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1. Introduction

1.1 Disease gene mapping
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1.2 Genome sequencing studies
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1.3 De novo mutation tests
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Figure 1: the distribution of ClinVar pathogenic missense variants
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@, 8, @*&! ;341 #+* $&&; @AH%, 31 #+$H#1 [$/*1 CH/%SIH&! $/*1963-*4*3-*3#1 .1, 3*I$3 #+*/!
$3-1%1:B((=1 (YA (=1, 1 (%*], 3106#+*/1'+], @, &, @*H! 6-+% &I *&HU @ $H#*-14/, <$< V%o (%o#=!,.!' @4,;3-!

+*#*[ L=5,&%#=1%&!#+*31; &*-1#,1#*&#.,/1$& &, % $EVB - Y0 &* P&*H

JB&*1AS/* 3 #1%,! &i#;-%*&! +$C*1 $! 38#; /(! $-C3#$5*! %3 #+%&! ", 3#*9#! $&!)*3-*(%$3!
" 3&H#I$%IHE&IB((,G!.,N'S";/$#*14+3&%35!,.1#/%,!+$4(,#=4*&!*C*3IG%#+!/$/*| CH/Y%S3#&H!"*C*/$(!

5/,;4&! +$C*! -*C*(,4*-1 #,,(&! ., *&#% @ $#%35! #+*1 4/*&*3™*! . I' @4,;3-1 +*  #*/,L=5,;&!

I Sk



Q@;#5#%,3&! $@,35! #+*1 §.. ¥ #*-1 .. &41%3 B %/ (%! $3-! 2,(-&#*%3! QRSRN! N$@4+$3&I! *#! $(H!
QRS #H #*&H&! N #+*1* *#] ' @4,;3-1 +*#*/,L=5#*&! 3! -%&*$&*! GY%#+! #/YH& &#%((!
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1.6 Neurodevelopmental/ neuropsychiatric disorders
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1.7 Overview of dissertation structure
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2. De novo mutations
6+%&!G,/ABY((1<44;<(%&+*-1%BI@*/%'$31?,:/3%(!,.IM; @$3!12*3*#%'& HP%$351!*#I$(H!

QRST$m

2.1 Introduction to fitDNM
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2.3 Simulation studies
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Figure 2: Relative errors of Saddlepoint approximation.
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Figure 3: The Plot for expected test statistics T and the observed value in the
simulation for KIRREL3 with sample size 150 under 10000 replicates.



6$<(*1SD!I6=4*IXI*// /$#*&!./, @'SRIRRR!&% @ ;($#%,3&

Method Gene ID | Gene Size rroe rroe

g ! ! VLI ! ! [ !

[ [ ! [ i

Poisson TSGA13 856 0.0039 0.0121 0.0250 0.0367 0.0039 | 0.0001 0.0007 0.0010
GABRB3 1573 0.0074 0.0241 0.0021 0.0036 0.0003 | 0.0005 0.0021 0.0036

KIRREL3 2440 0.0132 0.0469 0.0041 0.0097 0 0.0005 0.0041 0.0004

Example 1500 0.0071 0.0206 0.0441 0.0025 0.0001 0.0003 0.0014 0.0025

fitDNM TSGA13 856 0.0030 0.0085 0.0177 0.0247 0.0030 | 0.0062 0.0039 0.0050
GABRB3 1573 0.0050 0.0166 0.0328 0.0462 0.0043 0 0.0008 0.0013

KIRREL3| 2440 0.0091 | 0.0313 | 0.0449 0.0389 | 0.0033 | 0.0005 | 0.0017 | 0.0032
Example | 1500 0.0048 | 0.0153 | 0.0325 0.0449 | 0.0046 | 0.0043 | 0.0006 | 0.0013
TADA® | TSGA13 | 8% 0.0015 | 0.0035 | 0.0071 0.0094 | 0.0015 | 0.0005 | 0.0014 | 0.0023
GABRB3| 1573 0.0026 | 0.0097 | 0.0182 0.0291 | 0.0026 | 0.0024 | 0.0039 | 0.0005
KIRREL3| 2440 0.0064 | 0.0227 | 0.0454 0.0074 | 0.0007 | 0.0025 | 0.0010 | 0.0018
Example | 1500 0.0027 | 0.0082 | 0.0197 0.0274 | 0.0027 | 0.0011 | 0.0037 | 0.0005

Note: Since all of these three tests are constructed based on discrete distribution, it is impossible
to get the type I error rates exactly equal to the nominal level at most situations. *TADA: short for TADA-

denovo (parameters: gamma.mean.dn= (20, 4.7), beta.dn=(1,1), pi0=0.94)

Table 2: Power Comparison

Gene ID (B L [ (I

Poisson fitDNM TADA* Poisson fitDNM TADA* Poisson fitDNM TADA* Poisson fitDNM TADA*
TSGA13 0.131 0.352 0.143 0.442 0.465 0.137 0.326 0.328 0.098 0.180 0.332 0.053
GABRB3 0.376 0.458 0.335 0.376 0.593 0.469 0.481 0.660 0.414 0.512 0.562 0.453
KIRREL3 0.538 0.533 0.398 0.363 0.561 0.305 0.484 0.677 0.533 0.545 0.705 0.454
Example 0.455 0.517 0.352 0.596 0.588 0.407 0.343 0.545 0.261 0.490 0.533 0.367

Note: ~ TADA: short for TADA-denovo

Parameters used in each scenario (sample size/prevalence/OR):

KIRREL3: 150/0.001/500;500/0.07/500; 1000/0.01/500; 1500/0.015/500

GABRB3: 150/0.0005/800; 500/0.002/500; 1000/0.005/500; 1500/0.008/500
TSGA13: 150/0.0005/1000; 500/0.0015/1000; 1000/0.005/1000; 1500/0.008/1000

Example: 150/0.001/2000; 500/0.002/500;1000/0.008/1500;1500/0.01/1500
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Table 3: Power Comparison under categorical deleteriousness

Gene ID s prm
Poisson fitDNM TADA* fitDNM- Poisson fitDNM TADA* fitDNM-
true true

TSGA13 0.153 0.400 0.399 0.365 0.071 0.205 0.216 0.236
GABRB3 0.372 0.522 0.489 0.524 0.280 0.525 0.540 0.651
KIRREL3 0.325 0.325 0.334 0.526 0.197 0.403 0.286 0.597

Note: ~ TADA: short for TADA-denovo

Parameters used in each scenario (sample size/prevalence/OR):

TSGA13: 150/0.0003/10000; 500/0.0015/8000;

GABRB3: 150/0.0005/5000; 500/0.002/5000;

KIRREL3: 150/0.0015/3000; 500/0.005/3000
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2.5 Application to Neurodevelopmental disease
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*C,(;#%,3I"+@%-#! $3-! 0*<$3#! QRS]HI X#! +$&! <**3! &+,G3! #+BB5[! %&! $31&&*3#%$(e!

I Ja



@,;&*! 5*3*|l G%#+! ', @A(*#* (,&&! ,.! 035! %3! $! @,;&*! @,-*(! /*&;(#%35! %3! $<3,/@$(!
3*:/,3%(! @%5/$#%,3! Y)PDRRR_RRaz! $3-! 4*/%3$#$(! (*#+SPBRARSGRcazI! #+* ($##*/!
+965+(%5+#%35! %#&1 % @4,/#$3™*1%3! 3,/ @$(! -*C*(, H@BBHH $(HIQRY}M,C*/  1103S[!
%&IS@,35!#+* [) UPIS&S&, '%o$#*-15*3*BS/3*((I1*#1 $(H! QRISBI& #! .| 5*3*&I #+$#1 +$CH <**3]
+HBCU(=! (%3A*-I! $3-1 &%53%.%'S3H(=! *3/%'+*-11"4/1$HeH @ #$#%,3&! $@,35! #+*!
3%:/,-*C*(, A@*3H#$(1-%&,-*I&H IF((*3I*#I$(HIQRS I/, @*/I*#I$(HIQRS]N!X, &&%. ,CI*#1$(HIQRSQM

|

7,4+ P C&AY%! *#! §@H/ CEA%I! “# $(H! QBBMB@, +$! *# $(HI"$@, +$I! “#! $(H!
QRSH$CH+065+(%5+#464) 1$3-! 035 [1$&!5*3*&ICH/=1963#, (*/$3#1#,1.;3%%, 35! C$/%$#%, 3!
VoBH-+*I 5*3%/$(1 4,4:($H%, 3H! ";'+1 5+3+&1 +$C*! <**31 &+ G3! #,1 <*1 %3'*$8%635(=! $&&, Vo$#*-!
GY%#+1)*3-*(%$3! -%&*$ETHBA) | $'+%*C*&!I $31 UFX"1 5*3%' %63#, (*/$3*1 4%/ *34%(*1 &' /41 .1
SHbbo!$3-03S [1$'+%*C*&! $15*3%'1 %3#, (*/$3'*1&" /! | RHSCIBH##/, C&AY%I! *#! $(H! QRSAM
(,'$1%,38.,.1@;#5#%, 3&!$/*1-%&A($=*-1%31[%5; Hilc



Table 4: I"# $%8&% mutation enriched genes among
neuropsychiatric/neurodevelopmental disease

Disease | Female Male # Gene ID Gene size Observed De novo # fitDNM Poisson Test TADA*
TOT "Fo MIS3
ASD 184 764 SUVA420H1 2706 3 1 2 e et (IR
CDKL5 3173 3 1 2 p e e (IR
SCN1A 6134 7 3 4 NN p ety (IR
EE 108 156
STXBP1 1975 5 1 4 NN Pty (IR
GABRB3 1573 4 0 4 pnp ety p e (IR
CDKL5 3173 3 1 2 [N e [EANNE
SCN2A 6218 7 3 4 pu ety e (IR
; SCN1A 6134 8 3 5 NN NI (IR
C(’”:jb'” 491 1226
€ TRIO 9522 5 0 5 (NIRRT e [EANNE
STXBP1 1975 8 1 6 NN p ety (IR
GABRB3 1573 5 0 5 RN e (IR
" — T ] -
Listed are all genes that show a statistically significasmape! ! !!" I I" **) enrichment ofle novo

mutations irthe three test$sene size: size of all exomes (plus canonical splice sites); Calculated loci:
removed loci with missense mutations which are not annotated bipHeol?. Combined: Analysis
combining the four neurodevelopmental diseases: ASD, EE, schézoatand severe ID.

" P-values of TADA (short for TADAdenovo) are estimated froth! null simulations, thus extremely
small pvalues can only be bounded by!" ''.

Note: no gene in the analysis of SCZ and severe ID is statistically significant in any of the three tests.

+0hS<H%:FFOKP: "Fiti*!1 $(&,! $3B(=L*-1bQcC! #/%,&! G%#+! +*$(#+=!,..&4/%35&! YAR! @H(*&!

N el *@$(*&! IQR!;3A3,G3ZH! F@,35! #+*&*! bQc! &$@4(*&l! Sc! BBE*/*! ,<&*/C*-1#,! <*|

N



FIF3#(=! +%#!) <A $h&h! @;#$#%,3&H! 8, #*! #+$#! 3,3*! .1 #+*1 3%,/ -*C*(,4@*3 #3$(!
%@4(%'$#*-15*3*&! Y %316 $ZIG*/*!, <&*/C*-1#,1+$C*13,3 1&=3,3=@,;&! 1"#$W&N! @ ;#$#%,3&!
$@,35!1#+*1bQc!", 3#/,(1#/%,&BIB* !, 1#+*&*15*3*&!&+,G!&%53%. %' $3# 1 ¥@VBH!,.! 1"1$%&%!
@;#BH%,3&*%o#+*/I<=1#+*1P % &&, 31#*&#!,/1.%#08)HIF--%#%,3$((=1'#+*/*1GS&!3,14$##*/31%3 1 #+*]

J-*1%35!,.14  ICH(;*&I<*#G**31#+*IP,%&&, 31#*&#!$3-1.%#08)H

2.6 Discussion

X3! #+06810 [ # 1l G*1 4/,4,&*! $! 3*G! &HSHYEHU'S(! IS@*G,IAl #+$H# %3 /4, /$H*&!
@;#$H%,3! .;3'H%,35(%H=! G+*31 *CH(;$H%35! G++*/1 $1 5*3%1 06&! *3/0%"+*-11"H/1$%&H!
@ #$#%,381%31%3-%C%-; HEBA%DB*-1. /1$!5*34%'1-%&, [-*HIX31#+%&! I$@*G,/All @ :#$#%, 38!
$H@,-*(*-1$&I+SCY35!1-0%. */*3HI4], <$<Uo(Y%oH%*&!, . 1-%&/; 4#%351$14/ #-%6311 (*$-%6 35 HIHY6. . */*
G*05+#&! ., /1%3-%C%-1B(SUENH! @ ;#$H#Y%0,3&] Y631 #++1 [*&: (#0635 #+&#| &HSHI6&HY'H! "™ CH/*1 -%&, /-*/&!
S/, #431'$:8*-1 <=! %3'/*$8%35(=! -$@$5%35! @ :#$#%,38&! %3&H*$-! .| @Y%(-*/! @ :#$H%,3&H!
B3(%A* 6FOF1*3,C Il G+%'+! 3(=! ;&*&! (,&& 1. 1;3'#%,3! @;#$#%,3&! $3-! 4/,<$<(=!
-$@$5%35! @I6&E&*3&*! @ :#$#96,3&! %3 $3B(=&%&I! ,;/! $44/,$'+! 1 S3HYHSHICH(=! *CH($H&! $((!
@ :#$#9%,38!$,&&!$15*3*HIF&IS!/*&; (#1%#1$C, %-&1%53, /%35! 4, #+3#%$((=! -$@$5%35! @ #$#%, 3&
G+%(*1&H%((1(*C*/$5%35!%3.,/@$H%, 31$<, HIH-+*00/14/*-%0'#*-1% @ 4% #114 #*3#%$((=! (*§-%35#,1$3
063'/*$&*1 %6314, G*/HI X3 #+9%&! &#;-=I1 G, <&*/C*-1 &;'+1 4, G*/1 %3 *$&*&) <, #+1%3! &% @; ($#%, 3!
&t %*&IS3-1/*$(1-SHSISIF(=&H*&HII*I3 #:1+ G*CH/|1#+$HI#+*15*3*/$(16FOF./$@*G,/AI'$3!

$(&,! %3',/4,/1$#*! %3+*/%#*-! CH/%$#%,3! G+%'+! ',;(-! &%53%.%'$3#(=! Yo @4/,C*! %#&! 4,G*/! .,/
' TC



%@4(%'$#%35!'$;&$(15*3*&! G+*31%3+*/%#*-1 C$/%$#%,3! 4($=&!$! % @4, /#$3#!/,(*1 %31 #+*1 5*3*#%

S+ % #; ], H#+*1-%&,[-*H!

O3*1 %634+ *&H%35! :# @™, ;1 &#:-=1% & #+SHISHEN @ :#$H%, 38! GYo#t+%0BE]T!
5*3* +$C* % @4(%'$H*-! S&MBH*3HUS(! /%&A! .$H#,/&! .,/! -HC,4%35! 3;/,-*C*(,4@*3#$(!
-9%&,/-*1&HD3S [ %&! $! @*@<*/! .1 U+5:$3%3*! 3:'(* #%-*1 *0'+$35* .$'#,/&! YU+, LK[&ZI!
$3-196&1 3S@*-1$.#4/1 Yo#& #+**1 - @$Y63&! GYH+14:HSHYCH*IL=@ $H%%'| $'HICYoH=H! 6+*/*|$/*I $I#,#
.1 SQ! .;3'#%,3%(! -, @$%38&! %BBS[! %3'(;-%35! #G,! 0<(+,@,(, 5=! YOMZ! -, @$%3&I! #G,!
P(*A&HIYB,@,(,5=! YPMZ! -, @$%3&I1! $! -%C*/5+3# JUFg 6UXO! -, @$%31! &*C*/$(! &4*' /%3
(%A Y"PZ! [<4*$#&II #G,! "M -, @$%3&1! SAUKB*! -, @$%3! $3-1 $! &*/%3#T43%3*] A%3$&*!
-, @3$%3! Y[%5;/41 @)$/+(*/ TS /1! *#! $(H! QRSANF@,35! $((! #+*! -, @$%3&I! #+*! OIAM!
-, @3$%31%&H#+IA*=1*3L=@$#%'; 3%6#! ., /| FP1*9'+$35*HI6+*14G, IOM!-, @$%3&!%BI3S !
HSI5*#! -%. . *[*3#! 26P$&*D! #+*118*/@%3$(! OM! -, @$%3! YOMSZ! @*-%$#*&! #+*1126P!
*9'+$35%!,.1U$'I S1$3-1 U+, 2! G+o%(*1#+*1] B/ @BH(1 OM! -, @$%3! YOMQZ! $#%C$#*&! U+ FH!
"*CH$(1%&,.,/@&!,.103S [11%3'(;-%3503S [!FI1 711 J1$3-1 011 +$C* <**31%6-*3#%.%*-BIBS [ FI!
711 31 $3-101 $((1',3#$%3! #+*! %/&#! OMPM! 2K]! -, @$%3HD3S[! FI! 7! $3-! 0! $/*! &#/,35(=!
*QA/*&&*-1 %3! </$%3 #96&&:;*| G-OBET! J! %&! *9'(;&%CH(=A4/*&&*-1 %3 */*<*((; @! -;/%35!

CH(, 4@*3#HICS3IU%j&&*(1$3-IC$317;;(IQRIQM



6+* &#-=! .1 O3S[! $3-! %#&! [#+,(,5&! %31 JH*(*5$3&I1 -/,&,4+%($! $3-! @%'™!
@,3&H/$H#*) #+$H OMS! | 103S[! 4($=&! $! CYHS(! /,(*! %3! 3%/%H#*] #5/4G! $3-1 $9,3!
5:96-$3'*1 -/%35! #+*1 *C*(,4A@*3#! ,.| #+*1 3%/, 3%(! &=&#*@H! JH! *(*5$3&D3S [ (%A*! 5+3*1
8SOINQ! %&! -**4(=! %3C,(C*-! %3! *((! @%5/$#%,3! [*5;(S#PEBEN3I! *#! $(H! SaaloBr9%(*! %3!
-/, &, 4+%($1!-, &$5* &*3&YoHY%CHHIB IR, 31 <H#G**3103S [1$3-1#+* F<*(&, 31 #=/,8&%3* A% 3$&*!
YF<(Z! +#+1@%3*&! #+*1 $9,31 4$#+.9%3-99361 (1! *#! $(H! QRRBHE! 5+3* A3,'A,;# @%'*!
&+,G1&#/,35!-* %%t %31 3*:/$(!,/5$3% L SHACBRAUY* 31! *#! $(H! QRRRIG*/I! K&H/$'+! $3-!
L((F$5;%&) &+ Gl #+$# +;@$3! 03S[!'$3! %63-;1 #+*1 3%:/0%6#*] #5/,GH#+! %3! PISQ! *((&!
H#+[ 5+ #4*1 OMS 1*4*3-*3#1 U+, 2! $H%CS#%,3H! 6+*=1 $(&,! /FC*$(! #+PIBS[! /*5;($#*&!
3*/C*1 5/,G#+! .$#,/1 YB2[Z! -%. . */*3t%$#%,3! S#+G$=! <=! :4&#/*$@! &%53$(%35! ,.! U+,2H!

IK&#/$'+I1*#1$(HIQRRQM

0% *#&) %31 3*:/,38(! ', 33 #UCY#=! +$C*! <31 4/,4,&%-1 #,1 ' ZHV%<;#*] #, #+*]
A$H+ 53 &%&! .| $:#%&@ ! Yo3#*((*'#:$(! -%&S<Vo(YoHIp* &IBBI +GY%3-! $3-! g*C%##! QRRbN!
g*G%&!$3-1g%*<*/ @$3! QRRBAT-113*%;/%6#*] | :#5/ G#-+1$3-1 4$#+.%63-%35!,.13*:/,31*((&!
-:1%351-*C*(, 4@* 31 *&HS< (Y& +1#+*14, &Y6H%, 3% 35!$3-14$##*/%35!,.I' 33*#%, 3&H!J,38&%-*/%35!
#+41/,(%1,1 03S[[11*&4*%$((=!10MS! %55 ($H0635!#++13%:/%6#*| - #5/, GH#+1$3-14$#+.%3-%351106#!
&;55*&H&IH+TIBS [ ,:(-14($=1$31% @4, /#$3#1/,(*1%314$H+,5*3*&%&), 13%:/,-+C*(,4@*3#$(!

-%&,/-*I&H



X3 #+*1", @<%3*-! $3$(=&%8&! ,.! %3-%C%-;$(&! $&*#$%3*-!1 ., /1 $! 3*,/,-*C*(,4@*3#$(!
-%&,/-*/11.%C*1"i$%&%! @ ; #$#%,3&!G*/*1%-*3#%.%* OB 1$@,35!SIbSh! &S @ A&H!F&!"$3! <*]
&**31.[,@![%5;/*Ic 1#+/**1 1#+*&*| @;#$#%,3&! $44*$/! ,3IOMSU#G,! ./, @!"'+%(-/*3! G%#+!
$;#%&@!$3-!,3*1./,@! $! "+%(-! G%#+! &*C*/*1 %3#*((*'#;$(1 -%&S<%(Yo#=H! F((!,.| #+*&*| @;#$#%,3&!
[*4($*1'+$/5*-1$@%3,! $'%-1G%#H+!+=-/,4+,<%'1$@%3,!$'%-&I!G+%'+! +$&! +%5+!14 #*3#%S(1 #,!
"+$35*! #+*1 4] #*%3! &#/;'#;/*] $3-1 *$H#%CHH*! OMSH! 6+%&! OMS! -=&.;3'#%,3! /*&;(#&! %3!

%@4$%/%35! - GI&H*$@! 3*:/%#*! :#5/,GH#+! $3-1 $9,3! 5:%-$3*1 .:3'#%, 3&HF *311 *#1 $(H!
QRSSm

X31(%5+#!, 1$((1#+*1*CY%-*30BS [ 1968 +965-+(Y65+*-1+4/*1$81 $1'$3-06-$#1 /06 &AI5+341 /!
3%/, +CH(,4@*3HS(1 -%6&, /- /&N $3-1 4] CYo-*&) . [#+*/) &; A4, [#1 #,1 H+*1" 3*4H#) | 1 &+$/*-]
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Figure 8: Schematic representation of TRIO protein



3. Incorporating popu lation controls in rare variant  TDTs

6+%4&3,/Al+$&! <**314;<(%&+*-1%3) K"H;GO$#]%8HS9:#%Ji * BK9$# . "$"<;GFHP?%$ 351! *#! $(H!

QRSJm

3.1 Introduction to rvTDT

B+I'S&* US/*BHI#/%, &1 &*:;*3™-19631-*13,C,| @ :#$#9%, 31 &#;-%*&!'$3IB(&, | <*I $44(%%*-!
BV 0034+ 0b#-| @ HSHY,3&) <=1:8%635! 60611 G+00'+! #*&# G+*#+*/1 #1441 /$/*1 CH/%SIHE! %&!
HIS3&@Yort#* -1 ;3-*/1 #1441 )% *(e&) (SGH! gUA*! #+*/1 &%IAG(R! @*#+,-&I! &%35(*!(,';&! 606!
$3$(=8&*&! G%((! +$C*1 (,G! 4,G*/! G+*31 #+*1 -%&*FBEE, Vo$H#*-1 $((*(*] %&! /$/*H! X3! /-*/1 #,]
$--*Q&IH+Y&IA] <(*@I1':/[*3HISA4] $+*&#, 1$3F(=L%35!/$/*15*3*#%' | CH/%$#%, 31$"; @ ; ($#*!
%3.,/@$#%,3!$'/, &&ISI5*3*! /1 #+*/15+3+4#96'): 30%6#11, #*31<=1#SAVBBIS5+#+-1', @<%63$#%, 3!
J&YO35(K, ;&1 3H/%<;#%, 38 #,1 1 &' [ #*&H | #+*/| &HSHY6&HY'H! B&Y635!#++1d/%5+#e! G*Uo5+H*-!
' @<%3$#9%,31 %&! '1%H%'$(n! $3! ,4H#% @ $(! #* SALCHTEHIH ! '$;8$(! CH/%$3#&! $3-! -,GB
G*%5+#13%;#/$(1C/%SIH&H"%3 *1#+*1#/;*1'S;&$(1(, A3, G @; +!,.1#+*1/$/*  1CH/%$3#!
$&E, ' Y6$HY0, 3! (Yor*I$H;/*1 %3C,(C*&! %-*3#%.=%35! .(*9%<(*! $44/,$'+*&! #,] G*%5+#%35! %3-%CY%-
(%) $-&*31$3-17/,G3%35!QRRan!),/5*3#+$(*/1$3-16+%((=|QRRbNIS*S(*I*#IS(HIQRSSN!i; 14!
S(HDRSSHI%@Y%($/! @*#+,-&! +$CH <**31 $A4(%*-1 %31 #+*1" 3H*0#] | 1/$/*] C$/%$3#! $3$(=&*&! %3!
$@%(<$&*-1-*&%5380* *#I$(HIQRSAN!X, MBI *#1$(HIQRSB m

M*/*I1G*14/,4,&*1$!/$/*| C$/%$3# 606! Y/CBO6Z! #+$#* @4(,=&!$!3,CHI$44/, $'+1#,!
*&HY@SH%35! 4,G*/.:(1 (%3*$/!', @<%3$#%,3&! .| CH/%S3H&I! GU#+%3! $! 5*3*#9%'l ;3% <=1 ;#%(%l

-$#$! ./, @!4,4;($#%,3!",3#/,(&H!"4*'%.%'$((=I' G*! G*%5+#! (,'%! <$&*-!,3!", @4$/%35! C$H/%$3#!
T



J*5*3%* &), <&*/C*-1%31#+*14$/*3H#&!, . 1$. X #*-1,.. &4/%35! G Yo#+#+&*] < &*/C*-14,4;($#%, 3!
" 3#/,(&H! "%3* #+*1 /CB06! %&!',3-%#%,3$(! ,3! 4$/*3#P(! 5*3,#=4*11 ;&%35! 4$/*3#S$(! -$#$! %3!
-*/%C%35! #+*&*! G*%5+#&! - *&! 3,#! $..¥'#! #+* CH(%-%#=! /! $&=@4# #%" -%&#/%<;#%,3! ,.! #+*]

/C606H

3.2 General rvTDT framework

i*1 <*5963! <=! "+$/$H#*/%L %36 #+*1 &#$3-$/-1 ',3-%#%,3H(3 14$/*3#$(15*3,#=4*]
(%A*(Y%o+, L +$%-1$3-1", @ @*/ Saa’n!"*(|1*# $(H! SaaSm $! &%35(*! Yj#+Z!(,';:&H!6+%&! @,-*(!
&A%Y Y& #+*1 -%6&H%<:#%,3! . ,..&4/%35! 5*3 #=4*&!" 3-%#%,3$( 3! 4$/*3HBIR,! $3-!

HHAI$. <%, 3I&HSH &I, I+ 1+ (-1%3 1 @&, .1$!/* ($HUC*I/%RAI-%&*$&H @ ,-*(1H#+$#1%&!I$!.;3'#%, 3!
U 06(-e&1 5%3 #=4%1 $3-1)*3-*(%$3! #/$3& @ Y%6& &6, 3! 4/, <$<%(%oH%*&H! 6+ 5+, #1! G*1 GY%((!

3 4#41 [$3-,@! CH/%B<(*&! ;&%35! ;44%/! '$&*! (*##+/&! $3-1 *$(Y%L$HIB,B,.! #+,8*! /$3-,@!
C$/%$<(*&!;&%35!(,G*/1'$&*HIi*I$&&; @*1#+$H G +$CHSI&S @A (], .1314$/*3#! .. &4%35!#/%, &!
0031G+06'+H#+*1 | &A%35IN&IS. ¥ #H-1<=IH+*1-%6&, [-*/1 <FU0 351 &t -V MG H1 | 1u1-*3 H¥ 1441
Vott+1#/%,0&!"+%(-1! @$H*/35(1! $3-14SH*/35(1 5*B-&H [*&A*HYCH (=1 ., [1#+*1j#t+1 (|, &H!*1 G % ((!

$&E: @ H+SHIH+* X GYo((1<*1*3',+-1063H* @ &IH#+¥13: @</, | @%3,/1S((*(*&!, <&*/C*-11&, ¢+ $#!
*$'+15%3 #=4*1'$3I<HRIISI IQHIgHH = | 1063-00'SH* #+SHI#+1 | &A/%351%8&!$. ¥ #*-1 S3HI(*#]

<HIBI QY5 CH# [1H+SHI¥S' -+ &IFHHIBFIHHOL'* F#] 1#+% | &4AI%35e8&!5*3 #=4*1 31-%&*$&*!

1%&AH! X3! $((! $3B(=&*&! /%4, [#+-1 +%/*11 G*1 GY%((! $&&; @*! $3! $--%6H#%CH @,-*(I! &1 HHGHE,!

&% @A(=1#+*13;@<*/!,.!| @;#P3H! S((*(*&! ,<&*/C*-11%HEBIT T H!i*13,#*1#+$#!G+*3ICH/%$3H&!
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/1S #+41$--964#%6033-1-, @ %3$3H! @,-*(&! G%((1$44/,9% @$H*1*$+! #+*/HI gt —— !

<L+ %&ALL 1 $3!,..&4/%35! <*%35! $. . F#*-1 5% C* 31 #+*=] HCAY*&! , .| #+*] @ ;#$3#! $((*(*!

[*(SHYCH1#,1#+*%/ % &AIG+*31#+*=1+$C*I3,I' 4%*&HIX.IG¥1 @ ,-*(1#+%&! /*($HY C* BHIGA H+/ ;

A$/1$@*H# N 1CUG———— ! 1"F [V IT(D] I #H31 #X1 Yo+ #%,e&! ' 3H%<#%,3! #,! #+*]

", 3-%#%,3$L 3 US/*3#!(YoA*(Yo+,,-1. [N#+*j#H+!(,; &'$3I<*IG/%#H#*31H&

Loy OO n
SRR T INTY O N (R TR TR

GH*/*1 #+*1 4] <$<%(Yo#£1 (1 I 1[1 1 L IE T 1) 106&! #+*1 )*3-*(%$3! 4/,<$<%(%#=! ,.! $3!
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3.3 Incorporating information from population controls
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3.4 Simulation studies
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&% @;($#%,3&!-*&'[%<*-1$<,B*H



6,1 %3CH*&HYSSH #++1 4, GH/1L b I<S&*-1 #*&H#! G+*31#+1" 38/, (1 4,4;($#%, 3! -%. .*/&!
L@ #+*1 AS/F3HS(! 4,4;($H%, 3! -*1 #,1 4,4: (4%, 3] &H$HY%.%'$H%, 31! G*! &% @;($H*-! #+/**!
&*3$/%,&! ;3-*/1 #+*1 S(H*/3$#UCHH! 6-+*! &YEEY, 3! &H#/;H:/*1 ;&*-1 %3] #+*&* $3$(=8%6&! G$&!
*3H%/*(=18% @ Yo($/1#, 1#+*14, 4; ($1%, 31&#/$1%.%'$H#%, 31 8% @ ; ($#%, 3&!;3-*/1#+*13; ((1-*&'/%<*1%3 I+
A$/$5/$4+! $<,C*! *9'*4#! #+$#D! YSZ! G*! $&&;@*-! #+$#! ARO! .| #+*1 CH%$3H&! %31 #+*] 5+3]
$. XU 008 &M [YQAI $3-1 #+GH! ¥ ¥ 13G+1'S: 8S(1 CH/%$3H! GS&! [*($H*-1#, Uo#&! @ Y63, /!
B(((*) S5 431 #4554 #4741 [S@*G,IA! *&'1%<*-1 $<,.C*nl YQZ! G*! $&&;@*-! -%..*/*3#!
@Y9#;/*&! || F.I%'$3&) $3-1 K;/,4*$3&! 063! #+*1" 3#/,(&) $3- #/%,&H! "4*'%.%'$((=1! &*3$/%,! S!
5*3%/$H*-14,4: ($#%, 31", 3#/,(&!1<=18$@4 (%35!./,@!$!&,:/'*14,4;($#%,3!G%#+ISDRDCR! @%9!,.!
K:/,4*$38& 1#,1F./% $3&I1G+06(*1#+*1#/%, 14$/*3#1 4, 4;($#%, 3! GS$&!", @4/%&*-!.1$3!CRDQR!@%9
[ #+%1 & 3-1 &'*3$/%,1 G*I 5*3*/$#*-1 #+%1 ' 3# (1 &,:/*1 4,4;($H%, 3! &, #+$#! %# G$&!
| @4/%&*-!, I$IRD_RI@%9!,.IK:/,4*$38&,1F.I1% $3&I G+ (*1#+*1#/%, |4$/*3#14,4;($#%,31G$&!
' @4/%&*-!,.1$!_RD]R! @WOH! #+%/-1&*3$/%,!1%3C, (C*-1$!",3#/,(1&,:/*14,4;($#%, 31 #+$#!
G$&! $!_RDR! @%9! ,.! K;/,4*$38 #,! F./%'$3&I1 G+%(* #+*! #/%,! 4$/*3#! 4,4;($#%,3! G$&!

L @4/%&*-1,.1$ 3IcCROR!@%9H

) $9:=F;FE K <ThIF $HF; KB:9< USFHL /1 ¥$'+] &% @; ($H+-! -$HS& #] G $3$(=L*-1 #+*1 -$#$! ;,8%35!
<A 11 1IS311, 1T TG+ #06(%L %35! M -%68#%63 #1 * &% @BHERI&H! G*15%C* $((! C$/%$3#&!

*:8(! G*%5+#! G+*3! ", @<%3%35! &',/*! &HSHYEHY'&! &)1 #+$H 1111 N 1HHI* 3.1 G*|



G*065+#1C$/%$3H!", 3H/%<;#%:3&).;3'H#%6, 31 #+$# 5% C*&1 063 *$&*-1 G+065+#1#,1/$/*/| CH/UbSIHEH
"4¥0h ' S((=11., /1M CHI%SIH GHIHBAME, | <HH+¥14/, <$<Yb(YoH=!-*38Yot=IH+SHI S| <HHSY SIQTZ!
1$3-,@!CH/%$<(*1%48% | HI6+06&!%&I#+*1 &S @* GBHBH@*!;&*-1%3!"NF6 IX,3%HBHSLS!

*#1 $(HI QRSAN! iz1! 4 $(H! QRSB #4 #4%6&! &'+*@* <=! 1wy H! 6+%6/-11 G*1 ;&*1 #+*1

4,4;($#%, 31", 3#/,(1<$&*-1G*%5+#&I |+ [1-5#$%(*-1$<,C*H

3.5 Simulation results

K POH; PG 100 H S K "<TH I FHO; /1 &% @ ; ($#%,3&!", @A/*-1#+%14,G*1$3-1#=4% IXI*// /1, !

o (O (U DI (g DI (O (1 g DIT$3-10, (1 IIB$<(*! T! &;@ @$/%L*&! #+%&!

| @4$/%8,31G+*31$((1-%8&* SRS&&, VoSH*-1S((*(*&ISHS/HNE 1 11" ZI$3-1$/*I/%&AIS((*(*&H!

i+ 3141 4, 1#%, 31, .1'S; &B(1B((*(*&I%&IL*, 1% H*HI1#+*15*3*106&13 #IS&&,'VoSH#*-1 G Yott+1-%&*$&*n!
S((1#*&H&! @$%3HSY31#+*1 3, @Y 3S(1/SHHI+*31#+¥14/,4,1#%,3],.1'$; &B(1B((*(*& %&! 5/*$#*/1#+$ 3]
L¥/,1 G *l &**1 &;<&HSIHYS(! 4,G*/1 V6. }/*3*&) <HHG** 31 #*&H&H! [Y6/&H#]! G* &1 #+$#] #+*1 (%3*$/!

| @<%3$H0%,3! <P&*-1H*8HE! +SCHBFSHH/14, GH/1#+ S+ AY/3*(1<S&*-1#*&H&HI 6+96&1%6&1 4*/+$4&!
3,#! &;/41%8%35! 5%C*3! #+$#! $((1'$;&$(! CH/%$3H&! %3 *$&*1 -%&*$&*! [%&A! YYH*HI! #+*/*] $/*!
4] #H#%CH C$/%S3HE! %3! #+%&! &%@;($#%,3ZH! i*! -1 3 # &**| &;<&HS3HUS(! 4,G*/! -%. */*3'*&]
<HGH3L L L (1) 1$3- W (1w ) 130 <HHGH3L 1, (1) 1$3-1 1, (g ) 1 4/4&;@$<(=!

<$:&* $((1'$;&$(! CH/%$3H&! $/*1 /S/*H! M,G*CH/Il G*! &**1 #+G#] #1]  <$&*-1 H#*EH&L*/!
&;<&HSHUS((=! @,/*1 4,G*/! G+3! ' @AS/*! #,1 #+*1 #H+¥/l A%3*( K$&E N (%3*$/!

L @<%3%$#%, 31 HZHRH (! | ), <#PY3&I#+*I<*&HIA,G*/1,CH/$((I'=%*(-,3B*9$@4(*! G+*3!
I _b



SRO!,.[#+*1C$/%S3HEI /'S, & IR -/S@ $H#Y' |1 5/*S#*/1#+ 3, (-1963'/*$&*1%6314, G*/1, CH/1#+*]
3*O#I<*&#13,3 o 1#*&EN . (1 e ) ! RHRatin! (1 o ) | RHASBES<(*_I' @4$/*& H-+*1#*&#8&!
G+*31 #4+*1'$:&$( CH/%SIHE! $/*1 /S/FI¥E 1 11" Z1 < 063'(-*1 < #+! [%&A] $3-1 4/ #* #96CH1
B((*(*&H! J,38%8&#*3#! GUott+! 4/*C%,;&! *QGBYHHSLSI! *#! S(H! QRBGHN .,;3-! #+$#! #+*]
ARBH(I<PRH-1#+8HBY (1)1$3-11, (1 jg )I+$-14965+%/14, G*/1 #+$31 #+*1 (%3*$/!", @ <%3$#%, 3
<$&*-1#*&H&Y (1)1$3- 1 (I g IYHIF5$%31! G*1 &*1 (Yok#(*] -Yo..*/*3'%1 0631 4, G*/| <HHG**3 #+*]
1] <$&*-1HFEHEI $3-1H+Kh .y  <S&*-IH&H&HI M, G*CHII#44) -<$&*-1 #*&H#&! $/*1 . $/! @ ,/*!
4,G*/.;(H![,"*9$@4(*!G+*3IQRO! .| C$/%SIH&IS/I'S;&S(1 1 | (! 1 )I1=0%*(-&ISI5/*$##+$3L
11,(] %37%$&* %3! 4,G*! CH! #+*1 @,&# 4,G*.;(1 11 1 1 1y <$&*I H*&H!
Y (Upg ) RHSAADE (0 ) ! RH_QEXH %&! $(&,! 3#8<(*! #4$#( » )1, #4*/./@&!
(1w ) NA/& @$<(Z) <H$;&*H+41 (%3*$/! @<%3$H#%,31-+.063*-1<t=p ' [+ #(=1'$A#:/*&)

4] #*'H#Y%C*1$3-1/%&A!* . *#E&H



Table 5: Comparison of power and type I error when all disease-susceptibility

variants confer risk. Analyses only include rare variants (I"# | 111" ),
f:‘r’iljl‘r’f::‘t’l’l‘a‘t’f PN L N (D L TN (D U T (D N PN (D L P (R
are causal!
0 0.043 0.041 0.038 0.046 0.047 0.046
ot ru) 0.006 0.006 0.005 0.010 0.010 0.008
0.05 0.066 0.059 0.154 0.055 0.054 0.162
0.1 0.060 0.062 0.221 0.097 0.098 0.317
0.15 0.114 0.110 0.297 0.195 0.198 0.48
0.2 0.196 0.189 0.394 0.38 0.376 0.686
0.25 0.253 0.283 0.385 0.64 0.659 0.725
0.3 0.302 0.327 0.478 0.72 0.738 0.844

U,G&!" /&4, 3-1#,1-%. *[*3#14] 4 [#%,3&! .| CH/%SIHE! Y63 #+*I 5*3*1#+$H#1 $/*1 - %8 $&*1'$;&%(!
YRI' //*84,3-&1#,13;((ZH!J,(; @3&!" //*&4,3-1#,IC$/%, ; &I#*&H&!' 38&%-*/*-DI |, v A*/3*( 1$&*-n! . v
(%3*$L, @<%3$H% BS&*-l V ;3G U5+H*-N! 1y V %ICHE&X(=! G*%5+*-1<=1 @%3,/N$((*(*! ./*;*3'=n!
L v 4,4;($#%,31,3#/,( 1<$&*-HIF((1#-&#&!", 3~ #*-I $#1#+*I RHRTU(*C*(1*9"*4#1 G+*/*I 3 #*-1Y/,G!

QZH



Table 6: Power comparison when causal variants are comprised of both risk and

protective mutations. Analyses only include rare variants (I"# ! 111" ),
Proportion of

variants that | ", () 'y (e ) N (Ce) T () T (e ) W (M)
are causal

0.05 0.047 0.042 0.082 0.04 0.043 0.096
0.1 0.069 0.077 0.294 0.054 0.053 0.351
0.15 0.149 0.145 0.351 0.222 0.213 0.441
0.2 0.128 0.129 0.391 0.127 0.139 0.625
0.25 0.240 0.254 0.401 0.129 0.125 0.704
0.3 0.272 0.325 0.584 0.213 0.247 0.888

U,G&!",/1*&4,3-1#,1-%..**3#14/,4,/1%#%,3&!,.!1C$/%$3#&!%31#+*15*3*1#+$#1$/*1-9%0&*$&*!'$; &$(H! I, (; @3&!
"IF&A,3-1 #,1 CH/%,;&! #*&#&! ',3&%-*/*-DI! | v A*/3*(1<$&*-n! . v (%3*$,@<%3$#% BS&*-M! v

'3 G5+ 1y V %3CHEX(=! GH65+#*-| <=l @%3,/! $((*(*! J*:*3'=il. v 4,4;($#%,31,3#/,( 1
<$&*-H

6+*1 $<,C*1 $3B(=&*&! [*&I%'#*-1 #+%] CH/%PS3H&! <*%35! $3$(=L*-1 #,! <*! I$#1 V1
L™ ZHIM*/*1 G*1 %3C*&#%5$H#*1 #+%1 % *#1 | 1 $35(=L%35! < #+1/$/*1 $3-1',@ @ I%6$3#&I! <;#!
G+ 1#+51" @@,3! CH/%S3H&! $/*1%3! . $#1 3% #/S(H! /! &% @4 (% Yo#=1! G*I &% @; ($#*-1;3-*/1 #+*]
&*3$/%,!G+*31$((1-%&*$AB&E, %6$#*-| C$/%$3#& BARIS((*(*&H!F&!&+,G31%3!6$<(Bh*3!
%3#/,-'%35!",@@,3! 3*#/$(! CH/%$3#E&NY (! 1y )$3-11) (I )H+$-1 +%65+%/1 4, G*/| #+$3!
H#+1, 3G 05+ 1#+8HB) (1)1$3-111, (1 )H!I"%3™1$((1, @ @,3! CH/%S$3H&! $/*1 3%#/$(! CH/%$3#&!
oy -,G3 1G*065+#&! #+*&*!" @ @,3! C$/%$3H#&I! @%3% @ %L %35! #+*! V3, %6& W #+$#! [*&:(#&! ./,
$3$(=L%35!$! ($/5*I3; @</, 13*#/$(1 CH/%$3H&HIM, G*CH/I1*C*31 &, I1#H#4] I<$&*-14*&HH Yo ((!
BHIS((1 4] @*H+,-&) <=1 $1 &%53%.%'$3H# @$/5%3H![,/1*9$@4(*1! G+*3I SRO! .| CH/%$3#&! $/*!
'$:&B(N o (1 )&+ G-I SIB/ASH N #+$31 T1, (-1 %3'*$&*1 %31 4,G*/1, CH/1 #+*1 ;3G * %5 +#*-]

$3-11 1y KS&F-&HAY. (! vy ) ! RHRCTR! (! ) ! RH]ACH
| bF



+HK POH; FUSEBS 1 "HIPHP8:9< BB | FKHBG<BH" HBS< (*IC1&; @ @ /%L *&I#=4*IXI*/] I/$#*&1. /!

Wy (U N$3- 1, (1 0 ILN3;((1&%@;($#%,381%31H+414/*8*3"1, 3. :3-%35!-; 14|

4,4:;($H9%, 31&H/$HY%. %' $#%6, 31$3-1$- @ %6 9#;/*HIF&I*OAREA*IX 1/ \%&IG*((I', 3#/, ((*-!
#5196 (( & SHYO 35 1+ S #06(YoL Y635 1#+414, 4; ($#%, 31, 3#/, (1<S&*-1' *..%'%*3H#&!

Y o Z- *&I3HS. FHIHHH < &HI*&&!, I#+¥ICB06! #,14, 4;($H%,31&H/$HY.%'$#%, 3H

Table 7: Comparison of power and type I error when all disease-susceptibility

variants confer risk. Analyses include rare and common variants (I"# ! !!1"),
Proportion

el ) ) [ ) [ @) [ G ) | e )
causal

0 0.050 0.048 0.050 0.052 0.049 0.050
o¢ ! ) 10.009 0.009 0.010 0.010 0.009 0.011
0.05 0.059 0.064 0.260 0.054 0.051 0.200
0.1 0.060 0.080 0.387 0.058 0.085 0.438
0.15 0.077 0.175 0.559 0.059 0.154 0.706
0.2 0.090 0.216 0.584 0.098 0.288 0.781
0.25 0.167 0.708 0.931 0.244 0.624 0.975
0.3 0.205 0.749 0.931 0.404 0.805 0.977

U,G&!" /*&4,3-1#1-%. *[*3#14] 4 [#%,3&! .| CH/%S3#E&! %631 #+*1 5+3*1 1+ 3$/*1-%68*$&*!'$; &% (!
YRI' //*84,3-&1#,13;((ZH!J,(; @3&!" //*&4,3-14,IC$/%, ; &I#*&H&!' 38%-*/*-DI |, v A*/3*(1$&*-n! . v
(%3*$L, @<%3$H% BS&*-l V ;3G 5+H*-N! 1y V %ICHE&X(=! G*%5+*-1<=1 @%3,/N$((*(*!./*:*3'=n!
L v 4,4;($#%,31,3#/,( I<$&*-HE((1#+&H#&)", 3 #*-| $# #+*] RHRTU(*C*(1*0'*4#1 G+%/*1 3 #*-1 Y/, G!

QZH



Table 8: Type I error rate of ! |+ -based tests under population stratification and
population admixture.

R R
Scenari Ny (L) e (e ) Ny (L) e (e )
PS1 0.049 0.048 0.010 0.010
PS2 0.047 0.051 0.011 0.011
ADMIX1 0.053 0.052 0.011 0.010
ADMIX2 0.048 0.049 0.009 0.010

P"Sv 4,4;($#%,31&#/$#%.%'$#%, 31G%#+ TRO!IF./%'$3!1$3-I TROIK;/,4*$31%3-%C%-$(&!%3!< #+!
' 3#/,(&$3-1#/%,&HIP"Q 4,4;($#%, 318#/$#%.%'$#%, 31GY%#+ICRO!F./%'$3&!$3-IQROIK;/, 4*$3&!1%3!
' 3#/,(&$3-1Q RO!F./%'$3&!$3-ICRO!K:/,4*$3&1%3#/%,&HIF0)XqS 4,4;($#%,3!$-@%0#:;/*1G Yot +!
TRRI#/%,&HIFO)XqQ4, 4;($#%, 31$- @ %9#: /1 GYott+| SRRRFHYoV& A/ 3*( I<$&*-1#+&#l v (%3*$L
| @<%3BH% BS&*- 14 QM

!

6$<(*1al', @4$/*&! #+*1 4, G*/1 | | #+*I CH/%,; &) #*&H&! Yo3! #+*1 4/*&*3*1 | 1 4 4;($1%, 3!
SttIBHY. %' $H Y, 3H! | X3! #+*1 *O#/*@*1 *9$@4(*! G+*/* CRO! .| #+*1" 34/, (&! $/*I F./1%'$3! Y#+*1 [*&!
<*%351K;/,4*$3Z! G+ % (H#+*1#/%,8! G*/*| QRO! F./%'$3! Y#+*1 [*&#1 <*% 351 K/ 4*$3ZI! #+*/*1 %&! $!
&(%5+#! (,&&! |1 4,GH/1 || #+H . -<$&*-I #*&H&! [*(SHWCH! #,! #+,&* #*Q#H&! #+$#! -1 3 #1 ;&*]
4,4:($#%,3! " 3#,(1 %3.,/@%$#%,3H! M,G*C*/Il *C*31 %31 #+*1 4/*&*3* || &:<&#$3#%S(!
SttIBHY%. %' $H%, 31Y & *8BUH3- 1" Z 1 G*1 &**1$14, G*/15$%3! %31 ; & Y635 < $&*-1#*&#& 1 *C*3!

#+,;5+! #+*14 4;($#%, 3", 3#/,(1<B&*-1"*..%'%*3H#&!Y | 2$/*|(YA* (=1<%$&*-H



Table 9: Power comparison under population stratification.

Scenario @) N e ) e ) | e )t (e ) | e ()
1 0.566 0.625 0.508 | 0.761 | 0.783 0.693
2 0.201 0.232 0.383 | 0.485 |0.525 0.696
3 0.231 0.264 0.447 | 0.464 | 0.509 0.735

SV 4,4;($#%, 318H#/$#%.%'$#%, 31GY%#+ICRO!F./%'$3&!1$3-IQROIK /, MR E3#, (&$3-1QRO!
F./%'$3&1$3-ICRO!IK;/,4*$3&1%31#/%, 83! 4,4;($#%, 318#/$#%.%'$#%,31G%#+!_ROIF./%'$3&!$3-1]R0!
K;/,4*$381%3"", 3#/,(81$3-RO!IF ./%'$3&!$3-1_ ROIK:/,4*$3&1%31#/%, &1 4,4;($#%, 31&H/$H#%. % '$#%, 3!
G%#}RO!F./%'$3&!$3-I_R0!K;/,4*$3&1%3!",3#/,(&!$3 -IQRO!F./%'$3&!$3-1cRO!IK;/,4*$3&1%314/%,&H!

Ly v A%/3*(I<$&*- 1 &HNE v (%3S, @<%3$H% BS&*-14*&H

3.6 Application to epileptic encephalopathy

B+*1 *A%(*AHW'] *3*4+$(,A4$H+%*&! YRKRH $! 5/,;41 |1 *CSE&HSHY%3I5! '+Uo(-+,,-!
&FUL; /%! -00&,[-*&I1 '+ SIS H* YL *-1 <=1 *$/(=1 &*%L:/* 3&*# $3-1 ', 53%HUIGFS-! <*+$C%,/$(!
IS &IS&E, VoSt -1 GYtt+!,35,%35! &* UL 1S HYCYoH=HI6+,;5+! ($/5*15*3*#%'1 /% &AL $'#,/&1+$C*1
<**31 96-*3#%. WE((*31! *#! S(H! QRSMEK! %&! A3,G3! #,1 <1 +¥4#*/ 5+3% - &1 $3-1 %&! '(*$/(=! $!
| @A(*9! H/SYHPI -;/%! $3-1 g, G*38&#*%63! QRSSIN**3#! G, /Al +$&! 4,%3#*-1#,1$1/,(*1 . /1 -*1
3,C,! @ ;#$#%,3&! YYoH*HI! @ :#$#%, 3&IH+SHI $/*1 4/*&* 31 Yo+ $. ¥ H*-1'+ 00 (-1 <:#1 S<&*3H %31 *o#+*
A$/*3HZ1%31 KK *#%, (JEE*311*#1 $(H! QRSMB+,;5+18:+1 G /Al +$&1 %6-*3#06.%6*-1$1 3; @ <*/! .1

3*GIKKIS*3*&I @, &#!,. [#+*1#/%, & &#;-%*-1$/*13,#1*94($%3*-1<=!-*I13,C,| @ ;#$#%, 3&! % 31 #+*&*!



JUHAVA3,G3! KK 5*3*&H! 6+;&I1! %.! #+*&*1;3*94($%3*-! #/%,&! +$C*! $! 5*3*#%'1 '$; &*I! %! %&!
Qo+ -+ #1 @;#$#%,3&! %3! #+*/1d;3A3,G3e! KKI5*3*&! /1#,1%3+*/%#*-| @;#$#%,3&! GY%#+%3!
#+*1 A3,G3! KK! 5*3*&H! M*/*|!;&%35! #+*1 $44/,$'+! -*#$%(*-1 $<,C*I! G*I #*&#! #+*1 &*',3-1 .1

#+*&*14, & &% <% (%o#%* &DI#+$#1%3+*/%#*-1CH/%$3#&! G Yo#+%3IA3,G3IKKIS*3*&!", 3#I%<;#*1#,IKK!/!

6+*1 &#;-= | G$&!', @4/%&*-1 .1 Q_]! G+,(* 19, @* 18&*:;*3™*-I KK! #/%,&H16+%&! &#;-=!
GS&!'$//%*-1 ,:#1 %3!", @ 4(%$3™ GYok+! #+*1 %38&HY#;#%,3$(1 FCU*G! <,$/-1 $#1 0;A*! B3%CH/&YoH=!
$3-1 #1441 [F(*CS3IH *#+00'&) <, $/-&) SH! #+41" ((*#9%,3) &I6#*&H! X3.,/@*-!",3&*3#! G$&! ,<H$%3*-1
1@ $((! &tt;-=! ASIHIBOASIHE! [ #+*%/! (*5$(! 5:$/-%SBRM]S! #/%,&I1! $#! (*$&H#! ,3*1 $@%(=!
@*@<*/! G$&! &*::*3*-1:8%35! (=@4+,<($&H#,%-1 *((! (%3*&! YGIG&ZH! X# %&! G*((! A3,G3! #+$#!
&*:%3%1 9%, **3&I'$31$/%&* $&I 4B/, 1#+¥1g)g! %@ @ /#$(Y%L$H#Y%, 314/, *&&H! 6+%6&! G$&! 3, #!
$3106&8&:*! . [1#+*1%65%3$(! &#:-=I! G+%'+1 ., &*-1 31-*13,C,| C$/%$3H&I*$+!, .| G+0o'+! G*/*1
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Table 10: Analysis results for ‘known’ autosomal Epileptic Encephalopathy genes.

Sample p values
: n-snv
size W) (5 ) M) | e ) e G ) [ M )
149 109 0.32 0.34 0.34 0.29 0.39 0.38

Columns correspond to various tests considdrel:kernetbasedi . N linearcombinationbasecl! N
unweighted! .+ N inversely weighted by minor allele frequenty; N populationcontrotbased.
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Figure 9: QQ plot for whole exome analysis
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Figure 10: Power analysis conditional on the parental sequence and ESP population
controls.
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3.7 Discussion
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4. Testing the effect of r are compound -heterozygous

and recessive mutatio ns

! 6+%&!G,/Al+$&!<** 3 <(%&+*-1%3!"$"<GAP; 1" K; %:%L=1?%H3511*#!$(H!QRSH<m

4.1 Introduction to coreTDT
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Figure 11: Examples of compound genotype inference.!!

FDI8,IC$/%$3#&I&+$/*-1<=14$/*3#H&!$3-. $#+*/1+$/<,/&!,3*+,@,L=5,;&! @ ;#$#%,3H!7D!8,!
CH/%$3#&!&+$/*-1<=14$/*3#&!$3-1$((!@;#$#%,3&!$/*1+*#*/ L=5,;&HI JH!P$/*3#&! & +$/*!
C$/%$3#&I!<;#!,3*1%&!+,@,L=5,;&H



Parents Offspring Compound Genotype Inference

F [©]
1 Presence of Mutation Sharing
2 locus F M o So  Smo
= 1 1 1 0 0 0 = Compound Genotype:
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Figure 12: Examples of problematic compound genotype inference.
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4.4 Simulation studies
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+$4(#=4*8! ./, @ #+%&!4,,(18..&4/%35!5*3 #=4*&I$N. | @*-1 <=1 &S @4(%35!,3*| +$4( #=4*]
1, @! *$'+! 4$/*3# YSH*HI! 3,! /¥, @<%3$#%,3ZH! 6+ -%&*$&*! &#$#&! .| #+*] ,..84/%35! G$&!
5*3*/$#*-1<=I$17%/3,;((%!/$3-, @!CH/%S<(*|GYo#+IV&; *&&W!4/,<$<%(%o#=15% GEB =L I
GH*/*1 1 | 1IGH*3! < #+! 5*3*1 " 4%*&) +$/<,/*-! -%&*$&* 1$;&$(! B((*(*&IV | | | #+*/GY%&*I!
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Table 11: Type I error rate under different sample size at nominal level !'! and!!!!
"#$5%&'(! | +'$,()! /012)&! | 3)1&)(! | 4-5%$'5)2 610)!
7#1)686! | 7#1)6861! | 7#1)686! | 7#1)6861!
9:9: 1 <99l 9:9:=:>119:9799; ! | 9:99?77;! | 9:99;7=1 | 9:997:! 9:99; @4
=91 9:9:9=@ | 9:9?;AB! | 9:9<;@7? | 9:9<>?d | 9:9<;>B! | 9:9=9;<!
;991! 9:97>:B! | 9:9?A=;! | 9:9=@;2 | 9:9C<?C | 9:9=A<@® | 9:9CC9*
@9 9:9?AA3 | 9:97@>1@ 9:9CC?! | 9:9C==B | 9:9C?;Al | 9:9C7?<+4
<999! 9:97>=d | 9:9?A@kE| 9:9CA@ | 9:9C;9B! | 9:9C@0C<| 9:9CBB?
9:99;! <99! 9:9979@ | 9:99<> 9:999;=! | 9:999;=! | 9:999;C! | 9:999;C!
=99! 9:997B> | 9:99CA®| 9:99==@ | 9:99=C? | 9:99=CC | 9:99=C>
;991! 9:99?7@A | 9:997<R | 9:99=« 9:99=;B! | 9:99=9> | 9:99=B7
@99 9:99;<<! | 9:997B72 | 9:99<>@ | 9:99=@ 9:99=<? | 9:99=AA
<999! 9:99;9A! | 9:997>d | 9:99C<? | 9:99CC«& | 9:99C>! | 9:99CC>»




4.5 Simulation results
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Figure 13: Statistical power of each method under different proportion of
causal variants.
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Figure 14: Statistical power of each method under different sample sizes.



' *606/DI606L., /1", @4,;3-1+*#*/,L=5,:&1$3-1/**&&YoC* @ :#$HY%, 3&Y; 3-*/1/* &t/ %6'#*-!
3;((1+=4,#+*&%&H!" [*606DI606!. /', @4,:3-1+*#*/ L=5,:&I$3-/**&&UCH@  #$#%,38&!
3G,  18%-*-I1$(H/3$HYCH+=4 #+*8&%&H!T;/-*3D!.$@%(=!<$&*-1<;/-*31#*&HHIIN*/3*(D!
S@%(=1<$&*-IAH/3*(IH*&HH

|

(hP8:9<;1BEF<HI<;1;6O< hBIE 6B<(*1 SQ&; @ @B/VLAG+* #=4*I XI*/] [ [$#*& . [V *$'+] @*#+,-1 %3]

H+*14/%&*3*1 1" 3. -3-9%35!-;*1#,14,4;($#%,3! 8#$H%.%'$#%, 3H!  F((!| @*#+,-&!",3&%-*/*-!
LR @$%3HS%3 #+ I #=4X X K] [ S#*) [F5S/-(*&&) .| &S@4A(H! &YL*! /1 #+*] -%&H/%<;#%,3!,.!
F./%'$3! $3-1 K;/,4*$3&! %3! #+* &$@4(*H! 6+%&! %&! 4*/+$4&! ;3&;/4/%8&%35! $&! $((! @*#+,-&!
', 3-%#%, 3!, 31#+*15*3 #=4*&! 1A$/*3H#&![*&;(#B5!%3!$! GY%#+%3!.$@%(=!", @4$/%&,3!$3-1!1$&!$!
[¥&;(#1! $! [,<;&# #*&#H! J,/*606! $3-1 ',/*606/! $/*! *9F'#! #*&H#&I! $3-! $&! &**3! %3] #+*]
+,@,5*3%,;&! 4,4;($#%,3! &% @; ($#%,3&I! -% & *B*&&! % 3! #+*| &S @4(%35! -%&#/%<:#%,3! .| #+*!
HE&H(*$-&I#,1@,*!', 3&*ICSHUWCHH=4*IX1*/] [|/$#*&HIU*&; (#&IG*/*1*3#%/* (=1 &% @ % ($/!/*5$/-(*&&.!
CIGHHHE]1 3X18*QIH+*1003 . 1/[*-I' @4,;3-15*3, #=4*] [I#+*1Y;3A3,G3ZI#/;*!' @4,;3-!

5*3, #=4*19031#+*1#* &#H|

Table 12: Type I error rate in the presence of confounding due to population
stratification (all tests conducted at 0.05 level)

"$ﬁ;)4(*! K;/,4*$3! e K&H% @ $#*- 6/;* |

oLt | 41,4,/4%,3 | '/¥606 1| '/*606/ 1| '/*606 | '/*606/ !
SRR RHQ RHRTAc| RHRM | RHRRA]| RHRR]*| RHRRM| RHRRIb
TRR RHQ RHRJAT| RHRJHR| RHRQ®R RHR"$"| RHRQ"]| RHR"OQR
SRRR RHQ RHRTM| RHRJH*| RHRA! | RHRMS| RHRAta| RHR]RS
SRRR RH] RHRTR]| RHR]dS| RHRMQb| RHRMT| RHRAJ] | RHRML
SRRR RH_ RHRTR RHR]®* | RHRQa( RHR"$"| RHR"R | RHRMR
SRRR RHc RHRTRA RRjcc! RHRQT| RHRQa) RHRQTY RHR"RS




4.6 Discussion

X3! #+06&BA# || G*1 4/,4,&%-1 $! 3,C*(! #/$3&@%&&%,3! -%&*:;%(%</%;@! #*&#! /!
L @4,;3- 1+ L=5,;&1$3-1 [**8&YCH-%&*$&X @ ,-*(  SHIJ@AB/*- 14,1 #+*/1/$/*| C$/%$3#!

606! @*#+,-&I1 /1" /*606! '$3! &%653%.%'$S3H#(=! Yo @4/, CA#+*1 #*&##H 4, G G+*31 #+*1'$;8$(!
@,-*( 1%&! *&EWTE+%&! 4,G*/1$-CSIHSE* <* @*&!&#/,35M&H#+14/ 4, 1#%,3!,. I'$:8&$(!
C$/%$3#&%3'*$&*&HIF&ISI/*&; (#!G*| QRIS 5*&H#BAL(=%351& 3% 35 #+/*&+,(-&1 4%, /I1#,!
$3$(=8W&; +1$&!*@,C%35&=3,3=@, & @ ;#$#%,3&1@ @,3! CH/%S3HR, /| /*&H/%'# Y35 #+*]
$35(=8%6&1#,1(,&&1,.1.;3'#%, 3IC$/%$IH&H!!

X3%3.5/%35,@4,:3-15*3 #=4*  &IG*$&&;@*!3,!/*,@<%3$#%, I5Yo#+%63! #53* |
-:1%35! 5$@*#* . /@$H%,3! &, #+$H! AS/3H&! HISIL@VoH! H+*06/! +SA(H=4*GH VGRS
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Appendix A
A1. Saddlepoint approximation
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A2. Proof of robustness of population control weighted tests
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