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Abstract 60 

Objectives: To empirically assess the relation between study characteristics and prognostic model 61 

performance in external validation studies of multivariable prognostic models. 62 

Design: Meta-epidemiological study. 63 

Data sources and study selection: We searched electronic databases for systematic reviews of 64 

prognostic models published in the period 2010-2016. Reviews from non-overlapping clinical fields were 65 

selected if they reported common performance measures (either the concordance (c)-statistic or the 66 

ratio of observed over expected number of events (OE ratio)) from ten or more validations of the same 67 

prognostic model.  68 

Data extraction and analyses: Study design features, population characteristics, methods of predictor 69 

and outcome assessment, and the aforementioned performance measures were extracted from the 70 

included external validation studies. Random effects meta-regression was used to quantify the 71 

association between the study characteristics and model performance. 72 

Results: We included 10 systematic reviews, describing a total of 224 external validations, of which 221 73 

reported c-statistics and 124 OE ratios. Associations between study characteristics and model 74 

performance were heterogeneous across systematic reviews. C-statistics were most associated with 75 

variation in population characteristics, outcome definitions and measurement, and predictor 76 

substitution. For example, validations with eligibility criteria comparable to the development study were 77 

associated with higher c-statistics compared to narrower criteria (difference in logit c-statistic 0.21 [95% 78 

CI 0.07, 0.35], similar to an increase from 0.70 to 0.74). Using a case-control design was associated with 79 

higher OE ratios, compared to using data from a cohort (difference in log OE ratio 0.97 [95% CI 0.38, 80 

1.55], similar to an increase in OE ratio from 1.00 to 2.63). 81 

Conclusions: Variation in performance of prognostic models across studies is mainly associated with 82 

variation in case-mix, study designs, outcome definitions and measurement methods, and predictor 83 

substitution. Researchers developing and validating prognostic models should realise the potential 84 

influence of these study characteristics on the predictive performance of prognostic models. 85 
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Strengths and limitations of this study 86 

• To the best of our knowledge, this is the first meta-epidemiological study focusing on the 87 

association of study characteristics with estimates of prognostic model performance. 88 

• We included all ten systematic reviews describing at least ten external validations of the same 89 

prognostic model, resulting in 224 external validations. 90 

• We extracted relevant features of design and conduct according to existing checklists on quality 91 

assessment (CHARMS) and reporting of prediction model studies (TRIPOD). 92 

• It was not feasible to fit multivariable meta-regression models due to the limited number of 93 

available, well-reported, validation studies within the individual reviews, rendering the effective 94 

sample size too small for multivariable meta-regression analyses.  95 
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Introduction 96 

 97 

Prediction models, including diagnostic and prognostic models, estimate the probability that an 98 

individual has or will develop a certain outcome (e.g. disease or complication). Hereto, they combine 99 

multiple predictors into an estimate of an individual’s risk.
1
 Before using a prediction model in clinical 100 

practice it is recommended to validate the performance of the model in a population other than the 101 

population in which the model was developed (so called external validation studies).
2
 Such studies 102 

assess whether model predictions remain sufficiently accurate across different settings and populations. 103 

Obviously, it is important that the methodological quality of external validation studies is good, as 104 

otherwise estimates of the prediction model’s performance may be biased and thereby lead to 105 

misleading conclusions on its generalizability to practice. 106 

 107 

Systematic reviews have found that the performance of existing prediction models often varies 108 

substantially across external validation studies of those models.
3-5

 These differences may not only 109 

appear due to random variation (when validation studies are small), but may also arise when model 110 

predictions are invalid because the model is applied in very different populations (eg, the association 111 

between predictors in the model and the outcome are different) or when design-related characteristics 112 

of the validation study (eg, measurement methods or variable definitions) are not well aligned with the 113 

original development study.
2 6

  114 

 115 

To provide empirical evidence of the association of study characteristics with prediction model 116 

performance, a meta-epidemiological approach can be used. Studies using this approach have shown 117 

the influence of study characteristics on the effectiveness of interventions studied in randomized trials 118 

and on the accuracy of diagnostic tests.
7-12

 For diagnostic prediction models evidence suggests estimates 119 

of performance may be biased in studies with certain study characteristics. One study found a higher 120 

diagnostic odds ratio in case-control studies, studies with differential outcome verification (ie, using 121 

different outcome assessments across study individuals), and with low sample size.
13

 To date, no meta-122 

epidemiological study has been performed investigating the possible impact of study characteristics on 123 

measures of the predictive performance of a prognostic model upon external validation, which is 124 

commonly quantified in terms of discrimination and calibration.
14

 The aim of this study was to 125 

investigate sources of heterogeneity in the predictive performance of prognostic models. A meta-126 
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epidemiological approach was used to synthesize evidence from a range of clinical fields. This study can 127 

serve as empirical evidence for design and analysis related bias in prognostic model studies. 128 
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Methods 129 

 130 

Search and selection of systematic reviews 131 

We used an existing database (last updated on March 27, 2017) consisting of studies evaluating multiple 132 

existing prediction models, including narrative or systematic reviews of prediction models, or head-to-133 

head comparisons of multiple prediction models validated on a specific dataset (See Supplement 1 for 134 

details of the search strategy). To construct this database, references identified by the search were 135 

screened for eligibility by one reviewer (GSC) on title, abstract and, if necessary, on full text. 136 

Subsequently, the full text of all articles in the database were screened for eligibility to the current 137 

project by another reviewer (JAAGD). We selected systematic reviews of prognostic models (ie, 138 

diagnostic models were excluded) that included at least ten studies that externally validated the same 139 

prognostic model, and that presented the performance of these models in terms of discrimination 140 

(concordance (c)-statistic or area under the receiver operating characteristic (AUC) curve), or calibration 141 

(observed expected (OE) ratio). Discrimination is the ability of the model to distinguish between people 142 

who will and who will not develop the outcome of interest, while calibration reflects the overall 143 

agreement between the total number of observed and predicted (‘expected’) events.
14

 We excluded 144 

systematic reviews that selected studies based on specific study characteristics (eg, we excluded 145 

systematic reviews that did not include primary studies with a sample size below 100, if we were not 146 

able to identify the primary studies that had been excluded for this reason). Furthermore, we excluded 147 

reviews of prognostic models in which the weights of predictors in the original model were based on 148 

expert opinion rather than on coefficients estimated from a formal statistical approach. If more than 149 

one systematic review on the same prognostic model was identified, we included the one with the 150 

broadest inclusion criteria (eg, reviews focussing on specific patient populations were not preferred if a 151 

review with a broader population was available) or the most recent review (in this order of preference). 152 

When multiple prognostic models for the same condition were described in one systematic review 153 

which all fulfilled the selection criteria, we included the model with the highest number of external 154 

validations. 155 

 156 

Selection of the primary external validation studies from the included systematic reviews 157 

From the included systematic reviews we collected the primary studies in which the prognostic models 158 

were developed and externally validated. For primary external validation studies for which no measure 159 
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of discrimination (c-statistic) or calibration (OE ratio) was reported in the systematic review, we checked 160 

the full text of the primary study, and if performance was not reported, these studies were excluded. 161 

If primary external validation studies described multiple external validations of the same model and if 162 

there was no overlap in included participants between these external validations (eg, a model was 163 

validated in two different cohorts, or a model was validated in men and women separately), data were 164 

extracted for every external validation separately. If a model was validated multiple times on the same 165 

population (described in either one or multiple publications), we selected the external validation that 166 

was included in the systematic review. If the systematic review included all those external validations, 167 

we selected the one in which the study population and predicted outcome most closely resembled the 168 

population and outcome of the original model. 169 

 170 

Data extraction and preparation 171 

We extracted relevant features of design and conduct according to existing checklists on quality 172 

assessment (CHARMS) and reporting of prediction model studies (TRIPOD).
15-17

 Information about study 173 

characteristics of studies in which the models were developed were extracted from the corresponding 174 

development papers. Information about study characteristics of primary external validation studies 175 

were first extracted from systematic reviews. This information was subsequently checked using the 176 

external validation studies and, if necessary, additional information was extracted by one reviewer 177 

(JAAGD or RP). Items we extracted included study type (eg, external validation only, development of a 178 

new model and external validation of a model), study design (eg, existing cohort, existing RCT), 179 

dependency of investigators (validation by independent investigators or investigators also involved in 180 

the development study), eligibility criteria for participant inclusion, setting, location (continent), study 181 

dates, number of centres, follow-up time and prediction horizon, age and gender distribution, deletion 182 

or substitution of predictors, outcome definition and measurement method, sample size and number of 183 

events, handling of missing data, and model performance (see Supplement 2 for details). The data 184 

extraction form was piloted on multiple articles by all reviewers (JAAGD, TPAD, LH, KGMM, RP, JBR, 185 

RJPMS). 186 

For analysis purposes, some study characteristics had to be categorized or transformed (Supplement 2). 187 

For example, eligibility criteria of the validation study as compared to the development study had to be 188 

judged and categorized as comparable, narrower (if subgroups included in the development study were 189 

excluded from the validation study), broader (if subgroups excluded from the development study were 190 

included in the validation study), mixture (a combination of the two), or unclear. For setting, location, 191 
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predictors and outcome a similar categorization was used. If data on study characteristics were not 192 

reported in the primary external validation studies, these were either categorized as ‘unclear’ (in case of 193 

categorical study variables), or the study was excluded from the analyses of that (missing) study 194 

characteristic (in case of continuous study variables, such as sample size). In order to improve 195 

comparability between reviews, we standardized continuous study variables separately for each 196 

systematic review, i.e. for every variable we subtracted the mean and divided by the standard deviation 197 

of all external validations identified from the same systematic review. 198 

 199 

Statistical analyses 200 

We used a two-staged approach to study the possible association between study characteristics and 201 

predictive performance.  202 

In the first stage, we fitted a univariable meta-regression model for every study characteristic within 203 

each systematic review with the logit c-statistic or log OE ratio as outcome variable.
18

 The regression 204 

coefficients estimated from this meta-regression model indicate the difference in logit c-statistic or log 205 

OE ratio between a certain category of a study characteristic and a chosen reference category (ie, the 206 

category that was present in most systematic reviews) of that characteristic. 207 

In the second stage, these regression coefficients were pooled by the use of a random effects model. 208 

This reflected the average influence of the study characteristic on model performance across all 209 

systematic reviews. For continuous characteristics, the regression coefficients obtained in the first stage 210 

were jointly pooled across reviews, using bivariate meta-analysis.
19 20

 For categorical characteristics the 211 

results of univariable meta-analyses are presented. We planned to perform multivariable analyses to 212 

assess the association between various study characteristics in combination and the performance of 213 

prognostic models, but due to the paucity of data we were not able to do so. All analyses are described 214 

in more detail in Supplement 3. 215 

 216 

Patient and public involvement 217 

Patients and public were not involved in the design, recruitment or conduct of the study. 218 
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Results 219 

 220 

Identification and selection of studies 221 

The search identified 2037 studies, of which 496 were included in the database and screened on full 222 

text, and 66 were further assessed (Figure 1). Finally, ten systematic reviews were included.
21-29

 These 223 

reviews addressed external validations of the following prognostic models: ABCD2,
30

 Essen Stroke Risk 224 

Score (ESRS),
31

 EuroSCORE,
32

 Framingham,
33

 FRAX,
34

 Injury Severity Score (ISS),
35

 model for end-stage 225 

liver disease (MELD),
36

 Pneumonia Severity Index (PSI),
37

 Revised Cardiac Risk Index (RCRI),
38

 and 226 

Simplified Acute Physiology Score (SAPS) 3
39

 (Table 1). The reviews included 248 primary external 227 

validation studies with 274 external model validations (one study could describe multiple model 228 

validations). During data extraction, 73 of 274 validations were eventually excluded (most often for not 229 

reporting a performance measure), and 20 additional external model validations were identified (Figure 230 

1). This resulted in the inclusion of 224 external validations, of which 221 could be included in the 231 

analyses of the c-statistic, and 124 in the analyses of the OE ratio. For the OE ratio, only validations of 232 

the EuroSCORE, Framingham, FRAX, PSI, RCRI and SAPS 3 prognostic models were included, due to the 233 

very low number of reported OE ratios in the validations studies for the other four prognostic models. 234 

 235 

Description of included validations  236 

The number of external validations per systematic review ranged from 11 to 30 (Table 1), and the 237 

median (IQR) sample size and number of events were 1069 (418-3043) and 92 (36-248), respectively. 238 

Most studies used an existing registry (N=104, 46%) or existing cohort (N=74, 33%) to validate the 239 

prognostic model. The median (IQR) c-statistic and OE ratio were 0.73 (0.64-0.82) and 0.92 (0.64-1.26), 240 

respectively. Predictive performance of the models was highly heterogeneous, even for external 241 

validations of the same prognostic model, as indicated by the wide prediction intervals (Table 1). 242 

Not all information on the study characteristics was reported for all external validations (Table S1). 243 

Information was often unclear (eg, for outcome definitions (N=83, 37%) and handling of missing data 244 

(N=105, 47%)) or missing (eg, case-mix information such as mean age (N=28, 13%) and gender 245 

distribution (N=16, 7%)). 246 

 247 

Discrimination 248 

Pooled models 249 
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The pooled analyses across all systematic reviews (Figure 2, S1 and S2) showed that validation in a 250 

continent different from the development study was associated with a higher c-statistic, compared to 251 

validation in the same continent, and multicentre versus single centre validation studies were associated 252 

with a lower c-statistic. Comparable eligibility criteria for participant inclusion were also associated with 253 

higher c-statistics compared to narrower criteria, whereas a broader setting was associated with a lower 254 

c-statistic compared to a setting comparable to the development study. Although not statistically 255 

significant, validations with changes made to the predictors (ie, substitution or deletion of a predictor), 256 

or in which it was unclear whether all predictors were correctly measured, tended to have lower c-257 

statistics compared to validations where no changes were made. In various reviews we found an 258 

association between the c-statistic and numerous other study characteristics, such as the study design, 259 

comparability of outcome definition, prediction horizon, sample size and number of events, and mean 260 

age of study participants (Figure 3, S2 and S3), only these were often not statistically significant when 261 

pooled together.  262 

 263 

Variation across reviews 264 

Across reviews we found associations of many study characteristics with the c-statistic although this was 265 

rather heterogeneous, and confidence intervals often overlapped (Figure 3 and Figure S3). For example, 266 

for study design, in six systematic reviews a higher c-statistic was found for validations that used an 267 

existing registry compared to an existing cohort, while in three reviews a lower c-statistic was found. In 268 

three systematic reviews we found a higher c-statistic in validations by independent investigators, while 269 

in five a lower c-statistic was found. 270 

 271 

For other study characteristics, directions of associations were more consistent. For example, for most 272 

systematic reviews, validation studies with eligibility criteria narrower compared to the criteria used in 273 

the development study had a lower c-statistics while broader eligibility criteria were associated with 274 

higher c-statistics (Figure S3). C-statistics were also (slightly) higher in external validations with a setting 275 

comparable to the development study. Validation in a continent other than the development study in 276 

general was associated with a higher c-statistic, and multicentre studies had lower c-statistics compared 277 

to single centre studies. External validations in which it was unclear if there were changes made to the 278 

predictors had lower c-statistics (Figure S3). 279 

 280 

Calibration 281 
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Pooled analyses 282 

We found a significant association between study design and the OE ratio (Figure 4); using data from a 283 

case-control study (although known to be an inferior design for prognostic model research
1 6

) resulted in 284 

higher OE ratios, compared to using data from an existing cohort (though based on three external 285 

validations). Furthermore, higher OE ratios were found for studies in which the outcome was assessed 286 

by a panel of clinicians as compared to using a registry. In various reviews we found an association 287 

between the c-statistic and numerous other study characteristics, such as the duration of follow-up, 288 

year in which recruitment was started, sample size, standard deviation of age, and setting (Figure 4, S4, 289 

S5 and S6), only these were not statistically significant when pooled together.  290 

 291 

Variation across reviews 292 

For other categories of study design (other than the use of a case-control design), heterogeneous 293 

associations were found across systematic reviews (Figure 5). The associations of most other study 294 

characteristics with the OE ratio were also most often not consistent across systematic reviews (Figure 295 

S5 and S6). For example, for two systematic reviews external validations with appropriate handling of 296 

missing data had OE ratios closer to 1 compared to inappropriate handling of missing data, while in two 297 

reviews, OE ratios were further away from 1. Only for the continent in which the model was validated, 298 

directions were more consistent; OE ratios were closer to 1 if the continent was comparable to the 299 

development, compared to validations in different continents (Figure S6).  300 
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Discussion 301 

 302 

Principal findings 303 

Using a comprehensive meta-analytical approach, we studied the association between study 304 

characteristics of prognostic model validation studies and the estimated model performance across ten 305 

clinical domains. We focused on objective study characteristics that can be extracted from published 306 

reports. The reporting of the primary external validation studies was often incomplete and inadequate. 307 

Key study characteristics, such as outcome definitions, handling of missing data, and even model 308 

calibration estimates were infrequently reported. Still, we found associations between various study 309 

characteristics and a model’s predictive performance. Changes in a model’s predictive performance 310 

were notably found in relation to validation studies with a case-control (versus cohort) design, with 311 

differences in case-mix, in continent (in which the model is validated), in eligibility criteria, in clinical 312 

setting, in number of centres (included in the validation study), in differences in outcome definitions and 313 

assessments, and in predictor substitutions. 314 

 315 

Explanations, strengths and weaknesses 316 

Based on findings in meta-epidemiological studies on the effect of study characteristics and the efficacy 317 

of interventions
7-10

 and diagnostic test accuracy,
11 12

 we anticipated to find more statistically significant 318 

associations between study characteristics and model performance across the included systematic 319 

reviews from different domains. Although we included every systematic review that described at least 320 

ten external validation studies of the same prognostic model, resulting in more than 200 validations 321 

from 10 reviews, our analyses appeared to still be hampered by relatively low numbers of external 322 

validations per systematic review, combined with poor reporting and substantial heterogeneity within 323 

and across systematic reviews. 324 

Conceptually, there are many potential sources of heterogeneity in model performance, such as 325 

differences in population characteristics, predictor and outcome definitions and measurements, and in 326 

many aspects of the statistical analyses (eg, dealing with missing data, sample size and selective loss to 327 

follow up). All these characteristics may act in isolation but could also be related to each other. The 328 

individual strength of the association of one characteristic with model performance is ideally addressed 329 

by adopting multivariable (meta)-regression models with the observed model performance estimates of 330 

the validation studies as dependent variable and the characteristics of multiple design features as 331 

independent variables.
10 12

 Unfortunately, this approach was not feasible here due to the limited 332 
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number of available, well-reported, validation studies within the individual reviews, rendering the 333 

effective sample size too small for multivariable meta-regression analyses. 334 

A general limitation of all meta-epidemiological studies, is the possibility that the effect of a certain 335 

study characteristic differs across systematic reviews which may nullify the effect when pooled 336 

together.
40

 We also found numerous conflicting associations between a study characteristic and the 337 

reported predictive performance measures across reviews that were cancelled out in the pooled 338 

analyses. 339 

Also, it is possible that the effect caused by individual study characteristics is small and therefore 340 

difficult to detect. Moreover, there might be some misclassification of study characteristics, caused 341 

either by our misinterpretation of what is reported, or by a lack of reporting, which could have diluted 342 

the effects of the study characteristics. Indeed, the c-statistic is often considered to be an insensitive 343 

measure to quantify changes in model performance.
41-43

 In previous simulation studies, the c-statistic 344 

and OE ratio appeared to be strongly influenced by case-mix differences,
14 44 45

 which may mask the 345 

possible (smaller) effects from design-related characteristics. Other measures that are less sensitive to 346 

case-mix differences, such as the calibration slope, could, however, not be studied here simply because 347 

they were (almost) never reported in our retrieved studies, as was also shown previously.
3
  348 

We found greater variation in the methods used by external validation studies between models than 349 

within validations of the same model. For example, multiple imputation is the preferred method for 350 

handling missing data in prediction modelling.
46 47

 However, in the field of cardiovascular disease, it 351 

seems common to handle missing data by performing a complete case analysis, while in the field of 352 

mortality prediction in surgical patients, typically researchers fill in ‘normal’ values if a value is missing. 353 

Finally, given the explorative nature of our analyses to identify potential areas of further research, we 354 

did not correct for multiple testing, though we tried to minimize the number of exploratory analyses. 355 

 356 

Comparison to previous research 357 

Despite above considerations, our findings, ie, the trends in the associations between study 358 

characteristics and model performance measures (though not always statistically significant), are in 359 

agreement with various previous simulation studies in this field.
14 44 46-48

 For example, we confirmed that 360 

studies with more variation in case-mix show higher c-statistics, and lower c-statistics when a predictor 361 

was omitted from the model. However, we found lower c-statistics in studies with a broader setting and 362 

when the number of centres in a study was higher. 363 
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We also found a higher OE ratio in studies with a case-control design. Both simulation studies and meta-364 

epidemiological studies in the fields of diagnostic tests and (mainly diagnostic) prediction models, have 365 

shown biased effect measures in studies using a case-control design.
11-14

 Further, we found that the OE 366 

ratio was influenced by the method of outcome assessment, in agreement with previous studies that 367 

showed that higher diagnostic odds ratios were found in studies with differential outcome verification.
13

 368 

We also expected to find lower OE ratios when the validation population differed from the development 369 

population (eg, in terms of case-mix).
14

 We could not systematically confirm this across all reviews, likely 370 

caused by heterogeneity between systematic reviews as indicated by the wide confidence intervals. 371 

Finally, we could not fully confirm the association between sample size and model performance that was 372 

previously found,
13

 although we found similar trends in part of the reviews.  373 

 374 

Implications for future research 375 

In agreement with many previously conducted systematic reviews on prediction models,
3 49-53

 we still 376 

and again found poor reporting of prediction model studies. Meta-epidemiological studies of prediction 377 

model studies would highly benefit from complete reporting according to the Transparent reporting of a 378 

multivariable prediction model for individual prognosis or diagnosis (TRIPOD) statement.
16 17

  379 

We also believe that more research is urgently needed to evaluate under which circumstances certain 380 

design choices may lead to heterogeneity in prediction model performance, and to incorporate these 381 

issues in the appraisal of prediction model studies. There is a need for more guidance on how to score 382 

items of critical appraisal checklists for prediction model studies, such as the CHARMS checklist.
15

 383 

Several options exist to gain more empirical insight in design related bias in prediction model studies. 384 

Firstly, meta-epidemiological researchers can collect more external validation studies and try to correct 385 

for all issues that cause variation in performance of a model. We believe, however, that this is currently 386 

not feasible as we already included every systematic reviews describing at least ten validations of the 387 

same prognostic model. A second and much more efficient option is to collect the individual participant 388 

data (IPD) for all studies included in this review to directly study the effect of study characteristics on 389 

model performance.
54-58

 Using IPD, it will also be possible to study different performance measures, like 390 

the case-mix adjusted c-statistic
44 59

 and calibration slope.
14

 Thirdly, new simulation studies could be 391 

performed to get more insight in design related bias in prediction model performance. Researchers 392 

could for example study the effect of using a different outcome definition or prediction horizon on the c-393 

statistic of a model. 394 

 395 
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Conclusion 396 

In this comprehensive meta-epidemiological study we found empirical evidence for an association 397 

between study characteristics and predictive performance of prognostic models. We found that 398 

predictive performance of prognostic models upon external validation is highly heterogeneous, but 399 

sensitive to various study characteristics, such as study design, case-mix, eligibility criteria, setting, 400 

methods of outcome definition and measurement, and predictor substitution. It is important that these 401 

characteristics are thus emphasized in the reporting and appraisal of prediction model studies. However, 402 

for a large part the observed heterogeneity in model performance remained unexplained, which is likely 403 

caused by the high number of factors that cause heterogeneity in predictive performance and may act in 404 

opposite directions whereas a multivariable meta-regression analysis across reviews simply was not 405 

possible.  406 
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Table 1: Description of included reviews and prediction models 601 

Systematic review Giles 2010
60

 Thompson 

2014
21

 

Siregar 2012
22

 Damen
29

 Marques 

2015
23

 

Tohira 2012
24

 Klein 2013
25

 Chalmers 

2011
26

 

Ford 2010
27

 Nassar 2014
28

 

Model ABCD2
30

 ESRS
31

 EuroSCORE
32

 Framingham
3

3
 

FRAX
34

 ISS
35

 MELD
36

 PSI
37

 RCRI
38

 SAPS 3
39

 

Population Patients with 

TIA 

Adults with a 

previous CVD 

event 

Adult patients 

who underwent 

cardiac surgery 

under 

cardiopulmonary 

bypass 

Men without 

previous CHD 

event 

General 

population 

Injured 

patients 

Patients with 

liver cirrhosis 

but without 

hepatocellular 

carcinoma 

who 

underwent 

elective 

transjugular 

intrahepatic 

portosystemic 

shunts 

Inpatients 

with 

community-

acquired 

pneumonia 

Patients aged 

>=50 years 

who 

underwent 

nonemergent 

noncardiac 

procedures 

ICU patients 

Geographical location United States 

and UK 

Canada, 

United States, 

Europe 

Europe United States Europe, 

Canada, 

Japan, United 

States, 

Australia 

United States United States United States United States Worldwide 

Patient recruitment 1981-1998 1992-1995 1995 1971-1974 1980-1999 1968-1969 1991-1995 1989 1989-1994 2002 

Predicted outcome Stroke Recurrent 

ischemic 

stroke, MI 

and vascular 

death 

Mortality CHD Osteoporotic 

fractures 

All-cause 

mortality 

All-cause 

mortality 

30-day 

hospital 

mortality 

Major cardiac 

complications 

Hospital 

mortality 

Prediction horizon 2 days 1 year 30 days 10 years 10 years 3 months 3 months 30 days 1 year 90 days 

Performance 

development study 

          

C-statistic 0.66 [95% CI 

0.60, 0.71] 

NR 0.7875 0.74 0.63 NR NR 0.84 0.759 [SE 

0.032] 

0.848 

OE ratio NR* NR* NR* NR* NR* NR* NR* NR* NR* 1.00 [95% CI 

0.98, 1.02] 

Pooled performance 

validation studies 

          

Number of external 

validations included 

in analyses 

16 11 22 23 30 34 14 24 23 27 

C-statistic [95% CI] 0.66  

[0.61, 0.71] 

0.60 

[0.58, 0.62] 

0.79 

[0.77, 0.81] 

0.68 

[0.65, 0.71] 

0.66 

[0.63, 0.68] 

0.86 

[0.83, 0.88] 

0.64 

[0.59, 0.68] 

0.80 

[0.77, 0.82] 

0.69 

[0.65, 0.72] 

0.83 

[0.80, 0.85] 

   95% PI [0.54, 0.77] [0.57, 0.63] [0.74, 0.83] [0.56, 0.78] [0.54, 0.76] [0.62, 0.96] [0.48, 0.77] [0.64, 0.89] [0.53, 0.81] [0.66, 0.92] 

OE ratio [95% CI] NA NA 0.54 

[0.42, 0.68] 

0.58 

[0.45, 0.76] 

1.10 

[0.83, 1.47] 

NA NA 0.94 

[0.83, 1.06] 

2.70 

[1.72, 4.25] 

0.89 

[0.77, 1.03] 
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   95% PI NA NA [0.19, 1.51] [0.20, 1.74] [0.31, 3.93] NA NA [0.55, 1.60] [0.35, 20.75] [0.42, 1.91] 

TIA: transient ischaemic attack, CVD: cardiovascular disease, CHD: coronary heart disease, ICU: intensive care unit, UK: United Kingdom, MI: myocardial 602 

infarction, NR: not reported, CI: confidence interval, PI: prediction interval, NA: not assessed. 603 

*As the models are optimally fit in the development dataset, all OE ratios should be close to 1. 604 
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Figure legends 605 

 606 

Figure 1: Flow chart of study selection. 607 

SR: systematic review, IPD: individual participant data, MA: meta-analysis, NR: not reported, c: 608 

concordance, OE: observed expected. 609 

 610 

Figure 2: Associations between study characteristics and logit c-statistic with regard to a reference 611 

category across 221 external validation studies and 10 different prediction models. Figure S1 shows 612 

these differences on the original scale if we assume a c-statistic of 0.70 in the reference category. For 613 

example, for comparability of eligibility criteria, if we assume a c-statistic of 0.70 in the reference 614 

category (narrower), this would result in c-statistics of 0.74 [0.72, 0.77], 0.73 [0.66, 0.79], 0.77 [0.68, 615 

0.84], and 0.77 [0.59,0.89] in the categories comparable, mixture, broader, and unclear, respectively.  616 

 617 

Figure 3: C-statistic for categories of study design, pooled using univariable meta-regression analyses 618 

within each systematic review. N represents the number of external validation studies in a specific 619 

category. C diff represents the difference in c-statistic with regard to a reference category (indicated 620 

with ‘ref’).  621 

 622 

Figure 4: Associations between study characteristics and ln OE ratio with regard to a reference category 623 

across 124 external validation studies and 6 different prediction models. Figure S4 shows these 624 

differences on the original scale if we assume an OE ratio of 1.00 in the reference category. For example, 625 

for comparability of eligibility criteria, if we assume an OE ratio of 1.00 in the reference category 626 

(narrower), this would result in OE ratios of 0.83 [0.66, 1.05], 1.11 [0.72, 1.70], and 0.92 [0.54, 1.58] in 627 

the categories comparable, mixture, and broader, respectively. 628 

 629 

Figure 5: OE ratio for categories of study design, pooled using univariable meta-regression analyses 630 

within each systematic review. N represents the number of external validation studies in a specific 631 

category. OE diff represents the difference in OE ratio with regard to a reference category (indicated 632 

with ‘ref’).  633 
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Figure 1: Flow chart of study selection.
SR: systematic review, IPD: individual participant data, MA: meta-analysis, NR: not reported, c: 

concordance, OE: observed expected. 
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Figure 2: Associations between study characteristics and logit c-statistic with regard to a reference category 
across 221 external validation studies and 10 different prediction models. Figure S1 shows these differences 

on the original scale if we assume a c-statistic of 0.70 in the reference category. For example, for 
comparability of eligibility criteria, if we assume a c-statistic of 0.70 in the reference category (narrower), 

this would result in c-statistics of 0.74 [0.72, 0.77], 0.73 [0.66, 0.79], 0.77 [0.68, 0.84], and 0.77 
[0.59,0.89] in the categories comparable, mixture, broader, and unclear, respectively. 
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Figure 3: C-statistic for categories of study design, pooled using univariable meta-regression analyses within 
each systematic review. N represents the number of external validation studies in a specific category. C diff 

represents the difference in c-statistic with regard to a reference category (indicated with ‘ref’). 
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Figure 4: Associations between study characteristics and ln OE ratio with regard to a reference category 
across 124 external validation studies and 6 different prediction models. Figure S4 shows these differences 

on the original scale if we assume an OE ratio of 1.00 in the reference category. For example, for 
comparability of eligibility criteria, if we assume an OE ratio of 1.00 in the reference category (narrower), 

this would result in OE ratios of 0.83 [0.66, 1.05], 1.11 [0.72, 1.70], and 0.92 [0.54, 1.58] in the categories 
comparable, mixture, and broader, respectively. 
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Figure 5: OE ratio for categories of study design, pooled using univariable meta-regression analyses within 
each systematic review. N represents the number of external validation studies in a specific category. OE diff 

represents the difference in OE ratio with regard to a reference category (indicated with ‘ref’). 
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Supplement 1: Search string 
 
(clinical prediction[ti] OR 
risk calculator*[ti] OR  
risk index[ti] OR 
risk indices[ti] OR  
risk model*[ti] OR  
risk prediction[ti] OR  
risk score*[ti] OR  
risk stratification[ti] OR 
predictive model*[ti] OR  
prediction model*[ti] OR  
prediction rule*[tiab] OR  
prognostic index[ti] OR  
prognostic indices[ti] OR 
prognostic model*[ti] OR 
scoring system*[ti]) AND  
(review[Publication Type] OR  
review[ti] OR  
critical appraisal[ti] OR  
Bibliography[Publication Type] OR  
Meta-analysis[Publication Type]) NOT  
(Editorial[Publication Type] OR  
Letter[Publication Type] OR  
News[Publication Type])
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Supplement 2: Description of items extracted from studies and included in analyses 
 

Item Extracted from studies Categorization / handling in 
analyses 

Description / examples 

Validated model ABCD2, ESRS, EuroSCORE, 
Framingham Wilson, FRAX, ISS, 
MELD, PSI, RCRI, SAPS 3 

- - 

Study type Predesigned validation study 
 

Predesigned validation study Study designed with the aim of validating 
a prediction model 

 Validation study using existing 
data 

Validation study using existing 
data 

Study in which a prediction model is 
validated using a dataset collected for a 
different purpose than validating the 
model 

 Development of new model and 
validation of different model 

Development of new model and 
validation of different model 

Study in which a model is developed and 
a model is validated 

 Validation and incremental value Validation and incremental value Study in which a model is validated and 
in which the added value of one or more 
predictors is assessed 

 Development, validation, and 
incremental value study 

Development, validation, and 
incremental value study 

Combination of the two above 

Independent 
investigators 

Yes Yes None of the authors of the development 
study was listed as author in the external 
validation study 

 No No One or more of the authors of the 
development study was listed as author 
in the external validation study 

Study design Prospective cohort Prospective cohort  

 Existing cohort Existing cohort  

 Existing RCT Existing RCT  

 Existing registry / medical records Existing registry  

 Case-control Case-control  

 Other (specify) Other  

Eligibility criteria for 
participants 

Copy/paste eligibility criteria of 
validation study 

Comparable Eligibility criteria comparable to 
development study 
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Item Extracted from studies Categorization / handling in 
analyses 

Description / examples 

 Narrower 
 

People included in the development 
study excluded in the validation study 

 Broader 
 

People excluded in the development 
stud included in the validation study 

 Mixture Combination of narrower and broader 

 Unclear  

Setting Primary care Comparable Same setting as development study 

 Secondary care 
Tertiary care 
Population based 

Broader 
 

Same setting as development study, and 
participants from additional settings 
recruited 

 Screening 
Mixed 

Non-overlapping 
 

Setting in development study differs 
from validation study 

 Unclear Unclear  

Study dates Start year of recruitment 
End year of recruitment 

Continuous, standardized per 
systematic review 

 

Prediction horizon Time period for which predictions 
were made, eg, 10 years. 

Continuous, standardized per 
systematic review 

 

Geographical location Country and continent Comparable Model validated in the same continent 
as the development study 

  Broader Model validated in the same and 
additional continents as the 
development study 

  Non-overlapping Model validated in a different continent 
than the development study 

Number of centres Number of centres (numerical) Single  

  Multiple  

  Population based Participants not recruited at medical 
centres, but, for example, from a specific 
geographic area (eg, all individuals living 
in Framingham, US) 

  Unclear  

Case-mix: age mean Mean and SD of age of Continuous, standardized per  
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Item Extracted from studies Categorization / handling in 
analyses 

Description / examples 

and sd participants included in the study, 
or other available information 
about age distribution 

systematic review 

Case-mix: gender Percentage of men included in a 
study 

Continuous, standardized per 
systematic review 

 

Predictors Were predictors deleted from the  Yes Changes made to predictors 

 model, or were predictors  No No changes made to predictors 

 substituted with different 
predictors. 

Unclear  

Predicted outcome Full definition, including ICD-
codes 

Comparable Outcome definition comparable to 
development study 

  Not comparable Outcome definition not comparable to 
development study 

  Unclear  

Outcome - 
measurement method 

Measurement method (eg, self-
reported, interviews, expert  

Yes Outcome measurement similar for all 
participant 

 panel), differences in outcome 
measurement between  

No Systematic differences in outcome 
measurement between participants 

 participants in the study Unclear  

Missing data Number of participants with 
missing data, method of handling 
missing data 

Appropriate Missing data handled using multiple 
imputation, or <5% missing data 
(arbitrary cut-off) 

 Inappropriate Missing data not handled using multiple 
imputation (eg, complete-case analysis, 
mean imputation), and >=5% missing 
data 

  Unclear Unclear handling of missing data, and 
>=5% missing data 

Number of participants  Continuous, standardized per 
systematic review 

 

Number of events  Continuous, standardized per 
systematic review 
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Item Extracted from studies Categorization / handling in 
analyses 

Description / examples 

Model updating Was the model altered before 
validating it, eg, using intercept 
recalibration. 

NA  

Performance - c-
statistic 

C-statistic, AUC, 95% confidence 
intervals or SE 

Logit transformation1  

Performance - OE ratio OE ratio, predicted risks, 
presence of calibration plots or 
tables, 95% confidence intervals 
or SE 

Ln transformation1  

SD: standard deviation, NA: not applicable, C-statistic: concordance statistic, AUC: area under the receiver operating curve, SE: standard error, 

OE ratio: observed expected ratio. 

Information regarding c-statistics and OE ratios when not reported was sometimes restored from other information reported in the paper. If the 

precision of the c-statistic was not reported, we estimated this from the c-statistic and sample size of the study, using the formula described by 

Newcombe and Hanley.2 3 Various equations were used to estimate the standard error of the OE ratio, depending on which information was 

reported. All equations (as numbered) are described in the appendix of Debray et al.4 If the SE of the OE ratio was reported, we used equation 

16 to estimate the SE of ln(OE), if the observed event risk (Po), the expected event risk (Pe), and the SE of Po were reported, we used equation 

51, and if only Po and Pe were reported we used equation 27. 
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Supplement 3: Statistical analyses 

First we pooled the total OE ratio and c-statistic within each systematic review. Based on previous 

recommendations,1 4 we pooled the log OE ratio and logit c-statistic using random-effects meta-analysis 

accounting for the presence of between-study heterogeneity, weighted by the inverse of the variance. 

We calculated 95% confidence intervals (CI) and (approximate) 95% prediction intervals (PI) to quantify 

uncertainty and the presence of between-study heterogeneity. The Hartung-Knapp-Sidik-Jonkman 

(HKSJ) method was used when calculating 95% CIs.5 The 95% PI was calculated using the equation 

described previously.4 The CI indicates the precision of the summary performance estimate and the PI 

provides boundaries on the likely performance in future model validation studies that are comparable to 

the studies included in the meta-analysis, and can thus be seen as an indication of model 

generalizability.6  

 

To study the possible association between study characteristics and predictive performance, we used a 

two-stepped approach. In the first stage, we fitted a univariable meta-regression model (ie, a separate 

model for every study characteristic) within every systematic review, with the logit c-statistic or log OE 

ratio as outcome variable. This model was fitted with intercept term. Therefore, the effect estimates 

obtained from this meta-regression model indicate the difference in logit c-statistic or log OE ratio 

between a certain category of a study characteristic and a chosen reference category of that 

characteristic. As a reference category, we chose the category that was present in the highest number of 

systematic reviews allowing the inclusion of as many data as possible. 

In the second stage, these effect estimates were pooled with a random effects meta-analysis model. 

This reflected the influence of the study characteristic on model performance over all systematic 

reviews. For continuous study characteristics, the intercept term and beta-coefficient from the first 

stage were jointly pooled across reviews using bivariate meta-analysis.4 6 For categorical study 

characteristics the data available were not sufficient for the complexity of a multivariate model, so every 

category was pooled in a separate (univariate) meta-analysis. 

As the estimates obtained with this approach are on the transformed scale (ie, the difference in logit c-

statistic or log OE ratio between one category and the reference category), we transformed these back 

assuming a c-statistic of 0.7 or an OE ratio of 1.00 in the reference category. Also, we performed a 

second analysis where we again fitted a univariable meta-regression model, with the logit c-statistic or 

log OE ratio as outcome variable, but now without intercept term. This analysis enables the calculation 
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of an effect estimate for every category of a study characteristic and to back transform this to the 

original scale, yielding a pooled c-statistic or pooled OE ratio for each category of a study characteristic. 

We planned to perform multivariable analyses to assess the association between various study 

characteristics in combination and the performance of prediction models, but due to the paucity of data 

we were not able to do so. 

All analyses were performed in R version 3.3.2,7 using the packages metafor,8 mvmeta,9 metamisc,10 and 

lme4.11 
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Table S1: Description of study characteristics and quality of reporting within each systematic review 
Categorical variables 
 ABCD2 ESRS EuroSCORE Framingham FRAX ISS MELD PSI RCRI SAPS 3 

Studytype 

Validation study using existing data 9 (56%) 7 (64%) 21 (95%) 18 (78%) 26 (87%) 24 (71%) 10 (71%) 16 (67%) 11 (48%) 8 (30%) 

Development of new model and validation of different model 2 (12%) 2 (18%) 1 (5%) 2 (9%) 1 (3%) 4 (12%) 3 (21%) 2 (8%) 2 (9%) 6 (22%) 

Development, validation, and incremental value study 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (6%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Predesigned validation study 1 (6%) 1 (9%) 0 (0%) 0 (0%) 1 (3%) 1 (3%) 0 (0%) 5 (21%) 1 (4%) 10 (37%) 

Validation and incremental value 4 (25%) 1 (9%) 0 (0%) 3 (13%) 2 (7%) 3 (9%) 1 (7%) 1 (4%) 9 (39%) 3 (11%) 

Study design 

Existing cohort 12 (75%) 4 (36%) 3 (14%) 20 (87%) 20 (67%) 1 (3%) 2 (14%) 4 (17%) 7 (30%) 1 (4%) 

Prospective cohort 1 (6%) 2 (18%) 0 (0%) 0 (0%) 1 (3%) 3 (9%) 0 (0%) 6 (25%) 4 (17%) 17 (63%) 

Existing RCT 0 (0%) 1 (9%) 0 (0%) 0 (0%) 3 (10%) 0 (0%) 0 (0%) 0 (0%) 2 (9%) 0 (0%) 

Existing registry 3 (19%) 4 (36%) 19 (86%) 1 (4%) 2 (7%) 30 (88%) 12 (86%) 14 (58%) 10 (43%) 9 (33%) 

Case-control 0 (0%) 0 (0%) 0 (0%) 0 (0%) 4 (13%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Other 0 (0%) 0 (0%) 0 (0%) 2 (9%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Validation by independent investigators 

No 6 (38%) 3 (27%) 3 (14%) 10 (43%) 17 (57%) 2 (6%) 0 (0%) 7 (29%) 1 (4%) 2 (7%) 

Yes 10 (62%) 8 (73%) 19 (86%) 13 (57%) 13 (43%) 32 (94%) 14 (100%) 17 (71%) 22 (96%) 25 (93%) 

Comparability of eligibility criteria 

Narrower 6 (38%) 2 (18%) 18 (82%) 18 (78%) 28 (93%) 22 (65%) 0 (0%) 4 (17%) 4 (17%) 20 (74%) 

Comparable 4 (25%) 0 (0%) 2 (9%) 3 (13%) 2 (7%) 5 (15%) 0 (0%) 1 (4%) 3 (13%) 7 (26%) 

Mixture 5 (31%) 9 (82%) 0 (0%) 2 (9%) 0 (0%) 3 (9%) 0 (0%) 16 (67%) 11 (48%) 0 (0%) 

Broader 1 (6%) 0 (0%) 2 (9%) 0 (0%) 0 (0%) 2 (6%) 0 (0%) 3 (12%) 5 (22%) 0 (0%) 

Non-overlapping 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 14 (100%) 0 (0%) 0 (0%) 0 (0%) 

Unclear 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (6%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Comparability of age eligibility criteria 

Narrower 1 (6%) 2 (18%) 0 (0%) 17 (74%) 9 (30%) 13 (38%) 10 (71%) 2 (8%) 1 (4%) 17 (63%) 

Comparable 15 (94%) 0 (0%) 22 (100%) 0 (0%) 1 (3%) 21 (62%) 4 (29%) 15 (62%) 4 (17%) 4 (15%) 

Mixture 0 (0%) 0 (0%) 0 (0%) 6 (26%) 16 (53%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Broader 0 (0%) 9 (82%) 0 (0%) 0 (0%) 4 (13%) 0 (0%) 0 (0%) 7 (29%) 18 (78%) 6 (22%) 

Setting 

Primary care 3 (19%) 0 (0%) 0 (0%) 7 (30%) 3 (10%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Secondary care 12 (75%) 9 (82%) 16 (84%) 0 (0%) 5 (17%) 18 (82%) 6 (75%) 18 (90%) 12 (86%) 4 (40%) 

Tertiary care 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 
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 ABCD2 ESRS EuroSCORE Framingham FRAX ISS MELD PSI RCRI SAPS 3 

Population based 0 (0%) 1 (9%) 0 (0%) 15 (65%) 17 (59%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Screening 0 (0%) 0 (0%) 0 (0%) 1 (4%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Mixed 1 (6%) 1 (9%) 2 (11%) 0 (0%) 0 (0%) 4 (18%) 1 (12%) 2 (10%) 2 (14%) 2 (20%) 

Unclear 0 (0%) 0 (0%) 1 (5%) 0 (0%) 3 (10%) 0 (0%) 1 (12%) 0 (0%) 0 (0%) 4 (40%) 

Comparability of setting 

Comparable 1 (6%) 0 (0%) 16 (73%) 15 (65%) 17 (57%) 18 (53%) 6 (43%) 18 (75%) 9 (39%) 4 (15%) 

Narrower 15 (94%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Broader 0 (0%) 0 (0%) 2 (9%) 0 (0%) 0 (0%) 4 (12%) 1 (7%) 2 (8%) 2 (9%) 2 (7%) 

Non-overlapping 0 (0%) 11 (100%) 3 (14%) 8 (35%) 10 (33%) 12 (35%) 6 (43%) 4 (17%) 12 (52%) 17 (63%) 

Unclear 0 (0%) 0 (0%) 1 (5%) 0 (0%) 3 (10%) 0 (0%) 1 (7%) 0 (0%) 0 (0%) 4 (15%) 

Continent 

Africa 0 (0%) 0 (0%) 1 (5%) 0 (0%) 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Asia 0 (0%) 2 (18%) 4 (18%) 2 (9%) 4 (13%) 7 (21%) 1 (7%) 3 (12%) 2 (9%) 5 (19%) 

Australia 0 (0%) 0 (0%) 1 (5%) 0 (0%) 5 (17%) 2 (6%) 0 (0%) 3 (12%) 1 (4%) 1 (4%) 

Europe 8 (50%) 7 (64%) 10 (45%) 10 (43%) 9 (30%) 7 (21%) 7 (50%) 11 (46%) 13 (57%) 9 (33%) 

North America 8 (50%) 1 (9%) 5 (23%) 11 (48%) 11 (37%) 17 (50%) 3 (21%) 6 (25%) 6 (26%) 3 (11%) 

South America 0 (0%) 0 (0%) 1 (5%) 0 (0%) 0 (0%) 0 (0%) 3 (21%) 0 (0%) 0 (0%) 9 (33%) 

Combination 0 (0%) 1 (9%) 0 (0%) 0 (0%) 1 (3%) 0 (0%) 0 (0%) 1 (4%) 1 (4%) 0 (0%) 

Comparability of continent 

Comparable 0 (0%) 0 (0%) 10 (45%) 11 (48%) 0 (0%) 17 (50%) 3 (21%) 6 (25%) 6 (26%) 0 (0%) 

Narrower 16 (100%) 8 (73%) 0 (0%) 0 (0%) 30 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 27 (100%) 

Broader 0 (0%) 1 (9%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 1 (4%) 0 (0%) 

Non-overlapping 0 (0%) 2 (18%) 12 (55%) 12 (52%) 0 (0%) 17 (50%) 11 (79%) 17 (71%) 16 (70%) 0 (0%) 

Number of centres 

Single 9 (56%) 4 (36%) 12 (55%) 3 (13%) 5 (17%) 18 (53%) 12 (86%) 14 (58%) 17 (74%) 13 (48%) 

Multiple 6 (38%) 7 (64%) 9 (41%) 6 (26%) 9 (30%) 15 (44%) 2 (14%) 10 (42%) 6 (26%) 14 (52%) 

Population based 1 (6%) 0 (0%) 0 (0%) 12 (52%) 15 (50%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Unclear 0 (0%) 0 (0%) 1 (5%) 2 (9%) 1 (3%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Changes made to predictors 

No 16 (100%) 10 (91%) 13 (59%) 23 (100%) 20 (67%) 21 (62%) 12 (86%) 13 (54%) 17 (74%) 26 (96%) 

Yes 0 (0%) 0 (0%) 5 (23%) 0 (0%) 10 (33%) 0 (0%) 0 (0%) 5 (21%) 2 (9%) 0 (0%) 

Unclear 0 (0%) 1 (9%) 4 (18%) 0 (0%) 0 (0%) 13 (38%) 2 (14%) 6 (25%) 4 (17%) 1 (4%) 

Comparability of outcome definition 
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 ABCD2 ESRS EuroSCORE Framingham FRAX ISS MELD PSI RCRI SAPS 3 

No 8 (50%) 3 (27%) 9 (41%) 13 (57%) 16 (53%) 7 (21%) 14 (100%) 5 (21%) 5 (22%) 24 (89%) 

Yes 3 (19%) 8 (73%) 11 (50%) 4 (17%) 13 (43%) 19 (56%) 0 (0%) 18 (75%) 18 (78%) 3 (11%) 

Unclear 5 (31%) 0 (0%) 2 (9%) 6 (26%) 1 (3%) 8 (24%) 0 (0%) 1 (4%) 0 (0%) 0 (0%) 

Outcome measurement method 

Self-reported 3 (19%) 8 (73%) 2 (9%) 15 (65%) 18 (60%) 0 (0%) 1 (7%) 6 (25%) 1 (4%) 2 (7%) 

Clinician 6 (38%) 1 (9%) 2 (9%) 2 (9%) 1 (3%) 4 (12%) 0 (0%) 2 (8%) 10 (43%) 6 (22%) 

Registry 3 (19%) 2 (18%) 5 (23%) 4 (17%) 8 (27%) 13 (38%) 3 (21%) 9 (38%) 6 (26%) 9 (33%) 

Unclear 4 (25%) 0 (0%) 13 (59%) 2 (9%) 3 (10%) 17 (50%) 10 (71%) 7 (29%) 6 (26%) 10 (37%) 

Similar outcome measurement for all patients 

Yes 9 (56%) 3 (27%) 11 (50%) 6 (26%) 14 (47%) 18 (53%) 2 (14%) 12 (50%) 13 (57%) 16 (59%) 

No 1 (6%) 5 (45%) 1 (5%) 16 (70%) 3 (10%) 3 (9%) 0 (0%) 3 (12%) 4 (17%) 1 (4%) 

Unclear 6 (38%) 3 (27%) 10 (45%) 1 (4%) 13 (43%) 13 (38%) 12 (86%) 9 (38%) 6 (26%) 10 (37%) 

Method for handling of missing data 

Complete case analysis 4 (25%) 8 (73%) 3 (14%) 11 (48%) 19 (63%) 18 (53%) 7 (50%) 1 (4%) 5 (22%) 8 (30%) 

Mean/median imputation 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 

Multiple imputation 1 (6%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

NA 3 (19%) 1 (9%) 1 (5%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 1 (4%) 2 (7%) 

Other 0 (0%) 0 (0%) 1 (5%) 0 (0%) 2 (7%) 0 (0%) 1 (7%) 8 (33%) 0 (0%) 7 (26%) 

Unclear 8 (50%) 2 (18%) 17 (77%) 12 (52%) 9 (30%) 16 (47%) 6 (43%) 14 (58%) 17 (74%) 9 (33%) 

Handling of missing data 

Appropriate or <5% missing 8 (50%) 4 (36%) 2 (9%) 3 (13%) 4 (13%) 6 (18%) 4 (29%) 4 (17%) 7 (30%) 6 (22%) 

Inappropriate 1 (6%) 5 (45%) 3 (14%) 8 (35%) 17 (57%) 13 (38%) 4 (29%) 8 (33%) 0 (0%) 12 (44%) 

Unclear 7 (44%) 2 (18%) 17 (77%) 12 (52%) 9 (30%) 15 (44%) 6 (43%) 12 (50%) 16 (70%) 9 (33%) 
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Continuous variables 
 ABCD2 ESRS EuroSCORE Framingham FRAX ISS MELD PSI RCRI SAPSIII 

Year start 
recruitment 

2002 (2000-
2003) NR=0 

2007 (2004-
2007) NR=0 

1998 (1995-
2001) NR=1 

1989 (1983-
1994) NR=0 

1994 (1990-
1998) NR=3 

1996 (1993-
1998) NR=1 

2000 (1998-
2004) NR=0 

2000 (1998-
2002) NR=0 

2000 (1994-
2002) NR=4 

2006 (2006-
2007) NR=0 

Year end 
recruitment 

2005 (2003-
2007) NR=0 

2008 (2006-
2008) NR=0 

2002 (1999-
2005) NR=1 

1993 (1988-
1998) NR=0 

1997 (1993-
2006) NR=8 

2000 (1996-
2003) NR=2 

2006 (2004-
2007) NR=0 

2002 (2000-
2003) NR=0 

2002 (2000-
2005) NR=4 

2007 (2006-
2009) NR=0 

Percentage 
missings 

0.95 (0.00-
5.00) NR=7 

5.12 (1.99-
17.80) NR=2 

6.40 (1.50-
11.83) NR=18 

4.90 (2.70-9.80) 
NR=18 

30.25 (2.75-
33.80) NR=16 

9.05 (2.40-
14.65) NR=20 

4.05 (2.73-
10.93) NR=8 

0.52 (0.07-9.26) 
NR=18 

1.00 (0.09-1.91) 
NR=16 

5.85 (0.52-
18.93) NR=15 

Number of 
participants 

304 (204-691) 
NR=0 

1257 (712-
2594) NR=0 

1730 (873-
4518) NR=2 

2399 (928-
4609) NR=0 

2210 (889-6586) 
NR=0 

2590 (960-
20713) NR=0 

418 (118-483) 
NR=0 

730 (326-970) 
NR=1 

496 (180-1480) 
NR=0 

864 (485-1856) 
NR=0 

Number of 
events 

9 (3-18) NR=0 92 (60-134) 
NR=0 

36 (13-87) NR=2 92 (72-160) 
NR=1 

250 (86-581) 
NR=0 

256 (113-1660) 
NR=2 

49 (22-112) 
NR=0 

54 (28-111) 
NR=1 

31 (14-76) 
NR=0 

180 (124-311) 
NR=1 

Age mean 67.4 (64.1-
70.0) NR=5 

68.3 (67.1-
71.5) NR=3 

63.9 (62.5-65.2) 
NR=2 

54.6 (50.9-58.3) 
NR=2 

66.8 (63.0-71.3) 
NR=1 

38.1 (32.4-41.3) 
NR=10 

51.8 (49.1-53.0) 
NR=0 

66.2 (64.0-69.3) 
NR=2 

67.8 (66.0-71.9) 
NR=2 

62.2 (60.8-64.8) 
NR=1 

Age sd 13.8 (13.0-
14.9) NR=5 

12.4 (12.0-
13.0) NR=1 

9.3 (9.0-10.6) 
NR=8 

7.3 (4.1-9.4) 
NR=0 

8.3 (5.9-9.8) 
NR=0 

20.9 (18.1-24.8) 
NR=2 

10.0 (9.6-12.0) 
NR=1 

17.8 (17.0-20.1) 
NR=3 

10.0 (8.8-12.5) 
NR=4 

17.0 (15.4-19.0) 
NR=3 

Gender 
percentage 
men 

47 (45-53) 
NR=2 

57 (55-59) 
NR=1 

77 (71-79) NR=1 100 (100-100) 
NR=0 

0 (0-0) NR=0 71 (64-75) 
NR=11 

68 (63-69) 
NR=0 

57 (53-64) 
NR=1 

67 (52-76) 
NR=0 

59 (55-64) NR=0 

Values represent median (IQR), number of missing values. 
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Figure S1: Associations between categorical variables and c-statistic 
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Figure S2: Associations between continuous variables and c-statistic 
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Figure S3: C-statistic in categories of study characteristics  within each systematic review 
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C-statistic for categories of study characteristics, pooled using univariable meta-regression analyses per 
systematic review. N represents the number of external validation studies in a specific category. C diff 
represents the difference in c-statistic with regard to a reference category (indicated with ‘ref’). Dev: 
development, val: validation, incr: incremental value, pts: patients. 
*Models contain age as predictor 
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Figure S4: Associations between categorical variables and OE ratio 

 
  

Page 61 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Figure S5: Associations between continuous variables and OE ratio 
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Figure S6: OE ratio in categories of study characteristics within each systematic review 
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OE ratio for categories of study characteristics, pooled using univariable meta-regression analyses per 

systematic review. N represents the number of external validation studies in a specific category. OE diff 

represents the difference in OE ratio with regard to a reference category (indicated with ‘ref’). Dev: 

development, val: validation, incr: incremental value, pts: patients. 
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From: Murad MH, Wang Z. Guidelines for reporting meta-epidemiological methodology research. Evid Based Med 2017;22(4):139-42. 

 

Section/topic Proposed item to be used in methodology research Reported on page  

TITLE 

Title Identify the report as a meta-epidemiologic study. 1 

ABSTRACT 

Structured summary Provide a structured summary that includes the background of the topic, goal of the 

study, data sources, method of data selection, appraisal and synthesis methods, results, 

limitations, conclusions and implications of key findings. 

3 

INTRODUCTION 

Rationale Describe the rationale for the meta-epidemiological study in the context of what is 

already known. 

5 

Objectives Provide an explicit statement of the goal of the meta-epidemiological study and the 

hypothesis being empirically tested. 

5 

METHODS 

Protocol Indicate if a protocol exists, if and where it can be accessed (eg, Web address). 

Registration of a protocol is not mandatory. 

Available on 

request 

Eligibility criteria Specify study characteristics used as criteria for eligibility with a rationale. 7 

Information sources Describe all information sources (eg, databases with dates of coverage, contact with 

experts to identify additional studies, Internet searches) and search date. 

7 

Search Present full electronic search strategy for at least one database, including any limits used, 

such that it could be repeated. Search is commonly not driven by a clinical question. 

Supplement page 2 

Study selection Describe the process for selecting studies for inclusion (ie, how many reviewers selected 

studies, reviewing in duplicate or by single individuals). 

7,8 

Data collection process Describe method of data extraction from reports (eg, piloted forms, independently, in 

duplicate) and any processes used for manipulating data or obtaining and confirming data 

from investigators. 

8,9, Supplement 

page 3-6 

Data items List and define all variables for which data were sought and any assumptions and 

imputations made. 

Supplement page 

3-6 

Risk of bias in individual studies If risk of bias assessment of individual studies was relevant to the analysis, describe the 

items used and how this information is to be used during data synthesis. 

Not assessed 

Summary measures State the principal summary measures (eg, ratio of risk ratios, difference in means) and 

explain its meaning and direction to readers. 

9, Supplement 

page 7, 8 

Synthesis of results Describe the statistical or descriptive methods of synthesis including measures of 

consistency if relevant. If applicable, describe the development of statistical or simulation 

modelling based on theoretical background. Describe and justify assumptions and 

9, Supplement 

page 7, 8 
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From: Murad MH, Wang Z. Guidelines for reporting meta-epidemiological methodology research. Evid Based Med 2017;22(4):139-42. 

 

Section/topic Proposed item to be used in methodology research Reported on page  

computational approximations. Describe methods of additional analyses (eg, sensitivity or 

subgroup analyses, meta-regression), if done, indicating which were prespecified. 

RESULTS 

Study selection Give numbers of studies assessed for eligibility and included in the study, with reasons for 

exclusions at each stage, ideally with a flow diagram. Present a measure of inter-reviewer 

agreement (eg, kappa statistic). 

10, Figure 1 

Study characteristics For each study, present characteristics for which data were extracted and provide the 

citations. Clinical characteristics may not always be relevant. 

Supplement page 

9-12  

Risk of bias within studies If risk of bias assessment of individual studies was used in the meta-epidemiological 

analysis, report risk of bias indicators of each study to allow replication of findings. 

Not assessed 

Results of individual studies Present data elements used in the meta-epidemiological analysis from each study (results 

of clinical outcomes may not be relevant). 

Not done 

Synthesis of results Present results of statistical analysis done, including measures of precision and measures 

of consistency. Present validity of assumptions and fit of statistical or simulation 

modelling, if applicable. 

11, 12, Figure 2-5, 

Supplement page 

13-49 

Additional analysis Give results of additional analyses, if done (eg, sensitivity or subgroup analyses, meta-

regression). 

Not done 

DISCUSSION 

Summary of evidence Summarise the main findings and compare them with existing knowledge about the topic. 

The quality of evidence may not be relevant; however, investigators should describe their 

certainty in the results to readers. 

13,14 

Limitations Discuss limitations at research methodology level (eg, likelihood of reporting or 

publication bias). 

13,14 

Conclusions Provide general interpretation of the results and implications for future research. Provide 

any plausible impact on clinical practice. 

16 

FUNDING 

Funding Describe sources of funding for the methodology research and role of funders. 17 
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3

60 Abstract

61 Objectives: To empirically assess the relation between study characteristics and prognostic model 

62 performance in external validation studies of multivariable prognostic models.

63 Design: Meta-epidemiological study.

64 Data sources and study selection: On October 16th, 2018, we searched electronic databases for 

65 systematic reviews of prognostic models. Reviews from non-overlapping clinical fields were selected if 

66 they reported common performance measures (either the concordance (c)-statistic or the ratio of 

67 observed over expected number of events (OE ratio)) from ten or more validations of the same 

68 prognostic model. 

69 Data extraction and analyses: Study design features, population characteristics, methods of predictor 

70 and outcome assessment, and the aforementioned performance measures were extracted from the 

71 included external validation studies. Random effects meta-regression was used to quantify the 

72 association between the study characteristics and model performance.

73 Results: We included 10 systematic reviews, describing a total of 224 external validations, of which 221 

74 reported c-statistics and 124 OE ratios. Associations between study characteristics and model 

75 performance were heterogeneous across systematic reviews. C-statistics were most associated with 

76 variation in population characteristics, outcome definitions and measurement, and predictor 

77 substitution. For example, validations with eligibility criteria comparable to the development study were 

78 associated with higher c-statistics compared to narrower criteria (difference in logit c-statistic 0.21 [95% 

79 CI 0.07, 0.35], similar to an increase from 0.70 to 0.74). Using a case-control design was associated with 

80 higher OE ratios, compared to using data from a cohort (difference in log OE ratio 0.97 [95% CI 0.38, 

81 1.55], similar to an increase in OE ratio from 1.00 to 2.63).

82 Conclusions: Variation in performance of prognostic models across studies is mainly associated with 

83 variation in case-mix, study designs, outcome definitions and measurement methods, and predictor 

84 substitution. Researchers developing and validating prognostic models should realise the potential 

85 influence of these study characteristics on the predictive performance of prognostic models.
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86 Strengths and limitations of this study

87  To the best of our knowledge, this is the first meta-epidemiological study focusing on the 

88 association of study characteristics with estimates of prognostic model performance.

89  We included all ten systematic reviews describing at least ten external validations of the same 

90 prognostic model, resulting in 224 external validations.

91  We extracted relevant features of design and conduct according to existing checklists on quality 

92 assessment (CHARMS) and reporting of prediction model studies (TRIPOD).

93  It was not feasible to fit multivariable meta-regression models due to the limited number of 

94 available, well-reported, validation studies within the individual reviews, rendering the effective 

95 sample size too small for multivariable meta-regression analyses.
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96 Introduction

97

98 Prediction models, including diagnostic and prognostic models, estimate the probability that an 

99 individual has or will develop a certain outcome (e.g. disease or complication). Hereto, they combine 

100 multiple predictors into an estimate of an individual’s risk.1 Before using a prediction model in clinical 

101 practice it is recommended to validate the performance of the model in a population other than the 

102 population in which the model was developed (so called external validation studies).2 Such studies 

103 assess whether model predictions remain sufficiently accurate across different settings and populations. 

104 Obviously, it is important that the methodological quality of external validation studies is good, as 

105 otherwise estimates of the prediction model’s performance may be biased and thereby lead to 

106 misleading conclusions on its generalizability to practice.

107

108 Systematic reviews have found that the performance of existing prediction models often varies 

109 substantially across external validation studies of those models.3-5 These differences may not only 

110 appear due to random variation (when validation studies are small), but may also arise when model 

111 predictions are invalid because the model is applied in very different populations (eg, the association 

112 between predictors in the model and the outcome are different) or when design-related characteristics 

113 of the validation study (eg, measurement methods or variable definitions) are not well aligned with the 

114 original development study.2 6 

115

116 To provide empirical evidence of the association of study characteristics with prediction model 

117 performance, a meta-epidemiological approach can be used. Studies using this approach have shown 

118 the influence of study characteristics on the effectiveness of interventions studied in randomized trials 

119 and on the accuracy of diagnostic tests.7-12 For diagnostic prediction models evidence suggests estimates 

120 of performance may be biased in studies with certain study characteristics. One study found a higher 

121 diagnostic odds ratio in case-control studies, studies with differential outcome verification (ie, using 

122 different outcome assessments across study individuals), and with low sample size.13 To date, no meta-

123 epidemiological study has been performed investigating the possible impact of study characteristics on 

124 measures of the predictive performance of a prognostic model upon external validation, which is 

125 commonly quantified in terms of discrimination and calibration.14 The aim of this study was to 

126 investigate sources of heterogeneity in the predictive performance of prognostic models. A meta-
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127 epidemiological approach was used to synthesize evidence from a range of clinical fields. This study can 

128 serve as empirical evidence for design and analysis related bias in prognostic model studies.
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129 Methods

130

131 Search and selection of systematic reviews

132 We used an existing database (last updated on October 16th, 2018) consisting of studies evaluating 

133 multiple existing prediction models, including narrative or systematic reviews of prediction models, or 

134 head-to-head comparisons of multiple prediction models validated on a specific dataset (See 

135 Supplement 1 for details of the search strategy and selection criteria). To construct this database, 

136 references identified by the search were screened for eligibility by one reviewer (GSC) on title, abstract 

137 and, if necessary, on full text. Subsequently, the full text of all articles in the database were screened for 

138 eligibility to the current project by another reviewer (JAAGD). We selected systematic reviews of 

139 prognostic models (ie, diagnostic models were excluded) that included at least ten studies that 

140 externally validated the same prognostic model (this number was chosen a priori to facilitate the 

141 estimation of study-level parameters such as between-study heterogeneity), and that presented the 

142 performance of these models in terms of discrimination (concordance (c)-statistic or area under the 

143 receiver operating characteristic (AUC) curve), or calibration (observed expected (OE) ratio). 

144 Discrimination is the ability of the model to distinguish between people who will and who will not 

145 develop the outcome of interest, while calibration reflects the overall agreement between the total 

146 number of observed and predicted (‘expected’) events.14 We excluded systematic reviews that selected 

147 studies based on specific study characteristics (eg, we excluded systematic reviews that did not include 

148 primary studies with a sample size below 100, if we were not able to identify the primary studies that 

149 had been excluded for this reason). Furthermore, we excluded reviews of prognostic models in which 

150 the weights of predictors in the original model were based on expert opinion rather than on coefficients 

151 estimated from a formal statistical approach. If more than one systematic review on the same 

152 prognostic model was identified, we included the one with the broadest inclusion criteria (eg, reviews 

153 focussing on specific patient populations were not preferred if a review with a broader population was 

154 available) or the most recent review (in this order of preference). When multiple prognostic models for 

155 the same condition were described in one systematic review which all fulfilled the selection criteria, we 

156 included the model with the highest number of external validations.

157

158 Selection of the primary external validation studies from the included systematic reviews

159 From the included systematic reviews we collected the primary studies in which the prognostic models 

160 were developed and externally validated. For primary external validation studies for which no measure 

Page 7 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

8

161 of discrimination (c-statistic) or calibration (total OE ratio) was reported in the systematic review, we 

162 checked the full text of the primary study, and if performance was not reported, these studies were 

163 excluded.

164 If primary external validation studies described multiple external validations of the same model and if 

165 there was no overlap in included participants between these external validations (eg, a model was 

166 validated in two different cohorts, or a model was validated in men and women separately), data were 

167 extracted for every external validation separately. If a model was validated multiple times on the same 

168 population (described in either one or multiple publications), we selected the external validation that 

169 was included in the systematic review. If the systematic review included all those external validations, 

170 we selected the one in which the study population and predicted outcome most closely resembled the 

171 population and outcome of the original model.

172

173 Data extraction and preparation

174 We extracted relevant features of design and conduct according to existing checklists on quality 

175 assessment (CHARMS) and reporting of prediction model studies (TRIPOD).15-17 Information about study 

176 characteristics of studies in which the models were developed were extracted from the corresponding 

177 development papers. Information about study characteristics of primary external validation studies 

178 were first extracted from systematic reviews. This information was subsequently checked using the 

179 external validation studies and, if necessary, additional information was extracted by one reviewer 

180 (JAAGD or RP). Items we extracted included study type (eg, external validation only, development of a 

181 new model and external validation of a model), study design (eg, existing cohort, existing RCT), 

182 dependency of investigators (validation by independent investigators or investigators also involved in 

183 the development study), eligibility criteria for participant inclusion, setting, location (continent), study 

184 dates, number of centres, follow-up time and prediction horizon, age and gender distribution, deletion 

185 or substitution of predictors, outcome definition and measurement method, sample size and number of 

186 events, handling of missing data, and model performance (see Supplement 2 for details). The data 

187 extraction form was piloted on multiple articles by all reviewers (JAAGD, TPAD, LH, KGMM, RP, JBR, 

188 RJPMS).

189 For analysis purposes, some study characteristics had to be categorized or transformed (Supplement 2). 

190 For example, eligibility criteria of the validation study as compared to the development study had to be 

191 judged and categorized as comparable, narrower (if subgroups included in the development study were 

192 excluded from the validation study), broader (if subgroups excluded from the development study were 
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193 included in the validation study), mixture (a combination of the two), or unclear. For setting, location, 

194 predictors and outcome a similar categorization was used. If data on study characteristics were not 

195 reported in the primary external validation studies, these were either categorized as ‘unclear’ (in case of 

196 categorical study variables), or the study was excluded from the analyses of that (missing) study 

197 characteristic (in case of continuous study variables, such as sample size). In order to improve 

198 comparability between reviews, we standardized continuous study variables separately for each 

199 systematic review, i.e. for every variable we subtracted the mean and divided by the standard deviation 

200 of all external validations identified from the same systematic review.

201

202 Statistical analyses

203 We used a two-staged approach to study the possible association between study characteristics and 

204 predictive performance. 

205 In the first stage, we fitted a univariable meta-regression model for every study characteristic within 

206 each systematic review with the logit c-statistic or log OE ratio as outcome variable.18 The regression 

207 coefficients estimated from this meta-regression model indicate the difference in logit c-statistic or log 

208 OE ratio between a certain category of a study characteristic and a chosen reference category (ie, the 

209 category that was present in most systematic reviews) of that characteristic.

210 In the second stage, these regression coefficients were pooled by the use of a random effects model. 

211 This reflected the average influence of the study characteristic on model performance across all 

212 systematic reviews. For continuous characteristics, the regression coefficients obtained in the first stage 

213 were jointly pooled across reviews, using bivariate meta-analysis.19 20 For categorical characteristics the 

214 results of univariable meta-analyses are presented. We planned to perform multivariable analyses to 

215 assess the association between various study characteristics in combination and the performance of 

216 prognostic models, but due to the paucity of data we were not able to do so. All analyses are described 

217 in more detail in Supplement 3.

218

219 Patient and public involvement

220 Patients and public were not involved in the design, recruitment or conduct of the study.
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221 Results

222

223 Identification and selection of studies

224 The search identified 2392 studies, of which 555 were included in the database and screened on full 

225 text, and 79 were further assessed (Figure 1). Finally, ten systematic reviews were included.21-29 These 

226 reviews addressed external validations of the following prognostic models: ABCD2,30 Essen Stroke Risk 

227 Score (ESRS),31 EuroSCORE,32 Framingham,33 FRAX,34 Injury Severity Score (ISS),35 model for end-stage 

228 liver disease (MELD),36 Pneumonia Severity Index (PSI),37 Revised Cardiac Risk Index (RCRI),38 and 

229 Simplified Acute Physiology Score (SAPS) 339 (Table 1). The reviews included 248 primary external 

230 validation studies with 274 external model validations (one study could describe multiple model 

231 validations). During data extraction, 73 of 274 validations were eventually excluded (most often for not 

232 reporting a performance measure), and 20 additional external model validations were identified (Figure 

233 1). This resulted in the inclusion of 224 external validations, of which 221 could be included in the 

234 analyses of the c-statistic, and 124 in the analyses of the total OE ratio. For the total OE ratio, only 

235 validations of the EuroSCORE, Framingham, FRAX, PSI, RCRI and SAPS 3 prognostic models were 

236 included, due to the very low number of reported OE ratios in the validations studies for the other four 

237 prognostic models.

238

239 Description of included validations 

240 The number of external validations per systematic review ranged from 11 to 30 (Table 1), and the 

241 median (IQR) sample size and number of events were 1069 (418-3043) and 92 (36-248), respectively. 

242 Most studies used an existing registry (N=104, 46%) or existing cohort (N=74, 33%) to validate the 

243 prognostic model. The median (IQR) c-statistic and total OE ratio were 0.73 (0.64-0.82) and 0.92 (0.64-

244 1.26), respectively. Predictive performance of the models was highly heterogeneous, even for external 

245 validations of the same prognostic model, as indicated by the wide prediction intervals (Table 1).

246 Not all information on the study characteristics was reported for all external validations (Table S1). 

247 Information was often unclear (eg, for outcome definitions (N=83, 37%) and handling of missing data 

248 (N=105, 47%)) or missing (eg, case-mix information such as mean age (N=28, 13%) and gender 

249 distribution (N=16, 7%)).

250

251 Discrimination

252 Pooled models
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253 The pooled analyses across all systematic reviews (Figure 2, S1 and S2) showed that validation in a 

254 continent different from the development study was associated with a higher c-statistic, compared to 

255 validation in the same continent, and multicentre versus single centre validation studies were associated 

256 with a lower c-statistic. Comparable eligibility criteria for participant inclusion were also associated with 

257 higher c-statistics compared to narrower criteria, whereas a broader setting was associated with a lower 

258 c-statistic compared to a setting comparable to the development study. Although not statistically 

259 significant, validations with changes made to the predictors (ie, substitution or deletion of a predictor), 

260 or in which it was unclear whether all predictors were correctly measured, tended to have lower c-

261 statistics compared to validations where no changes were made. In various reviews we found an 

262 association between the c-statistic and numerous other study characteristics, such as the study design, 

263 comparability of outcome definition, prediction horizon, sample size and number of events, and mean 

264 age of study participants (Figure 3, S2 and S3), only these were often not statistically significant when 

265 pooled together. 

266

267 Variation across reviews

268 Across reviews we found associations of many study characteristics with the c-statistic although this was 

269 rather heterogeneous, and confidence intervals often overlapped (Figure 3 and Figure S3). For example, 

270 for study design, in six systematic reviews a higher c-statistic was found for validations that used an 

271 existing registry compared to an existing cohort, while in three reviews a lower c-statistic was found. In 

272 three systematic reviews we found a higher c-statistic in validations by independent investigators, while 

273 in five a lower c-statistic was found.

274

275 For other study characteristics, directions of associations were more consistent. For example, for most 

276 systematic reviews, validation studies with eligibility criteria narrower compared to the criteria used in 

277 the development study had a lower c-statistics while broader eligibility criteria were associated with 

278 higher c-statistics (Figure S3). C-statistics were also (slightly) higher in external validations with a setting 

279 comparable to the development study. Validation in a continent other than the development study in 

280 general was associated with a higher c-statistic, and multicentre studies had lower c-statistics compared 

281 to single centre studies. External validations in which it was unclear if there were changes made to the 

282 predictors had lower c-statistics (Figure S3).

283

284 Calibration
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285 Pooled analyses

286 We found a significant association between study design and the total OE ratio (Figure 4); using data 

287 from a case-control study (although known to be an inferior design for prognostic model research1 6) 

288 resulted in higher OE ratios, compared to using data from an existing cohort (though based on three 

289 external validations). Furthermore, higher OE ratios were found for studies in which the outcome was 

290 assessed by a panel of clinicians as compared to using a registry. In various reviews we found an 

291 association between the total OE ratio and numerous other study characteristics, such as the duration of 

292 follow-up, year in which recruitment was started, sample size, standard deviation of age, and setting 

293 (Figure 4, S4, S5 and S6), only these were not statistically significant when pooled together. 

294

295 Variation across reviews

296 For other categories of study design (other than the use of a case-control design), heterogeneous 

297 associations were found across systematic reviews (Figure 5). The associations of most other study 

298 characteristics with the OE ratio were also most often not consistent across systematic reviews (Figure 

299 S5 and S6). For example, for two systematic reviews external validations with appropriate handling of 

300 missing data had OE ratios closer to 1 compared to inappropriate handling of missing data, while in two 

301 reviews, OE ratios were further away from 1. Only for the continent in which the model was validated, 

302 directions were more consistent; OE ratios were closer to 1 if the continent was comparable to the 

303 development, compared to validations in different continents (Figure S6).
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304 Discussion

305

306 Principal findings

307 Using a comprehensive meta-analytical approach, we studied the association between study 

308 characteristics of prognostic model validation studies and the estimated model performance across ten 

309 clinical domains. We focused on objective study characteristics that can be extracted from published 

310 reports. The reporting of the primary external validation studies was often incomplete and inadequate. 

311 Key study characteristics, such as outcome definitions, handling of missing data, and even model 

312 calibration estimates were infrequently reported. Still, we found associations between various study 

313 characteristics and a model’s predictive performance. Changes in a model’s predictive performance 

314 were notably found in relation to validation studies with a case-control (versus cohort) design, with 

315 differences in case-mix, in continent (in which the model is validated), in eligibility criteria, in clinical 

316 setting, in number of centres (included in the validation study), in differences in outcome definitions and 

317 assessments, and in predictor substitutions.

318

319 Explanations, strengths and weaknesses

320 Based on findings in meta-epidemiological studies on the effect of study characteristics and the efficacy 

321 of interventions7-10 and diagnostic test accuracy,11 12 we anticipated to find more statistically significant 

322 associations between study characteristics and model performance across the included systematic 

323 reviews from different domains. Although we included every systematic review that described at least 

324 ten external validation studies of the same prognostic model, resulting in more than 200 validations 

325 from 10 reviews, our analyses appeared to still be hampered by relatively low numbers of external 

326 validations per systematic review, combined with poor reporting and substantial heterogeneity within 

327 and across systematic reviews.

328 Conceptually, there are many potential sources of heterogeneity in model performance, such as 

329 differences in population characteristics, predictor and outcome definitions and measurements, and in 

330 many aspects of the statistical analyses (eg, dealing with missing data, sample size and selective loss to 

331 follow up). All these characteristics may act in isolation but could also be related to each other. The 

332 individual strength of the association of one characteristic with model performance is ideally addressed 

333 by adopting multivariable (meta)-regression models with the observed model performance estimates of 

334 the validation studies as dependent variable and the characteristics of multiple design features as 

335 independent variables.10 12 Unfortunately, this approach was not feasible here due to the limited 
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336 number of available, well-reported, validation studies within the individual reviews, rendering the 

337 effective sample size too small for multivariable meta-regression analyses.

338 A general limitation of all meta-epidemiological studies, is the possibility that the effect of a certain 

339 study characteristic differs across systematic reviews which may nullify the effect when pooled 

340 together.40 We also found numerous conflicting associations between a study characteristic and the 

341 reported predictive performance measures across reviews that were cancelled out in the pooled 

342 analyses.

343 Also, it is possible that the effect caused by individual study characteristics is small and therefore 

344 difficult to detect. Moreover, there might be some misclassification of study characteristics, caused 

345 either by our misinterpretation of what is reported, or by a lack of reporting, which could have diluted 

346 the effects of the study characteristics. Indeed, the c-statistic is often considered to be an insensitive 

347 measure to quantify changes in model performance.41-43 In previous simulation studies, the c-statistic 

348 and OE ratio appeared to be strongly influenced by case-mix differences,14 44 45 which may mask the 

349 possible (smaller) effects from design-related characteristics. Other measures that are less sensitive to 

350 case-mix differences, such as the calibration slope, could, however, not be studied here simply because 

351 they were (almost) never reported in our retrieved studies, as was also shown previously.3 

352 We found greater variation in the methods used by external validation studies between models than 

353 within validations of the same model. For example, multiple imputation is the preferred method for 

354 handling missing data in prediction modelling.46 47 However, in the field of cardiovascular disease, it 

355 seems common to handle missing data by performing a complete case analysis, while in the field of 

356 mortality prediction in surgical patients, typically researchers fill in ‘normal’ values if a value is missing.

357 Finally, given the explorative nature of our analyses to identify potential areas of further research, we 

358 did not correct for multiple testing, though we tried to minimize the number of exploratory analyses.

359

360 Comparison to previous research

361 Despite above considerations, our findings, ie, the trends in the associations between study 

362 characteristics and model performance measures (though not always statistically significant), are in 

363 agreement with various previous simulation studies in this field.14 44 46-48 For example, we confirmed that 

364 studies with more variation in case-mix show higher c-statistics, and lower c-statistics when a predictor 

365 was omitted from the model. However, we found lower c-statistics in studies with a broader setting and 

366 when the number of centres in a study was higher. The lower c-statistic in multicentre studies might be 

367 caused by increased variation in predictor definitions and methods to measure predictors compared to 
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368 single centre studies, where it is more likely that definitions and measurement methods have been 

369 standardized. This might result in increased measurement error in multicentre studies, which is known 

370 to lower discriminative ability of a model.49 50

371 We also found a higher total OE ratio in studies with a case-control design. Both simulation studies and 

372 meta-epidemiological studies in the fields of diagnostic tests and (mainly diagnostic) prediction models, 

373 have shown biased effect measures in studies using a case-control design.11-14 This confirms that case-

374 control studies should not be used to study certain aspects of model calibration. Further, we found that 

375 the total OE ratio was influenced by the method of outcome assessment, in agreement with previous 

376 studies that showed that higher diagnostic odds ratios were found in studies with differential outcome 

377 verification.13 We also expected to find lower OE ratios when the validation population differed from the 

378 development population (eg, in terms of case-mix).14 We could not systematically confirm this across all 

379 reviews, likely caused by heterogeneity between systematic reviews as indicated by the wide confidence 

380 intervals. Finally, we could not fully confirm the association between sample size and model 

381 performance that was previously found,13 although we found similar trends in part of the reviews. 

382

383 Implications for future research

384 In agreement with many previously conducted systematic reviews on prediction models,3 51-55 we still 

385 and again found poor reporting of prediction model studies. Meta-epidemiological studies of prediction 

386 model studies would highly benefit from complete reporting according to the Transparent reporting of a 

387 multivariable prediction model for individual prognosis or diagnosis (TRIPOD) statement.16 17 We 

388 recommend at least the following information, essential for comparing and interpreting the results of 

389 external validation studies, to be reported by every external validation study: eligibility criteria for 

390 participant inclusion, details of predictor and outcome definitions and measurements, a clear reference 

391 to the model that is being validated and any changes made to this validated model compared to the 

392 model as presented in the development study, estimates of model discrimination and calibration 

393 performance (including calibration slope and intercept), and corresponding standard errors for the 

394 original model and, if applicable, for any updated model. 

395 We also believe that more research is urgently needed to evaluate under which circumstances certain 

396 design choices may lead to heterogeneity in prediction model performance, and to incorporate these 

397 issues in the appraisal of prediction model studies. There is a need for more guidance on how to score 

398 items of critical appraisal checklists for prediction model studies, such as the CHARMS checklist.15
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399 Several options exist to gain more empirical insight in design related bias in prediction model studies. 

400 Firstly, meta-epidemiological researchers can collect more external validation studies and try to correct 

401 for all issues that cause variation in performance of a model. We believe, however, that this is currently 

402 not feasible as we already included every systematic reviews describing at least ten validations of the 

403 same prognostic model. A second and much more efficient option is to collect the individual participant 

404 data (IPD) for all studies included in this review to directly study the effect of study characteristics on 

405 model performance.56-60 Using IPD, it will also be possible to study different performance measures, like 

406 the case-mix adjusted c-statistic44 61 and calibration slope.14 Thirdly, new simulation studies could be 

407 performed to get more insight in design related bias in prediction model performance. Researchers 

408 could for example study the effect of using a different outcome definition or prediction horizon on the c-

409 statistic of a model.

410

411 Conclusion

412 In this comprehensive meta-epidemiological study we found empirical evidence for an association 

413 between study characteristics and predictive performance of prognostic models. We found that 

414 predictive performance of prognostic models upon external validation is highly heterogeneous, but 

415 sensitive to various study characteristics, such as study design, case-mix, eligibility criteria, setting, 

416 methods of outcome definition and measurement, and predictor substitution. It is important that these 

417 characteristics are thus emphasized in the reporting and appraisal of prediction model studies. However, 

418 for a large part the observed heterogeneity in model performance remained unexplained, which is likely 

419 caused by the high number of factors that cause heterogeneity in predictive performance and may act in 

420 opposite directions whereas a multivariable meta-regression analysis across reviews simply was not 

421 possible.
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622 Table 1: Description of included reviews and prediction models
Systematic review Giles 201062 Thompson 

201421
Siregar 201222 Damen29 Marques 

201523
Tohira 201224 Klein 201325 Chalmers 

201126
Ford 201027 Nassar 201428

Model ABCD230 ESRS31 EuroSCORE32 Framingham3

3
FRAX34 ISS35 MELD36 PSI37 RCRI38 SAPS 339

Population Patients with 
TIA

Adults with a 
previous CVD 
event

Adult patients 
who underwent 
cardiac surgery 
under 
cardiopulmonary 
bypass

Men without 
previous CHD 
event

General 
population

Injured 
patients

Patients with 
liver cirrhosis 
but without 
hepatocellular 
carcinoma 
who 
underwent 
elective 
transjugular 
intrahepatic 
portosystemic 
shunts

Inpatients 
with 
community-
acquired 
pneumonia

Patients aged 
>=50 years 
who 
underwent 
nonemergent 
noncardiac 
procedures

ICU patients

Geographical location 
(continent)

United States 
and UK 
(Europe and 
North 
America)

Canada, 
United States, 
Europe 
(Europe and 
North 
America)

Europe (Europe) United States 
(North 
America)

Europe, 
Canada, 
Japan, United 
States, 
Australia 
(Europe, 
North 
America, Asia, 
Australia)

United States 
(North 
America)

United States 
(North 
America)

United States 
(North 
America)

United States 
(North 
America)

Worldwide 
(all 
continents)

Patient recruitment 1981-1998 1992-1995 1995 1971-1974 1980-1999 1968-1969 1991-1995 1989 1989-1994 2002
Predicted outcome Stroke Recurrent 

ischemic 
stroke, MI 
and vascular 
death

Mortality CHD Osteoporotic 
fractures

All-cause 
mortality

All-cause 
mortality

30-day 
hospital 
mortality

Major cardiac 
complications

Hospital 
mortality

Prediction horizon 2 days 1 year 30 days 10 years 10 years 3 months 3 months 30 days 1 year 90 days
Performance 
development study
C-statistic 0.66 [95% CI 

0.60, 0.71]
NR 0.7875 0.74 0.63 NR NR 0.84 0.759 [SE 

0.032]
0.848

OE ratio NR* NR* NR* NR* NR* NR* NR* NR* NR* 1.00 [95% CI 
0.98, 1.02]

Pooled performance 
validation studies
Number of external 
validations included 
in analyses

16 11 22 23 30 34 14 24 23 27

C-statistic [95% CI] 0.66 0.60 0.79 0.68 0.66 0.86 0.64 0.80 0.69 0.83
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[0.61, 0.71] [0.58, 0.62] [0.77, 0.81] [0.65, 0.71] [0.63, 0.68] [0.83, 0.88] [0.59, 0.68] [0.77, 0.82] [0.65, 0.72] [0.80, 0.85]
   95% PI [0.54, 0.77] [0.57, 0.63] [0.74, 0.83] [0.56, 0.78] [0.54, 0.76] [0.62, 0.96] [0.48, 0.77] [0.64, 0.89] [0.53, 0.81] [0.66, 0.92]
OE ratio [95% CI] NA NA 0.54

[0.42, 0.68]
0.58
[0.45, 0.76]

1.10
[0.83, 1.47]

NA NA 0.94
[0.83, 1.06]

2.70
[1.72, 4.25]

0.89
[0.77, 1.03]

   95% PI NA NA [0.19, 1.51] [0.20, 1.74] [0.31, 3.93] NA NA [0.55, 1.60] [0.35, 20.75] [0.42, 1.91]
623 TIA: transient ischaemic attack, CVD: cardiovascular disease, CHD: coronary heart disease, ICU: intensive care unit, UK: United Kingdom, MI: myocardial 
624 infarction, NR: not reported, CI: confidence interval, PI: prediction interval, NA: not assessed.
625 *As the models are optimally fit in the development dataset, all OE ratios should be close to 1.
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626 Figure legends
627
628 Figure 1: Flow chart of study selection.
629 SR: systematic review, IPD: individual participant data, MA: meta-analysis, NR: not reported, c: 
630 concordance, OE: observed expected.
631
632 Figure 2: Associations between study characteristics and logit c-statistic with regard to a reference 
633 category across 221 external validation studies and 10 different prediction models. Confidence intervals 
634 not including 0 are marked with an *. Figure S1 shows these differences on the original scale if we 
635 assume a c-statistic of 0.70 in the reference category. For example, for comparability of eligibility 
636 criteria, if we assume a c-statistic of 0.70 in the reference category (narrower), this would result in c-
637 statistics of 0.74 [0.72, 0.77], 0.73 [0.66, 0.79], 0.77 [0.68, 0.84], and 0.77 [0.59,0.89] in the categories 
638 comparable, mixture, broader, and unclear, respectively. 
639
640 Figure 3: C-statistic for categories of study design, pooled using univariable meta-regression analyses 
641 within each systematic review. N represents the number of external validation studies in a specific 
642 category. C diff represents the difference in c-statistic with regard to a reference category (indicated 
643 with ‘ref’). 
644
645 Figure 4: Associations between study characteristics and ln OE ratio with regard to a reference category 
646 across 124 external validation studies and 6 different prediction models. Confidence intervals not 
647 including 0 are marked with an *. Figure S4 shows these differences on the original scale if we assume 
648 an OE ratio of 1.00 in the reference category. For example, for comparability of eligibility criteria, if we 
649 assume an OE ratio of 1.00 in the reference category (narrower), this would result in OE ratios of 0.83 
650 [0.66, 1.05], 1.11 [0.72, 1.70], and 0.92 [0.54, 1.58] in the categories comparable, mixture, and broader, 
651 respectively.
652
653 Figure 5: Total OE ratio for categories of study design, pooled using univariable meta-regression analyses 
654 within each systematic review. N represents the number of external validation studies in a specific 
655 category. OE diff represents the difference in OE ratio with regard to a reference category (indicated 
656 with ‘ref’). 
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Figure 1: Flow chart of study selection. SR: systematic review, IPD: individual participant data, MA: meta-
analysis, NR: not reported, c: concordance, OE: observed expected. 
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Figure 2: Associations between study characteristics and logit c-statistic with regard to a reference category 
across 221 external validation studies and 10 different prediction models. Confidence intervals not including 
0 are marked with an *. Figure S1 shows these differences on the original scale if we assume a c-statistic of 
0.70 in the reference category. For example, for comparability of eligibility criteria, if we assume a c-statistic 

of 0.70 in the reference category (narrower), this would result in c-statistics of 0.74 [0.72, 0.77], 0.73 
[0.66, 0.79], 0.77 [0.68, 0.84], and 0.77 [0.59,0.89] in the categories comparable, mixture, broader, and 

unclear, respectively. 
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Figure 3: C-statistic for categories of study design, pooled using univariable meta-regression analyses within 
each systematic review. N represents the number of external validation studies in a specific category. C diff 

represents the difference in c-statistic with regard to a reference category (indicated with ‘ref’). 
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Figure 4: Associations between study characteristics and ln OE ratio with regard to a reference category 
across 124 external validation studies and 6 different prediction models. Confidence intervals not including 0 
are marked with an *. Figure S4 shows these differences on the original scale if we assume an OE ratio of 

1.00 in the reference category. For example, for comparability of eligibility criteria, if we assume an OE ratio 
of 1.00 in the reference category (narrower), this would result in OE ratios of 0.83 [0.66, 1.05], 1.11 [0.72, 

1.70], and 0.92 [0.54, 1.58] in the categories comparable, mixture, and broader, respectively. 
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Figure 5: OE ratio for categories of study design, pooled using univariable meta-regression analyses within 
each systematic review. N represents the number of external validation studies in a specific category. OE diff 

represents the difference in OE ratio with regard to a reference category (indicated with ‘ref’). 
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Figure S2: Associations between continuous variables and c-statistic
Figure S3: C-statistic in categories of study characteristics within each systematic review
Figure S4: Associations between categorical variables and total OE ratio
Figure S5: Associations between continuous variables and total OE ratio
Figure S6: Total OE ratio in categories of study characteristics within each systematic review
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Supplement 1: Search string and selection criteria

The systematic reviews included in this article have been selected from a database with reviews of 
prediction models. To construct this database, the following search string was used to search Pubmed 
(last update: October 16th, 2018):

(clinical prediction[ti] OR
risk calculator*[ti] OR 
risk index[ti] OR
risk indices[ti] OR 
risk model*[ti] OR 
risk prediction[ti] OR 
risk score*[ti] OR 
risk stratification[ti] OR
predictive model*[ti] OR 
prediction model*[ti] OR 
prediction rule*[tiab] OR 
prognostic index[ti] OR 
prognostic indices[ti] OR
prognostic model*[ti] OR
scoring system*[ti]) AND 
(review[Publication Type] OR 
review[ti] OR 
critical appraisal[ti] OR 
Bibliography[Publication Type] OR 
Meta-analysis[Publication Type]) NOT 
(Editorial[Publication Type] OR 
Letter[Publication Type] OR 
News[Publication Type])

All references identified with this search string were screened for eligibility to the database by one 
reviewer (Gary Collins) based on title, abstract and, if necessary, full text. The following in- and exclusion 
criteria were applied:

Inclusion criteria
- Review (narrative or systematic) of prediction models
- Both diagnostic and prognostic prediction models
- Validation studies in which multiple prediction models have been validated (head-to-head comparison)
- Review of impact studies of prediction models
- Protocol of systematic review of prediction models
Exclusion criteria
- Comments, editorials
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Supplement 2: Description of items extracted from studies and included in analyses

Item Extracted from studies Categorization / handling in 
analyses

Description / examples

Validated model ABCD2, ESRS, EuroSCORE, 
Framingham Wilson, FRAX, ISS, 
MELD, PSI, RCRI, SAPS 3

- -

Study type Predesigned validation study Predesigned validation study Study designed with the aim of validating 
a prediction model

Validation study using existing 
data

Validation study using existing 
data

Study in which a prediction model is 
validated using a dataset collected for a 
different purpose than validating the 
model

Development of new model and 
validation of different model

Development of new model and 
validation of different model

Study in which a model is developed and 
a model is validated

Validation and incremental value Validation and incremental value Study in which a model is validated and 
in which the added value of one or more 
predictors is assessed

Development, validation, and 
incremental value study

Development, validation, and 
incremental value study

Combination of the two above

Independent 
investigators

Yes Yes None of the authors of the development 
study was listed as author in the external 
validation study

No No One or more of the authors of the 
development study was listed as author 
in the external validation study

Study design Prospective cohort Prospective cohort
Existing cohort Existing cohort
Existing RCT Existing RCT
Existing registry / medical records Existing registry
Case-control Case-control
Other (specify) Other

Eligibility criteria for 
participants

Copy/paste eligibility criteria of 
validation study

Comparable Eligibility criteria comparable to 
development study

Page 33 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-epidemiological study

4

Item Extracted from studies Categorization / handling in 
analyses

Description / examples

Narrower People included in the development 
study excluded in the validation study

Broader People excluded in the development 
stud included in the validation study

Mixture Combination of narrower and broader
Unclear

Setting Primary care Comparable Same setting as development study
Secondary care
Tertiary care
Population based

Broader Same setting as development study, and 
participants from additional settings 
recruited

Screening
Mixed

Non-overlapping Setting in development study differs 
from validation study

Unclear Unclear
Study dates Start year of recruitment

End year of recruitment
Continuous, standardized per 
systematic review

Prediction horizon Time period for which predictions 
were made, eg, 10 years.

Continuous, standardized per 
systematic review

Geographical location Country and continent Comparable Model validated in the same continent 
as the development study

Broader Model validated in the same and 
additional continents as the 
development study

Non-overlapping Model validated in a different continent 
than the development study

Number of centres Number of centres (numerical) Single
Multiple
Population based Participants not recruited at medical 

centres, but, for example, from a specific 
geographic area (eg, all individuals living 
in Framingham, US)

Unclear
Case-mix: age mean Mean and SD of age of Continuous, standardized per 
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Item Extracted from studies Categorization / handling in 
analyses

Description / examples

and sd participants included in the study, 
or other available information 
about age distribution

systematic review

Case-mix: gender Percentage of men included in a 
study

Continuous, standardized per 
systematic review

Predictors Were predictors deleted from the Yes Changes made to predictors
model, or were predictors No No changes made to predictors
substituted with different 
predictors.

Unclear

Predicted outcome Full definition, including ICD-
codes

Comparable Outcome definition comparable to 
development study

Not comparable Outcome definition not comparable to 
development study

Unclear
Outcome - 
measurement method

Measurement method (eg, self-
reported, interviews, expert 

Yes Outcome measurement similar for all 
participant

panel), differences in outcome 
measurement between 

No Systematic differences in outcome 
measurement between participants

participants in the study Unclear
Missing data Appropriate Missing data handled using multiple 

imputation, or <5% missing data 
(arbitrary cut-off)

Number of participants with 
missing data, method of handling
missing data

Inappropriate Missing data not handled using multiple 
imputation (eg, complete-case analysis, 
mean imputation), and >=5% missing 
data

Unclear Unclear handling of missing data, and 
>=5% missing data

Number of participants Continuous, standardized per 
systematic review

Number of events Continuous, standardized per 
systematic review
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Item Extracted from studies Categorization / handling in 
analyses

Description / examples

Model updating Was the model altered before 
validating it, eg, using intercept 
recalibration.

NA

Performance - c-
statistic

C-statistic, AUC, 95% confidence 
intervals or SE

Logit transformation1

Performance - total OE 
ratio

OE ratio, predicted risks, 
presence of calibration plots or 
tables, 95% confidence intervals 
or SE

Ln transformation1

SD: standard deviation, NA: not applicable, C-statistic: concordance statistic, AUC: area under the receiver operating curve, SE: standard error, 
OE ratio: observed expected ratio.

Information regarding c-statistics and total OE ratios when not reported was sometimes restored from other information reported in the paper. 
If the precision of the c-statistic was not reported, we estimated this from the c-statistic and sample size of the study, using the formula 
described by Newcombe and Hanley.2 3 Various equations were used to estimate the standard error of the OE ratio, depending on which 
information was reported. All equations (as numbered) are described in the appendix of Debray et al.4 If the SE of the OE ratio was reported, we 
used equation 16 to estimate the SE of ln(OE), if the observed event risk (Po), the expected event risk (Pe), and the SE of Po were reported, we 
used equation 51, and if only Po and Pe were reported we used equation 27.

Page 36 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-
epidemiological study

7

Supplement 3: Statistical analyses

First we pooled the total OE ratio and c-statistic within each systematic review. Based on previous 

recommendations,1 4 we pooled the log OE ratio and logit c-statistic using random-effects meta-analysis 

accounting for the presence of between-study heterogeneity, weighted by the inverse of the variance. 

We calculated 95% confidence intervals (CI) and (approximate) 95% prediction intervals (PI) to quantify 

uncertainty and the presence of between-study heterogeneity. The Hartung-Knapp-Sidik-Jonkman 

(HKSJ) method was used when calculating 95% CIs.5 The 95% PI was calculated using the equation 

described previously.4 The CI indicates the precision of the summary performance estimate and the PI 

provides boundaries on the likely performance in future model validation studies that are comparable to 

the studies included in the meta-analysis, and can thus be seen as an indication of model 

generalizability.6 

To study the possible association between study characteristics and predictive performance, we used a 

two-stepped approach. In the first stage, we fitted a univariable meta-regression model (ie, a separate 

model for every study characteristic) within every systematic review, with the logit c-statistic or log OE 

ratio as outcome variable. This model was fitted with intercept term. Therefore, the effect estimates 

obtained from this meta-regression model indicate the difference in logit c-statistic or log OE ratio 

between a certain category of a study characteristic and a chosen reference category of that 

characteristic. As a reference category, we chose the category that was present in the highest number of 

systematic reviews allowing the inclusion of as many data as possible.

In the second stage, these effect estimates were pooled with a random effects meta-analysis model. 

This reflected the influence of the study characteristic on model performance over all systematic 

reviews. For continuous study characteristics, the intercept term and beta-coefficient from the first 

stage were jointly pooled across reviews using bivariate meta-analysis.4 6 For categorical study 

characteristics the data available were not sufficient for the complexity of a multivariate model, so every 

category was pooled in a separate (univariate) meta-analysis.

As the estimates obtained with this approach are on the transformed scale (ie, the difference in logit c-

statistic or log OE ratio between one category and the reference category), we transformed these back 

assuming a c-statistic of 0.7 or an OE ratio of 1.00 in the reference category. Also, we performed a 

second analysis where we again fitted a univariable meta-regression model, with the logit c-statistic or 

log OE ratio as outcome variable, but now without intercept term. This analysis enables the calculation 
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of an effect estimate for every category of a study characteristic and to back transform this to the 

original scale, yielding a pooled c-statistic or pooled OE ratio for each category of a study characteristic.

We planned to perform multivariable analyses to assess the association between various study 

characteristics in combination and the performance of prediction models, but due to the paucity of data 

we were not able to do so.

All analyses were performed in R version 3.3.2,7 using the packages metafor,8 mvmeta,9 metamisc,10 and 

lme4.11
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Table S1: Description of study characteristics and quality of reporting within each systematic review
Categorical variables

ABCD2 ESRS EuroSCORE Framingham FRAX ISS MELD PSI RCRI SAPS 3

Studytype

Validation study using existing data 9 (56%) 7 (64%) 21 (95%) 18 (78%) 26 (87%) 24 (71%) 10 (71%) 16 (67%) 11 (48%) 8 (30%)

Development of new model and validation of different model 2 (12%) 2 (18%) 1 (5%) 2 (9%) 1 (3%) 4 (12%) 3 (21%) 2 (8%) 2 (9%) 6 (22%)

Development, validation, and incremental value study 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (6%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Predesigned validation study 1 (6%) 1 (9%) 0 (0%) 0 (0%) 1 (3%) 1 (3%) 0 (0%) 5 (21%) 1 (4%) 10 (37%)

Validation and incremental value 4 (25%) 1 (9%) 0 (0%) 3 (13%) 2 (7%) 3 (9%) 1 (7%) 1 (4%) 9 (39%) 3 (11%)

Study design

Existing cohort 12 (75%) 4 (36%) 3 (14%) 20 (87%) 20 (67%) 1 (3%) 2 (14%) 4 (17%) 7 (30%) 1 (4%)

Prospective cohort 1 (6%) 2 (18%) 0 (0%) 0 (0%) 1 (3%) 3 (9%) 0 (0%) 6 (25%) 4 (17%) 17 (63%)

Existing RCT 0 (0%) 1 (9%) 0 (0%) 0 (0%) 3 (10%) 0 (0%) 0 (0%) 0 (0%) 2 (9%) 0 (0%)

Existing registry 3 (19%) 4 (36%) 19 (86%) 1 (4%) 2 (7%) 30 (88%) 12 (86%) 14 (58%) 10 (43%) 9 (33%)

Case-control 0 (0%) 0 (0%) 0 (0%) 0 (0%) 4 (13%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Other 0 (0%) 0 (0%) 0 (0%) 2 (9%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Validation by independent investigators

No 6 (38%) 3 (27%) 3 (14%) 10 (43%) 17 (57%) 2 (6%) 0 (0%) 7 (29%) 1 (4%) 2 (7%)

Yes 10 (62%) 8 (73%) 19 (86%) 13 (57%) 13 (43%) 32 (94%) 14 (100%) 17 (71%) 22 (96%) 25 (93%)

Comparability of eligibility criteria

Narrower 6 (38%) 2 (18%) 18 (82%) 18 (78%) 28 (93%) 22 (65%) 0 (0%) 4 (17%) 4 (17%) 20 (74%)

Comparable 4 (25%) 0 (0%) 2 (9%) 3 (13%) 2 (7%) 5 (15%) 0 (0%) 1 (4%) 3 (13%) 7 (26%)

Mixture 5 (31%) 9 (82%) 0 (0%) 2 (9%) 0 (0%) 3 (9%) 0 (0%) 16 (67%) 11 (48%) 0 (0%)

Broader 1 (6%) 0 (0%) 2 (9%) 0 (0%) 0 (0%) 2 (6%) 0 (0%) 3 (12%) 5 (22%) 0 (0%)

Non-overlapping 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 14 (100%) 0 (0%) 0 (0%) 0 (0%)

Unclear 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (6%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Comparability of age eligibility criteria

Narrower 1 (6%) 2 (18%) 0 (0%) 17 (74%) 9 (30%) 13 (38%) 10 (71%) 2 (8%) 1 (4%) 17 (63%)

Comparable 15 (94%) 0 (0%) 22 (100%) 0 (0%) 1 (3%) 21 (62%) 4 (29%) 15 (62%) 4 (17%) 4 (15%)

Mixture 0 (0%) 0 (0%) 0 (0%) 6 (26%) 16 (53%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Broader 0 (0%) 9 (82%) 0 (0%) 0 (0%) 4 (13%) 0 (0%) 0 (0%) 7 (29%) 18 (78%) 6 (22%)

Setting
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ABCD2 ESRS EuroSCORE Framingham FRAX ISS MELD PSI RCRI SAPS 3

Primary care 3 (19%) 0 (0%) 0 (0%) 7 (30%) 3 (10%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Secondary care 12 (75%) 9 (82%) 16 (84%) 0 (0%) 5 (17%) 18 (82%) 6 (75%) 18 (90%) 12 (86%) 4 (40%)

Tertiary care 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Population based 0 (0%) 1 (9%) 0 (0%) 15 (65%) 17 (59%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Screening 0 (0%) 0 (0%) 0 (0%) 1 (4%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Mixed 1 (6%) 1 (9%) 2 (11%) 0 (0%) 0 (0%) 4 (18%) 1 (12%) 2 (10%) 2 (14%) 2 (20%)

Unclear 0 (0%) 0 (0%) 1 (5%) 0 (0%) 3 (10%) 0 (0%) 1 (12%) 0 (0%) 0 (0%) 4 (40%)

Comparability of setting

Comparable 1 (6%) 0 (0%) 16 (73%) 15 (65%) 17 (57%) 18 (53%) 6 (43%) 18 (75%) 9 (39%) 4 (15%)

Narrower 15 (94%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Broader 0 (0%) 0 (0%) 2 (9%) 0 (0%) 0 (0%) 4 (12%) 1 (7%) 2 (8%) 2 (9%) 2 (7%)

Non-overlapping 0 (0%) 11 (100%) 3 (14%) 8 (35%) 10 (33%) 12 (35%) 6 (43%) 4 (17%) 12 (52%) 17 (63%)

Unclear 0 (0%) 0 (0%) 1 (5%) 0 (0%) 3 (10%) 0 (0%) 1 (7%) 0 (0%) 0 (0%) 4 (15%)

Continent

Africa 0 (0%) 0 (0%) 1 (5%) 0 (0%) 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Asia 0 (0%) 2 (18%) 4 (18%) 2 (9%) 4 (13%) 7 (21%) 1 (7%) 3 (12%) 2 (9%) 5 (19%)

Australia 0 (0%) 0 (0%) 1 (5%) 0 (0%) 5 (17%) 2 (6%) 0 (0%) 3 (12%) 1 (4%) 1 (4%)

Europe 8 (50%) 7 (64%) 10 (45%) 10 (43%) 9 (30%) 7 (21%) 7 (50%) 11 (46%) 13 (57%) 9 (33%)

North America 8 (50%) 1 (9%) 5 (23%) 11 (48%) 11 (37%) 17 (50%) 3 (21%) 6 (25%) 6 (26%) 3 (11%)

South America 0 (0%) 0 (0%) 1 (5%) 0 (0%) 0 (0%) 0 (0%) 3 (21%) 0 (0%) 0 (0%) 9 (33%)

Combination 0 (0%) 1 (9%) 0 (0%) 0 (0%) 1 (3%) 0 (0%) 0 (0%) 1 (4%) 1 (4%) 0 (0%)

Comparability of continent

Comparable 0 (0%) 0 (0%) 10 (45%) 11 (48%) 0 (0%) 17 (50%) 3 (21%) 6 (25%) 6 (26%) 0 (0%)

Narrower 16 (100%) 8 (73%) 0 (0%) 0 (0%) 30 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 27 (100%)

Broader 0 (0%) 1 (9%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 1 (4%) 0 (0%)

Non-overlapping 0 (0%) 2 (18%) 12 (55%) 12 (52%) 0 (0%) 17 (50%) 11 (79%) 17 (71%) 16 (70%) 0 (0%)

Number of centres

Single 9 (56%) 4 (36%) 12 (55%) 3 (13%) 5 (17%) 18 (53%) 12 (86%) 14 (58%) 17 (74%) 13 (48%)

Multiple 6 (38%) 7 (64%) 9 (41%) 6 (26%) 9 (30%) 15 (44%) 2 (14%) 10 (42%) 6 (26%) 14 (52%)

Population based 1 (6%) 0 (0%) 0 (0%) 12 (52%) 15 (50%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Unclear 0 (0%) 0 (0%) 1 (5%) 2 (9%) 1 (3%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
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ABCD2 ESRS EuroSCORE Framingham FRAX ISS MELD PSI RCRI SAPS 3

Changes made to predictors

No 16 (100%) 10 (91%) 13 (59%) 23 (100%) 20 (67%) 21 (62%) 12 (86%) 13 (54%) 17 (74%) 26 (96%)

Yes 0 (0%) 0 (0%) 5 (23%) 0 (0%) 10 (33%) 0 (0%) 0 (0%) 5 (21%) 2 (9%) 0 (0%)

Unclear 0 (0%) 1 (9%) 4 (18%) 0 (0%) 0 (0%) 13 (38%) 2 (14%) 6 (25%) 4 (17%) 1 (4%)

Comparability of outcome definition

No 8 (50%) 3 (27%) 9 (41%) 13 (57%) 16 (53%) 7 (21%) 14 (100%) 5 (21%) 5 (22%) 24 (89%)

Yes 3 (19%) 8 (73%) 11 (50%) 4 (17%) 13 (43%) 19 (56%) 0 (0%) 18 (75%) 18 (78%) 3 (11%)

Unclear 5 (31%) 0 (0%) 2 (9%) 6 (26%) 1 (3%) 8 (24%) 0 (0%) 1 (4%) 0 (0%) 0 (0%)

Outcome measurement method

Self-reported 3 (19%) 8 (73%) 2 (9%) 15 (65%) 18 (60%) 0 (0%) 1 (7%) 6 (25%) 1 (4%) 2 (7%)

Clinician 6 (38%) 1 (9%) 2 (9%) 2 (9%) 1 (3%) 4 (12%) 0 (0%) 2 (8%) 10 (43%) 6 (22%)

Registry 3 (19%) 2 (18%) 5 (23%) 4 (17%) 8 (27%) 13 (38%) 3 (21%) 9 (38%) 6 (26%) 9 (33%)

Unclear 4 (25%) 0 (0%) 13 (59%) 2 (9%) 3 (10%) 17 (50%) 10 (71%) 7 (29%) 6 (26%) 10 (37%)

Similar outcome measurement for all patients

Yes 9 (56%) 3 (27%) 11 (50%) 6 (26%) 14 (47%) 18 (53%) 2 (14%) 12 (50%) 13 (57%) 16 (59%)

No 1 (6%) 5 (45%) 1 (5%) 16 (70%) 3 (10%) 3 (9%) 0 (0%) 3 (12%) 4 (17%) 1 (4%)

Unclear 6 (38%) 3 (27%) 10 (45%) 1 (4%) 13 (43%) 13 (38%) 12 (86%) 9 (38%) 6 (26%) 10 (37%)

Method for handling of missing data

Complete case analysis 4 (25%) 8 (73%) 3 (14%) 11 (48%) 19 (63%) 18 (53%) 7 (50%) 1 (4%) 5 (22%) 8 (30%)

Mean/median imputation 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (4%)

Multiple imputation 1 (6%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

NA 3 (19%) 1 (9%) 1 (5%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 1 (4%) 2 (7%)

Other 0 (0%) 0 (0%) 1 (5%) 0 (0%) 2 (7%) 0 (0%) 1 (7%) 8 (33%) 0 (0%) 7 (26%)

Unclear 8 (50%) 2 (18%) 17 (77%) 12 (52%) 9 (30%) 16 (47%) 6 (43%) 14 (58%) 17 (74%) 9 (33%)

Handling of missing data

Appropriate or <5% missing 8 (50%) 4 (36%) 2 (9%) 3 (13%) 4 (13%) 6 (18%) 4 (29%) 4 (17%) 7 (30%) 6 (22%)

Inappropriate 1 (6%) 5 (45%) 3 (14%) 8 (35%) 17 (57%) 13 (38%) 4 (29%) 8 (33%) 0 (0%) 12 (44%)

Unclear 7 (44%) 2 (18%) 17 (77%) 12 (52%) 9 (30%) 15 (44%) 6 (43%) 12 (50%) 16 (70%) 9 (33%)
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Continuous variables
ABCD2 ESRS EuroSCORE Framingham FRAX ISS MELD PSI RCRI SAPSIII

Year start 
recruitment

2002 (2000-
2003) NR=0

2007 (2004-
2007) NR=0

1998 (1995-
2001) NR=1

1989 (1983-
1994) NR=0

1994 (1990-
1998) NR=3

1996 (1993-
1998) NR=1

2000 (1998-
2004) NR=0

2000 (1998-
2002) NR=0

2000 (1994-
2002) NR=4

2006 (2006-
2007) NR=0

Year end 
recruitment

2005 (2003-
2007) NR=0

2008 (2006-
2008) NR=0

2002 (1999-
2005) NR=1

1993 (1988-
1998) NR=0

1997 (1993-
2006) NR=8

2000 (1996-
2003) NR=2

2006 (2004-
2007) NR=0

2002 (2000-
2003) NR=0

2002 (2000-
2005) NR=4

2007 (2006-
2009) NR=0

Percentage 
missings

0.95 (0.00-
5.00) NR=7

5.12 (1.99-
17.80) NR=2

6.40 (1.50-
11.83) NR=18

4.90 (2.70-9.80) 
NR=18

30.25 (2.75-
33.80) NR=16

9.05 (2.40-
14.65) NR=20

4.05 (2.73-
10.93) NR=8

0.52 (0.07-9.26) 
NR=18

1.00 (0.09-1.91) 
NR=16

5.85 (0.52-
18.93) NR=15

Number of 
participants

304 (204-691) 
NR=0

1257 (712-
2594) NR=0

1730 (873-
4518) NR=2

2399 (928-
4609) NR=0

2210 (889-6586) 
NR=0

2590 (960-
20713) NR=0

418 (118-483) 
NR=0

730 (326-970) 
NR=1

496 (180-1480) 
NR=0

864 (485-1856) 
NR=0

Number of 
events

9 (3-18) NR=0 92 (60-134) 
NR=0

36 (13-87) NR=2 92 (72-160) 
NR=1

250 (86-581) 
NR=0

256 (113-1660) 
NR=2

49 (22-112) 
NR=0

54 (28-111) 
NR=1

31 (14-76) 
NR=0

180 (124-311) 
NR=1

Age mean 67.4 (64.1-
70.0) NR=5

68.3 (67.1-
71.5) NR=3

63.9 (62.5-65.2) 
NR=2

54.6 (50.9-58.3) 
NR=2

66.8 (63.0-71.3) 
NR=1

38.1 (32.4-41.3) 
NR=10

51.8 (49.1-53.0) 
NR=0

66.2 (64.0-69.3) 
NR=2

67.8 (66.0-71.9) 
NR=2

62.2 (60.8-64.8) 
NR=1

Age sd 13.8 (13.0-
14.9) NR=5

12.4 (12.0-
13.0) NR=1

9.3 (9.0-10.6) 
NR=8

7.3 (4.1-9.4) 
NR=0

8.3 (5.9-9.8) 
NR=0

20.9 (18.1-24.8) 
NR=2

10.0 (9.6-12.0) 
NR=1

17.8 (17.0-20.1) 
NR=3

10.0 (8.8-12.5) 
NR=4

17.0 (15.4-19.0) 
NR=3

Gender 
percentage 
men

47 (45-53) 
NR=2

57 (55-59) 
NR=1

77 (71-79) NR=1 100 (100-100) 
NR=0

0 (0-0) NR=0 71 (64-75) 
NR=11

68 (63-69) 
NR=0

57 (53-64) 
NR=1

67 (52-76) 
NR=0

59 (55-64) NR=0

Values represent median (IQR), number of missing values.
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Figure S1: Associations between categorical variables and c-statistic
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Figure S2: Associations between continuous variables and c-statistic
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A value of 0 on the x-axis means that the corresponding validation study adopted a common value for 
that characteristic (i.e. the average value for all validation studies of that specific prediction model), 
values above 0 mean that values for that characteristic were higher than the average value of all 
validation studies of that model, whereas values below 0 mean a lower than average value for that 
characteristic. For example, for the prediction horizon, a value of 0 means that the corresponding 
validation study adopted the average prediction horizon, values above 0 mean that prediction model 
performance was assessed for long-term endpoints, whereas values below 0 mean that prediction 
model performance was assessed for short-term endpoints.
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Figure S3: C-statistic in categories of study characteristics  within each systematic review
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*Models contain age as predictor
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C-statistic for categories of study characteristics, pooled using univariable meta-regression analyses per 
systematic review. N represents the number of external validation studies in a specific category. C diff 
represents the difference in c-statistic with regard to a reference category (indicated with ‘ref’). Dev: 
development, val: validation, incr: incremental value, pts: patients.
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Figure S4: Associations between categorical variables and total OE ratio
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Figure S5: Associations between continuous variables and total OE ratio
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A value of 0 on the x-axis means that the corresponding validation study adopted a common value for 
that characteristic (i.e. the average value for all validation studies of that specific prediction model), 
values above 0 mean that values for that characteristic were higher than the average value of all 
validation studies of that model, whereas values below 0 mean a lower than average value for that 
characteristic. For example, for the prediction horizon, a value of 0 means that the corresponding 
validation study adopted the average prediction horizon, values above 0 mean that prediction model 
performance was assessed for long-term endpoints, whereas values below 0 mean that prediction 
model performance was assessed for short-term endpoints.
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Figure S6: Total OE ratio in categories of study characteristics within each systematic review

Page 67 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-
epidemiological study

38

Page 68 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-
epidemiological study

39

Page 69 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-
epidemiological study

40

Page 70 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-
epidemiological study

41

Page 71 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-
epidemiological study

42

Page 72 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-
epidemiological study

43

Page 73 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-
epidemiological study

44

Page 74 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-
epidemiological study

45

Page 75 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-
epidemiological study

46

Page 76 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-
epidemiological study

47

Page 77 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Damen et al. Empirical evidence on the impact of study characteristics and the performance of prediction models: a meta-
epidemiological study

48

Total OE ratio for categories of study characteristics, pooled using univariable meta-regression analyses 
per systematic review. N represents the number of external validation studies in a specific category. OE 
diff represents the difference in OE ratio with regard to a reference category (indicated with ‘ref’). Dev: 
development, val: validation, incr: incremental value, pts: patients.
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Section/topic Proposed item to be used in methodology research Reported on page  

TITLE 

Title Identify the report as a meta-epidemiologic study. 1 

ABSTRACT 

Structured summary Provide a structured summary that includes the background of the topic, goal of the 

study, data sources, method of data selection, appraisal and synthesis methods, results, 

limitations, conclusions and implications of key findings. 

3 

INTRODUCTION 

Rationale Describe the rationale for the meta-epidemiological study in the context of what is 

already known. 

5 

Objectives Provide an explicit statement of the goal of the meta-epidemiological study and the 

hypothesis being empirically tested. 

5 

METHODS 

Protocol Indicate if a protocol exists, if and where it can be accessed (eg, Web address). 

Registration of a protocol is not mandatory. 

Available on 

request 

Eligibility criteria Specify study characteristics used as criteria for eligibility with a rationale. 7 

Information sources Describe all information sources (eg, databases with dates of coverage, contact with 

experts to identify additional studies, Internet searches) and search date. 

7 

Search Present full electronic search strategy for at least one database, including any limits used, 

such that it could be repeated. Search is commonly not driven by a clinical question. 

Supplement page 2 

Study selection Describe the process for selecting studies for inclusion (ie, how many reviewers selected 

studies, reviewing in duplicate or by single individuals). 

7,8 

Data collection process Describe method of data extraction from reports (eg, piloted forms, independently, in 

duplicate) and any processes used for manipulating data or obtaining and confirming data 

from investigators. 

8,9, Supplement 

page 3-6 

Data items List and define all variables for which data were sought and any assumptions and 

imputations made. 

Supplement page 

3-6 

Risk of bias in individual studies If risk of bias assessment of individual studies was relevant to the analysis, describe the 

items used and how this information is to be used during data synthesis. 

Not assessed 

Summary measures State the principal summary measures (eg, ratio of risk ratios, difference in means) and 

explain its meaning and direction to readers. 

9, Supplement 

page 7, 8 

Synthesis of results Describe the statistical or descriptive methods of synthesis including measures of 

consistency if relevant. If applicable, describe the development of statistical or simulation 

modelling based on theoretical background. Describe and justify assumptions and 

9, Supplement 

page 7, 8 
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Section/topic Proposed item to be used in methodology research Reported on page  

computational approximations. Describe methods of additional analyses (eg, sensitivity or 

subgroup analyses, meta-regression), if done, indicating which were prespecified. 

RESULTS 

Study selection Give numbers of studies assessed for eligibility and included in the study, with reasons for 

exclusions at each stage, ideally with a flow diagram. Present a measure of inter-reviewer 

agreement (eg, kappa statistic). 

10, Figure 1 

Study characteristics For each study, present characteristics for which data were extracted and provide the 

citations. Clinical characteristics may not always be relevant. 

Supplement page 

9-12  

Risk of bias within studies If risk of bias assessment of individual studies was used in the meta-epidemiological 

analysis, report risk of bias indicators of each study to allow replication of findings. 

Not assessed 

Results of individual studies Present data elements used in the meta-epidemiological analysis from each study (results 

of clinical outcomes may not be relevant). 

Not done 

Synthesis of results Present results of statistical analysis done, including measures of precision and measures 

of consistency. Present validity of assumptions and fit of statistical or simulation 

modelling, if applicable. 

11, 12, Figure 2-5, 

Supplement page 

13-49 

Additional analysis Give results of additional analyses, if done (eg, sensitivity or subgroup analyses, meta-

regression). 

Not done 

DISCUSSION 

Summary of evidence Summarise the main findings and compare them with existing knowledge about the topic. 

The quality of evidence may not be relevant; however, investigators should describe their 

certainty in the results to readers. 

13,14 

Limitations Discuss limitations at research methodology level (eg, likelihood of reporting or 

publication bias). 

13,14 

Conclusions Provide general interpretation of the results and implications for future research. Provide 

any plausible impact on clinical practice. 

16 

FUNDING 

Funding Describe sources of funding for the methodology research and role of funders. 17 

 

Page 81 of 81

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


