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Purpose
• Combine information on predictive ability of risk models 

across studies
• Assess how much a new risk marker aids risk prediction

Rationale
• Greater precision
• Reduced over‐fitting
• Increased generalizability
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Risk prediction models for multiple prospective studies

Cox proportional hazards model, stratified by study (s) and sex (k)

1‐stage approach; ignores heterogeneity of p across studies
– focus is on estimates rather than their uncertainty
– easier to get absolute risk predictions than from a 2‐stage  
random effects approach

Risk score =  for individual i in study s
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Risk discrimination in a single prospective study (i)

Harrell’s C‐index = probability that the predicted order of 
events is correct in a randomly selected pair of participants

C = nc / (nc+nd) where
nc = # concordant pairs; nd = # discordant pairs

C ranges from 0.5 to 1.0
The risk score is sufficient when ranking predicted risk

C = change in C on adding a new risk marker

Variance of C and C calculated by efficient jackknife estimator

Harrell, Stat Med 1996
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Risk discrimination in a single prospective study (ii)

Royston‐Sauerbrei’s D statistic
– quantifies the association between ranked predicted risk and 
observed risk
– interpreted as log hazard ratio comparing top to bottom 
halves of predicted risks

D ranges from 0 upwards

D = change in D on adding a new risk marker
Variance of D obtained directly
Variance of D obtained by bootstrapping

Stratified versions of C‐index and D can be calculated
– e.g. stratifying by sex

Royston & Sauerbrei, Stat Med 2004
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Overall scheme for modelling and assessment
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Choice of weights in meta‐analysis (1 & 2)

1. Inverse‐variance (fixed effect)
2. Inverse‐variance (random effects)

Meta‐analysis of C‐index and D
C1 for model 1, C2 for model 2, C for difference
D1 for model 1, D2 for model 2, D for difference

Inverse‐variance weights leads to inconsistency between
pooled estimates of C2–C1 and C
pooled estimates of D2–D1 and D
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Choice of weights in meta‐analysis (3 & 4)

3. Number of events

Well matched to intrinsic weighting in stratified Cox PH model

4. Estimators stratified by study

For D, equivalent to option 3
For C, weights depend on number of informative pairs – large 

studies can receive substantial weight despite few events

Prefer option 3
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Example

Prediction of CHD (fatal and non‐fatal)

37 population‐based prospective studies, 8806 CHD cases

Conventional risk factors: age, sex, smoking, systolic BP, 
diabetes, total chol, HDL chol

Investigate value of adding of log C‐reactive protein (CRP), 
an inflammatory marker
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Overall  (I-squared = 93.4%, p = 0.000)
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Overall  (I-squared = 91.2%, p = 0.000)
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Overall  (I-squared = 0.0%, p = 0.911)
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Meta-analysis of C-index change

C-index change with addition of log CRP
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Meta-analysis of D change

D change with addition of log CRP

Overall IV fixed effect WT

WHITEI

PREVEND

WHITEII

NSHS

BRUN

REYK

WOSCOPS

FRAMOFF

USPHS2

WHS

FINRISK97
CAPS

NHANESIII

FINRISK92

COPEN

TARFS

MOGERAUG1

LEADER

Cohort

ARIC

ULSAM

HISAYAMA

Overall IV random effect WT

KIHD

MESA

EPICNOR

BWHHS

CHS

HOORN

MOGERAUG2

ROTT

EAS

QUEBEC

SHS
PROSPER

RANCHO

ESTHER

Overall # events WT

MOGERAUG3

AFTCAPS

3808

5819

7326

1324

817

14927

5452

2713

10715

23287

1150
816

2359

891

7772

1673

873

437

n

9326

926

2577

2020

6722

15902

2652

4211

525

1265

4437

741

1219

3112
3180

1381

4738

3150

5613

202

115

158

19

66

2876

336

52

311

238

56
52

127

104

458

23

79

37

cases

387

146

77

395

83

368

CHD

81

614

19

74

229

60

95

281
262

161

43

16

106

0.0369 (0.0271, 0.0467)

0.1362 (0.0550, 0.2174)

0.0066 (-0.0472, 0.0603)

0.1047 (0.0215, 0.1880)

0.0967 (-0.0400, 0.2333)

0.0610 (-0.0387, 0.1607)

0.0547 (0.0340, 0.0754)

0.0310 (-0.0177, 0.0798)

0.0021 (-0.1170, 0.1212)

-0.0084 (-0.0629, 0.0461)

-0.0212 (-0.0668, 0.0245)

0.0731 (-0.0628, 0.2090)
0.0545 (-0.0706, 0.1797)

-0.0037 (-0.0749, 0.0676)

0.0311 (-0.0883, 0.1505)

0.0583 (0.0287, 0.0879)

0.2407 (0.0521, 0.4293)

0.0336 (-0.0462, 0.1134)

0.0968 (-0.0434, 0.2370)

D change (95% CI)

-0.0072 (-0.0513, 0.0370)

0.1003 (-0.0025, 0.2030)

0.0258 (-0.0885, 0.1402)

0.0342 (0.0214, 0.0470)

0.0458 (-0.0094, 0.1011)

-0.0164 (-0.0894, 0.0566)

0.0420 (0.0038, 0.0803)

0.0558 (-0.0601, 0.1716)

0.0113 (-0.0303, 0.0528)

-0.0387 (-0.2284, 0.1511)

0.0620 (-0.0571, 0.1811)

0.0282 (-0.0268, 0.0832)

-0.0339 (-0.1505, 0.0826)

0.0231 (-0.0822, 0.1284)

0.0425 (-0.0023, 0.0873)
0.0612 (-0.0039, 0.1263)

0.0528 (-0.0216, 0.1271)

0.0371 (-0.0874, 0.1616)

0.0414 (0.0309, 0.0520)

-0.1237 (-0.2845, 0.0372)

0.0187 (-0.0799, 0.1173)

0.0414

0.0274

0.0425

0.0697

0.0509

0.0106

0.0249

0.0608

0.0278

0.0233

0.0693
0.0638

0.0363

0.0609

0.0151

0.0962

0.0407

0.0715

change

0.0225

0.0524

0.0583

0.0282

0.0372

0.0195

SE

0.0591

0.0212

0.0968

0.0607

0.0280

0.0595

0.0537

0.0228
0.0332

0.0379

0.0635

0.0821

0.0503

2.29

1.31

1.79

0.22

0.75

32.66

3.82

0.59

3.53

2.70

0.64
0.59

1.44

1.18

5.20

0.26

0.90

0.42

Events

4.39

1.66

0.87

4.49

0.94

4.18

%WT

0.92

6.97

0.22

0.84

2.60

0.68

1.08

3.19
2.98

1.83

0.49

0.18

1.20

1.45

3.31

1.38

0.51

0.96

22.33

4.02

0.67

3.22

4.59

0.52
0.61

1.89

0.67

10.93

0.27

1.50

0.49

IV-FE

4.92

0.91

0.73

3.13

1.79

6.54

%WT

0.71

5.54

0.27

0.67

3.16

0.70

0.86

4.77
2.25

1.73

0.62

0.37

0.98

2.10

4.00

2.01

0.82

1.47

10.01

4.57

1.06

3.92

4.97

0.83
0.97

2.61

1.06

7.86

0.45

2.16

0.79

IV-RE

5.19

1.39

1.15

3.84

2.51

6.13

%WT

1.12

5.58

0.44

1.06

3.87

1.11

1.33

5.10
3.01

2.43

0.98

0.60

1.50

100

100
100

(-0.0042, 0.0725)Random effect 95% prediction interval

0.0054

0.0050
0.0065

-0.24 -0.12 0 0.12 0.24
D change (95% CI)

Overall  (I-squared = 25.6%, p = 0.081)
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Study-level relationship between C-index & D, C & D
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Between-study heterogeneity in absolute values of C-
index or D is largely explained by age distribution

Size of circle is proportional to 1/variance of estimate
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Examination of subgroup effects – restricted to studies 
with all levels observed

<0.0001

0.004

0.173

0.147

NA

heterogeneity
P-value for

-0.08 -0.04 0 0.04 0.08 0.12
D change (95% CI)

Sex
Male
Female

Smoking status
Other
Current

History of diabetes
No
Yes

Framingham 2008 10-yr CVD risk
0%-<10%
10%-<20%
>=20%

Overall

Subgroup
Variable\

24
24

36
36

36
36

30
30
30

37

studies
No. of

53037
58199

128676
35507

144353
10788

62715
47161
47069

165856

participants
No. of

4189
2515

5403
3380

7491
1004

932
2527
4808

8806

cases
CHD

<0.0001

0.004

0.752

0.027

NA

heterogeneity
P-value for

-0.005 0 0.005 0.010 0.015 0.020
C-index change (95% CI)



17

Cohort (37 studies, 8806 CHD cases)
Age
Above + smoking status
Above + systolic BP
Above + history of diabetes
Above + total cholesterol
Above + HDL cholesterol

Case-control (8 studies, 1566 CHD cases)
Age
Above + smoking status
Above + systolic BP
Above + history of diabetes
Above + total cholesterol
Above + HDL cholesterol

Base model variables
Study design \

0.6441 (0.6383, 0.6499)
0.6614 (0.6558, 0.6671)
0.6789 (0.6733, 0.6844)
0.6863 (0.6807, 0.6918)
0.6977 (0.6923, 0.7030)
0.7080 (0.7027, 0.7133)

0.4997 (0.4823, 0.5171)
0.5176 (0.5004, 0.5347)
0.5430 (0.5261, 0.5600)
0.5506 (0.5337, 0.5676)
0.5849 (0.5681, 0.6017)
0.6053 (0.5888, 0.6218)

C-statistic (95% CI)

0.5 0.6 0.7 0.8

C-statistic (95% CI)

0.0224 (0.0191, 0.0258)
0.0153 (0.0126, 0.0180)
0.0103 (0.0081, 0.0124)
0.0087 (0.0067, 0.0107)
0.0083 (0.0063, 0.0102)
0.0051 (0.0035, 0.0066)

0.0458 (0.0358, 0.0557)
0.0337 (0.0257, 0.0417)
0.0246 (0.0178, 0.0313)
0.0224 (0.0160, 0.0289)
0.0191 (0.0130, 0.0252)
0.0122 (0.0070, 0.0173)

C-statistic change (95% CI)

13.2
11.1
9.2
8.5
8.4
6.3

9.0
8.2
7.1
6.8
6.1
4.6

Z

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

P-value

0 0.02 0.04 0.06

C-statistic change (95% CI), upon addition of log CRP

Case-control studies are particularly problematic 
because of matching on predictive covariates
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Stata software for IPD meta‐analysis

http://www.phpc.cam.ac.uk/ceu/research/erfc/stata/


