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> 1 a=5%
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9.8 %
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10 40.1 %
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4 Type I error
5% 1 a 5%
b a
b 1
a
1 5.00 %
2 2.50 %
3 1.67 %
4 1.25 %
5 1.00 %
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D:=VY,-X. N(d8,0%) 0°

=0
b N

VAN
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Zy=——> D =", v, =var(S,) =N var(D,)

b nh<N n

Zy =4S, +Sy =S, vy =S, 1vy +(S,=S,) v,
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t=v,/v, =var(S,)/var(S,)

t
0 1 t=0 t =1
t=n/N=( )/ ( )
t z-score S,/v 2 Z(t)
B-value B(t)
B(t) = %0 _ JtZ (), BQ) = Z(1) = On

Wi Wi

trial fraction information fraction



z-score  B-value

» Z-ScCore

» B-value

» Z(t), ., Z(6) B(t.), ... B(t)
» 0 = E[Z(1)] = & / { var(3) }/2

z-score E[Z(t)]= 6tV2 cov[Z(t),Z(t,)] = (t/t,)2  V[Z(t)]=1

B-value  E[B(t)] = 6t cov[B(ty), B(t,)] = t4 VIB(t)]=t

8 B(t)=t"2Z(t) t; t,



B-value
» B-value ot t
B-value
(1,B(1))=(1,2Q))
(t,B(t))
0 t 1

9 B(t) N(6tt)



iy
U
B-value
» B(t) N(6t,t) 6 = E[Z(1)] = 3/{ var(8) }/2
t B-value
(1, E[B)IB(Y), ©=6])
& e
. &\%ﬁ ........
S\OQQ/,: .............
t B(t)) . | =0
( ®) . S0P = >{( 1, E[B(1)|B(t), 8=0])
0 t 1

10 Lan et.al. 1988
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1
» 200 100
1 1 2
» 100 z-score 17
t=100/200=05 z-score Z(05)=17
B-value B(0.5)=(0.5)27(05)=0.7%<17=12
a=0.005 2
Type I error 0.025
Z-score Cy Co
Pr{ Z(0.5) > c; } = 0.005 Pr{ Z(0.5) > c;or Z(1.0) > c,} = 0.025
¢ G
B-value a; a,

Pr{ B(0.5)>a; } = 0.005 Pr{ B(0.5) > a; or B(1.0) > a, } = 0.025
(of] da,
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2 2

200 100

100 0.3
0.4 R
t=100/200=05 805)=0.3 se{d(0.5)} = 0.4
z-score  Z(0.5) = 0.3/0.4 = 0.75
B-value B(0.5) = (0.5)2Z(0.5) = 0.70%<0.75 = 0.53

a = 0.005
Pr{ Z(0.5) > c;} = 0.005 Cq c,=2.576

0.75<2.576

12 se gnorm(0.005, lower=F) = 2.576
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2 2

0.6 0.28
t=1 3(1.0)=06 se{3(1.0)} = 0.28
z-score Z(1) = 0.6/0.28 = 2.14 6 = E[Z(1)] = 2.14
B-value B(1) = (12 Z(1) = 2.14
Type I error 0.025

Pr{ Z(0.5)> 2576 or Z(1.0) > c, } = 0.025 C,
c,= 2.003 2.14 > 2.003



Z(1.0)

2

Z(1.0)

2003 fr il

2(0.5)

y 2

Pr{ Z(1.0) > 2.003}
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2.576

Z(0.5)

Pr{ Z(0.5)

2.576

2.576,7Z(1.0) > 2.003 }
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> # t=0.5 c 1
> gnorm(1-0.005)
[1] 2.575829

> # t=1.0 c 2

> tcur <- 1.0 # t
> tprev  <- c¢(0.5) # t

> cprev  <- ¢(2.575829) #

> cumulal <- 0.025 # o

> other <- c(tcur, tprev, cprev, cumulal) #

> answer <- findroot(rename, -7, 7, other) # answer
> print(round(answer,digits=4)) i

[1] 2.0028

15 "Statistical Monitoring of Clinical Trials" findroot()
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0.005
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1 t 2 t

a =0.025

Cio
UR
1 t=05
Pr{ Z(0.5) » Cl—} = 0.005 Cq 2
Z1.0.005 = Z0.995 c1=2.576
2 t=1.0
Pr{ Z(0.5) > 2.576 or Z(1.0) > ¢, } = 0.025
= Pr{Z(0.5)>2576 } +Pr{ Z(0.5) 2.576,7Z(1.0)>c,}=0.025
/«:»'Pr'{ Z(0.5) 2576,7(1.0)>c,}=0.02 C,
2 Co-= 2003



» Pr{ Z(0.5) 2.576,7(1.0)>c,}=0.02 Co
{Z(05) Z(1.0)} (0,0) (1,1)
(0.5/1.0)2 = 0.7071
C2
2(1.0)
C,

0.02

17 2.576

??



5(t) = ¢, < se{d(t)}

» 100 0.3 0.4 c;=2.576
0.3 +2576><04=(-0.73,1.33)
b 0.6 0.3 c,=2.003
0.6 + 2.003>=<0.3 = (-,1.20)
Stagewise ordering
18 repeated confidence interval
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3 2
200 50 100
2 1
3 a 0.025
¢ C2 C3
Pr{ Z(0.25) > ¢; or Z(0.5) > c, or Z(1.0) > c5} = 0.025 C; C, Cj3
50 100
Z(t) B-value  B(t)
50 t;=0.25 Z(0.25)=10 B(0.25)=0.25"2>%<10=05

100 t, =05 Z(05)=17 B(0.2)=05Y2=17=12



3 2

180

tl = 50/180 = 028 tz = 056 t3 = 1
Pr{ Z(0.28) > ¢y or Z(0.56) > c,or Z(1.0)> c3} = 0.025
¢ Co
200

200

180
(Z(ty) ., Z(t5) , Z(t3) ) 0 1 (t/ )12
3

(50/200)-(100/200) = (50/180)+(100/180) = 50/100

Z(ty) (Z(ty) , Z(t2) )
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3 2
180
tl = 50/180 - 028 tz s 056 t3 - 1
C3 >
Pr{ Z(0.28) > c; or Z(0.56) > c,0or Z(1.0)> c3} = 0.025
C3 i €
(Z(ty) , Z(tz) , Z(t3) ) 0 1 (t/t;)/2
3
50/200 50/180
100/200 100/180

(Z(ty) , Z(tz) , Z(t3) )
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3 2
50 100 200
a 0.005
Pr{ Z(0.25) > ¢;} = 0.005 Cq c,=2.58
a 001
Pr{ Z(0.25) » 2.58 or Z(0.5) » ¢, } = 0.01 C,
3 a 0.025
Pr{ Z(0.25) > 2.58 or Z(0.5) » 2.49 or Z(1.0) > ¢35} = 0.025
c3=2.09

180
Pr{ Z(0.28) > 2.58 or Z(0.56) > 2.490r Z(1.0) > c5} = 0.025
C3= 208

Co= 2.49
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i ||

> # 3 t=0.25 c 1
> gnorm(1-0.005)
[1] 2.575829

> # 3 t=0.5 c 2

> tecur <- 0.5 #
> tprev  <- ¢(0.25) #
> cprev  <- ¢(2.58) #
> cumulal <- 0.01 #
> other <- c(tcur, tprev, cprev, cumulal) #
> answer <- findroot(rename, -7, 7, other) #
> print(round(answer,digits=4)) #
[1] 2.489

> # 3 t=1 c_ 3

> tcur <-1 #
> tprev  <- ¢(0.25, 0.5) #
> cprev  <- c(2.58, 2.49) #
> cumulal <- 0.025 #
> other <- c(tcur, tprev, cprev, cumulal) #
> answer <- findroot(rename, -7, 7, other) #
> print(round(answer,digits=4)) #
[1] 2.0895

answer

answer
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3 2

> # 3 t=0.28

> gnorm(1-0.005)

[1] 2.575829

# 3 t=0.56
tcur <- 0.56
tprev  <- ¢(0.28)
cprev  <- c(2.58)
cumulal <- 0.01

V V V V V V V V

print(round(answer,digits=4))
[1] 2.489

# 3 t=1 c_3
tcur <-1

tprev  <- ¢(0.28, 0.56)

cprev  <- c(2.58, 2.49)
cumulal <- 0.025

V V V V V V V V

print(round(answer,digits=4))
[1] 2.0787

H H H

#

other <- c(tcur, tprev, cprev, cumulal) #
answer <- findroot(rename, -7, 7, other) #

#

#

#
#
#

other <- c(tcur, tprev, cprev, cumulal) #
answer <- findroot(rename, -7, 7, other) #

#

answer

answer
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Pocock O'brien-Fleming
> (Z(ty), , Z(t)) 0
(t/t,)1/2
p k Type I error 0.025
N N/k
Pocock z-score
O 'brien-Fleming B-value
:E : N N '-'-' g?g?ii(en—Fleming
N
4 N\
Z-score - ” Tol _
z: 0 o \8§}‘~8~_\_:
1 2 3 4 5
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> X <-1:5

> yl <- rep(2.41, 5)

> y2 <- c(4.56, 3.23, 2.63, 2.28, 2.04)

> plot(x, yl1, xlim=c(0.5,5.5), ylim=c(1.5,5), type="b",

+ col=2, Ity=1, lwd=2, ann=F)

> par(new=T)

> plot(x, y2, xlim=c(0.5,5.5), ylim=c(1.5,5), type="b",

+ col=3, lty=2, Iwd=3, xlab=" ", ylab=" ")

> legend(3.5, 5, c("'Pocok™,"0"brien-Fleming"), col=2:3, lty=2:3, lwd=2:3, ncol=1)

8

RO

1

1

2

\ J
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Pocock

Pr{U*, Z(i 1 k) > c(K)} = @

» a=0.025

29

k=1 c(k)=196

k=2 c(k)=2.18 - 1
k=3 c(k)=2.29 - 1
k=4 c(k)=2.36 - 1
k=5 c(k)=241 - 1

2.18
2.29
2.39
2.41



Pocock k=3 @

Z(i/k) = Zi, Ui ~ N(0,1), ¢(z) = SA=exp{-5} LT 5L,

3
&:Pr{UZ}}c}=1—Pr{ZI§C, Ly < e, Ly < e}
i=1

| — Pr {Ul < e L_E{UI 1 Uy) < e, %{Ul + Uy + Us) < {:}

/2 /3
= 1 — /[[ uy <e l;b{ul}cﬁ{fg}qb{ugl duydusdus

1y + s <20
ul—l-ltjg-l:u_giﬁc. f{ul PHEFHE}
ZZTWV=U,Vo=U1+U, Va=U,+Us+Uz < &
L'Tl p— Ifrl 1 0 0
Uy = Va—Vi , F¥abcfidlJ=|-1 1 0]|=1
Us = V3 -1V 0 —1 1

v’ﬁc v’Er‘: e
L a=1-— / / / f(vy, v — vy, v3 — v3) dvydvadus
of — O — X0 —



Pocock

> 1nstall.packages(*'cubature', dep=T)

> li1brary(cubature)

> g <- function(x) exp(-x[1]72/2)*exp(-(X[2]-x[1]"2/2)*
exp(-(X[3]-x[2]D)"2/2)/ (2*p1)™(3/2)

> X <- 2.289*c(sqrt(1l), sqrt(2), sqrt(3))
> adaptintegrate(g, rep(-10,3), Xx)
$integral

[1] 0.97497

# Pocock(c=2.289)

31
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O'brien-Fleming

Pr{U*,B(i 1 k) > a(k)} =Pr{U‘,.Z( 1 k) > c(k)} = o
=Pr{U‘, Z(i 1 k) > a(k) I t"*} = «

» a=0.025 k=5 a(b)=204 Z(t) = B(t)/tV/2

c(1) = 2.04/(1/5)V2 = 4,56
c(2) = 2.04/(2/5)2 = 3.23
c(3) = 2.04/(3/5)2 = 2.63
c(4) = 2.04/(4/5)V2 = 2.28
c(5) = 2.04/(5/5)V2 = 2.04

32



O'brien-Fleming k=3 k=5

Z(ifk) = Zi, Ui ~ N(0,1), ¢(z) = A=exp{-5} LT5 L,

erefU e e e B

—1—Pr { Uy < V3e, Uy + Uy < V3e, Uy + Uy + Us < ﬂc}

=1- /// g <V ul)qb(u.g]qb(ugl duq dusdus
uq+uy<~/3e h

u1+u2+u-:;{\.-"_ f{ulxu-z,-u-.?.]
TITWV=U,Vo=U+ Uy, Va=U,+U; + Uz LF< &, Pocock DITIED
L x LEREEOFHEIZLY

NEL v 3e v 3e
a=1-— / / vy, vg — vy, v3 — vg) dvydvgdus
of — 0 — 0 =00

FREIS, k=50 L EILITFLERA.

\/Ec \/Ec.
o = 1—/ / f(vr,ve — v1,v3 — Vo, vq — U3, U5 — vg) dvy - - - dus
—_— —




O'brien-Fleming

> library(cubature)

> g <- function(x) exp(-x[1]"2/2)*exp(-(X[2]-x[1]D"2/2)*
exp(-(X[3]-x[2])"2/2)/ (2*pi)™(3/2)

> X <- 2.004*c(sqrt(3), sqrt(3), sqrt(3)) # O"Brien & Fleming

> adaptintegrate(g, rep(-10,3), x) # (c=2.004)

$integral

[1] 0.9749977

34 0.975



Pocock O'brien-Fleming

> install.packages(''gsDesign', dep=T)

> library(gsDesign)

> PO <- gsDesign(k=5, timing=1, sfu="Pocock", alpha=0.025, test.type=1)
> PO$upper$bound  # Pocock 5

[1] 2.413180 2.413180 2.413180 2.413180 2.413180

> OF <- gsDesign(k=5, timing=1, sfu="OF", alpha=0.025, test.type=1)
> OF$upper$bound # O'brien-Fleming 5
[1] 4.561743 3.225639 2.633723 2.280871 2.040073
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Pocock O'brien-Fleming

Pocock
Z-score

O'brien-Fleming

B-value
o | o — — Pocok
~ | N === O0"brien-Fleming
N
4 N\
N\
Z-score - “ o< _
e} = 0
~ o o 0 —=—=—=gQg o
_ = - <0
-
- | | | | |
1 2 3 4 5
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1.

2. Pocock
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z-score B-value

O'brien-Fleming
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Lan & DeMets a

>

1 n
2 2n
3 3n
b
Lan & DeMets a a(t)
a(0)=0 a(1)=0.025 0.025
a(t) t

a(tj):Pr{U{=lz(t/)>C/} (/:111/()
a(t;)—a(t;,) = Pr{ﬂ{jZ(z‘,) ¢, NZ(t;)>c,}
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Lan & DeMets a

» Pocock a
ap1(t) = 0.025 log{ 1 - (e-1)t }

» Pocock a
apo(t) = 0.05 log{ 1 - (e-1)t }
» O'brien-Fleming a

aoﬂ(t) =2 { 1- @(20_0125/t1/2)} =2 { 1- @(22414/t1/2) }

» O'brien-Fleming a
aofz(t) = 4 { 1- @(20.0125/t1/2)} = 4 { 1- @(22414/1:1/2) }

Pocock O'brien-Fleming __
a

39 2.5% 5%



Lan & DeMets a

> pocock <- function(t,alpha) alpha*log(1+(exp(1)-1)*t)

> pocock(0.5,0.025) # t=0.5 (o
[1] 0.01550286
> pocock(0.5,0.05) # t=0.5 (o

[1] 0.03100573

> of _onesided <- function(t) 2*(1-pnorm(gnorm(0.0125, lower=F)/sqrt(t)))
> of _twosided <- function(t) 4*(1-pnorm(gnorm(0.0125, lower=F)/sqrt(t)))

> of onesided(0.5) # t=0.5 (o
[1] 0.001525323
> of _twosided(0.5) # t=0.5 (o

[1] 0.003050646

> curve(pocock(x,0.05), xlim=c(0,1), ylim=c(0,0.05), col=2, Ity=1, lwd=2, ann=F)

> par(new=T)

> curve(of _twosided, xlim=c(0,1), ylim=c(0,0.05), col=3, Ity=2, lwd=3,

+ xlab=" t", ylab=" ')

> legend(0, 0.05, c(*'Pocok™,"0"brien-Fleming"), col=2:3, Ity=2:3, lwd=2:3, ncol=1)

40




Lan & DeMets a

» Pocock
Z-score

» O'brien-Fleming __

B-value
— ~ Pocok i
S | © == 0"brien-Fleming
) /
o} 7
7 7
7
(o]
O. ]
o
o
i Bt
o | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0

41 t
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t=0.2,05,08,10
O'brien-Fleming a=0.025
c;=48769 cc,=29626 c3=2.266 c,=2.0278

Sequential boundaries using the Lan-DeMets method

| | |

0.2

0.4 0.6 0.8 1.0

Time



> # 1=0.2

> of onesided(0.2) #
[1] 5.388713e-07

> gnorm(1-of_onesided(0.2)) #
[1] 4.876885

# t=0.5

tcur <- 0.5

tprev  <- ¢(0.2)

cprev  <- c(4.876885)

cumulal <- of _onesided(tcur)

other <- c(tcur, tprev, cprev, cumulal)
answer <- findroot(rename, -7, 7, other)
print(round(answer,digits=4))

[1] 2.9628

# 1=0.8

tcur <- 0.8

tprev <- ¢(0.2, 0.5)

cprev  <- c(4.876885, 2.9628)

cumulal <- of onesided(tcur)

other <- c(tcur, tprev, cprev, cumulal)
answer <- findroot(rename, -7, 7, other)
print(round(answer,digits=4))

[1] 2.2662

V V.V V V V V V
FHoH H H HF H T

V VV V V V V V
FHoH HF H HF H T

X

answer

X

answer
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4 q

> library(gsDesign)

> t <- ¢(0.2, 0.5, 0.8)

> OF <- gsDesign(k=4, timing=t, sfu=sfLDOF, alpha=0.025, test.type=1)
> OF$upper$bound

[1] 4.876885 2.962629 2.266195 2.027794

> PO <- gsDesign(k=4, timing=t, sfu=sfLDPocock, alpha=0.025, test.type=1) #
> PO$upper$bound

[1] 2.437977 2.332825 2.324233 2.368653
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3

> install.packages("ldbounds™, dep=T)

> library(ldbounds)

>t <-¢(0.2, 0.5, 0.8, 1.0)

> # 1use=1:0"Brien Fleming, 2:Pocock, 3:power family, 4:Hwang-Shih-DeCani family

> obf.bd <- bounds(t, i1use=c(1,1), alpha=c(0.025,0.025)) # -
> obf.bd <- bounds(t, tuse=1, alpha=0.025) H

> summary(obf.bd)

n= 4

Overall alpha: 0.025

Type: One-Sided Bounds

alpha: 0.025

Spending function: 0"Brien-Fleming
Boundaries:

Time  Upper Exit pr. Diff. pr.
0.2 4.8769 5.3887e-07 5.3887e-07
0.5 2.9626 1.5253e-03 1.5248e-03
0.8 2.2662 1.2212e-02 1.0686e-02
1.0 2.0278 2.5000e-02 1.2788e-02

plot(obf.bd) #

vV A~ WO DN
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WinLD

Bounds

[l Lan-Neliete Group Seqential Lalculations

File Help

Analysis Parameters Spending Function
[nterim Analyses (B |4_' (1=k123) Owerall Alpha: (0025 (D<ol 100

Infarmation timestt: [Uszer Input x| a1l Functior: |OBrien-Fleming |

.ompute Bounds

Time | Upper (BHominal Cum
Bound |SUpr Alpha Alpha

<t Boundaries: [oeErre - st b e 1§ 020 48708 0O00OD| 000000
Test Bound One-Sided = Truncate bounds? [No 7] 2l 050 20626 oomisal oo01s3
A -eere 30 080 22852 00177 0012
( Observed 27 [No 7] \ s 7000 20278l o071zl 002500
\_ Overall Alpha: 0.025
Interim analyses: 4 +[Enter] Function: O'brien-Fleming
Info. times: User Input 0
Test Bound.: One-Sided Tm‘e
5.0
4.5t
4.0t
3.5 Upper Bound
3.0t
2.5¢
2.0t
1.5¢
1.0¢
0.5¢
009797 07 03 0.4 05 0.4 07 08 09 1.




>

5 2
2
200 100
a 0.025
2 t O'brien-Fleming
100 t 1.5
t = 100/200 = 0.5 15
2.96 a = 0.0015
2.96
a = 0.0015
t 3.0
15<3.0

47

qt(0.0015, df=200-2, lower=F)



M Lan—DeMets Group Seqgential Galculations

File Compute Help
Compute Bounds

I— Analysis Parameters Spending Function time | uoner o cum
nterim Analvees (o IE_' k125 Owerall Alpha: [0025 Deal1n) BEEnd o s _—
Information timestt) |Equally Spaced w| ©eti1) Function: [OBrien-Flemine | e e —
Tezt Boundaries [One-Sided T j Truncate hounds? m 1 . D626 . _

3 100 19686 002450 002500

— Z-Score
Dbgzerved £7 IN.;. vI

> 1T <-0.5

> gsDesign(k=2, timing=t, sfu=sfLDOF, alpha=0.025, test.type=1)
One-sided group sequential design with
90 % power and 2.5 % Type 1 Error.
Sample
Size
Analysis Ratio* Z Spend
1 0.502 2.96 0.0015§0.0015
2 1.003 1.97 0.0245 0.0235

Total 0.0250
++ alpha spending: Lan-DeMets O"brien-Fleming approximation spending function

48
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a 0.025 a

2
t=0.25 05 aq(t)=0.003125,0.008838
c;= 273 c,= 2.47

180

C3~= 2.064

200
1

a(t) = 0.025 t1>
50 100



> # t=0.25, 0.5 (o
> f <- function(t) 0.025*t"1.5

> f(1/74); f(1/2)

[1] 0.003125 ; 0.008838835

> # 1t=0.25 cl

> gnorm(1-0.003125)

[1] 2.734369

> # 1=0.5 c_2

> tecur <- 0.5 #
> tprev  <- ¢(0.25) #
> cprev  <- c(2.734369) #
> cumulal <- 0.008838835 #
> other <- c(tcur, tprev, cprev, cumulal) #
> answer <- findroot(rename, -7, 7, other) #
> print(round(answer,digits=4)) #
[1] 2.471

> # t=1 c3

> teur <-1 #
> tprev  <- c¢(0.25, 0.5) #
> cprev  <- ¢(2.734369, 2.471) #
> cumulal <- 0.025 #
> other <- c(tcur, tprev, cprev, cumulal) #
> answer <- findroot(rename, -7, 7, other) #
> print(round(answer,digits=4)) #

[1] 2.064

answer

answer




» 2 2 200
2 1

> a 0025 a a(t) = 0.025 !5
» 1 100

t=05 a(t)= 0.008838 ¢, = 2.3723
> 250

t=04 t=05
a
» a
: o — Q.
a'.(l)=a; + — {a.(t) — a. (L)}
a—a.(t;)

51 d a t; a; a a(t) a



3 250
t=02 04 t=025 05
a

0.025-0.008838
0.025-0.025(0.4)"°

—0.003364+0.021635¢*
3 150 t=0.6 a

a'. (0.6) = 0.01341985
. t=04,06 c,= 2.4183

a'. (¢) =0.008838+ ( j{o.025 15 —0.025(0.4)%}
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> # t=0.5
> gnorm(1-
[1] 2.3723
> #

0.008838835)
01
q

c1

> g <- function(t) 0.003364+0.021635*t"1.5

> 9(0.6)

[1] 0.01341904

> # t=0.6
tcur
tprev
cprev
cumulal
other
answer

1] 2.4183
#

par(new=

V V.V V V V VeV V VV V V YV

legend(0

<- 0.6

<- ¢(0.4)

<- ¢(2.372301)
<- 0.01341904

<- c(tcur, tprev, cprev, cumulal) #
<- findroot(rename, -7, 7, other) # answer
print(round(answer,digits=4))

T

,0.025,c("

T <- function(t) 0.025*t"1.5
g <- function(t) ifelse(t<0.4, NA, 0.003364+0.021635*t"1.5)
curve(f,xlim=c(0,1),ylim=c(0,0.025),col=3, Ity=2, lwd=3,ann=F)

curve(g,xlim=c(0,1),ylim=c(0,0.025),col=2, 1ty=1, lwd=2,xlab="" t",ylab=" ')

a II’II

H OH H H
~+

#

(o "),col=3:2,1ty=2:1,1wd=3:2, ncol=1)
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Pocock

O'brien-Fleming

a(0)=0 a(1) = 0.025

a(t) =0.025 t

Type I error

a(t) = 0.025 tls

Z,,Z,, ..



1. t z-score B-value

2. Pocock

3. Lan & DeMets

56

O'brien-Fleming

d
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P
> P
b
P
2.5
25 J
58

2.2

2.0

2.5




59

t=02 z=20 t=05 z=25
(t,z)
(t,z) t Z-score
(t2.z;)=(t,2;)
Z-score ordering t z-score

(2, 2,) = (t,z1) = 2, 2z
B-value ordering B-value

(tz, B(t) ) = (1, B(t) ) = 12z, 12z
MLE ordering

Stagewise ordering

Z-score
(t2,z2)=(t,z7) = t t or t=t 2z



60

2 (t,z) (02,20) (05,25)
2.2

z-score ordering Pr{(t,Z). (0.525)}

p = Pr{ Z(0.2)
+Pr{ Z(0.2)
+Pr{ Z(0.2)
P

B-value ordering

p = Pr{ B(0.2)

+ Pr{ B(0.2)
+ Pr{ B(0.2)
P

MLE ordering

2.2}
2.2,Z(05) 25}
22,Z(05) 22,7Z(10) 25}

Pr{ B(t) 0.5Y2%<25)}=Pr{B(t) 18}
1.8}
10,B(0.5) 1.8}
10,B(0.5) 16,B(10) 18}

Stagewise ordering

P

B(t) = t/2Z(t) 1.0 = 021222 1.6 = 0522 2



Stagewise ordering p
» 6 3 2 j=2 (t.z) (0.2,20)
(0.5, 2.5) 2.2

» Stagewise ordering p =Pr{U/ Z(t,) > ¢,} +Pr{Z(¢t;) > z,}
p=Pr{Z(0.2) 22}
+Pr{Z(02) 2.2,7Z(05) 25}=001825 18%

> P

|

jZ

61



@

, 6 3 2 j=2 (t,z) (0.2, 20)
(0.5, 2.5) 2.2
» Stagewise ordering p = Pr{U{iZ(tI,) >c}+ Pr{Z(tj) > Zj}
p=Pr{Z(0.2) 22}
+Pr{Z(0.2) 2.2,Z(05) 25}

Stagewise ordering p

> P

B Lan—DeMets Group Seqgential Galculations

Eile Compute Help

Compmute Probability

Analysis Parameters

Inerim finalyses @ B <129 Time | Upper | ominal |Cum exitpr
Information timestit: |02 ;l Derltl IR T IR
Test Boundaries: |[One-Sided ;I 1 . . I I
0e0) 25000 Q.00 001825
— Probability Parameters 3 1.000  1.0000 0.15866 016514
Determine Bounds: |Uzer Input j
Drift: [og

62



Probability

BN Lan-DeMrts Group ©

Computy Probabiliy
Analysis Parameters
[nterim fnalyses (L IE_' (1<kl25)

Interim analyses: 5 +[Enter]
Info. times: Equally Spaced
Test Bound.: One-Sided

Time

Upper Bound

Upper | Hominal
Bound |Upr Alpha

Cum exit pr

Information times(th: |Equally Spaced LI Wetl 1)

Test Boundaries: |One—Sided ;I

Probability Parameters

Determine Bounds: | ser Input ;I
Drift: {00

af| 020 sme00f] 000000 000000
Detfermine Bounds: User Input 2N 040 zzao0l  oooos2|  ooooe?
3 000164 000199
4| 0s0] 1noooof  O78EG6|  0168ET
50 100/ 1oooof  O78EEE| 020302

Caloulate |‘

> tl - 02, t2 - 04, t3 = 0.6 , t4 - 08, t5 =10

> 4.56, 3.23,2.63, 2.28, 2.04

» 3 z-score 2.94
Stagewise Ordering

63

Upper Bound

p  0.00199 0.2%

O'Brien Fleming




¢ i Y, i
D:=Y,-X. N(d8,0%) 0°
» 95% (3.,3,) = (3 - 1.96se(3), 5 + 1.96se(3) )
> z-score  z,. Z N( BL/se(%), 1)
6, Pr{Z z,.}=a/2=0.025 o,

Pr{iZ > z,,.}=PriZ - JEN Z . - I
se(0) se(o)

—Pri7 — 51’\ 25_?} =al?2
se(o) se(o)
“N(o, 1)
=7, 08 =0-2,,,, -5€(0)=0-1.96-se(5)

5—0,
se(d)
64 a=0.05




Zq/2

65

95%




Pr{ Z

Z-Score

Zobs} = 0.025

Ou

2., Z N@,/se(d),1)

66

5,/5¢(?)

Zybs

5u/se(d)

N

95%

®



3 o Oy

, 3=3 se(®)=1 z,.=3 [-7.7 ] 5,
o= -7 Z N(-7,1) Pr{Z 3}=1-(10) =0.000...
5= 0 Z N(0,1) Pz 3}=1-3(3) =000l
5= 35 Z N(351) Pr{Z 3}=1-8(-05)z=0.308
o = 17 Z N(1.7,1) Pr{Z 3}=1-8(1.3) =0.096
5= 08 Z N(08,1) Pr{Z 3}=1-8(2.2) =0014
5= 10 Z N(10.1) Pr{Z 3}-=18(2) =0023
5, = 1.04 Z N(104,1) Pr{Z 3}=1-3(196) = 0025

» 5= 1.04 5,= 4.96

o dy (= grid search)
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Stagewise ordering

>

68

Pr'{ ( t,Z ) }_"(tobs/ Zobs)} =0.025

Pr‘{ ( t,Z ) }:(tobs: Zobs)} =0.975

Pr'{ ( t, L ) t( tobs ' Zobs ) } =05 6mid

6 =5/ se(d)
Pr{(t,Z) = (ty,.Zy.)} = 0.025
Pr{(t,Z) = (tops. Zobs )} =0.975
Pr{(t,Z) > (tye,Zue)} =05

emid



Stagewise ordering
4 Pr‘{ ( t, L ) = ( tobs / Zobs ) } =0.975 eU
4 Pr'{ ( t, VA ) t( Lops Zobs ) } =05 emid

(t=0.2)

(t=05)

Pr{Z(0.2) 2.5}=0.025
6, = 5,/5¢(3)
7(02) H, 6:6,
N(0.226,,1)



Stagewise ordering
Pr{(t,Z)

St 7. -0
4 Pr‘{ ( t, L ) = ( tobs / Zobs ) } =0.975 eU

4 Pr'{ ( t, L ) t( tobs ' Zobs ) } =05 emid

Pr{Z(0.2) 25)
+Pr{Z(0.2) 22,Z(05) 25}
- 0.025 6, = 5,/se(3)
(Z(0.2),Z(05)) H, 6=8,

(0.2128,, 05129, )

1 (0.2/0.5)/2 = 0.63
®

(t=0.2) (t=05)



WinLD Stagewise ordering

» Pr{ (t,Z ) = (tops, Zops ) } = 0.025

» Pr{ (t,Z ) = (tops, Zops ) } = 0.975

> Pri(t,Z) =(tops, Zops ) } = 0.5 Omid
0=3/ se(d) se(3)

71



4 t1 - 035, t2 - 065, t3 =10 2

>

>

2

8 z repeated confidence interval

3.5521, 2.5581, 1.9893
z=2.8 = 0.083
Pr'{ ( t, L ) = ( 1:obs ’ Zobs ) } = 0.025 eL

Pr{ Z(0.35) 3.5521}+Pr{Z(0.35) 3.5521,7(0.65) 2.8}=0.025

O,
(Z(0.35),Z(0.65)) 0.3520,  0.65'20, 1

(0.35/0.65)2=0.73

O, grid-search

6.=10 (0.35'2,0.65'/2) = (0.6, 0.8) 1 0.73
Pr{ Z(0.35) 3.5521}+Pr{ Z(0.35) 3.5521, Z(0.65) 2.8}

0975 0.5
95% [1.0343>=0.083, 5.9016>=<0.083] = (0.085, 0.489)
3.9554><0.083 = 0.328

72



8

library(MASS)
V <- matrix(c(1, 0.73380, 0.73380, 1), 2, 2)

# ©=1.0343

M <- ¢(0.61190, 0.83388)

Z <- mvrnorm(n=1000000, M, V)

result <- ifelse( (Z[,1]>3.5521)|(Z][,1]<3.5521 & Z[,2]>2.8), 1, 0)
mean(result)

[1] 0.025067

>
>
>
>
>
>
>
>

# ©=3.9954

M <- c(2.05234, 2.79688)

Z <- mvrnorm(n=1000000, M, V)

result <- i1felse( (Z[,1]>3.5521)|(Z[,1]<3.5521 & Z7[,2]>2.8), 1, 0)
mean(result)

[1] 0.49956

V V V V V

# ©:=5.9016

M <- ¢(3.49143, 4.75802)

Z <- mvrnorm(n=1000000, M, V)

result <- ifelse( (Z[,1]>3.5521)|(Z[,1]<3.5521 & Z[,2]>2.8), 1, 0)
mean(result)

[1] 0.974883

V V V V V

73



8 WinLD
[N Lan-DeMets Group Seq

/mwm“lnteml
Analysis Parameters

Spending Function
|Interim Analyses (& < k125

Overall Alpha: (005 (D<ol 1.0) e Iﬁﬂun:; ggﬁ::l
Information times(t: |User Input ~| (0=<111) Function: |[OBrien-Flemineg j
| ! =l 1 0258 -35128| 346128
Test Boundaries: | Two-Sided Symmetric = | Truncate bourds™ '
2 055N -25503| 25503
— aadidenca lodepal Darameters \—
Spending Funn::tin:un;l

Overall Alpha: 0.05
atandardized Statisticzf (22

Function: O'brien-Fleming
Confidence Level] [025

Time
_ Determine Bounds: Spending Function (
- Confidence Interval N User Inpuf
10343 BAO01G . e
Standardized Statistics: 2.8
Confidence interval: 0.95 Calculate |
> tl - 035, tz - 065, t3 =10 2
4

O'brien-Fleming 3.6128, 2.5503, ...

y 2 z=2.8 = 0.083
95% [1.0343>=<0.083, 5.9016>=<0.083] = (0.085, 0.489)
74




9 ¢z repeated confidence interval

TR O pE——

Eile BComputel Help

Compute Confidence Interval

Analysis Parameters Spending Function ii
[hterim Analyses G IE_' {1 <k125 Dverall Alpha: ID.DE D<ol 1.0) Bgzﬁrd
Information timesic: [User Ihput ;I Detill Function: |l T

Test Boundaries: [Two-Sided Symmetric ;I Truncate bounds? [Mo - 2.5581
— Couofidence lnte Carameters \ 193093
spending Function ll Overqll AIP}:‘G: _O~O5 _
e P e (T Function: O'brien-Fleming
Confidence Levelf |0.95

W— Detfermine Bounds: Spending Function

| —1 5550 2.3656 iy _ o User Input
' : Standardized Statistics: 0.405

' Confidence interval: 0.95 Calculate |

A
> tl - 036, tz - 065, t3 - 10
b O'brien-Fleming 3.5521, 2.5581, 1.9893

» 3 z = 0.405 = 0.046
95% [-1.5550><0.046, 2.3656>=<0.046] = (-0.071, 0.108)
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10

Median Unviased Estimator

M Lan—DeMetzs Group Seqent

Analysis Parameters
|;1terim fnalyses & IE_' 0 ook125)

Information timesto: |User Input

Teszt Boundaries: |One—5ided

Time

Upper

_

Hominal

Cum exit pr

— Power and Bounds Parameters
Determineg Bounds: flUzer Input

Drift
Compute Drift
j el
H |
/ Determine Bounds:
/ User Input

-

Power: 05 Derl-pill

- Drift I

Power: 0.5

n.4932 I

i Calculate

|H.H|

Bound | Upr Alpha
1 015 B&700 0.00000 000020
2 025  4.3300 0.0000 0.0569G
3 0400 34735 000025 050000
4 070 25000 1.00000 050000
5 1.00) 25000 1.00000 0.50000
4 )

) 1,20.15,t,= 0.25,t;=04 ,t,=07,t5= 1.0 3

4

» 3 z=3.4785
5.4982><0.06 = 0.330

5.67,4.33, 3.36, 2.44, 2.00

76

= 0.06




Stagewise ordering

» Stagewise ordering p
P da -
! P
» Stagewise ordering
p p a-96.>0 By <0
1

repeated confidence interval

» Stagewise ordering

Stagewise ordering

77 mid-point estimator



t z-score B-value

. Pocock

. Lan & DeMets

78

O'brien-Fleming

d



Probability —

[l Lan-—nlaMatc Grour Seqential

Eile | Compute
Compute Probability
Analysis P i
r!a iy arame.ers o . Time | Upper Hominal Cum exit pr
[nterim Analyses (& IEi_' (1=k125 Bound | UprAlpha
Information timez{t: |Equally Spaced j {0<Tl1) —
. - — ] 000000 Qoonno0
Test Boundaries: |One-Sided ;I o
) Qo000 000045
— Probability Parame: 3 000034 014959
Determine Bounds: |L|SBr Ihput vI 4 000306 040225
6 | 001638 |

Calculate |

Y

t,=0.17,t,=0.33, t;= 0.50, t, = 0.67, t; = 0.83, t, = 1.0

: 5.029, 3.556, 2.903, 2.514, 2.249, 2.053

1 t =59.035 - 99

: 0 =3/(202/18)¥2 =3333 3=2,0=18 89%
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80

B(t) = b B(1) > 2
) Z-score
E[B(D)-B(t)]=6(1-t) V[B)-B(t)]=1-t
Eol B(1) | B(t)=b]1=b+6(1-t) Ve[B(1)|B(t)=b]=1-t
Z,,,~ E,[BQ)| B(t) = b]

CPH(t):l—CD{ —

6

|



» t=0.75 B(0.75)=0.5

slope = E[B(t)]=3.84t E[B(1) | B(0.75)=0.5]=1.46

V[B(1) | B(0.75)=0.5]=0.25 (CP5q,=1-&{ (1.96-1.46)/0.25"2}=1-8(1) = 0.16 (a=0.05)

slope = 0 CPo = 1-&( (1.96-0)/0.25Y2} 0

(1, E[B(1)|B(t), 6=3.84])
o
S
%IX “““““““
/,’5,,3 """""
6\08% ......
""""""""" sl =0
( t B(t) ) ope ................................... )( 1’ E[B(l)lB(t), e:O] )

0 t 1

81 Lan et.al. 1988



v

A 4

v

v

Statistical Monitoring of Clinical Trials
Michael A. Proschan et. al. Springer

The B-Value: A Tool for Monitoring Data
K.K.Grodon Lan et.al. Biometrics 1988

Multiple Comparisons Using R  Frank Bretz et. al.
TheR Tips 2
R
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