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EMPHASIS ON IMPROVEMENTS IN

prediction has become a hall-
mark of the quest for personal-
ized and individualized medi-

cine,1 and the predictive literature is
drawing increasing attention in medi-
cine. However, the utility of this litera-
ture can be hampered by methodologi-
cal limitations affecting design, analysis,
and reporting.2-6 One challenge is to
demonstrate that new candidate pre-
dictors can offer independent, incre-
mental information beyond what is al-
ready known based on traditional risk
factors. A sophisticated new predictor
may have good predictive ability on its
own but may not improve predictive
ability further when simple, easy-to-
measure traditional factors are al-
ready taken into account.

We assessed empirically a systematic
sample of studies that evaluated vari-
ous candidate prognostic factors in their
ability to improve prediction of coro-
nary heart disease (CHD) or other out-
comes beyond what the Framingham
risk score (FRS) can achieve.7 The FRS
is one of the most thoroughly validated
and widely used predictive scores in
medical literature. Its original publica-
tion in 1998 is one of the most-cited ar-
ticles across all biomedicine.7 The FRS
was developed with robust methods and
is intended to offer prospective risk as-
sessment for CHD risk in men and
women who do not have overt CHD.

Risk is calculated based on age, blood
pressure, total or low-density lipopro-
tein cholesterol level, high-density lipo-
protein cholesterol level, smoking sta-
tus, andpresenceofdiabetesmellitus.We
aimed to assess, among studies that tried
to find additional risk factors that could
improve prediction beyond the FRS,

whether the reported design and analy-
sis were adequate or claims for improve-
ment were susceptible to bias.
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Context With heightened interest in predictive medicine, many studies try to docu-
ment information that can improve prediction of major clinical outcomes.

Objective To evaluate the reported design and analysis of studies that examined whether
additional predictors improve predictive performance when added to the Framingham
risk score (FRS), one of the most widely validated and cited clinical prediction scores.

Study Selection Two independent investigators searched 1908 articles citing the
article that described the FRS in 1998 until September 2009 through the ISI Web of
Knowledge database. Articles were eligible if they included any analyses comparing
the predictive performance of the FRS vs the FRS plus some additional predictor for a
prospectively assessed outcome.

Data Analyses We recorded information on FRS calculation, modeling of addi-
tional predictors, outcomes assessed, population evaluated, subgroup analysis docu-
mentation, and flaws in the methods that may have affected the reported improve-
ments in predictive ability. We also evaluated the correlation of reported design and
analysis features with the predictive model discrimination and improvements with the
additional predictors.

Results We evaluated 79 eligible articles. Forty-nine studies (62%) did not calculate
the FRS as it has been proposed, 15 (19%) modeled the additional predictor in more
than 1 way and presented only the best-fit or area-under-the-curve (AUC) results for
only 1 model, 41 (52%) did not examine the original outcome that the FRS was de-
veloped for, 33 (42%) studied a population different from what the FRS was in-
tended for, and 25 (32%) claimed improved prediction in 1 subgroup but only 7 (9%)
formally tested subgroup differences. Evaluation of independence in multivariable re-
gressions, discrimination in AUC, calibration, and reclassification were reported in 77,
36, 7, and 7 studies, respectively, but these methods were adequately documented in
only 60, 13, 4, and 2 studies, respectively. Overall, 63 studies (80%) claimed some
improved prediction. Increase in AUC was larger when the predictive performance of
the FRS was lower (�=−0.57, P� .001). Increase in AUC was significantly larger when
evaluation of independence in multivariable regression or discrimination in AUC analy-
sis was not adequately documented and when the additional predictor had been mod-
eled in more than 1 way and only 1 model was reported for AUC.

Conclusion The majority of examined studies claimed that they found factors that
could offer additional predictive value beyond what the FRS could achieve; however,
most had flaws in their design, analyses, and reporting that cast some doubt on the
reliability of the claims for improved prediction.
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METHODS
Selection of Studies
We assembled studies that examined
whether 1 or more factors other than
those included in the FRS could im-
prove the predictive performance of the
FRS. Identifying all studies that have
done such analyses is impractical, if not
impossible. Instead, we assembled a sys-
tematic sample with an objective and
readily replicable search strategy. Thus,
we searched all articles that cited the
1998 Circulation article describing the
FRS,7 herein called the “reference FRS
article.” We used the ISI Web of Knowl-
edge database, and the last search was
updated in September 2009, yielding
1908 citations. We perused the title and
abstract of each citing article. Two
evaluators (I.T., G.L.) independently
searched all articles with a third evalu-
ator (J.P.A.I.) arbitrating their discrep-
ancies. Potentially eligible articles were
then scrutinized in full text.

Articles were eligible if they included
1 or more analyses comparing the pre-
dictive performance of the FRS against
the predictive performance of the FRS
plus some additional predictor for a pro-
spectively assessed outcome. Eligible ar-
ticles cited the referenceFRSarticle either
in the methods in describing what they
used as baseline for the comparison or
in some other section alluding to tradi-
tional risk factors or the FRS in a way that
suggested that FRS variables were used
as the baseline for the comparison (as
long as the methods did not suggest that
some other score or model was used).
We included articles regardless of the
types of additional predictors consid-
ered and how they were measured and
handled in the analysis and regardless of
whether the examined outcome was
CHD as defined by the reference FRS ar-
ticle, CHD with different definitions, or
some other outcome.

Moreover, we considered articles re-
gardless of what analyses were reported
to address incremental predictive abil-
ity (evaluation of independence in mul-
tivariable regressions with and without
the additional predictors, evaluation of
discrimination by calculation and com-
parison of area under the curve [AUC]

with and without the additional predic-
tors in receiver operating characteristic
[ROC] curves, evaluation of model cali-
bration [accuracy of absolute risk pre-
diction in various risk categories], evalu-
ation of reclassification of participants
into risk categories, or any other method
addressing incremental predictive abil-
ity). We included studies regardless of
whether they gave quantitative results or
only qualitative statements comparing
predictive models. Studies were in-
cluded regardless of whether the eli-
gible comparative analyses were the sole
analyses or among several assessed in the
same article.

We did not consider articles without
data on actual patients (eg, decision
analyses with simulated data); reviews;
studies without prospective follow-up
(eg, case-control and cross-sectional
studies); studies that examined only the
correlation/regression of additional pre-
dictors against the FRS or components
thereof; studies that sought only to re-
calibrate the FRS in a different popula-
tion, without considering additional pre-
dictors; and studies that compared the
FRS with other risk scores without evalu-
ating the additive value of these scores
over and above the FRS.

When an article considered sepa-
rately 2 or more predictors for their in-
cremental predictive ability or more
than 1 outcome, each was considered
a different analysis. When several ad-
ditional predictors were considered to-
gether, we did not separate them.

Definitions and Data Extraction

Twoevaluators(I.T.,G.L.)independently
extracteddata fromeligible studies.Any
inconsistencieswereidentifiedandcross-
checkedbybothinvestigatorswithathird
evaluator (J.P.A.I.) arbitrating any re-
mainingdiscrepancies.Foreacheligible
article,werecorded first author, journal,
publication year, and sample size; infor-
mationontheFRS,additionalpredictors,
outcomesassessed,populationevaluated,
and methods of evaluation of predictive
ability that may have affected study re-
sults; and inferences on whether the ad-
ditional predictors improved prediction
beyond the FRS.

The estimated baseline performance
of the FRS alone and the estimated im-
provement by a candidate additional pre-
dictor may be affected in a number of
ways: if the FRS is calculated or used sub-
optimally (not as originally developed
and proposed), if the candidate addi-
tional predictor is modeled in a way that
its performance is inappropriately exag-
gerated, if the examined outcome or
population is not what the FRS was in-
tended for, or if spurious claims are made
for improved prediction only in spe-
cific subgroups of patients. We tried to
capture these diverse possibilities.

We recorded the following aspects of
suboptimal FRS calculation and use:
whether any of the standard risk factors
was deleted or modified or other fac-
tors added; whether it was not calcu-
lated based on the regression coeffi-
cients or points proposed for each factor
in the reference FRS article (or the well-
accepted minor variant version of the Na-
tional Cholesterol Education Program
Adult Treatment Panel III guidelines),8

but based on some other approach (eg,
new regression coefficients developed
from the data in the specific study);
whether patients with specific FRS val-
ues were excluded, narrowing or alter-
ing the dynamic range; and whether the
FRS was not used as a continuous score
but in grouped categories.

For each additional candidate predic-
tor, we noted whether it had been mod-
eled in more than 1 way (eg, continu-
ous and categorical, or different splits
used in categorical analyses) and re-
sults for incremental predictive ability
were presented for only 1 model. If so,
we recorded whether the presented re-
sults were clearly the best fit (those with
maximum estimated improvement in
predictive ability) or this was unclear.

For outcomes, we recorded whether
they were CHD or some completely dif-
ferent outcome. For CHD, we further re-
corded whether it was defined as in the
reference FRS article (angina pectoris,
myocardial infarction, coronary insuffi-
ciency, or CHD death) and whether out-
come was assessed within 10 years of fol-
low-up. For the population studied, we
recorded whether it included partici-
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pants of nonwhite ethnicity (�10%) or
participants with overt history of CHD
at start of follow-up. For subgroup analy-
ses, we recorded whether claims were
made for improved predictive perfor-
mance only in a specific subgroup of pa-
tientswithoutproperlydocumenting that
the improvement is different beyond
chance (P� .05) in these subgroups vs
other participants.

Assessing Incremental
Predictive Ability

Severalmethodsfortheevaluationofpre-
diction models have been proposed. For
eacharticleandadditionalpredictorof in-
terest,wenotedwhichmethodsofevalu-
ation of predictive ability were reported.
For4methods thathavebeenwidelydis-
cussed and proposed in the CVD litera-
tureandbeyond,wenotedwhether they
had been adequately documented.

For multivariable regressions exam-
ining independence of the additional
predictor, we considered documenta-
tion to be adequate when a test was used
(eg, Bayes or Akaike information cri-
teria) that penalized for including an ad-
ditional variable in the model (fully ad-
equate documentation) or when the
investigators reported whether the ad-
ditional predictor was independently
statistically significant at P� .05 with-
out addressing model parsimony (par-
tially adequate documentation).

For the evaluation of discrimination
inROCcurves,9 AUC(orC-index) analy-
ses were considered adequately docu-
mented if there was description or ref-
erence to the method, provision of both
AUC estimates (with and without the ad-
ditional predictor), and provision of
either confidence intervals (CIs) or a P
value for the comparison of AUCs. Val-
ues for the AUC, 95% CIs, and P values
were recorded when available. When-
ever a study examined subgroups, we fo-
cused on the whole population unless
only data per subgroup were provided;
in those cases, we extracted data for each
subgroup separately.

Calibration (accuracy) of the predic-
tive model was considered adequately
documented when model calibration
was given both with and without the

additional predictor with a goodness-
of-fit test.

Adequate documentation of reclassi-
fication required the following: use of
standard categories of risk (�10%, 10%-
20%, �20%)8 or justified use of differ-
ent categories; reporting of how many
participants changed risk categories for
each type of change; and reporting of
whether participants who had changed
risk category had moved in the correct
directiondependingonwhether theyhad
an event (improved reclassification if
moving to a higher predicted risk cat-
egory for those who had an event and if
moving to a lower predicted risk cat-
egory for those who did not have an
event).10

Finally, we estimated what propor-
tion of studies claimed in interpreting

their findings that they had found an
improvement in prediction.

Correlates of AUC Estimates
and Improvement in AUC

We evaluated whether improvement in
AUC (the difference in AUCs with vs
without the additional predictor,
�AUC) was larger when the reported
AUC of FRS alone was lower. We cal-
culated the Spearman correlation co-
efficient between �AUC and the AUC
of FRS alone; in sensitivity analyses, we
evaluated the correlation between
�AUC and the mean of the AUC of FRS
alone and the AUC of the FRS plus the
additional predictors.

We also evaluated whether re-
ported design and analysis features cor-
related with results on predictive per-

Table 1. Additions, Deletions, and Modifications of the Risk Factors Used for the
Framingham Risk Score in 79 Eligible Articles Compared With the Framingham Risk Score
Definition in Wilson et al7

No. of Studies

Additions
Antihypertensive or lipid-lowering medication22,26,29,55,58,64,67,74,79 9

Obesity, body mass index, waist-hip ratio22,24,25,33,35,37 6

Race/ethnic group20,26,31,36,40 5

Triglycerides27,30 2

Alcohol intake23,24 2

Prevalent cardiovascular disease34,38 2

Social class36,40 2

Other risk factors23,36 2

Deletions
Diastolic blood pressure22,26,29,32,39,55,58,64,67,74,79,a 11

Diabetes27,30,32,35,90 5

HDL cholesterol27,30,35,36,40 5

All35,b 1

Modifications
Blood pressure definition

Systolic blood pressure and antihypertensive
definition22,26,29,55,58,64,67,74,79,a

9

History of hypertension, self-reported hypertension17,19,21,24,90 5

Other24,32-34,39,65 6

Definition of diabetes
Fasting glucose �126 mg/dL32,41,45,49,54,61,72,84,a 8

History of diabetes, self-reported diabetes28,82 2

Lipid levels
Use of cholesterol/HDL cholesterol ratio22,29,32,39 4

History of hyperlipidemia, self-reported hyperlipidemia17,19,21,90 4

Smoking
Pack-years of smoking39 1

Use of exsmokers category28,72 2
Abbreviation: HDL, high-density lipoprotein.
aThese definitions were not considered inappropriate when authors reported using the National Cholesterol Education

Program Adult Treatment Panel III guidelines.
bThis study used stepwise regression with backward selection; in the final model, all Framingham risk score variables

were eliminated.

ASSESSING PERFORMANCE OF ADDITIONAL PREDICTORS OF CORONARY HEART DISEASE

©2009 American Medical Association. All rights reserved. (Reprinted) JAMA, December 2, 2009—Vol 302, No. 21 2347

 at University of Ioannina on March 30, 2012jama.ama-assn.orgDownloaded from 

http://jama.ama-assn.org/


formance. Specifically, we evaluated
whether the AUC with and without the
additional predictors as well as the
�AUC were different depending on
whether the analysis involved ad-
equate vs suboptimal calculation or use
of the FRS; appropriate vs potentially
exaggerated modeling of the addi-
tional predictor; CHD vs other out-
come; appropriate population (white
ethnicity, no baseline CHD) vs other
target population; the whole popula-
tion vs a subgroup; adequate vs inad-
equate documentation of indepen-
dence in multivariable regression; and
adequate vs inadequate documenta-
tion of discrimination in AUC analy-
ses, as defined previously. Too few stud-
ies had performed calibration and
reclassification evaluations to allow
meaningful similar analyses. We used
the Mann-Whitney U test to compare
the point estimates in AUC and in
�AUC between subgroups defined by
these study features. A 2-sided P value
�.05 was used to denote statistical sig-
nificance. Statistical tests were per-
formed with SPSS version 14 (SPSS Inc,
Chicago, Illinois).

RESULTS
After exclusions (eFigure; see http:
//www.jama.com), 79 articles were eli-
gible.11-89 The � coefficient for eligibil-
i ty between the 2 independent
investigators on initial screening was
0.86. Main study characteristics are
shown in eTables 1 and 2 (see http:
//www.jama.com).

Calculation and Use of the FRS

Twenty-four studies11-34 used different
risk factors from those included in the
reference FRS article. Additions, dele-
tions, and modifications of risk fac-
tors appear in TABLE 1. Twenty-three
studies11,13,17-23,25-38 did not calculate the
FRS but simply used variables that they
claimed corresponded to FRS factors.
Three articles39-41 narrowed the dy-
namic range by excluding partici-
pants from further analysis based on
FRS values. In 1939-57 of 56 studies that
calculated a continuous score, the score
was categorized and the continu-

ous information not used. Overall, 49
studies11-37,39-56,58-61 (62%) calculated or
used the FRS suboptimally for at least
1 aspect described here.

Additional Predictors

In total, 86 different predictors were as-
sessed in 192 analyses; between 1 and
51 different predictors were assessed
per article (eTable 1). Fifteen studies
(19%) examined different models of
analysis; 4 studies11,40,61,62 reported the
model with the best fit, and 11 stud-
ies24,25,31,53,54,57,63-67 reported only the re-
sults of the AUC analysis for one model
without clarifying whether it was the
best-fitting one.

Outcomes

Forty-one studies§ (52%) did not ex-
amine CHD as an outcome of interest
in any analysis. Various other out-
comes were assessed (eTable 3).

Follow-up ranged from 2 to 32
years (median, 7.1 years); only 23
studies (29%) had a mean or median
follow-up time of 10 years or longer
and 35 studies � (44%) a mean or
median follow-up time of 8 years or
longer.

Study Population

A population of exclusively white
ethnicity was examined in 39 studies
(49%).¶ Among the remaining stud-
ies, 24 studies# included more than
10% nonwhite participants (2 had
exclusively nonwhite participants),
and for 16 studies, population eth-
nicity was unclear. In 18 studies
(23%),** participants with overt
CHD at baseline were included.
Overall, 33 studies (42%) clearly
included more than 10% nonwhite
participants or patients with CHD at
baseline.

Subgroup Analyses
Thirty-nine studies (51%) stratified the
analysis examining the additive predic-
tive value of a novel risk factor in differ-
ent subgroups. Subgroup analysis was
defined according to FRS categories (15
studies††), categories of other factors (16
studies‡‡), or a combination (7 stud-
ies16,40,45,48,54,62,69). Improved prediction in
one subgroup vs others was claimed in
25§§ of those 39 studies (64%). Only 7
studies12,25,28,45,49,73,75 (18%) presented a
formal test for differences between sub-
groups.

Assessing Incremental
Predictive Ability

Of the 79 eligible studies, 77 reported
some multivariable regression analy-
sis for at least 1 additional predictor and
at least 1 outcome. The other 2 stud-
ies52,56 performed only univariate re-
gressions of the additional predictor
stratified by FRS category. Also, 36
studies � � used ROC analysis, 7 stud-
ies11,14,23,24,61,67,85 tested the calibration of
multivariable regressions, and 7 stud-
ies24,54,57,61,64,67,76 described reclassifica-
tion analysis. Documentation of these
methods appears in TABLE 2.

Overall, 63 articles¶¶ (80%) claimed
improved prediction for at least 1 pre-
dictor and 1 outcome.

AUC Analyses

Twenty-nine studies reported AUC es-
timates for both FRS alone and the FRS
with additional predictors with data on
88 such pairs of data. The AUC of FRS
alone and the FRS with additional pre-
dictors ranged from 0.50 to 0.83 (me-
dian, 0.74) and 0.57 to 0.84 (median,
0.75), respectively. There was a strong
inverse correlation between the �AUC
and the baseline AUC of FRS alone

§References 11, 12, 15-17, 19, 27-37, 39, 43, 44, 46,
48, 52, 55-57, 61, 62, 77-89.
�References 14, 16-19, 21, 23, 24, 26-28, 30, 35, 38,
41, 43, 45, 46, 49, 53, 54, 58, 61, 65, 69, 71, 75-83.
¶References 12, 13, 16, 17, 21, 23, 24, 26, 30-33, 37,
39, 40, 47-53, 57, 61, 63-65, 67, 69, 71, 72, 74, 76,
78, 80, 83-86.
#References 14, 20, 25, 27-29, 34, 35, 38, 42, 45, 54,
56, 58, 60, 66, 68, 70, 73, 75, 77, 81, 82, 89.
**References 28-34, 36, 37, 41, 55-57, 63, 79, 83-
85.

††References 39, 42-44, 52, 53, 55-57, 59, 66, 71,
74, 86, 88.
‡‡References 12, 14, 15, 25-28, 46, 49, 58, 60, 63,
68, 75, 76, 87.
§§References 12, 14-16, 25, 26, 28, 40, 42, 44, 45,
48, 54, 55, 58-60, 66, 69, 71, 73-76, 87.
� �References 11, 12, 14-16, 20, 21, 24-26, 31, 33, 54,
57-61, 63-68, 70, 71, 73, 74, 76-78, 81, 82, 85, 88,
89.
¶¶References 11-19, 21, 22, 24, 27-30, 32-36, 38-
45, 47-55, 57-59, 61-63, 66, 68-70, 72-76, 78-81,
83-88.
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(Spearman correlation coefficient, −0.57;
P� .001) and between �AUC and the
mean AUC of the FRS alone and the FRS
with additional predictors (correlation
coefficient, −0.47; P� .001). Absolute
improvements in AUC of at least 0.05
were seen only when FRS achieved an
AUC of 0.72 or less (FIGURE).

TABLE 3 shows the median AUC val-
ues and the estimated improvement in
prediction (�AUC) when the data were
classified according to prespecified fea-
tures of study design and analysis. The
AUC estimates were significantly higher
in studies with suboptimal FRS calcu-
lation or use vs those where the FRS was
calculated and used as proposed; in
studies that used CHD rather than other
outcomes; and in those where the evalu-
ation of independent information in
multivariable regression was ad-
equately documented vs those that did
not adequately document this aspect.
Also, the �AUC was significantly larger
when multivariable regression or ROC
analysis was not adequately docu-
mented and when the additional pre-
dictor had been modeled in more than
1 way but only 1 model was reported
for AUC analyses.

COMMENT
In this empirical evaluation, the ma-
jority of examined studies claimed that
they found factors that could offer ad-
ditional predictive value beyond what
the FRS could achieve. However, most
studies had flaws in their design, analy-
ses, and reporting that cast doubt on the
reliability of the claims of improved pre-
diction. Furthermore, some method-
ological limitations were associated with
larger estimates of reported improve-
ments in predictive ability; studies with-
out such limitations showed on aver-
age no improvement in AUC with the
additional candidate predictors.

Most studies examining the addi-
tive predictive value of a risk factor with
the FRS did so by presenting statisti-
cally significant associations with the
outcome after the FRS or its compo-
nents were included in multivariable re-
gression models. However, a P value
alone usually offers weak support for

credibility and provides no informa-
tion on model calibration and discrimi-
nation.91,92 Calibration, the important
ability of the model to give predic-
tions of absolute risk that are commen-
surate with levels seen in reality, was
rarely reported. Discrimination, how
well the model can separate those who
do and do not experience an outcome,
was reported in about a third of the
studies via AUC analysis. However,
even then, reporting of AUC analyses
was often inadequate. Few studies as-
sessed the ability of the additional risk
factor to reclassify individuals into risk
categories and only 2 provided ad-
equate documentation. Reclassifica-
tion analyses are essential for under-
standing whether a new model can alter
management decisions.10,93 The sparse
use of these methods, partly ex-
plained by their recent introduction,
and suboptimal reporting diminish the
clinical utility of this literature.

Considerable absolute improve-
ments in AUC were reported only in
studies where the FRS performed
poorly, below what is typically ex-
pected of this widely used and care-
fully validated score. This may be due
to chance (regression to the mean),

genuine differences in study character-
istics, or a conglomerate of diverse bi-
ases that decrease the predictive per-
formance of the FRS. The baseline
predictive performance of the FRS was

Table 2. Documentation of Methods of Assessing Incremental Predictive Ability

No. (%)

Adequate documentation of multivariable regressions (n = 77 studies)
(a) Information on whether additional predictor is significant at �.05 level 57 (74.0)

(b) Results of a test that penalizes for the inclusion of additional predictor 15 (19.5)

Bayes or Akaike information criteria 6 (7.8)

Likelihood ratio test 9 (11.7)

Both a and b 12 (15.6)

Appropriate documentation (a or b) 60 (77.9)

Adequate documentation of AUC in ROC analysis (n = 36 studies)
(a) Described method used to compare ROC curves 20 (55.6)

(b) Presented the AUC values with and without the additional predictor 29 (80.6)

(c) Presented CIs of AUC values with and without additional predictor 11 (30.6)

(d) Presented P value for comparison 18 (50.0)

Appropriate documentation (a and b and [c or d]) 13 (36.1)

Adequate documentation of calibration (n = 7 studies)
Presented results comparing models with and without additional predictor 4 (57.1)

Adequate documentation of reclassification analysis (n = 7 studies)
(a) Use of standard categories of risk 2 (28.6)

(b) Justified use of other categories of risk 2 (28.6)

(c) Reported the number of patients changing categories in correct direction 5 (71.4)

Appropriate documentation ([a or b] and c) 2 (28.6)
Abbreviations: AUC, area under the curve; CIs, confidence intervals; ROC, receiver operating characteristic.

Figure. Correlation Between Predictive
Ability of the Framingham Risk Score and
Change in Predictive Ability After Inclusion of
Additional Predictors

Significant (P <.05)
Improvement in AUC

P value missing
Nonsignificant (P ≥.05)
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Association between area under the receiver operating
curve (AUC) of Framingham risk score (FRS) and dif-
ference in AUC between AUC of FRS alone and AUC
of FRS plus inclusion of additional predictor in 88 analy-
ses. Different markers indicate whether the improve-
ment in AUC was found to be nominally statistically sig-
nificant (P� .05) (17 analyses) or not statistically
significant (30 analyses) or that information on level of
significance was missing in the article (41 analyses).
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also lower when the AUC was calcu-
lated for an outcome different from
what the FRS was initially developed
for. In such cases, the FRS is trans-
formed into a “straw-man” predictive
model and even mediocre new candi-
date risk factors can achieve an im-
provement. This result is analogous to
observations from randomized clini-
cal trials where drugs may show exag-
gerated treatment effects when the com-
parator drug is ineffective.94

Furthermore, inadequate use of re-
gression models and AUC analyses and
modeling of additional predictors were
associated with inflated estimates of im-
provement in the AUC. Studies with-
out these methodological flaws did not
show any substantial improvements in
AUC. Publication bias and other types
of selective reporting bias might also
affect improved performance if ar-
ticles and models that show no im-
provement in AUC remain unpub-
lished. Misuse of subgroup analysis was
also observed, as has been previously
documented in diverse other fields.90

We used a convenient systematic
sampling strategy to select eligible stud-
ies. Many other articles might exam-

ine improved prediction of a risk fac-
tor beyond the FRS without citing the
reference FRS article. However, it is un-
likely that those studies would be bet-
ter reported. Furthermore, reported
methods are not always commensu-
rate with what was actually done in a
study,95,96 which is the case even more
in predictive literature, where no widely
accepted reporting standards are avail-
able. However, when the reported in-
formation suggests considerable prob-
lems or biases, it is unlikely the actual
study was immune to them.14

Another limitation is that we con-
sidered only studies that had at least 1
analysis performed where incremen-
tal predictive ability was assessed. These
articles are the most sophisticated in the
large literature about studies of new
candidate predictors. Numerous other
articles only considered candidate risk
factors for association with some out-
come alone or simply juxtaposed them
with the FRS in plain correlation evalu-
ations without establishing incremen-
tal prediction. Empirical evidence from
other fields, eg, cancer, suggests that al-
most all of these studies report signifi-
cant associations for the examined pre-

dictors.4 Methodological problems in
these studies are even more exten-
sive.5

Our analyses focused on cardiovas-
cular research. However, their impli-
cations probably extend to prediction
models for other diseases. Rigorous de-
sign, analysis, and reporting are essen-
tial elements of research studies. Ef-
forts to enhance the transparency of
reporting of prognostic marker and pre-
dictive model studies6 require wider
adoption. Currently, incremental pre-
dictive effects are difficult to discern
from the spurious effects that biased
analysis or reporting can create.
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Table 3. Median AUC Values and �AUC According to Different Aspects of Study Design and Analysisa

No.
AUC FRS,

Median (IQR)
P

Valueb
AUC FRS�AD,
Median (IQR)

P
Valueb

Difference in AUC
(�AUC), Median (IQR)

P
Valueb

FRS adequately calculated and used
Yes 20 0.66 (0.59 to 0.73)

.001
0.70 (0.66 to 0.75)

.001
0.017 (−0.008 to 0.042)

.10
No 68 0.77 (0.72 to 0.83) 0.77 (0.72 to 0.82) 0.007 (−0.003 to 0.017)

CHD outcome examined
Yes 57 0.77 (0.71 to 0.83)

.025
0.77 (0.73 to 0.82)

.12
0.006 (−0.004 to 0.016)

.12
No 31 0.70 (0.62 to 0.79) 0.72 (0.66 to 0.79) 0.010 (−0.015 to 0.035)

Modeling of additional predictor may affect improvementc

Yes 20 0.64 (0.57 to 0.72)
�.001

0.68 (0.60 to 0.79)
.01

0.020 (0.000 to 0.040)
.004

No 68 0.77 (0.72 to 0.83) 0.77 (0.73 to 0.82) 0.005 (−0.002 to 0.014)

Population as intended for FRS (�10% nonwhite and no
CHD at baseline)

Yes 26 0.74 (0.65 to 0.83)
.51

0.75 (0.69 to 0.82)
.64

0.010 (0.000 to 0.020)
.98

No 62 0.74 (0.61 to 0.87) 0.75 (0.70 to 0.80) 0.007 (−0.003 to 0.017)

Multivariable regression adequately documented
Yes 59 0.77 (0.71 to 0.83)

.001
0.78 (0.73 to 0.84)

.01
0.003 (−0.005 to 0.011)

�.001
No 29 0.69 (0.63 to 0.75) 0.72 (0.69 to 0.75) 0.016 (−0.004 to 0.036)

AUC analysis adequately documented
Yes 45 0.77 (0.70 to 0.85)

.48
0.77 (0.72 to 0.83)

.74
0.002 (−0.008 to 0.012)

.009
No 43 0.72 (0.66 to 0.78) 0.74 (0.69 to 0.80) 0.010 (0.005 to 0.015)

Abbreviations: AD, additional predictor; AUC, area under the receiver operating curve; CHD, coronary heart disease; FRS, Framingham risk score; IQR, interquartile range.
aStudies may contribute more than 1 analysis if they report more than 1 outcome or predictor or if results are presented in subgroups only. None of the studies reporting AUC analysis

used only a subgroup of participants based on their FRS, and analysis of this feature was not performed. Only 7 studies also reported reclassification or calibration, and analyses of
these features were not performed.

bP value calculated from Mann-Whitney U test for the comparison of FRS vs FRS�AD groups.
cAuthors examined different models of analysis (eg, continuous and categorical modeling of predictor or different splits in categorization) and presented the results for only 1 model

without clarifying whether it was the best-fitting one.
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