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Figure S1. Analysis of Functional Variants of the ALI Exome-Sequence Data 
− log10 QQ plots of observed vs. expected p-values for the ALI whole exome sequence data using the 
six methods: burden tests (W,N), SKAT, SKAT-O, adjusted SKAT, adjusted SKAT-O. X-axis 
represents − log10 expected p-values, and Y-axis represents − log10 observed p-values. Total 2,939 
genes with at least four rare functional variants were tested for associations with ALI severity. 
 



 
 
 
 

 

Figure S2. Comparison of Burden Test (W), Adjusted SKAT, and Adjusted SKAT-O 
Scatter plots of − log10  p-values to compare burden test (W), adjusted SKAT, adjusted SKAT-O. The 
top panel considers testing all variants, and bottom panel considers testing functional variants. 
 

  

 

 

 

 

 

 



 
 

 
 
 
 
 
Figure S3. Analysis of the ALI Exome-Sequence Data with Logistic Weight 
− log10 QQ plots of observed vs. expected p-values for the ALI whole exome sequence data with 
logistic weight (wj = exp((a1 −pj)a2)/{1+exp((a1 −pj)a2} ) with a1 = 0.07 and a2 = 150. X-axis represents 
− log10 expected p-values, and Y-axis represents − log10 observed p-values. Total 6,488 genes with at 
least four rare variants were tested for associations with ALI severity. 



 
 

 
 
 
 

Figure S4. Analysis of the Functional Variants of the ALI Exome-Sequence Data with Logistic 
Weight 
− log10 QQ plots of observed vs. expected p-values for the ALI whole exome sequence data with 
logistic weight (wj = exp((a1 −pj)a2)/{1+exp((a1 −pj)a2} ) with a1 = 0.07 and a2 = 150. X-axis represents 
− log10 expected p-values, and Y-axis represents − log10 observed p-values. Total 2,939 genes with at 
least four rare variants were tested for associations with ALI severity. 
 
 
 



  
 

 
 

Figure S5. Estimated Optimal ρ of the Power Simulation 
Box plots of the estimated optimal ρ in the power simulation studies. From top to bottom, the plots 
consider the setting in which percentage of protective/deleterious causal variants= 0/100, = 20/80 and 
= 50/50, respectively. From left to right, the plots consider the settings in which 10%, 20% and 50% of 
the rare variants were causal, respectively.  

 
 



 
 
 
 

 
 

 
 
 
Figure S6. Power Comparison for SKAT, Omnibus, and Burden Tests when All Rare Variants 
Are Deleterious Causal Variants 
Empirical power of the four methods for randomly selected 3kb regions with all the rare variants being 
deleterious causal variants, i.e., 100% causal. “Ominbus” represents the simple omnibus test that uses 
the smallest p-value of adjusted SKAT (adjSKAT) and W as the test statistics. Since it used the 
minimum p-value of two different tests, the multiple tests was corrected by the Bonferroni correction. 
From left to right, the plots consider the significance levels 0.01, 10−3, and 2.5 × 10-6, respectively. For 
causal variants, we assumed |βj | = c| log10(pj)|/2, where pj was the MAF of the jth variant, and c = 
log(1.5). Total sample sizes considered were 200, 500, and 1000, with half being cases in case-control 
studies. 



 
Table S1. Type I Error Rates of the Burden Tests and the SKAT-Family Methods 

 

 
 

α N W SKAT SKAT-O adjusted 
SKAT 

adjusted 
SKAT-O 

SampleSize = 200       

0.05 5.72 × 10−2 5.55 × 10−2 3.36 × 10−2 4.26 × 10−2 5.34 × 10−2 5.96 × 10−2 

0.01 1.28 × 10−2 1.32 × 10−2 2.90 × 10−3 5.80 × 10−3 9.75 × 10−3 1.14 × 10−2 

SampleSize = 500       

0.05 5.53 × 10−2 5.29 × 10−2 4.59 × 10−2 4.76 × 10−2 5.26 × 10−2 5.39 × 10−2 

0.01 1.09 × 10−2 1.06 × 10−2 7.95 × 10−3 9.00 × 10−3 1.13 × 10−2 1.12 × 10−2 

SampleSize = 1000       

0.05 5.05 × 10−2 5.14 × 10−2 4.45 × 10−2 4.71 × 10−2 4.73 × 10−2 4.91 × 10−2 

0.01 1.05 × 10−2 1.14 × 10−2 8.30 × 10−3 1.00 × 10−2 9.70 × 10−3 1.11 × 10−2 
 
 
 
Simulation Studies of type I error estimates of six different methods to test an association 
between randomly selected 3kb regions with dichotomous traits at α = 0.01 and 0.05. Each 
entry represents type I error rate estimates as the proportion of p-values smaller than α 
under the null hypothesis based on 10, 000 simulated datasets. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S2. Observed Number of Variants within Randomly Selected 3 kb Regions in the 
Power Simulation 
 

 
Total 

sample size 

 
% of 

causal variants 

 
% of 

protective variants 

 
 

All 

 
 

case 

 
 

control 
 

200 
 

10% 
 

0% 
 

20.69 
 

17.03 
 

14.33 
  20% 20.05 16.38 14.14 
  50% 19.23 15.41 14.11 
 20% 0% 21.71 18.37 14.11 
  20% 21.03 17.44 14.11 
  50% 19.91 15.90 14.29 
 50% 0% 22.36 19.42 14.13 
  20% 21.15 17.87 14.08 
  50% 19.53 15.68 14.19 

500 10% 0% 28.04 22.64 19.52 
  20% 27.40 21.95 19.39 
  50% 26.83 20.95 19.72 
 20% 0% 29.58 24.71 19.35 
  20% 28.98 23.80 19.31 
  50% 27.17 21.40 19.50 
 50% 0% 31.18 27.03 19.41 
  20% 29.78 24.98 19.56 
  50% 27.41 21.67 19.59 

1000 10% 0% 34.97 28.16 25.24 
  20% 34.73 27.62 25.43 
  50% 33.63 26.17 25.23 
 20% 0% 36.74 30.56 25.06 
  20% 35.84 29.40 25.03 
  50% 34.58 26.99 25.41 
 50% 0% 39.16 34.19 25.14 
  20% 37.88 32.01 25.50 
  50% 34.46 27.10 25.21 

 
 
 
Each entry represents the average number of observed variants in the simulated datasets. 
“all” represents the number of variants observed among  all samples. “case”  and  “control” 
represent the number of observed variants among  cases and controls, respectively. 



Table S3. Observed Number of Causal Variants within Randomly Selected 3 kb Regions 
in the Power Simulation 
 

  observed causal observed harmful observed protective 
Total 

sample size 
% of 

protective variants all Case control all case control all case control 
 

10% variants were causal (average number of causal variants = 4.9) 
 

200 0% 3.38 3.38 0.00 3.33 3.33 0.00 0.70 0.70 0.00 
 20% 3.02 2.90 0.12 2.89 2.87 0.02 0.72 0.60 0.12 
 50% 2.31 1.94 0.37 2.00 1.91 0.09 0.78 0.43 0.36 

500 0% 4.39 4.39 0.00 4.37 4.37 0.00 1.16 1.16 0.00 
 20% 3.95 3.78 0.17 3.81 3.77 0.05 1.12 0.95 0.17 
 50% 3.02 2.43 0.59 2.58 2.42 0.16 1.20 0.63 0.57 

1000 0% 4.74 4.74 0.00 4.74 4.74 0.00 1.56 1.56 0.00 
 20% 4.33 4.07 0.27 4.12 4.05 0.06 1.62 1.36 0.26 
 50% 3.43 2.62 0.81 2.82 2.62 0.20 1.66 0.87 0.80 

 
 
20% variants were causal (average number of causal variants = 10.2) 

200 0% 5.85 5.85 0.00 5.68 5.68 0.00 1.49 1.49 0.00 
 20% 5.33 5.02 0.31 4.94 4.85 0.09 1.62 1.33 0.29 
 50% 4.05 3.20 0.84 3.34 3.11 0.23 1.59 0.79 0.80 

500 0% 8.15 8.15 0.00 8.01 8.01 0.00 2.49 2.49 0.00 
 20% 7.42 6.93 0.48 6.96 6.82 0.14 2.51 2.05 0.46 
 50% 5.67 4.34 1.33 4.70 4.27 0.42 2.60 1.32 1.28 

1000 0% 9.41 9.41 0.00 9.33 9.33 0.00 3.47 3.47 0.00 
 20% 8.55 7.88 0.67 8.03 7.81 0.22 3.58 2.94 0.64 
 50% 6.96 5.03 1.94 5.56 4.98 0.58 3.70 1.84 1.86 

 
50% variants were causal (average number of causal variants = 26.3) 

200 0% 10.14 10.14 0.00 9.08 9.08 0.00 4.10 4.10 0.00 
 20% 9.23 8.31 0.92 7.84 7.39 0.45 4.23 3.44 0.79 
 50% 7.47 5.17 2.30 5.64 4.61 1.04 4.08 2.11 1.97 
500 0% 15.45 15.45 0.00 14.27 14.27 0.00 6.75 6.75 0.00 
 20% 13.97 12.56 1.41 12.20 11.56 0.64 6.75 5.48 1.26 
 50% 11.67 7.82 3.86 8.94 7.20 1.74 6.86 3.39 3.47 
1000 0% 19.80 19.80 0.00 18.63 18.63 0.00 9.53 9.53 0.00 
 20% 18.23 16.20 2.03 16.13 15.20 0.93 9.60 7.78 1.82 
 50% 15.14 10.00 5.14 11.64 9.43 2.21 9.54 4.80 4.73 

 
 
 
Each entry represents the average number of observed causal variants (harmful + protective), 
observed harmful variants, and observed protective variants in the simulated datasets. “all”  
represents the  number of causal variants observed among  all samples.  “case” and  “control” 
represent the number of observed causal  variants among  cases and  controls,  respectively. 
Harmful variants increase the chance to be a case (β > 0) and protective variants reduce the 
chance to be a case (β < 0). 
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(Johns Hopkins University)32, Jamshed Kanga (University of Kentucky)27, Yoonhee Kim (National 
Human Genome Research Institute)24, 32, Michael R. Knowles (University of North Carolina Chapel 
Hill)10, 26, Michael Konstan (Rainbow Babies & Children’s Hospital)27, Thomas Lahiri (Vermont 
Children’s Hospital at Fletcher Allen Health Care)27, Nan Laird (Harvard School of Public Health)24, 
Christoph Lange (Harvard School of Public Health)24, Lin Lin (Harvard Medical School)21, Xihong Lin 
(Harvard School of Public Health)21, Tin L. Louie (University of Washington)13, 15, 27, David Lynch 
(National Jewish Health)24, Barry Make (National Jewish Health)24, Thomas R. Martin (University of 
Washington, VA Puget Sound Medical Center)10, 21, Steve C. Mathai (Johns Hopkins University)32, 
Rasika A. Mathias (Johns Hopkins University)10, 13, 15, 30, 32, John McNamara (Children’s Hospitals and 



Clinics of Minnesota)27, Sharon McNamara (Seattle Children's Hospital)27, Deborah Meyers (Wake 
Forest University)33, Susan Millard (DeVos Children’s Butterworth Hospital, Spectrum Health 
Systems)27, Peter Mogayzel (Johns Hopkins University)27, Richard Moss (Stanford University)27, Tanda 
Murray (Johns Hopkins University)30, Dennis Nielson (University of California at San Francisco)27, 
Blakeslee Noyes (Cardinal Glennon Children’s Hospital)27, Wanda O'Neal (University of North Carolina 
Chapel Hill)26, David Orenstein (Children’s Hospital of Pittsburgh)27, Brian O'Sullivan (University of 
Massachusetts Memorial Health Care)27, Rhonda Pace (University of North Carolina Chapel Hill)26, 
Peter Pare (St. Paul’s Hospital)30, H. Worth Parker (Dartmouth-Hitchcock Medical Center, New 
Hampshire Cystic Fibrosis Center)27, Mary Ann Passero (Rhode Island Hospital)27, Elizabeth Perkett 
(Vanderbilt University)27, Adrienne Prestridge (Children's Memorial Hospital)27, Nicholas M. Rafaels 
(Johns Hopkins University)30, Bonnie Ramsey (Seattle Children's Hospital, University of Washington)27, 
Elizabeth Regan (National Jewish Health)24, Clement Ren (University of Rochester)27, George Retsch-
Bogart (University of North Carolina Chapel Hill)27, Michael Rock (University of Wisconsin Hospital and 
Clinics)27, Antony Rosen (Johns Hopkins University)32, Margaret Rosenfeld (Seattle Children's Hospital, 
University of Washington)27, Ingo Ruczinski (Johns Hopkins University School of Public Health)13, 15, 30, 
Andrew Sanford (University of British Columbia)30, David Schaeffer (Nemours Children's Clinic)27, Cindy 
Sell (University of North Carolina Chapel Hill)26, Daniel Sheehan (Children's Hospital of Buffalo)27, 
Edwin K. Silverman  (Brigham and Women's Hospital, Harvard Medical School)24, 30, Don Sin 
(Children’s Medical Center of Dayton)30, Terry Spencer (Elliot Health System)27, Jackie Stonebraker 
(University of North Carolina Chapel Hill)26, Holly K. Tabor (Seattle Children's Hospital, University of 
Washington)6, 10, 11, 17, 27, Laurie Varlotta (St. Christopher’s Hospital for Children)27, Candelaria I. Vergara 
(Johns Hopkins University)30, Robert Weiss 30, Fred Wigley (Johns Hopkins University)32, Robert A. 
Wise (Johns Hopkins University)30, Fred A. Wright  (University of North Carolina Chapel Hill)26, Mark M. 
Wurfel (University of Washington)10, 14, 21, Robert Zanni (Monmouth Medical Center)27, Fei Zou 
(University of North Carolina Chapel Hill)26 

 

Seattle GO: 

Deborah A. Nickerson (University of Washington)3, 4, 5, 7, 8, 9, 11, 15, 17, 18, 19, Mark J. Rieder (University of 
Washington)4, 11, 13, 15, 16, 17, 19, Phil Green (University of Washington), Jay Shendure (University of 
Washington)1, 8, 14, 16, 17, Joshua M. Akey (University of Washington)13, 14, 15, Michael J. Bamshad (Seattle 
Children's Hospital, University of Washington)4, 6, 7, 8, 10, 11, 13, 15, 17, 27, Carlos D. Bustamante (Stanford 
University School of Medicine)3, 13, 15, David R. Crosslin (University of Washington)2, 9, Evan E. Eichler 
(University of Washington)19, P. Keolu Fox2, Wenqing Fu (University of Washington)13, Adam Gordon 
(University of Washington)11, Simon Gravel (Stanford University School of Medicine)13, 15, Gail P. Jarvik 
(University of Washington)9, 15, Jill M. Johnsen (Puget Sound Blood Center, University of Washington)2, 
Mengyuan Kan (Baylor College of Medicine)13, Eimear E. Kenny (Stanford University School of 
Medicine)3, 13, 15, Jeffrey M. Kidd (Stanford University School of Medicine)13, 15, Fremiet Lara-Garduno 
(Baylor College of Medicine)15, Suzanne M. Leal (Baylor College of Medicine)1, 13, 15, 16, 17, 19, 20, Dajiang 
J. Liu (Baylor College of Medicine)13, 15, Sean McGee (University of Washington)13, 15, 19, Timothy D. 
O’Connor (University of Washington)13, Bryan Paeper (University of Washington)16, Peggy D. 
Robertson (University of Washington)4, Joshua D. Smith (University of Washington)4, 16, 19, Jeffrey C. 
Staples (University of Washington), Jacob A. Tennessen (University of Washington)13, Emily H. Turner 



(University of Washington)4, 16, Gao Wang (Baylor College of Medicine)1,13,20, Qian Yi (University of 
Washington)4 

 
 

 

WHISP: 

Rebecca Jackson (Ohio State University)1, 2, 4, 5, 8, 12, 14, 15, 17, 18, 20, 34, Kari North (University of North 
Carolina Chapel Hill)1, 3, 9, 10, 13, 15, 17, 34, Ulrike Peters (Fred Hutchinson Cancer Research Center)1, 3, 11, 12, 

13, 15, 17, 18, 34, Christopher S. Carlson (Fred Hutchinson Cancer Research Center, University of 
Washington)1, 2, 3, 5, 12, 13, 14, 15, 16, 17, 18, 19, 34, Garnet Anderson (Fred Hutchinson Cancer Research 
Center)34, Hoda Anton-Culver (University of California at Irvine)34, Themistocles L. Assimes (Stanford 
University School of Medicine)5, 9, 11, 34, Paul L. Auer (Fred Hutchinson Cancer Research Center)1, 2, 3, 5, 

11, 12, 13, 15, 16, 18, 34, Shirley Beresford (Fred Hutchinson Cancer Research Center)34, Chris Bizon 
(University of North Carolina Chapel Hill)3, 9, 13, 15, 34, Henry Black (Rush Medical Center)34, Robert 
Brunner (University of Nevada)34, Robert Brzyski (University of Texas Health Science Center San 
Antonio)34, Dale Burwen (National Heart, Lung, and Blood Institute WHI Project Office)34, Bette Caan 
(Kaiser Permanente Division of Research, Oakland, CA)34, Cara L. Carty (Fred Hutchinson Cancer 
Research Center)18, 34, Rowan Chlebowski (Los Angeles Biomedical Research Institute)34, Steven 
Cummings (University of California at San Francisco)34, J. David Curb* (University of Hawaii)9, 18, 34, 
Charles B. Eaton (Brown University, Memorial Hospital of Rhode Island)12, 34, Leslie Ford (National 
Heart, Lung, and Blood Institute, National Heart, Lung, and Blood Institute WHI Project Office)34, Nora 
Franceschini (University of North Carolina Chapel Hill)2, 3, 9, 10, 15, 34, Stephanie M. Fullerton (University of 
Washington)6, 11, 34, Margery Gass (University of Cincinnati)34, Nancy Geller (National Heart, Lung, and 
Blood Institute WHI Project Office)34, Gerardo Heiss (University of North Carolina Chapel Hill)5, 34, 
Barbara V. Howard (Howard University, MedStar Research Institute)34, Li Hsu (Fred Hutchinson 
Cancer Research Center)1, 13, 15, 18, 34, Carolyn M. Hutter (Fred Hutchinson Cancer Research Center)13, 

15, 18, 34, John Ioannidis (Stanford University School of Medicine)11, 34, Shuo Jiao (Fred Hutchinson 
Cancer Research Center)34, Karen C. Johnson (University of Tennessee Health Science Center)3, 34, 
Charles Kooperberg (Fred Hutchinson Cancer Research Center)1, 5, 9, 13, 14, 15, 17, 18, 34, Lewis Kuller 
(University of Pittsburgh)34, Andrea LaCroix (Fred Hutchinson Cancer Research Center)34, Kamakshi 
Lakshminarayan (University of Minnesota)18, 34, Dorothy Lane (State University of New York at Stony 
Brook)34, Ethan M. Lange (University of North Carolina Chapel Hill)3, 5, 9, 13, 34, Leslie A. Lange 
(University of North Carolina Chapel Hill)1, 2, 3, 5, 9, 12, 13, 15, 17, 18, 20, 25, 34, Norman Lasser (University of 
Medicine and Dentistry of New Jersey)34, Erin LeBlanc (Kaiser Permanente Center for Health 
Research, Portland, OR)34, Cora E. Lewis (University of Alabama at Birmingham)25,34, Kuo-Ping Li 
(University of North Carolina Chapel Hill)9, 34, Marian Limacher (University of Florida)34, Dan-Yu Lin 
(University of North Carolina Chapel Hill)1, 3, 9, 13, 15, 34,  Benjamin A. Logsdon (Fred Hutchinson Cancer 
Research Center)2, 34, Shari Ludlam (National Heart, Lung, and Blood Institute WHI Project Office)34, 
JoAnn E. Manson (Brigham and Women's Hospital, Harvard School of Public Health)34, Karen Margolis 
(University of Minnesota)34, Lisa Martin (George Washington University Medical Center)9, 34, Joan 
McGowan (National Heart, Lung, and Blood Institute WHI Project Office)34, Keri L. Monda (Amgen, 



Inc.)1, 15, 34, Jane Morley Kotchen (Medical College of Wisconsin)34, Lauren Nathan (University of 
California Los Angeles)34, Judith Ockene (Fallon Clinic, University of Massachusetts)34, Mary Jo 
O'Sullivan (University of Miami)34, Lawrence S. Phillips (Emory University)34, Ross L. Prentice (Fred 
Hutchinson Cancer Research Center)34, Alexander P. Reiner (Fred Hutchinson Cancer Research 
Center, University of Washington)1, 2, 3, 5, 9, 11, 12, 13, 14, 15, 20, 25, 34, John Robbins (University of California at 
Davis)34, Jennifer G. Robinson (University of Iowa)9, 11, 18, 34, Jacques E. Rossouw (National Heart, Lung, 
and Blood Institute, National Heart, Lung, and Blood Institute WHI Project Office)5, 14, 17, 20, 34, Haleh 
Sangi-Haghpeykar (Baylor College of Medicine)34, Gloria E. Sarto (University of Wisconsin)34, Sally 
Shumaker (Wake Forest University)34, Michael S. Simon (Wayne State University)34, Marcia L. 
Stefanick (Stanford University School of Medicine)34, Evan Stein (Medical Research Labs)34, Hua Tang 
(Stanford University)2, 34, Kira C. Taylor (University of Louisville)1, 3, 13, 15, 20, 34, Cynthia A. Thomson 
(University of Arizona)34, Timothy A. Thornton (University of Washington)13, 15, 18, 34, Linda Van Horn 
(Northwestern University)34, Mara Vitolins (Wake Forest University)34, Jean Wactawski-Wende 
(University of Buffalo)34, Robert Wallace (University of Iowa)2, 34, Sylvia Wassertheil-Smoller (Boston 
University)18, 34, Donglin Zeng (University of North Carolina Chapel Hill)9, 34 

 

NHLBI GO ESP Project Team: 

Deborah Applebaum-Bowden (National Heart, Lung, and Blood Institute)4, 7, 12, 17, Michael Feolo 
(National Center for Biotechnology Information)12, Weiniu Gan (National Heart, Lung, and Blood 
Institute)7, 8, 16, 17, Dina N. Paltoo (National Heart, Lung, and Blood Institute)4, 6, 11, 17, Jacques E. 
Rossouw (National Heart, Lung, and Blood Institute, National Heart, Lung, and Blood Institute WHI 
Project Office)5, 14, 17, 20, 34, Phyliss Sholinsky (National Heart, Lung, and Blood Institute)4, 12, 17, Anne 
Sturcke (National Center for Biotechnology Information)12 

 

*deceased 

 

ESP Groups: 

1Anthropometry Project Team, 2Blood Count/Hematology Project Team, 3Blood Pressure Project Team, 
4Data Flow Working Group, 5Early MI Project Team, 6ELSI Working Group, 7Executive Committee, 
8Family Study Project Team, 9Lipids Project Team, 10Lung Project Team, 11Personal Genomics Project 
Team, 12Phenotype and Harmonization Working Group, 13Population Genetics and Statistical Analysis 
Working Group, 14Publications and Presentations Working Group, 15Quantitative Analysis Ad Hoc Task 
Group, 16Sequencing and Genotyping Working Group, 17Steering Committee, 18Stroke Project Team, 
19Structural Variation Working Group, 20Subclinical/Quantitative Project Team 

 

 

 



ESP Cohorts: 

21Acute Lung Injury (ALI), 22Atherosclerosis Risk in Communities (ARIC), 23Cardiovascular Health Study 
(CHS), 24Chronic Obstructive Pulmonary Disease (COPDGene), 25Coronary Artery Risk Development in 
Young Adults (CARDIA), 26Cystic Fibrosis (CF), 27Early Pseudomonas Infection Control (EPIC), 
28Framingham Heart Study (FHS), 29Jackson Heart Study (JHS), 30Lung Health Study (LHS), 31Multi-
Ethnic Study of Atherosclerosis (MESA), 32Pulmonary Arterial Hypertension (PAH), 33Severe Asthma 
Research Program (SARP), 34Women's Health Initiative (WHI) 

 

 

 

 
 
 
 
 


