school attendance; standardized test scores for reading, 
writing, and related skills (i.e., reading/language arts, hereafter 
referred to as reading) and math; emergency department visits 
for respiratory causes; and community air pollution levels. They 
evaluated whether these outcomes had improved more in school 
districts that were selected for funding in the rebate funding 
lottery compared with those that had also applied for funding 
but were not selected. Specific aims of the study were as follows:

1. To quantify the effects of the rebate program funding to 
replace old, higher emission diesel school buses with 
lower-emitting, upgraded buses on (a) school attendance 
rates for all students and (b) emergency department visit 
rates for respiratory causes in school-aged Medicaid 
beneficiaries

2. To quantify the effects of the program on standardized 
test scores

3. To quantify the effects of the program on community- 
level, outdoor air quality represented by PM2.5

The investigators used a randomized controlled design 
that took advantage of the randomized allocation of funding 
for school bus replacements and retrofits. They compared 
the outcomes before and after each lottery between school 
districts that were selected to receive the funding and other 
school districts that were not, regardless of which (if any) 
school districts replaced their buses with new models (see 
Sidebar description of intention-to-treat analysis). They used 
data at the school district level starting in the 2012–2013 
school year — before the first randomized allocation of fund-
ing in the 2012 pilot — and ending in the 2018–2019 school 
year after funding from the 2017 lottery had been awarded.

STUDY DESIGN AND METHODS

Design and Approach

This study implemented a quasi-experimental design 
across school districts that applied for funding to replace 
their old diesel school buses. They used a regression model-
ing approach to compare outcomes in the school year during 
which applicants applied for funding to outcomes in the year 
after the funding was awarded via lottery. Applicants that 
were selected for funding were notified of their selection at 
the end of the school year and were expected to replace or 
retrofit their buses in the following summer. For example, 
2012 lottery applicants were notified of the results at the end 
of the 2012–2013 school year and should have replaced their 
buses in the summer of 2013. Thus, the years that were ana-
lyzed for school districts that entered the 2012 lottery were 

the 2012–2013 school year (before) and the 2013–2014 school 
year (after). Replacement buses were required to be current 
models for that year (e.g., model year 2012 or later for the 
lottery that took place in 2012). Proof of school bus purchase 
and scrappage of the old school bus were required to receive 
the allocated funds. (See Commentary Figure 2.)

Study Population

The study population was assembled based on the dataset 
of individual school districts that had reporting requirements 
for school attendance and standardized test scores and 
applied for funding in 2012 and 2014–2017; there was no 
lottery in 2013. Therefore, applications were excluded from 
analyses if they (1) represented more than one school district; 
(2) represented private, nontraditional, or tribal schools; (3) 
were located outside of the continental United States; or (4) 
had incomplete information related to the school district that 
the applicant represented.

The investigators obtained the following information on 
the school districts represented by the lottery applicants via 
a Freedom of Information Act request to the US EPA: what 
school districts were served by applicants, how many school 
buses the applicants intended to replace, and whether the 
applicant was selected for funding through the program. For 
those applicants that were selected for funding, they also 
obtained information on characteristics of original buses, 
whether those were replaced or retrofitted, and confirmation 
of the replacements or retrofits.

Outcomes

District-level absenteeism data were obtained from the 
state-level departments of education, and data on school 
characteristics were obtained from the US Department of 
Education. Information on the numbers of respiratory-caused 
emergency department visits (i.e., asthma, upper respiratory 

Commentary Figure 2. Conceptual framework of the study to assess a 
policy that provided funding to replace old school buses via a lottery 
mechanism. (Adapted from Investigators’ Report Figure 1.)
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infections, or pneumonia) among children aged 5–18 who 
received health coverage through the low-income Medicaid 
program were obtained for all zip codes intersecting appli-
cant school districts. Standardized test score data for math 
and reading for children in grades 3–8 were acquired from 
a harmonized national dataset of student educational perfor-
mance (the Stanford Education Data Archive) in December 
2023. At the time of the study, standardized test scores were 
only available for school years spanning 2012–2017, so the 
final lottery year was not included in standardized test score 
analyses. PM2.5 data were obtained from publicly available 
concentration surfaces that were modeled by combining 
chemical transport model predictions, ground measurements, 
and satellite observations on a 0.01-degree grid (roughly 1 × 
1 km) and assigned to each school district for September 1 to 
May 31 of each school year that was analyzed.

Intention-to-Treat Analysis

The investigators took advantage of the randomized allo-
cation of funding to conduct a study similar to a randomized 
controlled study (see Sidebar), where the treatment group 
was school districts with applications that were randomly 
selected for funding to reimburse the purchase of one or more 
new, lower-emission school buses and the control group was 
school districts with applications that were not randomly 
selected for funding.

Of the school districts that entered the funding lottery, 
some school districts that were selected for funding did not 
receive the funding and some school districts that were not 
selected for funding might have purchased new school buses 
using other funding sources. Therefore, an alternative strategy 
for analysis could have been to test the observed differences 
between districts based on whether they did replace their 
older, more highly emitting school buses with new school 
buses (see Sidebar description of intention-to-treat and alter-
native analyses). However, the investigators decided to use 
a modified intention-to-treat analysis (with some school dis-
tricts excluded as indicated below) instead of an alternative 
approach to maintain randomization and to analyze the data 
in the least biased way possible. 

Statistical Analyses

The main models were a modified intention-to-treat analy-
sis where the investigators restricted their population to only 
those school districts with complete data on the outcomes of 
interest. The investigators produced multivariate regression 
models of student educational performance and health out-
comes as a function of whether the applicant was selected for 
funding and other factors. Educational performance, school 
attendance, and air quality outcomes were modeled using 
linear models. Emergency department visits were modeled 
as a Poisson function and adjusted for population size. Each 

Sidebar: Principles of the Intention-to-Treat Approach

The study by Adar and colleagues mimics a randomized con-
trolled trial using intention-to-treat analysis to assess the effects 
of a school bus replacement and retrofit program. Intention-to-
treat analysis is a method used in the medical setting to evaluate 
whether individual participants or groups of participants expe-
rienced a treatment effect in a placebo-controlled randomized 
clinical trial based on the randomly assigned treatment (e.g., a 
new medication, therapy, or intervention) assignment, ignoring 
whether or not the assigned treatment was followed and com-
pleted.32,33 Analysts compare outcomes in the treatment group 
who were assigned to receive the treatment versus the placebo 
or control group who were assigned to not receive the treatment, 
regardless of the degree of noncompliance among participants 
in the trial. Intention-to-treat generally includes all participants 
that were randomized in the final analysis, even if their inclusion 
were later found to violate the study protocol, because excluding 
participants after randomization for any reason could poten-
tially distort the randomization mechanism and bias the results, 
depending on the amount of exclusion and whether there were 
any systematic differences between the participants that were 
and were not excluded.34 Intention-to-treat analysis has the 
benefit of retaining randomization, so it will not be subject to 
bias due to confounding. However, if the treatment assignments 

are not followed, the treated and control groups can be too 
similar to one another. Although the intention-to-treat approach 
will incorporate error if individuals or groups did not follow their 
random treatment assignment, the results of this misclassifica-
tion will bias the results toward no association, and thus, the 
result will be a conservative estimate of the true effects of the 
treatment on the outcomes under study. As a result, intention-
to-treat analysis might underestimate the effect of a treatment 
and can also limit the statistical power.

Some alternative approaches to intention-to-treat are to set the 
treatment groups based on the actual – instead of assigned – 
treatment of participants or to restrict the study population to 
only those who follow their randomized assignments.32 In clinical 
trials, not all participants who are randomized to the treatment 
group actually follow and complete the intended treatment 
protocol due to side effects or other factors. At the same time, 
participants in the control group might make changes that affect 
their health or even adopt aspects of the treatment protocol 
(e.g., in a dietary intervention). Under perfect compliance,  
intention-to-treat and these alternative approaches will be the 
same, but if there is noncompliance the alternative approaches 
might differ due to confounding or selection bias. 
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primary model was adjusted for the outcome values for the 
school year of the lottery (the before year), which year’s lot-
tery was entered, whether the applicant entered the lottery 
multiple times in the same year (allowed for some school 
districts with large fleets), and the US EPA region (because 
supplemental funding from some regions increased the 
chance of being selected for funding). Because school districts 
were not limited to entering the lottery in only 1 year, the 
investigators used general estimating equations with robust 
standard errors clustered at the state level to account for any 
potential correlation in the data. 

Supplemental and Sensitivity Analyses

The investigators noted that the analyses at the school 
district level assumed that all children in the school district 
are affected by the intervention, but not all children in a dis-
trict attend the affected schools, not all children ride school 
buses, and not all school buses in the district were replaced or 
retrofitted. They also noted that modeling all school districts 
together will estimate a common effect for replacing any old 
school buses, yet not all old school buses are equivalent. To 
address some of these differences in the treatment, they con-
ducted analyses that were stratified by quartiles of the fraction 
of children who were likely to ride the buses requested for 
replacement and by the model year of replaced buses (pre-
1990, 1990–1999, and 2000 or newer).

The investigators conducted many sensitivity analyses of 
such factors as properties of the school districts, accounting 
for prelottery levels of the outcome measures, and inclusion 
of observations that had been excluded due to missingness 
estimated using a multiple imputation approach.35 They also 
conducted mediation analyses to assess whether respiratory 
emergency department visits mediated (i.e., were an interme-
diate causal step between) the effect of selection for funding 
to replace school buses on school attendance and educational 
performance.

Finally, they estimated the overall contribution of the 
program by multiplying the total number of students in 
selected school districts in the school year of the lottery by 
the observed primary effect estimate, and by 180 days in the 
school year, and extrapolated the findings to the nationwide 
population of school children and old school buses.

SUMMARY OF KEY RESULTS

Characteristics of the School Districts

The US EPA received 3,153 applications for funding 
to replace or retrofit school buses in the years 2012 and 
2014–2017. Interest in new school buses substantially 
exceeded the available funding; therefore, only 14% of school 
districts that applied were selected for funding. Of the full set 
of applications, the analyses in the current study included 
406 applications that were selected for funding and 2,613 that 
were not. The remaining 4% of applications were excluded 
based on the predetermined exclusion criteria. Standardized 

test score data were unavailable for about 20% of school 
districts in the study because of low student participation in 
standardized tests in some school districts and differences 
in test administration. Lottery status was not predictive of 
missingness for any of the outcomes considered.

Of those school districts that applied for the funding 
lottery, the proportion of each school district characteristic 
(e.g., size, demographics, urbanicity, and free and reduced-
price lunch eligibility [a proxy for family income]), number 
of buses requested, school attendance rates, and standardized 
test scores in the years they entered the funding lottery were 
similar regardless of whether they were selected for funding. 
However, prelottery emergency department visits and PM2.5 

concentrations were slightly lower in school districts that 
were allocated funding than in those that were not. Compared 
with all 18,893 school districts in the United States, school 
districts that applied for the lottery funding were larger, had 
a higher proportion of students that were white, had a lower 
proportion of low-income families, and were less urban. 
These comparisons suggest that the results of the analyses 
have internal validity (i.e., the selected and not selected dis-
tricts were similar) but that they cannot be easily generalized 
to all school districts.

Buses Replaced Following the School Bus Rebate 
Lotteries

Compliance with the intervention was high, with 371 of 
the included districts that were selected for funding (91%) 
providing proof of purchase of a new school bus and scrap-
page of the old school bus to receive the funding. Information 
on the type of school bus that was purchased was available for 
380 of all school districts selected for funding through the pro-
gram. Almost all of those school districts replaced old diesel 
buses with new, lower-emitting diesel buses (93.2%), with a 
minority choosing buses powered by other fossil fuels (6.6%). 
Only one school district (0.3%) installed retrofit diesel oxida-
tion catalyst and closed crankcase ventilation technology. No 
school district purchased electric buses; electric school buses 
were largely unavailable during the study period. Information 
on school bus purchasing behaviors was not available for the 
school districts that were selected for funding but did not 
receive the funding or for the school districts that were not 
selected for funding.

Effects of the Intervention on School Attendance and 
Standardized Test Scores

When analyses were restricted to school districts that 
intended to replace the oldest, pre-1990 school buses, 
selection of an application for funding was associated with 
improved district-level school attendance and standardized 
test scores for both reading and math (Commentary Figure 
3). Results for all school buses and for slightly newer buses 
(1990–1999 model year) showed the same trends, although 
these were not statistically significant. Results for the newest 
school buses that were intended to be replaced (model year 
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2000 or newer) did not show any effects on school attendance 
or standardized test scores.

The investigators reported that the effects on test scores 
were comparable to those of typical interventions to reduce 
class size. Additionally, they estimated that the overall 
magnitude of the effects was equivalent to about 350,000 
additional student-days of school attendance, presumed to be 
because of improved health, in the school districts that were 
selected for funding, which they extrapolated to 1.3 million 
additional student-days if all pre-2000 model year school 
buses in the United States were replaced.

In secondary analyses, increased fractions of students 
riding buses did not appear to influence the association 
between being selected for funding and standardized test 
scores, although it might have influenced the association 
between being selected for funding and school attendance. 
Also, school attendance did not appear to mediate the 
overall relationship between being selected for funding and 
educational performance. In general, the sensitivity analyses 
with different adjustments to the epidemiological models and 
assumptions around the treatment of missing data corrobo-
rated the main results.

Effects of the Intervention on PM Concentrations and 
Emergency Department Visits 

The investigators did not find an effect of being selected 
for funding on numbers of emergency department visits for 
respiratory causes in children, but these analyses were highly 
sensitive to model assumptions. They did find a sizable effect 
on community-level, outdoor air pollution — a 1-µg/m3 reduc-
tion in PM2.5 concentrations — in the year after the lottery in 
those districts that were selected for funding to replace the 
oldest (pre-1990) school buses. The PM2.5 results were robust 
across many different specifications of the model (e.g., using 
the change in PM2.5 concentration as the dependent variable 
instead of the PM2.5 concentration itself) and under numerous 
sensitivity analyses (see above), and no alternative explana-
tion for the unexpectedly large magnitude of the result was 
found. 

HEI REVIEW COMMITTEE EVALUATION

In its independent evaluation of the study, the Review 
Committee appreciated that Dr. Adar and colleagues brought 
together disparate datasets to conduct a novel and useful 
accountability study of a program to allocate funding for 
replacement of old diesel school buses and presented the 
results in a clearly written report. They agreed with the inves-
tigators that being selected for funding appeared to improve 
student educational performance and school attendance, 
especially for pre-1990 school buses, and that the results for 
emergency department visits were less clear. Additionally, 
the Committee and investigators were not able to explain 
the large observed reductions in community-level, outdoor 
air pollution that were robust to many sensitivity analyses, 

because it was not clear how changing out a relatively small 
number of school buses could affect air quality in a school 
district by so much. The Committee thought that the main 
results for school attendance and standardized test scores 
were well supported by the evidence.

INTENTION-TO-TREAT AT SCHOOL DISTRICT LEVEL

The Review Committee appreciated the strong study 
design to test hypotheses diligently and the extensive supple-
mental analyses, all at the level of school districts. Leveraging 
a randomized funding lottery to mimic a randomized control 
trial and using a modified intention-to-treat approach (see 
Sidebar) to analyze the data are novel in this context. Specif-
ically, the Committee liked the approach to compare school 
districts based on whether they were randomly selected for 
funding, regardless of whether it was known how (or whether) 
they chose to replace or retrofit school buses, similar to how 
patients are assigned treatments and analyzed in clinical stud-
ies. This approach provides an unbiased estimate of the effect 

Commentary Figure 3. Effects of selection for funding to replace or 
retrofit school buses, stratified by school bus model year, on school 
attendance, emergency department visits, standardized test scores for 
reading, and PM2.5 concentrations. Changes in standardized test scores 
for math (not shown) were similar to those for reading, but with a slightly 
smaller magnitude of effect.
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of the program and does not rely on additional information 
(mostly unavailable) on the school buses purchased in indi-
vidual school districts and school bus ridership of individual 
students. Additionally, detailed supplemental analyses (e.g., 
related to how many children potentially rode the affected 
school buses) and sensitivity analyses were consistent with 
the main results, indicating that the overall conclusions were 
robust.

The Committee agreed with the investigators that con-
ducting analyses at the school district level introduces some 
limitations of an ecological analysis, which typically is 
conducted on data aggregated to groups of people (e.g., all 
students living within a zip code or school district or town). 
For example, not all children in a school district will ride 
buses (or more specifically, buses that have been replaced or 
retrofitted), and not all children will attend the schools that 
received new buses (because most districts have multiple 
schools and not all of them will receive new buses). However, 
the Committee emphasized that this does not invalidate the 
approach for measuring the effectiveness of the intervention 
on a population level and that the investigators have rightly 
recognized these limitations and attempted to address them 
where possible.

DEVIATIONS FROM RANDOMIZATION AND MISSING 
DATA

Post-Randomization Exclusion

The Review Committee and investigators noted that some 
exclusions of applications in the modified intention-to-treat 
analysis were made after the lottery randomization process. 
For example, some applications were excluded from the 
analyses because the school districts were not located in the 
continental United States or because there was incomplete 
information available on the school districts. Although the 
post-randomization exclusions were small (only 4% of school 
districts) and not related to whether the school districts were 
selected for funding, this modification of the intention-to-treat 
analysis might introduce selection bias if the exclusions were 
related to any of the outcomes.34 The Committee appreciated 
that the investigators conducted sensitivity analyses to par-
tially address whether post-randomization exclusions might 
have affected the results.

In particular, the investigators adjusted each model for 
prelottery levels of other outcomes considered in the study. 
They also replaced all excluded data with extreme values to 
confirm the stability of their findings to their exclusions due 
to missing data. They reported that the results were robust 
to post-randomization exclusion for school attendance, 
standardized test scores, and community air pollution level. 
However, the results for respiratory emergency department 
visits were not robust to the sensitivity analyses, suggesting 
that the findings related to emergency department visits might 
have been affected by changes in demographics over time, 
post-randomization exclusion due to missingness of data, or 

insufficient power to detect small effects with the available 
data. The Committee overall thought that the sensitivity anal-
yses strengthened the main conclusions of the study.

Nonuniform Allocation of Funding

There were also some deviations from uniform random 
selection in the lottery itself, where some applicants had a 
higher likelihood of being selected for funding. Those devi-
ations included the availability of extra funding in some US 
EPA regions and the option for applicants with large fleets 
to submit multiple applications. The investigators used 
fixed effects in their regression models to account for these 
differences among regions and applicants, and they also used 
general estimating equations with robust standard errors clus-
tered at the state level to account for any potential correlation 
in the data. The Review Committee agreed that the analyses 
were sufficient to account for differences in probability of 
selection because of nonuniform allocation of funding.

Treatment of Missing Data

Separately from randomization of the allocation of funding, 
missing data on any variable in the models could theoretically 
have affected the results because the main models were based 
on complete-case data. The Review Committee noted that there 
were some baseline differences between the selected and unse-
lected lottery applicants that might still be important. They 
appreciated that the investigators had confirmed that there 
was no association of missingness for any of the outcomes 
with lottery status and that the investigators reran all models 
after using multiple imputation together with Rubin’s rule for 
missing outcome variables.35 All findings except for emergency 
department visits were robust to accounting for missingness 
using multiple imputation. The Committee appreciated the 
analyses with imputation because these results would likely 
continue to be valid if the missing data were random, even if 
the complete-case analysis were biased.

Although the Committee would have preferred that miss-
ing data due to incomplete information on the randomized 
school districts and other causes could have been avoided, it 
appreciated the investigators' efforts to evaluate the potential 
impact of deviations from randomization and missing data.

FINDINGS AND INTERPRETATION 

The investigators presented interesting and useful find-
ings, including that the greatest improvements in school 
attendance and standardized test scores were associated with 
the replacement of the oldest (pre-1990) diesel school buses. 
Based on these findings, the Review Committee concurred 
with the investigators that the program had positive effects on 
students’ school attendance and standardized test scores. The 
Review Committee was puzzled by some of the results, espe-
cially for emergency department visits, where the effect was 
opposite (but not statistically significant) of the hypothesized 
direction and for community-level, outdoor PM2.5 concen-
trations, where the 1-µg/m3 reduction was much larger than 
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expected and it was not clear how changing out a relatively 
small number of school buses could affect air quality in a school 
district by that much, given that typical PM2.5 concentrations in 
the United States today are only about 8 µg/m3. However, it is 
possible that students experienced lower pollution exposures 
while traveling on the buses, thereby affecting their school 
attendance and standardized test scores. The Committee 
thought that the interpretation of those results could benefit 
from further exploration.

The investigators also presented an interesting extrapo-
lation of the potential benefits of replacing all school buses 
in the entire continental United States. Although the Review 
Committee thought this analysis was useful and agreed with 
the investigators that it does not account for sustained benefit 
over time, they thought it perhaps overestimated the potential 
annual benefits. First, school districts that did not enter the 
lottery might be less likely to replace their current school 
buses, even if funding becomes more widely available. Sec-
ond, other differences between school districts that applied 
and those that did not apply for the lottery might mean that 
the results for the study population are not representative 
of most school districts, especially those that experience 
environmental and social justice issues and were underrepre-
sented in the lottery applications.

The US EPA continues to fund rebate and grant programs 
for the purchase of lower-emitting school buses and motivates 
those programs in part with the benefits reported in other 
publications resulting from the current study.36,37 Recently, 
electric buses have become more readily available and have 
been prioritized in the US EPA's programs to fund purchases 
of new school buses. At the same time, the US EPA has started 
to give preference to applicants in underserved districts when 
allocating funding.38,39 Additionally, after the end of the study 
period, the COVID-19 pandemic disrupted healthcare and 
education, with reduced student school attendance and edu-
cational performance compared with before the pandemic.40,41 
As a result of those changes, the incremental benefits of 
programs to replace old school buses might change in the 
future. It would be valuable to update the analysis of clean 
school bus programs in 5 to 10 years to evaluate the benefits 
of replacing diminishing numbers of the oldest school buses. 
Additional future benefits are expected when school buses in 
today’s fleet are replaced with the newest generation of diesel 
school buses, with school buses operating on other fuels, or 
with electric school buses.

SUMMARY AND CONCLUSIONS

Dr. Adar and colleagues conducted a thorough account-
ability study of the US EPA’s School Bus Retrofit and Replace-
ment Program under DERA that was administered via a lottery 
mechanism over the period of 2012 and 2014–2017. They 
linked data on school attendance, reading and math standard-
ized test scores, emergency department visits, and commu-
nity-level, outdoor PM2.5 concentrations to compare student 
outcomes in school districts that were selected for funding 

to school districts that were not selected for funding. They 
reported that student educational performance and school 
attendance increased more in districts that were selected for 
funding than in districts that applied for funding but were not 
selected, with the highest improvements in student educa-
tional performance observed for the school districts that were 
selected for funding to replace pre-1990 school buses with 
new school buses. Improvements in community air quality 
were found, although the magnitude of the effect suggests the 
need for further research to understand their implications. 
Results for effects on student emergency department visits 
were inconsistent and need further research.

Key strengths of the study were the novel imitation of a 
randomized controlled trial through the application of a mod-
ified intention-to-treat approach to analyze the effect of fund-
ing being made available for new school buses, the clearly 
stated hypotheses, the combination of disparate datasets, and 
the many sensitivity analyses to evaluate factors that might 
have affected the statistical analyses or the effectiveness of the 
intervention (e.g., replacing buses versus retrofitting diesel 
engines and the fraction of students who rode school buses 
in different school districts). The Committee noted some lim-
itations, in particular some post-randomization exclusions. 
However, the investigators demonstrated that the results were 
reasonably robust. Thus, the Committee concurred with the 
investigators that remaining uncertainties were unlikely to 
change the overall results substantially regarding the effec-
tiveness of the program to replace old diesel school buses 
with lower-emitting school buses from model years that were 
new at the time of the lotteries.

Results of the current study provide evidence of benefits of 
funding for school bus replacement programs by federal and 
state agencies.36,37,38 Additional focus on disadvantaged school 
districts and the adoption of new technologies (e.g., electric 
buses) is expected to reduce emissions from the oldest school 
buses with the highest emissions. Therefore, it would be 
valuable to update the analyses in 5–10 years to evaluate the 
effects of programs to replace more of the older diesel school 
buses with newer models and newer technologies, including 
those powered by lower-emitting diesel, other fossil fuels, 
and electricity. This work will be important to support the 
health and educational performance of schoolchildren and 
communities.
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Determinants of Near-Road Ambient Air Quality
ABBREVIATIONS AND OTHER TERMS

 CI confidence interval

 CHIP Children’s Health Insurance Program

 ED emergency department

 ICD International Classification of Diseases

 ITT intention-to-treat

 PM particulate matter

 PM2.5 particulate matter ≤2.5 µm in aerodynamic diameter

 pp percentage point

 QA quality assurance

 RFA Request for Applications

 RLA reading and language arts

 SD standard deviation 

 SEDA Stanford Education Data Archive

 US EPA United States Environmental Protection Agency
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