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Overview

= Introduction to non-parametric generalized pairwise
comparison analysis

= Description of four generalized pairwise comparison
methods

= Application to simulations of TAVR UNLOAD study
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Introduction to non-parametric
generalized pairwise
comparison analysis
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proportional hazard)

Example 1 Example 2
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X = death; < =stroke; O = hospitalization
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Issues classical composite endpoint analysis

= Time to first event analysis (Logrank or Cox

Example 3

MRS 5
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MRS = modified Rank Score




Simplest pairwise comparison method

= Mann-Whitney U test Groupy Group X  Score
,10 & ° 1
Scoring
10 0.5
1if Y wins
12 O
Oif Xwins ,
0.5 if tie 2 0
—f. -

Summed score: 2.5
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Mann et al. The annals of Math Stat (1947) 18: 50-60




Simplest pairwise comparison method

= Mann-Whitney U test Groupy Group X  Score
2.5 — &
9 1
Scoring 4 k
. w1
1if Y wins \
12 0.5
Oif Xwins ,
0.5if tie 2 05
—f. -

Summed score: 4
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Mann et al. The annals of Math Stat (1947) 18: 50-60




Simplest pairwise comparison method

= Mann-Whitney U test Groupy Group X  Score
-
Scoring 4
10 0
1if Y wins
1 | 2 0
Oif Xwins ,
1 -
0.5 if tie 2 0
05 , —66 0

Statistic Uy, : 9.5
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Mann et al. The annals of Math Stat (1947) 18: 50-60




Gehan generalization to censored data

= Score Gehan Test Group X GroupY  Score
1if X, wins ' - * ro 1
-1if X loses , e t s O
O if tie , T 6 ]
( % .
Repeat and sum only for Group X Summed
score: O
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Gehan. Biometrika (1965) 52: 203-223




Gehan generalization to censored data

= Score Gehan Test Group X Group Y  |Score
Scoring Scoring & 0 , o |0
1if X, wins 1if Y; wins ' * 7|1
Nt Nc t
0 else 0 else t — ) 0
RS S
Repeat for Group X and Group Y ﬁ '
and substract s | 1
Win difference: N, - N, Summed
score: 2
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Generalization to censored data

= Score Gehan Test - Variance

Score

>

Group X

9
10
1

2

Group Y

t
t
t

12

!
'
!
'
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(

10
7
S
12
5]

Score

1

1 Permutation distribution
0 Asymptotically Normal
, distributed
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Description of four Generalized
Pairwise Comparison methods
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Generalization to composite endpoints

1. The Finkelstein-Schoenfeld test is a
generalization of the Score Gehan test for multiple

outcomes

Group X Group Y

%—f\-

>

Highest ranked
outcome

Middle ranked
outcome

Lowest ranked

outcome

)

Oif
tie

1if X, wins
-1if X, loses

O if
tie

1if X, wins
-1 if X loses

1if X; wins
-1if X, loses
O if tie
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Finkelstein et al. Statist. Med. (1999) 18: 1341-1354




Generalization to composite endpoints

2. The Buyse test

Net benefit :

Nt_Nc

nm

U-statistic
Asymptotically
Normal distributed

Adapted, since originally defined as a randomization test
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Buyse. Statis Med (2010) 29. 3245-3257
Ramchandani et al. Biometrics. (2016) 72. 926-935




Gehan generalization to censored data

3. The Unmatched Pocock test
Group X Group Y |Score

Scoring Scoring & ’ t * 9
N Wi 1if Y. wins ’ * 7 1

1if X, wins i Nt Nc

0 if tie O if tie t ' ; 0

Win Ratio: N, /N,

U-statistic
Logarithmic Asymptotically
Normal distributed

>

Pocock et al. EHJ (2012) 33: 176-182
Dong et al. Pharmac Statist (2016) 15: 430-437
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Generalization to composite endpoints

4. The Adapted O’Brien test (non-hierarchical)

1if X; wins
Group X Group Y Outcome 1 -1if X; loses
i t 0 if tie
: 1if X, wins
Net benefit \ | Outcome2 |4 ifx |oses
Oif tie
U-statistics Outcome 3 1if X, wins
Asymptotically _ -1 if X; loses
Normal Oif tie
distributed :
Score Is sum
g

O’Brien. Biometrics (1985) 40. 1079-1087
Ramchandani et al. Biometrics. (2016) 72. 926-935
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Application to simulations of
TAVR UNLOAD study
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TAVR UNLOAD - Hierarchical endpoint at 1y

Level _|Endpoints_________________[Tye

1 Time to Death In days
2 Time and Severity of disabling stroke Categorical (mRS 2-5)
3 Frequency of hospitalization Count
and number of days hospitalized
4 Effect on KCCQ (=Qol) Categorical:

* 210 points worse
* 5-9 points worse
* Equal

e 5-9 points better
e 210 points better

Importance of events are taken into account
Multiplicity is taken into account
Severity of events are taken into account

>
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MRS= modified Rankin Score (from 0-6; but 0= no symptoms; 1= no disability and 6= death)
KCCQ=Kansas City Cardiomyopathy Questionnaire; 23 questions; scored 0-100




Simulations

= Compare power to classic logrank test

= 4 scenario’s: null scenario, scenario 1-3

= 1000 simulations

= 10, 20 and 50% equal censoring

= Sample size: 600, 400, 300, 250, 200, 100
= |eave levels of hierarchy out

>
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Generalized Pairwise comparisons better powered than

logrank
Scenario 0 Scenario 1 Scenario2 Scenario 3
Censoring Sps Uwr Us Uo x% | Seks Uwr Us J Srs Uwr Us Uo xi |Srs Uwr Us Uo xi
N=600
0% 4.5 4.5 45 41 451999 999 99.9 100 100 100 100  53.9 | 98.6 986 g8.6 998 393
20% 3.6 3.6 3.6 3.7 49992 992 99.2 99.4 994 99.4 100  47.6 | 98.8 988 98.7 100 453
50% 5l 5.l 50 54 4.7 | 8.3 852 85.0 80.9 808 %02 914 381 | 828 8246 226 926 39.5
N=400
0% 6.0 6.0 59 5.7 56| 99.0 99.0 99.0 999 58.9 | 98.7 0936 98.6 100  39.3 | 984 984 98.4 998 37.7
20% 4.4 4.4 4.4 3.9 48941 94.0 93.9 993 51.1 | 94.7 944 94.4 992 333|949 949 94.6 983 322
50% 5.0 5.0 50 5.2 53| 681 67.7 G6.8 825 38.8 | 64.8 64.6 63.9 797 27.2 | 62.6 627 61.9 76.8 27.2
N=300
0% 5.6 5.6 5. 6.3 95.7 956 99.1 344 ] 949 948 94.8 982 30.0
10% 6.0 5.9 59 5.6 92.2 922 OR6 26.6 | 93.0 929 929 97.3 285
20% 4.7 4.7 4.5 4.1 880 877 958 252 | 86.Y 860 RBHE 952 263
50% 5.2 5.3 4.9 4.4 53.6  h2.8 G668 224 | 53.5 535 325 644 206
N=250
0% 4.5 4.5 45 45 4.6 | 912 91.2  91.0 985 408 92.1 91.6 914 97.7 281|917 914 01.2 974 273
10% 6.0 6.0 5.5 52 52| 8T 852 849 96.7 359 | 870 8T.H 0 8T.G 957 238 | 895 892 BE.7T 049 249
20% 5.0 4.8 4.7 5.6 4.9 | T0.0 TR.6 8.3 91.8 329 | 833 B82E 823 0939 24.7 | 828 822 21, 90.7  23.9
N=200
0% 3.8 3.8 3.4 3.5 50| 831 826 821 957 31.0 | 857 854 850 945 226 | 85.0 848 241 93.0 208
10% 4.8 4.0 46 4.0 51| 753 746 742 91.1 202 | 792 TS5 OTT.G 0 909 207 | TRY TR1 77.6 894 19.7
20% 6.4 6.4 5.8 5.0 55695 689 681 865 261|731 723 T18 8GR 213|713 T0.Y V0.2 825 174
N=100
0% 6.0 5.9 53 5.5 6.3 | 547 53.2 522 69.7 17.8 | 56.0 54.9 529 690 14.7 | 574 562 55.1 683 14.0
(d 4
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Little difference between hierarchical tests

Scenario 0 Scenario 1 Scenario2 Scenario 3

C[‘.]‘lﬂ(}]‘ing ) Fs {,'Tu.' i Uf_g [,"-r_j} kf_ | :5‘-_{" 5 E.-'r1.l|.-' " Ub' l':-"( g Xi S}-'_f,' Un-‘ " '[a'r;_g U{ g k-i | 5 s Ef"-u-' Fod Uﬁ [f'rr_’_} ,‘(i
N=600

0% 4.5 4.5 4.5 41 45999 999 999 100 751 | 100 100 100 100 53.9 | 98.6 986  98.6 99.8 393
20% 3.6 3.0 3.6 3.7 49992 992 992 100 681|994 994 994 100 47.6 | 98.8 988  O8.7 100 453
50% 5.1 5.1 o0 54 4.7 | 853 852  BA.0 958 565 | BOO  BOR 802 914 381 | B2Z.B  B2.6  R2.6 926 395
N=400

0% 6.0 6.0 5.9 5.7 5.6 99.0 990 990 999 589 | 98T 986 986 100 395 | 984 984 984 998 3TV
20% 44 44 44 39 48941 940 939 993 511 | 947 944 944 992 335 | 949 949 946 983 322
50% 5.0 5.0 o) 5.2 5.3 | 681 677 668 825 388|648 646 639 797 27.2 | 626 62.7 619 T6.8 27.2
N=300

0% 5.6 h.6 o6 6.3 5.2 | 947 943 943 991 448 | 957 957 956 991 344 | 949 948 048 982 300
10% 6.0 59 5.9 56 5.4 | 925 918 91,5 989 414|925 922 922 986 26.6 | 93.0 929 929 973 285
20% 4.7 4.7 45 4.1 54 | 86.0 855 849 963 385 | 38.6 830 877 958 252 | 86,7 860 858 952 263
50% 52 53 4.9 44 6.1 559 553 546 TOR 305|539 536  5H2.8 668 224 | 535 535 525 644 206
N=250

0% 45 4.5 098.5 40.8 1921 916 914 977 281|917 914 91.2 974 273
10% 6.0 6.0 96.7 359 | 870 BTG  8T.0 957 238 | 805 892 BRT 049 249
20% 5.0 4.8 01.8 329 | 833 828 823 939 247 | 828 822 90.7 239
N=200

0% 3.8 3.8 . . 0| 83, 5.7 351.0 | 85,7 854 850 945 226 | 85.0 848 84.1 93.0 208
10% 4.8 4.0 46 40 51|73 T46 742 911 292|792 TR5 TT6 909 207 | TRT TRl T7.6 894 197
20% 6.4 6.4 5.8 5.0 551|695 689 681 865 261|731 723 T18 868 213|713 707 T0.2 825 174
N=100

0% 6.0 5.9 5.3 55 6.3 | 547 532 522 697 178|560 549 529 690 147|574 562 55.1 683 140
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O’Brien better powered than hierarchical

Scenario 0 Scenario 1 Scenario2 Scenario 3

Censoring Sps Uwr Us Uo xi |Srks Uwr Us Uo xi |Ses Uwr Us Uo xi |Ses Uws Us Uo «xi
N=600

0% 4.5 4.5 45 4.1 451999 999 999 100 751 | 100 100 100 100 53.9 | 986 986  93.6 998 393
20% 3.0 3.0 3.6 3.7 49992 992 992 100 68.1 | 994 994 994 100 47.6 | 98.8 988 O8.7 100 453
50% h.l h.l 5.0 54 47 | 8.3 852 850 058 565 | BOO BOKR 0 802 914 381 | 828 826  R26 926 395
N=400

0% 6.0 6.0 5.9 57 56 (99.0 99.0 990 999 589 | 937 O%46 9856 100 39.3 [ 984 984 984 998 377
20% 4.4 4.4 44 3.9 48941 940 939 993 51.1 | 947 944 944 992 333|949 949 9406 983 32.2
50% 5.0 5.0 5.0 52 H3 | 681 67.7 668 825 388|648 6406 639 79T 272 | 626 627 619 T6.8 272
N=300

0% n.6 5.6 5.6 6.3 52947 943 943 99.1 448 | 957 957 956 991 5344 [ 949 948 948 982 300
10% 6.0 5.9 5.9 56 5H4 925 918 915 989 414|925 0922 922 98346 26.6 | 93.0 929 929 973 285
20% 4.7 47 4.5 4.1 5.4 | 86.0 853 849 963 3805 | 88.6 830 87T 958 252 | 86.Y 860 BAR 052 26.3
50% 52 53 49 44 6.1 | 559 553 546 TO8 305 | 539 536 528 668 224 | 535 535 525 644 206
N=250

0% 4.5 4.5 92.1 91.6 914 97.7 281|917 914 91.2 974 273
10% 6.0 6.0 B7.9  BT.6 876 957 238 | 895 89.2  BAT 949 249
20% a0 4.8 83.3 828 823 030 247 | 828 822 90.7 23.9
N=200

0% 3.8 3.8 3.4 3.5 5.0 | 831 826 821 957 31.0 | 857 B854 Bo.0 945 226 | 850 848 B4l 93.0 208
10% 4.8 4.0 46 40 51|73 746 742 911 292|792 TRS TT.6 909 20.7 | TRT TRl V7.6 894 19.7
20% 6.4 6.4 5.8 5O 55695 689 681 865 26,1731 723 T8 BGR 213|713 TO.T T0.2 R25 174
N=100

0% 6.0 5.9 5.3 55 63| 54T 532 52,2 697 17.8 | 56.0 549 529 690 14.7 | 57.4 562 551 683 140
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No difference time to first event or time to worst event

Scenario 0 Scenario 1 Scenario2 Scenario 3

Omitted component S;-'s L"_u-'ft Uf_f I)'_U | b.fr's L-T'H.-';g [»'_;_5 1"}‘!: S;.'S [.—"-11.'” '[/'71_3 .\f S;.‘_y [)ru-' " 'E"'f_f "I.;,
N=600 :
None 4.5 4.5 4.5 4.1 [ 999 999 99.9 100 100 100 - 98.6  98.6 98.6 .
Stroke 49 49 49 44 100 100 100 | 1) 100 100 100 L339) 100 100 100 393
Hospitalization 4.9 4.9 4.7 4.8 | 999 __90.0 = aw) e ey T 1 wie; el el Q0.9 100
KCCQ 55 56 55 5. 9 680 687 741|503 505 49.7 545|528 528 525 L5l—
Stroke,/Hospital 5.3 5.1 50 5.0 | 999 999 99.9 999 [ To0 LU L[] 1o 100 100 100 100
N=400
None 5.0 6.0 59 5.7 | 99.0  99.0 09.0  99.9 | 98.7T 98.6 98.6 100 | 98.4 98.4 95,4  00.8
Death 5.1 5.2 5.0 5.7 | 99.0 988 98.9 100 99.5  99.4 99.4 999 | 994 994 99.4 100
Stroke 5.8 5.8 5.8 5.3 [ 99.0  99.0 99.0 100 99.5  99.5 99.5 100 99.4  99.4 99.4 100
Hospitalization 5.7 5.7 57 5H.4 | 99.8 99.8 99.8 999 | 99.8 99.7 99.7  99.9 | 99.7 99.7 99.7  99.9
KCCQ 5.4 5.4 54 b 53.1  53.1 524 HT.T | 36.5 36.6 36.1  40.5 | 36.5 36.8 359 39.6
Stroke,/Hospital 5.2 5.2 5.1 5.1 99.8 99.8 99.8 998 | 99.7  099.7 99.7  99.7 | 99.5 99.5 99.5 99.5
N=300
None 5.6 5.0 5.6 6.3 | 947 94.3 94.3  99.1 | 95.7  95.7 956 99.1 | 94.9 048 94.8 98.2
Death 5.4 5.4 54 53 | 96.0 95.9 95.8 99.5 | 97.5 974 a7.4 998 | 97.3 97.2 97.1  99.4
Stroke 6.0 6.0 59 6.2 | 96.7 96.5 96.4 994 | 97.6  97.6 a7.6 997 | 97.7  97.7 97.6 99.5
Hospitalization 5.4 5.3 5.2 5H2 | 988 O88 98.7 99.2 | 98.8 O8.8 093,82 90,4 | 93.6 98.5 98.3 98.9
Stroke,/Hospital G.4 G.4 6.2 6.2 97.7  97.7 97.6  97.6 | 98,2 98.2 98,2 985.2 | 98.0 97.9 97.8  97.8
N=200
None 3.8 3.8 3.4 3.5 [ 83.1 82.6 82.1 95.7 | 85.7 85.4 85.0 945 | 85.0 84.8 241 93.0
Death 6 .0 5.9 5.7 4.8 84.8 84.2 83.7  97.0 | 88.4  88.1 87.8  95.7 | 86.3 854 85.1  93.3
Stroke 5.6 5.5 5.3 6.0 | 86.1 859 85.5 96.8 | 87.2 87T.1 s26.8 95,1 | 87.6 87.4 27.4  95.1
Hospitalization 4.8 4.8 4.7 4.4 91.0  90.6 90.5 94.0 | 92.0 91.5 91.2 940 | 91.1  91.0 90.4  93.6
Stroke /Hospital 4.9 4.9 4.2 4.2 90.5 90.2 §509.5 895 | 91.9  91.8 90.9 909 | 91.1 90.8 906 90.6
N=100
None 6.0 5.9 5.3 bh.b h4.7 5H3.2 52.2  69.7 | 56.0 54.9 52.9 69.0 | 57.4 5H6.2 a55.1  G68.3
Stroke 4.4 4.3 3.8 35 h5.6 5Hh.4d 54.1  T2.6 | 62.0 61.4 600  73.9 | 63.3  G2.6 60.9 723
Hospitalization 3.7 3.6 3.4 3.0 | 646 643 61.9 67.2 | 67.4 668 6G5.2 698 | 66.2 G65.9 64.1 G8.8

I Stroke /Hospital 4.0 4.3 3.2 3.2 64.0 63.3 G61.6 61.6 | 656.0 64.7 62.2 622 ] 61.1 605 a8.6  58.6
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If hospitalization is left out, power hierarchical and
hierarchical test equal

non-

Scenario 0 Scenario 1 Scenario2 Scenario 3

Omitted {‘.U]ll]_’)(}]l(‘ﬂt S;-'s L"_u-'ft L‘Tf_f D_U | b.fr's L-T'H.-';g [)'_;j {.-'T() S;.'S [.—"-11.'” '[/'71_3 -[a'ro S;.‘_y [»'_11-' o 'E"'f_f [«"_f_}
N=600
None 4.5 4.5 4.5 4.1 | 999 999 99.9 100 100 100 100 100 O8.6  98.06 98.6  99.8
Stroke 4.9 4.9 4.9 4.4 | 100 100 100 100 100 100 100 100 100 100 100 100
Hospitalization 4.9 4.9 4.7 4.8 [ 999 999 99.9 100 100 100 100 100 99.9 99.9 99.9 100
KOCQ 5.5 5.6 5.5 54 | 689 068.9 G8.7  T4.1 | 50.3  50.5 49.7  54.5 | H2.8 528 52,5  55.1
Stroke,/Hospital 5.3 5.1 50 50 [ 999 999 99.9 999 | 100 100 100 100 100 100 100 100
N=400
None 6.0 6.0 5.9 LY | 99.0  99.0 99.0  99.9 | 98.7 98.6 98.6 100 8.4  O98.4 08.4 99.8
Death 5.1 5.2 5.0 5T [ 99.0 988 98.9 100 99.5  99.4 994 999 | 994 994 99.4 100
Stroke 5.8 5.8 5.8 5.3 | 99.0  99.0 99.0 100 99.5 995 99.5 100 99.4  99.4 99.4 100
Hospitalization 5.7 5.7 57 5H.4 | 99.8 99.8 99.8 999 | 99.8 99.7 99.7  99.9 | 99.¥  90.7 99.7  99.9
KCCQ 5.4 5.4 5.4 51| 531 53.1 524 LHT.T | 36,5  36.6 36.1  40.5 | 36.5  36.8 359 39.6
Stroke,/Hospital 5.2 5.2 51 5.1 | 99.8 99.8 99.8 99.8 | 99.7  99.7 99.7  99.7 | 99.5 99.5 99.5 99.5
N=300
None 5.0 5.6 5.6 6.3 | 947 94.3 94.3  99.1 | 95.7  95.7 956  99.1 | 94.9 948 94.8 9O8.2
Death 5.4 5.4 54 5.3 | 96.0 959 95.8 99.5 | 97.5 974 974  99.8 | 97.3 97.2 97.1 994
Stroke 6.0 6.0 5.9 6.2 | 96.7  96.5 96.4 994 | 9.6 97.6 97.6  99.7 | 97V.7  97.7 97.6  99.5
Hospitalization 5.4 5.3 5.2 5.2 | 988 988 98.7  99.2 | 98.8 O8.8 05,8 994 | 98.6 985 053 98.9
Stroke,/Hospital G.4 G.4 6.2 6.2 | 97.7  97.7 97.6  97.6 | 98.2 98.2 98.2 98.2 | 98.0 97.9 97.8  97.8
N=200
None 3.8 3.8 3.4 82.6 85.4 85.0 94.5 | 85.0 84.8 241 93.0
Death 6.0 5.9 5.7 8542 88.1 87.8  95.7 | 86.3 85.4 251 93.3
Stroke 5.6 5.5 5.3 e e 87.1 86.8  95.1 | 87.6 87.4 274  95.1
Hospitalization 4.8 4.8 4.7 906 91.5 91.2 940 | 91.1  91.0 904 93.6
Stroke /Hospital 4.9 4.9 4.2 90.2 91.8 90.9 909 | 91.1 908 906 90.6
N=100
None 6.0 5.9 5.3 5.5 | AT 532 52.2  69.7 | 56.0 54.9 52.9 69.0 | 57.4 56.2 551 G8.3
Stroke 4.4 4.3 3.8 35 | 55.6 554 54.1  T2.6 | 62.0 61.4 G600  T3.9 | 63.3 626 609 72.3
Hospitalization 3.7 3.6 3.3 3.0 | 646 643 61.9 67.2 | 67.4 668 6G5.2  69.8 | 66.2 65.9 G4.1  GE.8

| Stroke/Hospital 4.0 4.3 3.2 3.2 | 640 63.3 61.6 61.6 | 65.0 64.7 6G2.2 622 | 61.1 605 5586 5HB.6
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Conclusions

= Non-parametric Generalized Pairwise Comparison tests
allow to take account of multiplicity, importance and
severity of events

= Multiple type of events (time, continuous, count,..) can
be combined

= Time to first or time to worst event analysis is equal

= Generalized Pairwise Comparison tests are better
powered compared to the classical logrank time to first
event analysis if non time to event data is added

= There is little difference in terms of power between the
hierarchical tests

= The non-hierarchical adapted O’Brien test is better
powered than the hierarchical tests in certain cases

>
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Further research

= Different variance formula’s (U-statistics,
permutation distribution, non-parametric
bootstrap,...)

= Effect of correlation between components of
composite endpoint

= Effect of non-proportional hazards, unequal sample
size, unequal variance, informative censoring

= Effect of missingness (completely, partial)

>
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Further research

= Only one scoring system applied, alternatives are:
= Adaptive scoring or weighting of components
= Peto-Peto!, Tarone-Ware2, Efron3, Péron*

= Compare to other methods for composite
endpoints:

= Joint distribution models>® (parametric)
= Competing risk
= Negative binomial regression

Peto et al. J Royal Stat Soc (1972) 135: 185-207

Tarone et al. Biometrika (1977) 64: 156-160

Efron. Proc 5th Berkeley Symp (1967) 4: 831-853

Péron et al. Stat Methods in Med Research doi: 10.1177/0962280216658320
Vonesh et al. Stat in Med (2006) 25: 143-163

. Alonso et al. Chapmann & Hall/CRC (2017)
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