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Statistical Analysis Plan  
Addendum 


HEI MOSES  Study 
Revised: 9/18/2015 


 
Changes From Final Version dated V2 February 12, 2015 


Rationale Section Original Language 
 


Updated Language 
 18/Sept/2015 


It was decided to use the 
measurement taken 
immediately before 
exposure rather than the 
measurement taken the day 
before exposure  


1.1.3 Randomization Analysis -
Dependent variables 
Source: Systolic BP (Source: 
Vital Signs and Blood Pressure 
Data Form – day before 1st 


exposure - mean of 2) 
Diastolic BP (Source: Vital 
Signs and Blood Pressure Data 
form – day before 1st exposure - 
mean of 2) 


Randomization Analysis -
Dependent variables 
Source: Systolic BP (Source: 
Vital Signs and Blood Pressure 
Data Form –  30 min before 1st 
exposure - mean of 2) 
Diastolic BP (Source: Vital 
Signs and Blood Pressure Data 
form – 30 min before 1st 
exposure - mean of 2) 


Clarified cases to be 
included 


2.1.1 
2.2.1 
2.3.1 
3.1 
7.1 
 
5.1 


Cases to be included: All 
participants who completed 
three exposure levels 


Added: .and had at least a pre-
exposure measurement and one 
post-exposure measurement 
 
 
 
Added: (for airway 
inflammation variables); all 
participants who completed 
three exposure levels and had at 
least a pre-exposure and one 
post-exposure measurement (for 
pulmonary function and airway 
injury variables) 


For pre-exposure, it was 
decided to specify whether 
the measurement was 
taken on the day before 
exposure or on the day of 
exposures (generally 30 
min before the exposure) 


2.1.2 
2.2.2 
2.3.2 
5.2 
 


Dependent variables 
Pre-exposure  


Deleted  “pre-exposure” 
Added day before exposure  or 
time before exposure 


It was decided that rather 
than including the pre-
exposure values as 
independent variables, the 
change from post-exposure 
to pre-exposure would be 
calculated 


2.1.2. 
2.2.2 
2.3.2 
5.2 
 
 
 


Dependent variables 
None  
 
 
 
 
 


Added.  The variables to be 
analyzed will be represented as 
change from  post exposure to 
pre-exposure.  


 
Deleted “pre-exposure” 
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Rationale Section Original Language 
 


Updated Language 
 18/Sept/2015 


2.1.3 
2.2.3 
2.3.3 
5.3 
7.3 
 


Independent variables 
Time of measurement: pre-
exposure 


 
 
 
 
 


It was decided that ozone 
exposure at previous 
exposure would only be 
included as an independent 
variable if ozone exposure 
level is significant. 


2.1.3 
2.2.3 
2.3.3 
3.3 
4.3 
5.3 
7.3 


Independent variables 
Ozone exposure at previous 
exposure 


Deleted (if ozone effect is 
significant) 


It was decided that ozone 
exposure at previous 
exposure would only be 
included as an independent 
variable if ozone exposure 
level is significant. 


2.1.4 
2.2.4 
2.3.4 


…(to assess any lingering, or 
carryover, effect of the 
previous ozone exposure level) 
 
…mixed effect linear modeling 
with ozone exposure and prior 
ozone exposure … 


Added:  only if ozone effect was 
significant), … 
 
 
 
Added:(if ozone effect is 
significant )  


Clarified how the 
interaction term will be 
handled 


2.1.4, 
2.2.4 
2.3.4 


If the overall interaction effect 
is statistically significant we 
will test the pre-specified 
contrasts comparing high 
exposure to low exposure; high 
exposure to no exposure; and 
low exposure to no exposure 


Added: If the interaction is not 
statistically significant, the 
interaction will be dropped from 
the model and the final model to 
be reported will be the model 
without the interaction.  The 
type III p-value without  the 
interaction will be presented.   


We noted that none of the 
standard methods for 
correcting for multiple 
comparisons are 
appropriate for our 
paradigm, we decided that 
we would use 0.01 as our 
threshold for statistical 
significance.   


2.1.4 
2.2.4 
2.3.4 


A correction for multiple 
comparisons, such as Tukey’s 
HSD, will be used 


To take into account the issue of 
multiple comparison will use a p 
value of  0.01 as the threshold 
for statistical significance 


It was decided that for 
these analyses it would be 
more appropriate to have 
the same approach as the 
other centers and use only 
data from one central 
monitor per site. 


7.4 For UCSF participants, we will 
use the monitor closest to each 
participant’s residence. The 
investigators at that site will 
determine the closest monitor 
for each participant and send 
NERI the information on 
which data to retrieve and use 
in addition to the data from the 


This paragraph was removed.  
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Rationale Section Original Language 
 


Updated Language 
 18/Sept/2015 


Arkansas street station. 
 


It was decided that these 
analyses will be conducted 
separately and will be part 
of a second final report 


7   
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Statistical Analysis Plan 
HEI MOSES Study 


(Date of Final version: 1/30/2015) 
(V2 February 12, 2015 - edited for typos and consistency with the protocol)  


September 18, 2015 – changes made during the data analysis period underlined and in 
italics 
 
 
1. PRELIMINARY ANALYSES: 
 


1.1. Randomization Analysis: Test that randomization resulted in balanced 
exposure groups. Enrolled and consented participants will be randomly 
assigned to one of six exposure plans representing the six possible orders of 
receiving the 3 levels of ozone exposure. Although randomization guarantees 
that systematic bias does not influence the assignment of participants to 
exposure group, it does not guarantee balance. We will test whether there are 
any important baseline characteristics (prior to first exposure) that are 
unbalanced in exposure assignment. By design the groups will be balanced 
within each center.  


 
1.1.1. Cases to be included: Primary analysis includes all participants 


randomized who completed all three exposures. Secondary analysis includes 
all participants randomized. 
 


1.1.2. Independent variable: Randomization group (6 permutations of 3 
exposures) 


 
1.1.3. Dependent variables:  


Age (Source: Health and Home Screening Questionnaire) 
Gender (Source: Health and Home Screening Questionnaire) 
BMI (Source: Vital Signs and Blood Pressure Data Form- screening visit) 
Systolic BP (Source: Vital Signs and Blood Pressure Data Form – day 30 min 
before 1st exposure - mean of 2) 
Diastolic BP (Source: Vital Signs and Blood Pressure Data form – day 30 min 
before 1st exposure - mean of 2) 
Mean BP (defined as [2/3 x systolic BP] + [1/3 x diastolic BP]) 


 
1.1.4. Analysis method. Compare the six groups using analysis of variance for 


the continuous measures and Chi-square test for gender.   
 


1.2. Principal Components analysis. The purpose of this analysis is to explore 
the cross-sectional associations of the several endpoint measures. Details of 
the measures to be used will be specified by the data analysis group. The 
following is a preliminary description of the approach.  
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Using the baseline (pre-exposure measures at first exposure visit) we will 
explore inter-relationships among the multiple endpoints we are collecting. 
The 12 primary endpoints will be analyzed in one PCA in order to show that 
these outcomes are relatively independent of one another. We will then 
compute the analysis on several sub-sets of measures to be specified. Each 
sub-set will include no more than 20 measures that are considered to be 
related biologically. For example, one sub-set might include the secondary 
variables identified as markers of the secondary variables identified as 
markers of pro-thrombotic vascular state (see list of MOSES primary and 
secondary endpoints in the attached table). 


 
1.2.1. Cases to be included: All randomized participants who completed all three 


exposures in order to be consistent with all subsequent analyses. 
 


1.2.2. Variables:  All endpoint measures, in sub-sets, to be specified. 
 


1.2.3. Analysis Method:  The distributions of the variables will be examined and 
transformed, if necessary, to reduce skewness. Although the method does 
not require any distributional assumptions, skewness can lead to spurious 
results. Principal components will be computed on each sub-set. 


 
2. PRIMARY ANALYSIS OF CARDIOVASCULAR OUTCOMES: The primary 


outcome analyses will be conducted on the participants who completed all three 
exposures. These analyses will use the end-point measures that have been identified a 
priori as the primary end-points. All analyses will involve mixed effect linear 
modeling methods as described below.  


 
2.1. Aim 1. Test the effect of ozone exposure on ECG measures of cardiac function 


measured as changes in heart rate variability (HRV), repolarization, and 
arrhythmia.  


 
2.1.1. Cases to be included: All participants who completed three exposure 


levels and had at least a pre-exposure measurement and one post-exposure 
measurement 


 
2.1.2.  Dependent variables,  A Holter monitor was used to obtain the cardiac 


variables at each of three exposures The monitor was worn for a period of 
about 24 hours from before the start of the exposure to the day after 
exposure. Specific time points were the average of the last 5 min of 10 min 
supine recordings and were taken 15-min before exposure pre-exposure, 
immediately post-exposure, 3 hr post-exposure, and 21.5 hr. post-exposure. 
An average of the entire recording period was also obtained.  
Average of 5-min Holter recordings:  


HRV: LF (ms2)  
HRV: HF (ms2)  
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Repolarization: T-wave amplitude (μV)  
ST segment: ST in V5 (μV), 


Average of 24 hr. Holter recordings 
HRV: RMSDD (ms) 
Repolarization: T-wave amplitude (μV)  
ST segment: ST in V5 (μV), 


The variables to be analyzed will be represented as change from  a) 
immediately post exposure, b) 3 hr post exposure, and c) 21.5 hr post-
exposure to pre-exposure. 


 
2.1.2.  
2.1.3. Independent variables: 


Ozone exposure level 
Ozone exposure at previous exposure (if ozone effect is significant) 
Time of measurement: pre-exposure, immediate post-exposure, 3 hr post- 
exposure, and 21.5 hr post-exposure for 5 min averages; averages of entire 
recording  
Center 
Participant ID 


 
2.1.4. Analysis Method. For all endpoints we will check the normality 


assumption and transform the data if necessary. For the endpoints measured 
at four time points for each exposure (5 min. averages – see section 2.1), we 
will fit a general linear model using mixed effect linear modeling with ozone 
exposure, prior ozone exposure (to assess any lingering, or carryover, effect 
of the previous ozone exposure level, (only if ozone effect was significant), 
and time of measurement as fixed effects and center and subject as random 
effects. The significance of the time by exposure interaction will be the test 
of whether ozone had an impact on change in each end-point.  If the overall 
interaction effect is statistically significant we will test the pre-specified 
contrasts comparing high exposure to low exposure; high exposure to no 
exposure; and low exposure to no exposure1. If the interaction is not 
statistically significant, the interaction will be dropped from the model and 
the final model to be reported will be the model without the interaction.  The 
type III p-value without the interaction will be presented.  A correction for 
multiple comparisons, such as Tukey’s HSD, will be used. To take into 
account the issue of multiple comparison we will use a p value of  0.01 as 
the threshold for statistical significance. 
 
For the endpoints measured at a single time point for each exposure, we will 
fit a general linear model using mixed effect linear modeling with ozone 
exposure and prior ozone exposure (if ozone effect was significant) as fixed 


                                                 
1 Assuming time is continuous, and exposure is a categorical variable with the exposures in order (none, 
low, and high), then the contrast statements, using SAS’s syntax, for each of the contrasts are: time 1 
time*exposure 0 -1 1; time 1 time*exposure -1 0 1; and time 1 time*exposure -1 1 0. 
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effects and center and subject as random effects. The significance of the 
exposure effect will be the test of whether ozone had an impact on that end-
point.  If the ozone effect is statistically significant we will test the pre-
specified contrasts comparing high exposure to low exposure; high exposure 
to no exposure; and low exposure to no exposure2. A correction for multiple 
comparisons, such as Tukey’s HSD, will be used. 


 
2.2. Aim 2: Test the effect of ozone exposure on altered systemic inflammation 


and vascular function.  
 
2.2.1. Cases to be included: All participants who completed three exposure 


levels and had at least a pre-exposure measurement and one post-exposure 
measurement 


 
2.2.2. Dependent variable: For FMD, variables were measured the day before 


exposure pre-exposure and 4hr post-exposure at each of the three exposures. 
For plasma CRP measurements were taken the day before exposure pre-
exposure, 3.5 hr post-exposure, and 22 hr post-exposure. For blood pressure 
measurements were taken the day before exposure, 30 min before exposure 
pre-exposure, immediately post-exposure, 4.5 hr post-exposure, and 21 hr 
post- exposure   


Max. FMD (%) 
C-reactive protein (CRP) (103/μL) 
Systolic BP (This will be calculated as the average of the second and third 
measurements at any given time. The measurements taken 30 minutes 
before the start of the exposure will be used as the pre-exposure value.) 


The variables to be analyzed will be represented as change from  a)  
immediately post-exposure (for blood pressure) b)  ̴ 4 hr. post- exposure (all 
variables), and c)   ̴ 22 hr. post-exposure (CRP and blood pressure) to pre-
exposure.   


 
2.2.3. Independent variables: 


Ozone exposure level 
Ozone exposure at previous exposure (if ozone effect is significant) 
Time of measurement: pre-exposure, immediate post-exposure (blood 
pressure only),   ̴4.hr post-exposure (all variables), and   ̴21hr post- 
exposure (CRP and blood pressure only) 
Center 
Participant ID 


 


                                                 
2 Assuming exposure is a categorical variable with the exposures in order (none, low, and high), then the 
contrast statements, using SAS’s syntax, for each of the contrasts are: exposure 0 -1 1; exposure -1 0 1; and 
exposure -1 1 0. 
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2.2.4. Analysis Method. We will check the normality assumption and transform 
the data if necessary. Then we will fit a general linear using mixed effect 
linear modeling with ozone exposure, prior ozone exposure (only if ozone 
effect was significant), and time of measurement as fixed effects and center 
and subject as random effects. The significance of the time by exposure 
interaction will be the test of whether ozone had an impact on change in each 
measure of systemic inflammation and vascular function. If the overall 
interaction effect is statistically significant we will test the pre-specified 
contrasts comparing high exposure to low exposure; high exposure to no 
exposure; and low exposure to no exposure. If the interaction is not 
statistically significant, the interaction will be dropped from the model and 
the final model to be reported will be the model without the interaction.  The 
type III p-value without  the interaction will be presented. A correction for 
multiple comparisons, such as Tukey’s HSD, will be used. To take into 
account the issue of multiple comparison we will use a p value of  0.01 as 
the threshold for statistical significance. 


 
2.3. Aim 3: Test the effect of ozone exposure on altered prothrombotic vascular 


state  
 
2.3.1. Cases to be included: All participants who completed three exposure 


levels and had at least a pre-exposure measurement and one post-exposure 
measurement 


 
2.3.2. Dependent variables, These data are provided by the lab from blood drawn  


the day before exposure pre-exposure, 3.5 hr  post-exposure, and 22 hr. post- 
exposure.  


Monocyte-platelet conjugate count 
Tissue Factor associated with Microparticles (ng/mL) 


The variables to be analyzed will be represented as change from a) 3.5 hr . 
post- exposure  and b)  22 hr. post-exposure to pre-exposure   


 
 


2.3.3. Independent variables: 
Ozone exposure level 
Ozone exposure at previous exposure (if ozone effect is significant) 
Time of measurement: pre-exposure, 3.5 hr post-exposure, and 22 hr post-
exposure 
Center 
Participant ID 


 
2.3.4. Analysis Method. For each dependent variable we will check the 


normality assumption and transform the data if necessary. Then for each 
measure we will fit a general linear using mixed effect linear modeling with 
ozone exposure, prior ozone exposure (only if ozone effect was significant), 







New England Research Institutes, Inc. 
480 Pleasant Street, Watertown, MA 02472 


Tel:  617-923-7747   Fax: 617-926-8246 
September 18, 2015   Page 6 of 13 


 


and time of measurement as fixed effects and center and subject as random 
effects. The significance of the time by exposure interaction will be the test 
of whether ozone had an impact on change in each measure of prothrombotic 
vascular state. If the overall interaction effect is statistically significant we 
will test the pre-specified contrasts comparing high exposure to low 
exposure; high exposure to no exposure; and low exposure to no exposure. If 
the interaction is not statistically significant, the interaction will be dropped 
from the model and the final model to be reported will be the model without 
the interaction.  The type III p-value without  the interaction will be 
presented.  A correction for multiple comparisons, such as Tukey’s HSD, 
will be used. To take into account the issue of multiple comparison we will 
use a p value of  0.01 as the threshold for statistical significance. 


 
 
3. SECONDARY ANALYSIS OF CARDIOVASCULAR OUTCOMES BY AGE 


AND GENDER: To evaluate the association of gender and age (in separate 
analyses) with the observed ozone effects (effect modification of the observed 
ozone effects by gender). Hypothesis: To explore variations in the susceptibility to 
the effects of ozone by gender and age, separately.  


 
3.1. Cases to be included 


All participants who completed three exposure levels and had at least a pre-
exposure measurement and one post-exposure measurement 
 


3.2. Dependent variables 
All primary outcome variables 


 
3.3. Independent variables 


Ozone exposure level  
Ozone exposure at previous exposure (if ozone effect is significant) 
Time of measurement: see sections 2.1.2, 2.2.2, and 2.3.2 for specific times  
Center 
Participant ID 
Gender (male or female) 
Age (continuous) 


 
3.4. Analysis method. This would be a follow-on to the primary analysis described 


above. In one analysis, we would add gender and the interaction between gender 
and ozone exposure as covariates to the multivariable models testing the effect 
of O3 exposure to our primary outcomes. In a second, separate analysis, we 
would add age and the interaction between age and ozone exposure as 
covariates to the multivariable models testing the effect of O3 exposure to our 
primary outcomes. 
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4. SECONDARY ANALYSIS OF EFFECT MODIFICATION BY GSTM1: To 
evaluate the association of GSTM1 genotype with the observed ozone effects 
(effect modification of the observed ozone effects by GSTM1 genotype). 
Hypothesis: Subjects with GSTM1 null genotype, a marker of with impaired 
antioxidant defenses, will be more susceptible to effects of ozone.  


 
4.1. Cases to be included 


All participants who completed three exposure levels and were genotyped for 
the GSTM1 polymorphism.  


 
4.2. Dependent variables 


All primary outcome variables 
 


4.3. Independent variables 
Ozone exposure level 
Ozone exposure at previous exposure (if ozone effect is significant) 
Time of measurement: see section 2.1.3, 2.2.3, and 2.3.3 for specific times 
Center 
Participant ID 
GSTM1 wild-type vs GSTM1 null 


 
4.4. Analysis method. This would be a follow-on to the primary analysis described 


above. We would add GSTM1 status and the interaction between GSTM1 status 
and ozone exposure as covariates to the multivariable models testing the effect 
of O3 exposure to our primary outcomes. 


 
5. SECONDARY ANALYSIS OF LUNG FUNCTION AND INFLAMMATION: 


To evaluate the association of changes in lung function and airway inflammation 
and injury with the observed ozone effect. Hypothesis 1) ozone exposure is 
associated with changes in lung function and airway inflammation and injury.  
Hypothesis 2) subjects who experience reductions in lung function or increases in 
airway inflammation in response to ozone will be more susceptible to the 
cardiovascular effects of ozone.  
 
5.1. Cases to be included: All participants who completed three exposure levels (for 


airway inflammation variables); all participants who completed three exposure 
levels  and had at least a pre-exposure and one post-exposure measurement, (for 
lung function and airway injury variables) 


 
5.2. Dependent variables (selected secondary endpoints):  


Lung function: FEV1, FEF25-75, FVC, FEV1/FVC, measured 10 min before 
the exposure pre-exposure, 20 min post-exposure, and 22 hr post-exposure 
Airway inflammation (sputum) measured 22.5 hr post-exposure only 


Polymorphonuclear cells (PMN: % of total, # per mg sputum) 
Interleukin- 6 (pg/ml) 







New England Research Institutes, Inc. 
480 Pleasant Street, Watertown, MA 02472 


Tel:  617-923-7747   Fax: 617-926-8246 
September 18, 2015   Page 8 of 13 


 


TNF-α (pg/ml) 
Airway injury (serum): Club Cell protein 16 (ng/ml) measured pre-exposure, 
3.5 hr post-exposure, and 22 hr post-exposure. 
The variables to be analyzed will be represented as change from a) 20 min post-
exposure (lung function), b) 3.5 hr. post- exposure (airway injury), and c)   ̴22 
hr post-exposure (lung function and airway injury) to pre-exposure   
 


 
5.3. Independent variables 


Ozone exposure level 
Ozone exposure at previous exposure (if ozone effect is significant) 
Time of measurement 


Lung function: pre-exposure, 20 min post-exposure, and  22hr post-
exposure 
Airway inflammation: 22.5 hr post-exposure 
Airway injury: pre-exposure, 3.5hr post-exposure, and 22 hr post-exposure 


Center 
Participant ID 


 
5.4. Analysis method. Hypothesis 1: An analysis will be performed assessing 


whether or not there is a significant effect of ozone exposure on lung function or 
airway inflammation or injury. This analysis will be performed in a manner 
similar to the analysis of the primary endpoints (section 2) with each of the 
dependent outcomes, with the exception that time of measurement will not be 
included for the sputum variables (since there is only one measurement.). 


 
Hypothesis 2: If there is a significant effect of ozone on any lung function 
variable listed above, we would add the lung function variable and the 
interaction between the lung function variable and ozone exposure as covariates 
to the multivariable models testing the effect of O3 exposure to our primary 
outcomes. If there is no effect of ozone on lung function then no further analysis 
will be performed  
 
If there is a significant effect of ozone on any marker of airway inflammation or 
injury listed above, we would add that variable and the interaction between that 
variable and ozone exposure as covariates to the multivariable models testing 
the effect of O3 exposure to our primary outcomes. If there is no effect of ozone 
on any of the markers then no further analysis will be performed. 


 
6. SECONDARY ANALYSIS OF OTHER OUTCOMES:  


For each of the primary aims there is a list of secondary endpoint measures for 
consideration as secondary outcomes. The analyses of these secondary outcomes will 
be done using the same analytic methods as for the primary hypothesis as appropriate 
for the particular measure, except for those variables specifically mentioned in section 
3.  The list of primary and secondary endpoints is included in the attached table. 
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7. SECONDARY ANALYSES TO EXPLORE THE RELATIONSHIPS OF THE 


ENVIRONMENTAL MEASURES (INCLUDING THE PERSONAL 
EXPOSURE DATA, THE AMBIENT POLLUTION DATA AND THE 
WEATHER DATA) WITH THE RESPONSES TO O3 EXPOSURE. 


These analyses will address the following research questions:  
 


Are the personally measured O3 and NO2 concentrations, and ambient PM2.5, NO2, 
SO2, CO, and O3 concentrations associated with, confounders of, or effect modifiers 
of the change in biomarker levels from before to after each O3 and clean air 
exposure? From this statistical analysis, these two questions will be answered: 
• Are these pollutant concentrations confounders of the biomarker response to 


controlled O3 exposure? Given the randomized order of exposures, there should 
be no correlation between the level of O3 in each exposure and the personal or 
ambient concentration of each pollutant, and thus no confounding. However, as in 
any randomized trial, we should check. 
 


• Do the personally measured O3 and NO2 concentrations, and ambient PM2.5, NO2, 
SO2, CO, and O3 concentrations modify the biomarker response to controlled O3 
exposure?  


 
7.1. Cases to be included:  All participants who completed three exposure levels 


and had at least a pre-exposure measurement and one post-exposure 
measurement 


 
7.2. Dependent variables: Primary outcome measures. 


 
7.3. Independent variables:  


Ozone exposure level 
Ozone exposure at previous exposure (if ozone effect is significant) 
Time of measurement (pre-exposure, 4hr post-exposure, 22hr post-exposure) 
Center 
Participant ID 
Meteorologic variables and Pollutant measures (each pollutant and time 
period to be modeled separately): 


Ambient temperature (average over the 1, 3, 12, 24, 48, 72, 96 hours prior 
to check-in) 
Relative humidity (average over the 1, 3, 12, 24, 48, 72, 96 hours prior to 
check-in) 
Personal O3 concentration (average over the previous 72 hours) 
Personal NO2 concentration (average over the previous 72 hours) 
Ambient PM2.5 concentration (average over the at 1, 3, 12, 24, 48, 72, 96 
hours prior to check-in)  
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Ambient O3 concentration (average over the at 1, 3, 12, 24, 48, 72, 96 
hours prior to check-in) 
Ambient NO2 concentration (average over the at 1, 3, 12, 24, 48, 72, 96 
hours prior to check-in) 
Ambient SO2 concentration (average over the at 1, 3, 12, 24, 48, 72, 96 
hours prior to check-in) 
Ambient CO concentration (average over the at 1, 3, 12, 24, 48, 72, 96 
hours prior to check-in) 


 
7.4. Covariables: 


Week day (indicator variables defined by the weekday of the exposure visit; 
since many of the exposures are being performed on the same day of the week, 
this variable may be removed from the final analysis) 
Season. (Apr 15 – Oct 14 and Oct 15 – Apr 14) 


 
Retrieval and handling of air quality and meteorological data. We will retrieve 
temperature, relative humidity, PM2.5, NO2, SO2, CO, O3 data from the following 
monitoring stations:  Rochester. New York State Department of Environmental 
Conservation station N. 28-Rochester. For URMC participants, we will use data 
from a single monitoring station.  
 
UNC. US EPA EPA Burdens Creek air monitoring station (near the EPA 
Research Triangle Park campus.) For UNC participants we will use data from a 
single monitoring site because no other stations in the area provide hourly data 
for all the pollutants of interest. 
 
UCSF. Bay Area Air Quality Management District Arkansas Street monitoring 
station (ARB code 90306; AIRS number 060750005) close to the UCSF clinic.  
 
For UCSF participants, we will use the monitor closest to each participant’s 
residence. The investigators at that site will determine the closest monitor for 
each participant and send NERI the information on which data to retrieve and 
use in addition to the data from the Arkansas street station. 
 
For each pollutant we will calculate average  concentrations for each cumulative 
period before the hour of arrival at the clinic center, noon on the pre-exposure 
day. These are moving averages (e.g. mean of hours 0-1 before clinic arrival; 
mean of hours 0 -2, etc.). If >25% of a periods’ concentrations were missing 
(i.e. if >6 hours within a 24 hour period were missing), we will set this period’s 
average concentration to missing.  


 
7.5. Statistical Analysis  


 
7.5.1. Preliminary analysis of PES data. 
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7.5.1.1. Evaluate distribution of O3 and NO2 measures from PES monitors. 
Consider scale transformation or categorization as needed.  


7.5.1.2. Evaluate whether exposures measured by PES are associated with 
controlled exposure. (This tests whether the randomization groups are 
balanced with regard to environmental exposures and whether there is a 
possibility of confounding). Repeated measures analysis of variance of 
each PES measure on controlled exposure, controlling for participant 
and clinical site.  
 


7.5.2. Preliminary analysis of environmental exposure data from central 
monitors. 


7.5.2.1. Evaluate distributions of pollutant measures from central monitors. 
Consider scale transformation or categorization as needed.  


7.5.2.2. Selection of moving average to be used for subsequent analyses. 
Test in the main model without exposure, which moving average leads 
to the best explained variance and then only continue with that moving 
average of each type of exposure. Alternatively, use the clean air 
exposure for each participant. 


7.5.2.3. Evaluate whether exposures measured by central monitors are 
associated with randomization assignment. (This tests whether the 
randomization groups are balanced with regard to environmental 
exposures). For this analysis we will use the moving average identified 
in step 6.5.2.2.  Repeated measures analysis of variance of each PES 
measure on controlled exposure, controlling for participant and clinical 
site.  
 


7.5.3. Analysis of environmental exposures in relation to primary outcome 
measures.  


7.5.3.1. If the environmental exposure measures are associated with 
controlled exposure (6.5.1.2 or 6.5.2.3) then confounding is possible. 
Next we will add the environmental measure to the linear model from 
the primary outcome analysis. If the parameter for controlled O3 
exposure changes by more than some amount (such as the 20% 
threshold specified by Hosmer and Lemeshow in Applied Logistic 
Regression) we will conclude that confounding has occurred and 
include the environmental measure in all further analyses (i.e., main 
analyses described in section 2 above). If the environmental measures 
are not associated with randomization or the O3 effect does not change 
by more than 20% we will conclude no confounding has occurred. 
 
However, from the model including the environmental measure (e.g., 
24 hour PM2.5 concentration) in the analysis of the primary outcome, 
the parameter for the environmental pollutant measure will provide an 
estimate of the change in the primary outcome associated with an 
increase in the environmental pollutant concentration. If ambient 
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temperature and relative humidity are significant predictors of the 
primary outcome, we will include them in this model to control for 
confounding by these factors. 
   


7.5.3.2. Effect modification. Using the linear model from the primary 
outcome analysis, we will add the environmental measure and the 
interaction of that measure and O3 exposure as covariates. We will also 
control for temperature, humidity, day of the week and season. The 
interaction effect is the test of effect modification. 
 


 
8. ADDITIONAL ANALYSES 
This analysis plan is not meant to be exhaustive. Additional analyses may be requested 
by the investigators after reviewing the results of the planned analyses described in detail 
above. For example sensitivity analyses of the primary endpoints maybe conducted to test 
the robustness of the results.  
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Appendix 


General Linear Model for Primary Outcome Analysis 
 


For each of the three exposures (no ozone, 70 ppb, 120 ppb), most outcome 
variables will be measured pre-exposure, 4 hours after exposure, and 22 hours after 
exposure.   For most measures we would use the 4 hr. and 22 hr. measures as the 
dependent variables with the baseline measure as a covariate. That will allow us to assess 
the effect of ozone on change from baseline to the two post-exposure measures. 


 
We will assume an autoregressive correlation structure among the repeated 


factors.  If ozone exposure does affect how much the outcome variable changes from pre-
exposure to one or both post-exposure times, we would expect to find an interaction 
effect of time by ozone level to be statistically significant. 


The linear model for this design is: 
 , 


where  is the outcome measure for subject i in center j at ozone exposure  k 
preceded by exposure  l at time t. Specifically,   is the outcome pre-exposure level 
of the outcome measure (t=0).   is the direct effect of treatment k and is the residual 
or carry-over effect of treatment l.  is the effect of center j and is the effect of 
subject i in center j,  is the effect of time t and  is the interaction effect of treatment 
k at time t. 


If the outcome measure is Gaussian, the model will be estimated by a least 
squares linear model. If the outcome measure is continuous but not normally distributed, 
we may consider a normalizing transformation. If the outcome measure is dichotomous 
we will use a general linear model with binary errors and a logit link function. Using this 
basic model we can include additional terms including stratification or other effects (e.g. 
gender) and interaction effects for treatment with stratification factors or center. If the 
“wash-out” period is sufficiently long we may omit the residual effect from the model, 
although there is little or no loss in efficiency in including it even if it is 0.  
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A B C D E F G H I J K L M N O



Outcome abbreviation type of outcome Source
primary, 



secondary, 
or tertiary



Study hypothesis   
(1, 2, 3)



Day 
before 



exp 



0.5 hr 
before 



exp     (5-
min)



during exp  
exercise 6 



(between  5 
and 10 min)



0 - 0.25 
hr   post-
exp (5-



min)



4 hr    
post-exp 
(5-min)



22 hr 
post-exp 
(5-min)



during sleep 
at 2:00 am (5-



min)



during sleep 
12-4 am     (4-



hr)



Long-term 
recording 



(24-hr)



Premature atrial contractions  PAC or SE arrhythmia Holter secondary 1: Arrhythmia X
Premature ventricular contractions PVC or VE arrhythmia Holter secondary 1: Arrhythmia X
RR (msec) also called NN, long -term RR heart rate Holter secondary 1: Autonomic bal X
RR (msec) also called NN, short-term RR heart rate Holter secondary 1: Autonomic bal X X X X X X
High Frequency (Hz ) HF HRV Holter primary 1: Autonomic bal X X X X X X X X
Low Frequency (Hz) LH HRV Holter primary 1: Autonomic bal X X X X X X X X
LF/HF LF/HF HRV Holter secondary 1: Autonomic bal X X X X X X X
pNN50 (%) pNN50 HRV Holter secondary 1: Autonomic bal X X X X X X X
T wave amplitude (uV) (T wave) Tmag repolarization Holter primary 1: repolarization X X X X X X X
QTc interval (msec) (repolarization duration) QT_B repolarization Holter secondary 1: repolarization X X X X X X
T wave complexity  (T wave) Tcomplexity repolarization Holter secondary 1: repolarization X X X X X X
QT_sd (repolarization variability) qt_sd repolarization Holter secondary 1: repolarization X X X X X X X
Variability of T-wave complexity (%) Tcomplexity_sd repolarization Holter secondary 1: repolarization X X X X X X
RMSSD (msec) long-term RMSSD HRV Holter primary 1: Autonomic bal. X X X X X X X X
RMSSD (msec) short-term RMSSD HRV Holter secondary 1: Autonomic bal. X X X X X X X X
SDNN (msec) SDNN HRV Holter secondary 1: Autonomic bal. X X X X X X X X
ST segment in V5 (uV) st_v5_md ST segment Holter primary 1: repolarization X X X X X X X X
ST segment in V2 (uV) st_v2_md ST segment Holter secondary 1: repolarization X X X X X X X X
ST segment in lead II (uV) st_ii_md ST segment Holter secondary 1: repolarization X X X X X X X X



Systolic blood pressure (mm Hg) SBP endothelial function Vital Signs primary 2. Vascular Fct X X X X X
Diastolic blood pressure (mm Hg) DBP endothelial function Vital Signs primary 2. Vascular Fct X X X X X
Mean arterial BP (mm Hg) (calculated from abMABP endothelial function BP measursecondary 2: Vascular Fct X X X X X
Maximum FMD endothelial function BAU primary 2: Vascular Fct X X
FMD at 30, 45, 60, 75, 90, 105, 120 sec (%) endothelial function BAU secondary 2: Vascular Fct X X
Reactive Hyperemia Flow VTI  (cm) RH-flow VTI endothelial function BAU secondary 2: Vascular Fct X X
Time to max. FMD endothelial function BAU secondary 2: Vascular Fct X X
Brachial artery diameter (mm) BAD endothelial function BAU secondary 2: Vascular Fct X X
Endothelin 1 (pg/ml) ET-1 endothelial function plasma secondary 2: Vascular Fct X X X
P-selectin (ng/ml) endothelial function plasma secondary 2: Vascular Fct X X X



C Reactive Protein (103/uL) CRP systemic inflammatioplasma primary 2: Vascular Fct X X X
Interleukin 6 (ng/ml) IL-6 systemic inflammatioplasma secondary 2: Vascular Fct X X X
Immature granulocytes (%) imm_gran_p systemic inflammatio



whole
blood



secondary 2: Vascular Fct X X X
Immature granulocytes (103/uL) imm_gran_a systemic inflammatio



whole 
blood



secondary 2: Vascular Fct X X X
Large lymphocytes (%) lrg_lymp_p systemic inflammatio



whole 
blood



secondary 2: Vascular Fct X X X
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during exp  
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and 10 min)



0 - 0.25 
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4 hr    
post-exp 
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22 hr 
post-exp 
(5-min)



during sleep 
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min)
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hr)
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38



39



40



41



42



43



44



45



46



47



48



49



50



51
52
53
54
55
56
57



58



59



60



61



62



63



64



65



 Monocytes (%) monocyte_p systemic inflammatio
whole
blood



secondary 2: Vascular Fct X X X



 Monocytes (103/uL) monocyte_a systemic inflammatio
whole 
blood



secondary 2: Vascular Fct X X X



Basophils (%) basophil_p systemic inflammatio
whole 
blood



secondary 2: Vascular Fct X X X



Basophils (103/uL) basophil_a systemic inflammatio
whole
blood



secondary 2: Vascular Fct X X X
Eosinophils (%) eosinophil_p systemic inflammatio



whole
blood



secondary 2: Vascular Fct X X X



Eosinophils (103/ul) eosinophil_a systemic inflammatio
whole 
blood



secondary 2: Vascular Fct X X X



Large lymphocytes (103/uL) lrg_lymp_a systemic inflammatio
whole 
blood



secondary 2: Vascular Fct X X X
Lymphocytes (%) lymph_p systemic inflammatio



whole 
blood



secondary 2: Vascular Fct X X X



Lymphocytes (103/ul) lymph_a systemic inflammatio
whole 
blood



secondary 2: Vascular Fct X X X
Neutrophils (%) neutrophil_p systemic inflammatio



whole 
blood



secondary 2: Vascular Fct X X X
Neutrophils (103/uL)) neutrophil_a systemic inflammatio



whole
blood



secondary 2: Vascular Fct X X X



Platelet count (103/uL) platelets systemic inflammatio
whole 
blood



secondary 2: Vascular Fct X X X



Red blood cell count (106/uL) rbc systemic inflammatio
whole
blood



secondary X X X



White blood cell count (103/uL) wbc systemic inflammatio
whole 
blood



secondary X X X
8-isoprostane (pg/ml) systemic oxidative strplasma secondary 2: Vascular Fct X X X
nitrotyrosine (nM) systemic oxidative strplasma secondary 2: Vascular Fct X X X



Tissue Factor associated with Microparticles TF-MP prothrombotic plasma primary 3: prothrom. vasc. X X X
Fibrinogen (ng/ml) FGN prothrombotic plasma secondary 3: prothrom. vasc. s X X X
von Willebrand, antigen  (ng/ml) VWF:Ag prothrombotic plasma secondary 3:prothrom. vasc. s X X X



Monocyte-platelet conjugate count MON_con_ct prothrombotic 
whole 
blood, 
Flow



primary 3: prothrom. vasc. X X X



% activated platelet microparticles (CD62P+) actPMP_pct prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X



% activated platelet microparticles (CD62P+) 
( actSTPMP_pct prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X



% activated platelets (CD62P+) actPL_pct prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X



% activated platelets (CD62P+) (pre-stimulate actSTPL_pct prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X



% dim14 monocytes conjugated to platelets DIMMON_con_prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X



% large 31 EMP EMP31_lg_pct prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X



% large 40 Ligand (CD154) MP MP154_lg_pct prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X
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0 - 0.25 
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4 hr    
post-exp 
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22 hr 
post-exp 
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min)



during sleep 
12-4 am     (4-



hr)
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66



67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91



92
93



94



95



96



% large 62P nPMP NPMP62P_lg_p prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X



% large 62P nPMP (pre-stimulated) NSTPMP62P_lg prothrombotic 
whole
blood, 



secondary 3: prothrom. vasc. s X X X
% large act PMP act_PMP_lg_ pcprothrombotic 



whole
blood, 



secondary 3: prothrom. vasc. s X X X
% large act PMP (pre-stimulated) actSTPMP_lg_pprothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% large CD62E EMP EMP62E_lg_pctprothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% large tissue factor (CD142) MP MP142_lg_pct prothrombotic 



whole
blood, 



secondary 3: prothrom. vasc. s X X X
% lymphocytes conjugated to platelets LYM_con_pct prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% mid 31 EMP EMP31_md_pctprothrombotic 



whole
blood, 



secondary 3: prothrom. vasc. s X X X
% mid 40 Ligand (CD154) MP MP154_md_pctprothrombotic 



whole
blood, 



secondary 3: prothrom. vasc. s X X X
% mid 62P nPMP NPMP62P_md_prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% mid 62P nPMP (pre-stimulated) NSTPMP62P_m prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% mid act PMP actPMP_md_pcprothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% mid act PMP (pre-stimulated) actSTPMP_md_prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% mid CD62E EMP EMP62E_md_p prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% mid tissue factor (CD142) MP MP142_md_pctprothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% monocytes conjugated to platelets MON_con_pct prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% neutrophils conjugated to platelets PMN_con_pct prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% small 31 EMP EMP31_sm_pctprothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% small 40 Ligand (CD154) MP MP154_sm_pctprothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% small 62P nPMP NPMP62P_sm_ prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% small 62P nPMP (pre-stimulated) NSTPMP62P_smprothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% small act PMP actPMP_sm _pcprothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% small act PMP (pre-stimulated) actSTPMP_sm_ prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% small CD62E EMP EMP62E_sm_pcprothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
% small tissue factor (CD142) MP MP142_sm_pctprothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
40 Ligand microparticle (CD154+) count MP154_ct prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
40 Ligand platelet (CD154+) count PL154_ct prothrombotic 



whole 
blood, 



secondary 3: prothrom. vasc. s X X X
Activated platelet (CD62P+) count actPL_ct prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
Activated platelet (CD62P+) count (pre-
stimulated)



actSTPL_ct prothrombotic 
whole 
blood, 
Flow



secondary 3: prothrom. vasc. s X X X



Activated platelet microparticle 
(CD42b+/62P+) count (pre-stimulated)



actSTPMP_ct prothrombotic 
whole
blood, 
Flow



secondary 3: prothrom. vasc. s X X X



Activated platelet microparticle 
(CD42b+/62P+)  count



actPMP_ct prothrombotic 
whole 
blood, 
Flow



secondary 3: prothrom. vasc. s X X X
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97



98



99



100



101



102



103



104



105



106



107



108



109



110



111
112
113
114
115
116
117



118



119
120
121
122
123



CD62E+ platelet count PL62E_ct prothrombotic 
whole
blood, 
Flow



secondary 3: prothrom. vasc. s X X X



CD62P+ non-platelet microparticle( CD42b-
62P+) MP count 



NPMP62P_ct prothrombotic 
whole
blood, 
Flow



secondary 3: prothrom. vasc. s X X X



CD62P+ non-platelet microparticle (CD42b-
62P+) MP count (pre-stimulate



NSTPMP62P_ct prothrombotic 
whole 
blood, 
Flow



secondary 3: prothrom. vasc. s X X X



dim14 monocyte count DIMMON_ct prothrombotic 
whole 
blood, 
Flow



secondary 3: prothrom. vasc. s X X X



dim14 monocyte-platelet conjugate count DIMMON_con_prothrombotic 
whole 
blood, 
Flow



secondary 3: prothrom. vasc. s X X X



Endothelial microparticle (CD42b-31+) count EMP31_ct prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X



Endothelial microparticle (CD62E+) count EMP62E _ct prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X



lymphocyte count LYM_ct prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X
lymphocyte-platelet conjugate count LYM_con_ct prothrombotic 



whole
blood, 



secondary 3: prothrom. vasc. s X X X
mean expression of CD142 on total platelet 
population



PL142_mepe prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X
mean expression of CD154 on total platelet 
population



PL154_mepe prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X
mean expression of CD62P on only the 
activated platelets



actPL62P_mepeprothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X
mean expression of CD62P on only the 
activated platelets (pre-stimulated)



actSTPL62P_meprothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X
mean expression of CD62P on total platelet 
population



PL62P_mepe prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X
mean expression of CD62P on total platelet 
population (pre-stimulated)



STPL62P_mepe prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X
monocyte count MON_ct prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
neutrophil count PMN_ct prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
neutrophil-platelet conjugate count PMN_con_ct prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
Platelet count  (pre-stimulated) STPL_ct prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
Platelet count (unstimulated) PL_ct prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
Platelet microparticle (42b+) count (stimulate PMPst_ct prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X
Platelet microparticle (CD42b+) count PMP_ct prothrombotic 



whole 
blood, 



secondary 3: prothrom. vasc. s X X X



platelet-platelet aggregate count PL_agg_ct prothrombotic 
whole 
blood, 



secondary 3: prothrom. vasc. s X X X
Tissue Factor microparticle (CD142+) count MP142_ct prothrombotic 



whole
blood, 



secondary 3: prothrom. vasc. s X X X
Tissue Factor platelet (CD142+) count PL142_ct prothrombotic 



whole
blood



secondary 3: prothrom. vasc. s X X X



FEF25-75 (L/sec) FEF25-75 lung function spirometrysecondary X X X
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124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146



147
148
149
150
151
152
153
154
155
156
157
158
159



FEV1 (L) FEV1 lung function spirometrysecondary X X X
FEV1/FVC FEV1/FVC lung function spirometrysecondary X X X
FVC (L) FVC lung function spirometrysecondary X X X



Club Cells 16 (ng/ml) CC16 lung injury plasma secondary X X X
CD-40 ligand (pg/ml) CD40 airway inflammation sputum secondary X
Interleukin- 6 (pg/ml) IL-6 airway inflammation sputum secondary X
Interleukin-8 (pg/ml) IL-8 airway inflammation sputum secondary X
TNF-α (pg/ml) TNF-α airway inflammation sputum secondary X
Total protein TTP airway inflammation sputum secondary X
Basophils (% of total) %BAS airway inflammation sputum secondary X
Br Epi cell (% of total) % Epith airway inflammation sputum secondary X
Eosinophils (% of total) %EOS airway inflammation sputum secondary X
Lymphocytes (% of total) %Lymph airway inflammation sputum secondary X
Macrophages, monocytes (% of total) %Macro airway inflammation sputum secondary X
Polymorphonuclear cells (% of total) % PMN airway inflammation sputum secondary X
Sq Epi cells (% of total) % Squam airway inflammation sputum secondary X
Polymorphonuclear cells (N/mg sputum) PMN airway inflammation sputum secondary X



Hematocrit (%) Hct hematology panel whole bloosecondary X X X
Hemoglobin (g/dL) Hb hematology panel whole bloosecondary X X X
Mean cell volume (fL) mcv hematology panel whole bloosecondary X X X
Mean corpuscular hemoglobin (pg) mchb hematology panel whole bloosecondary X X X
Mean corpuscular hemoglobin concentration 
(g/dL)



mchb_conc hematology panel whole bloosecondary X X X
Red blood cell distribution width (%) rdw hematology panel whole bloosecondary X X X



Anxiety  (score 1-4) Symptoms Quest. secondary X X X X
Chest tightness/pain on deep inspiration  (score 1-4) Symptoms Quest. secondary X X X X
Cough  (score 1-4) Symptoms Quest. secondary X X X X
Eye irritation  (score 1-4) Symptoms Quest. secondary X X X X
Headache (score 1-4)  (score 1-4) Symptoms Quest. secondary X X X X
Nasal congestion/ stuffy nose  (score 1-4) Symptoms Quest. secondary X X X X
Nausea  (score 1-4) Symptoms Quest. secondary X X X X
Other symptoms  (score 1-4) Symptoms Quest. secondary X X X X
Phlegm or sputum production  (score 1-4) Symptoms Quest. secondary X X X X
Shortness of breath (score 1-4) Symptoms Quest. secondary X X X X



TABLE OF ALL MOSES ENDPOINTS 
(DEC2014) revised  02NOV2015 - primary endpoints highlighted in yellow, secondary endpoints highlighted in gray 











1



A B C D E F G H I J K L M N O



Outcome abbreviation type of outcome Source
primary, 



secondary, 
or tertiary



Study hypothesis   
(1, 2, 3)



Day 
before 



exp 



0.5 hr 
before 



exp     (5-
min)



during exp  
exercise 6 



(between  5 
and 10 min)



0 - 0.25 
hr   post-
exp (5-



min)



4 hr    
post-exp 
(5-min)



22 hr 
post-exp 
(5-min)



during sleep 
at 2:00 am (5-



min)



during sleep 
12-4 am     (4-



hr)



Long-term 
recording 



(24-hr)



160
161
162



Sneezing  (score 1-4) Symptoms Quest. secondary X X X X
Unusual fatigue or tiredness  (score 1-4) Symptoms Quest. secondary X X X X
Wheezing/whistling in chest  (score 1-4) Symptoms Quest. secondary X X X X



TABLE OF ALL MOSES ENDPOINTS 
(DEC2014) revised  02NOV2015 - primary endpoints highlighted in yellow, secondary endpoints highlighted in gray 
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January 8, 2014 
MOSES 
Interim Power Analysis 


Cases Included: For this analysis we used the pre-exposure measures at each of three 
exposures for all participants who had completed three exposures as of 12/3/2013.  
Twenty-seven participants had completed all three exposures as of that date. 


Measures: The nine primary outcome measures are: 


1. Average of 5 min. Holter recording at pre-exposure:
a. HRV: LF (ms2)
b. HRV: HF (ms2)
c. Repolarization: T-wave amplitude (μV)
d. ST segment: ST in V5 (μV),


2. Pre-exposure BAU measures:
a. Max. FMD (%)


3. Pre-exposure  plasma measures
a. C-reactive protein (μg/μL)
b. TF-MP activity (ng/mL)


4. Pre-exposure whole blood measures, flow cytometry:
a. Monocyte-platelet conjugate count


5. Pre-exposure vital signs
a. Systolic BP (mmHg)


6. Pre-exposure microparticle tissue factor


Methods: 
The power calculations are based on a simplification of the model in which we 


compare the mean change between pre-exposure and 4 hours post-exposure in an 
outcome measure in adjacent exposure groups (no O3 vs. 70 ppb and 70 ppb vs. 120 ppb).  
We assume that the carry-over effect from the previous exposure (if any) is 0 and that 
center and other effects are balanced by the cross-over design .   


Thus for each exposure we compute dik as the difference between the pre-
exposure and post-exposure value of the measure for participant i on ozone level k. The 
change for treatment k is d𝑘. The variance of 𝑑𝑘 is 𝑠𝑑𝑘2 = 𝑠12 + 𝑠22 − 2𝑟𝑠1𝑠2, where s1 and 
s2 are the standard deviations of the measure at pre and post exposure, respectively, and r 
is the within participant correlation of the pre and post exposure measures. The difference 
in change between two ozone exposures, a and b,  is 𝑑 =  𝑑𝑎 − 𝑑𝑏 and the variance of 𝑑 
is 𝑠𝑑2 = 𝑠𝑑𝑎2 + 𝑠𝑑𝑏2 − 2𝑟′𝑠𝑑𝑎𝑠𝑑𝑏, where sda and sdb are the standard deviations of the 
change on ozone exposure a and b, respectively and r′ is the within participant correlation 
of the change measures.  


The formula for estimating the minimum difference between two adjacent 
exposure levels to be detected by the study is: 
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𝛿 =
�𝑡𝛼 + 𝑡𝛽�𝑠𝑑


√𝑛
, 


where δ is the minimum difference to be detected as statistically significant, tα is 
the percentile for the t-distribution for the α/2 significance level with n-1 degrees of 
freedom,  tβ is the percentile value for the t-distribution for 1-β power with n-1 degrees of 
freedom and sd  is defined above. To account for the fact that there are two comparisons 
for each outcome measure, we used a two-sided 2.5% significance level (α= 0.025) and 
90% power (1-β=0.90) .  


Using this formulation, we have estimated the minimum difference between two 
adjacent exposure levels  (effect size) to be detected  by the study for the above primary 
outcome measures assuming two sample sizes.  We have estimated the s1 and r’ from the 
data we have collected. We assume that s1 = s2 and that r = r’. 


Results: 
Using mixed effect linear modeling with subject as a random effect we computed 


the mean and standard deviation of each measure as well as the within person correlation 
of the measure over the three observations. Table 1 shows the numbers of subjects and 
observations for each measure along with the descriptive statistics. Five of the measures 
were highly skewed and were transformed to the natural log scale for estimation of effect 
size. The effect sizes for these five measures were then back transformed providing a 
minimum ratio of change to be detected in the natural scale.    


Table 2 shows the minimum difference in change in each outcome that can be 
detected as statistically significant at the 2.5% significance level with 90% power. For 
example for ST segment, a sample with 90 participants (30 per site) provides 90% power 
to detect a difference in change between exposures of 3.44 μV.  Thus if the mean pre-
exposure is 19.26 for both exposures and the mean change post exposure with no ozone is 
0, then if the mean change after  70 ppb  exposure is about ±3.44 or greater the study will 
have 90% power to detect such difference as statistically significant at the 2.5% 
significance level.  
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Table 1. 


Number of 
Subjects Observations Mean SD Corr 


5-minute Holter
measures


   ST Segment: ST in V5 27 81 19.26  38.06  0.88 
HRV: LF 27 80 324.41   416.64  0.45 
ln(LF) 27 80 5.15  1.01  0.68 
HRV: HF 27 80 454.84   904.23  0.77 
ln(HF) 27 80 5.03  1.21  0.72 
Repolarization: Tmag 27 80 7,725.07   3,401.61  0.89 
ln(Tmag) 27 80 8.85  0.46  0.91 


 BAU measures 
Maximum FMD (%) 26 76 4.73  2.33  0.58 


 Plasma measures 
 CRP 27 81 1,777.31   1,992.62  0.58 


ln(CRP) 27 81 6.83  1.06  0.69 


 Flow cytometry 
measures 
Monocyte-platelet conj. 
(MPC) 


Count 25 66 34.73   21.36  0.30 
ln(count) 25 66 3.29  0.61  0.57 


 Vital signs 
Systolic BP 27 81 113.60   10.34  0.73 


Microtissue particle 
factor 


18 54 0.15 0.19 0.30 
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Table 2. Mean difference between exposures in change in each outcome pre- and post-
exposure to be detected as statistically significant at the 2.5% significance level with 90% 
power. 


Primary Outcome s r=r’ 


Minimum 
difference to be 


detected 


Ratio1 to be 
detected 


N=90 N=54 N=90 N=54 
ST segment: ST in V5 38.06 0.88 3.44 4.48 
HRV: ln(LF) 1.01 0.68 0.24 0.32 1.28 1.37 
HRV: ln(HF) 1.21 0.72 0.26 0.33 1.29 1.39 
ln(Tmag) 0.46 0.91 0.03 0.04 1.03 1.04 
FMD 2.33 0.58 0.74 0.96 
ln(CRP) 1.06 0.69 0.25 0.32 1.28 1.38 
ln(MPC) 0.61 0.57 0.20 0.26 1.22 1.29 
BP 10.34 0.73 2.10 2.74 
MTPF (5 samples 
averaged) 


0.19 0.30 0.10 0.13 


MTPF (2 samples 
averaged) 


0.30 0.30 0.16 0.21 


1. Anti-log of difference based on log transformation












 


 


 


 


5.1 Additional Materials 5. Sample Size and Power 
Calculations of November 21, 2011 
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Sample Size and Power for MOSES Study 
Anne Stoddard 
3/15/11 
Revised 11/21/11 
 


The primary analysis for this multi-center crossover design is a mixed effects 
linear model. For each of the three exposures (no ozone, 70 ppb, 120 ppb), most outcome 
variables will be measured pre-exposure, 4 hours after exposure, and 22 hours after 
exposure.   For most measures we would use the 4 hr and 22 hr measures as the 
dependent variables with the baseline measure as a covariate. That will allow us to assess 
the effect of ozone on change from baseline to the two post-exposure measures.  


The power calculations are based on a simplification of the model in which we 
compare the mean change between pre-exposure and 4 hours post-exposure in an 
outcome measure in adjacent exposure groups (no O3 vs. 70 ppb and 70 ppb vs. 120 ppb).  
We assume that the carry-over effect from the previous exposure (if any) is 0 and that 
center and other effects are balanced by the cross-over design .   


Thus for each exposure we compute dik as the difference between the pre-
exposure and post-exposure value of the measure for participant i on ozone level k. The 
change for treatment k is d . The variance of  is 2 , where s1 and 
s2 are the standard deviations of the measure at pre and post exposure, respectively, and r 
is the within participant correlation of the pre and post exposure measures. The difference 
in change between two ozone exposures, a and b,  is 	  and the variance of  
is 2 ′ , where sda and sdb are the standard deviations of the 
change on ozone exposure a and b, respectively and r′ is the within participant correlation 
of the change measures.  


The formula for estimating the minimum difference between two adjacent 
exposure levels to be detected by the study is: 


√
,	 


where δ is the minimum difference to be detected as statistically significant, tα is 
the percentile for the t-distribution for the α/2 significance level with n-1 degrees of 
freedom,  tβ is the percentile value for the t-distribution for 1-β power with n-1 degrees of 
freedom and sd  is defined above. To account for the fact that there are two comparisons 
for each outcome measure, we used a two-sided 2.5% significance level (α= 0.025) and 
90% power (1-β=0.90) .  


Using this formulation, we have estimated the minimum difference between two 
adjacent exposure levels  (effect size) to be detected  by the study for four primary 
outcome measures assuming two sample sizes and several estimates of the within 
participant correlation of the measures and the change in the measures.  
 
Five primary outcome measures were selected for use in power calculations: 
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 Endothelial function:  brachial artery flow mediated dilation (FMD).  
 Cardiac function 


o Heart rate variation: SDNN 
o Repolarization:  QTc 
o Arrhythmia: (subsequently recommended that we not use a measure of 


this) 
 Prothrombotic marker: VWF antigen 


 
 
Estimation of the within person correlation (r and r’) 
 


 There is very little information in the literature about the within person 
correlation in our primary outcome measures. The information that exists is typically 
estimating the reproducibility of the measures over a short period of time with no 
intervening exercise or other factors (e.g. ozone exposure).  
 A paper by Donald et al (2008) provides data on the mean and reproducibility of 
FMD measures on 42 healthy adults aged 20 to 75 measured at several intervals: 4 to 6 
hr., 1 week, 1 month and 3 months. We estimated  the within person correlation of these 
measures at each interval and in all cases the correlation was very high: about 0.96, 
indicating a very high reproducibility of this measure even over a 3 month period. Harris 
et al (2007) report on the within subject correlation of FMD in response to exercise in 
nine overweight men aged 46 to 66. They found that the within person correlation of the 
corresponding measures at least 2 days apart to be 0.58. 
 Dr. Suzanne Breitner provided information on the within person correlation of 
SDNN measures repeated one hour apart as 0.52.  
 Malik et al (2008) reported on QTC measures obtained from 24 hour continuous 
monitoring of 53 healthy adults. Using the data reported in the paper, we estimated the 
within person correlation of QTc measurements as 0.92 to 0.97 for measurements a few 
minutes apart.  


We were unable to find any estimates of the within person correlation of VWF. 
Murdock et al. (1997) indicate  that the reproducibility of the test on repeated samples 
was good but they did not provide a point estimate of the reproducibility.  


This review of the literature found within person correlations over 0.9 for FMD 
and QTc, especially when the measures are within a few minutes or hours. For measures 
separated by several days or weeks we found correlations for FMD as low as 0.6 and as 
high as 0.96. For SDNN, the estimate of within person correlation was 0.52.  In our study 
the correlation may be lower than those reported in the literature  due to the intervening 
exercise and ozone exposure. In addition we cannot be sure that the correlation of the 
change in outcome is the same as the correlation in the measure itself.  For power 
calculations  we used 2 levels of within person correlation of the measures pre-and post 
exposure, r, of 0.8 and 0.5. For  within person correlation of the change between two 
exposure levels , r′, we have used 0.2 and 0.1.  
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Endothelial function. 
FMD is measured the day before the exposure and 4 hours following exposure. 


The outcome is the difference between exposures in change between pre-and post 
exposure in FMD.  


Donald et al (2008) provide data on the mean and s.d of FMD measures on 42 
healthy adults aged 20 to 75 measured at several intervals. In this sample, the mean FMD 
was about 8% at all time points (range 7.5% to 8.1%) and the standard deviations were 
about 3.7% (range 3.1% to 4.0%). Table 1. shows the minimum difference between two 
exposures  to be detected as statistically significant at the 2.5% significance with 90% 
power for 2 sample sizes and 4  levels of within person correlation of the measures.  
 
Table 1. Mean difference between exposures in change in FMD pre- and post-exposure to 
be detected as statistically significant at the 2.5% significance level with 90% power. 


Pre-exposure/ 
post-exposure 


correlation 
r 


Correlation 
of change 


 
r’ 


Sample size 
 
 
n 


  90 54 
0.8 0.2 1.12 1.45 
 0.1 1.18 1.54 


0.5 0.2 1.76 2.30 
 0.1 1.87 2.44 


  
 For example, if the within person correlation pre- and post-exposure is 0.8 and the 
within person correlation of the change across exposures is 0.2,  then a sample with 90 
participants (30 per site) provides 90% power to detect a difference in change between 
exposures of 1.12%.  Thus if the mean pre-exposure is 8% for both exposures and the 
mean change post exposure with no ozone is 0, then if the mean change after  70 ppb  
exposure is about 1.12% or greater the study will have 90% power to detect such 
difference as statistically significant at the 2.5% significance level.  If the sample size 
were 54 participants (12 per site), then the difference in change between the two exposure 
groups would need to be 1.45% or greater to have the same power.  
 DeRoos et al (2003) present power calculations for a cross-over study to compare 
change in FMD due to treatment. They found that 166 subjects would provide 90% 
power to detect a difference in response of 1% FMD at the 5% significance level and 42 
subjects would be needed to detect a difference of 2% at the same significance and 
power. These numbers are consistent with the numbers in Table 1.  
 
Cardiac Function.  


QTc and SDNN will be measured by electrocardiogram using a 24 hour Holter 
monitor. The QTc and SDNN values immediately pre exposure and 4 hours post 
exposure will be compared. The outcome will be the difference between exposure levels  
in the mean change  in each measure between pre and post exposure. 
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Dr. Zareba provided data on the mean and standard deviation of these measures in 
two samples (n=364 and n=35). The means of QTc were 419 and 416 with standard 
deviations 20.5 and 15.6, respectively. For SDNN the means were 107 and 111 with sd’s 
of 27.9 and 24.4.  For power calculations for these measures we used the larger estimates 
of sd.  


Tables 2 and 3 show the minimum difference between two exposures to be 
detected as statistically significant at the 2.5% significance with 90% power for 2 sample 
sizes and 4 levels of within person correlation of the measures for QTc and SDNN.  
 
 
 
Table 2. Mean difference between exposures in change in QTc pre- and post-exposure to 
be detected as statistically significant at the 2.5% significance level with 90% power. 


Pre-exposure/ 
post-exposure 


correlation 
r 


Correlation 
of change 


 
r’ 


Sample size 
 
 
n 


  90 54 
0.8 0.2 6.2 8.1 
 0.1 6.6 8.5 


0.5 0.2 9.8 12.7 
 0.1 10.4 13.5 


 
 
Table 3. Mean difference between exposures in change in SDNN pre- and post-exposure 
to be detected as statistically significant at the 2.5% significance level with 90% power. 


Pre-exposure/ 
post-exposure 


correlation 
r 


Correlation 
of change 


 
r’ 


Sample size 
 
 
n 


  90 54 
0.8 0.2 8.4 11.0 
 0.1 9.0 11.7 


0.5 0.2 13.3 17.4 
 0.1 14.2 18.4 
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Prothrombotic marker. 
VFW antigen will be measured in venous blood sampled the day before and four 


hours post exposure. The outcome will be the difference between exposure levels  in the 
mean change  in VFW between pre- and post-exposure. The paper of Murdock et al. 
(1997) provides the cumulative mean VWF antigen in reference plasma in three batches 
of 102, 106 and 108 with corresponding standard deviations of 14, 10 and 12.  


For power calculations VWF we used s.d = 12. Table 4 shows the minimum 
difference between two exposures to be detected as statistically significant at the 2.5% 
significance with 90% power for 2 sample sizes and 4 levels of within person correlation 
of the measures.  
 
 
Table 4. Mean difference between exposures in change in VWF pre- and post-exposure to 
be detected as statistically significant at the 2.5% significance level with 90% power.  


Pre-exposure/ 
post-exposure 


correlation 
r 


Correlation 
of change 


 
r’ 


Sample size 
 
 
n 


  90 54 
0.8 0.2 3.6 4.7 
 0.1 3.8 5.0 


0.5 0.2 5.7 7.5 
 0.1 6.1 7.9 


 
Summary 
 
 For all four outcome measures we assumed the same levels of within person 
correlations. Thus all outcomes have the same standardized effect sizes relative to the 
overall standard deviation of the measure. Table 5 presents the standardized effect sizes 
to be detected as statistically significant under these assumptions.  
 
 
Table 5. Standardized difference between exposures in change in outcomes to be detected 
as statistically significant at the 2.5% significance level with 90% power.  


Pre-exposure/ 
post-exposure 


correlation 
r 


Correlation 
of change 


 
r’ 


Sample size 
 
 
n 


  90 54 
0.8 0.2 0.30 0.39 
 0.1 0.32 0.42 


0.5 0.2 0.48 0.62 
 0.1 0.51 0.66 
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For these power calculations we have used estimates of the within person 


correlations that are lower than those we  were able to find in the literature. This decision 
leads to conservative estimates of effect sizes. That is, if we have underestimated the 
within person correlation, the study will have 90% power to detect  smaller differences 
between exposures in changes to these outcomes.  In addition we have based our 
estimates on means and standard deviations from samples of subjects who may be 
different from the sample we will be studying.  For these reasons we plan to use some of 
the initial data from the MOSES Study to estimate the standard deviations and the within 
person correlations of the changes in the primary outcome measures. We will pool the 
data for the three exposures together and not look at between exposure differences. That 
is we will not “unblind” the data. We will then recompute the effect sizes to verify our 
sample size. We expect to conduct these analyses approximately one year after 
enrollment begins when 30 subjects have completed the three exposures.  
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