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Models for risk prediction are widely used in clinical practice to
stratify risk and assign treatment strategies. The contribution of
new biomarkers has largely been based on the area under the
receiver-operating characteristic curve, but this measure can be
insensitive to important changes in absolute risk. Methods based on
risk stratification have recently been proposed to compare predic-
tive models. Such methods include the reclassification calibration
statistic, the net reclassification improvement, and the integrated

discrimination improvement. This article demonstrates the use of
reclassification measures and illustrates their performance for well-
known cardiovascular risk predictors in a cohort of women. These
measures are targeted at evaluating the potential of new models
and markers to change risk strata and alter treatment decisions.
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Risk prediction equations are used in various fields for
risk stratification and to determine cost-effective and

appropriate courses of treatment. The Framingham risk
score, for example, has been used by the Adult Treatment
Panel III (1) in guidelines for cholesterol-lowering therapy.
Whether new risk predictors can add to a score in terms of
clinical utility is an important question in many areas of
research.

Traditionally, risk models have been evaluated by us-
ing the area under the receiver-operating characteristic
curve (2), but this method has been criticized as being
insensitive in comparing models (3) and for having little
direct clinical relevance (4). New methods have recently
been proposed to evaluate and compare predictive risk
models. These are based primarily on stratification into
clinical categories on the basis of risk and attempt to assess
the ability of new models to more accurately reclassify in-
dividuals into higher or lower risk strata (5).

Since its first description in 2006 (6), much interest
has been generated in reclassification, and although the
approach is still in its infancy, there have been further
methodological developments (7–9). Researchers in the
fields of breast cancer (10), diabetes (11, 12), and genetics
(12–14), as well as clinical cardiology (15–18), have pub-
lished articles using these techniques. Our article is in-
tended to be a guide for understanding this research, in-
cluding the strengths and known limitations of and
differences among the various new methods. We apply
these to known predictors of cardiovascular disease in a
cohort of women to describe how the new methods per-
form relative to more traditional ones.

CARDIOVASCULAR RISK EXAMPLE

Data are from the Women’s Health Study (WHS), a
large-scale, nationwide cohort of U.S. women 45 years or
older who were free of cardiovascular disease and cancer at
study entry beginning in 1992 (19). Women were followed
annually for the development of cardiovascular disease,
with an average follow-up of 10 years through March
2004. All reported cardiovascular disease outcomes, includ-

ing myocardial infarction, ischemic stroke, coronary revas-
cularization procedures, and deaths from cardiovascular
causes, were adjudicated by an end points committee after
medical record review. During follow-up, 766 cardiovascu-
lar events occurred. All study participants provided written
informed consent, and the institutional review board at
Brigham and Women’s Hospital, Boston, Massachusetts,
approved the study protocol.

The baseline characteristics of the WHS sample are
described elsewhere (20). We assayed baseline blood sam-
ples for total, high-density, and low-density lipoprotein
cholesterol levels with direct-measurement assays (Roche
Diagnostics, Basel, Switzerland). For C-reactive protein,
we used a validated, high-sensitivity assay (Denka Seiken,
Tokyo, Japan). Women eligible for the current analysis had
adequate baseline plasma samples; had complete ascertain-
ment of exposure data of interest, including age, blood
pressure, current smoking status, diabetes, and parental
history of myocardial infarction before age 60 years; and
were used in the development and assessment of the Reyn-
olds Risk Score for women (n � 24 558) (20).

We fit models by using Cox proportional hazards
models for cardiovascular risk. Predictors included compo-
nents of the Framingham risk score (age [years], systolic
blood pressure [mm Hg], current smoking status [yes or
no], and total and high-density lipoprotein cholesterol lev-
els [mg/dL]), as well as additional risk predictors included
in the Reynolds Risk Score (hemoglobin A1c [%] among
patients with diabetes only, high-sensitivity C-reactive pro-
tein [mg/L], and parental history of myocardial infarction
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before age 60 years [yes or no]) assessed at baseline. We
used the natural logarithm transformation for systolic
blood pressure, total and high-density lipoprotein choles-
terol levels, and C-reactive protein to linearize the relation-
ship with outcome. We compared the full model with
models without each of the risk predictors in turn but
included all other factors. We estimated predicted proba-
bilities at 8-year follow-up, and we based observed rates on
the Kaplan–Meier survival estimates at 8 years. We extrap-
olated all rates to 10 years for presentation.

TRADITIONAL MEASURES OF MODEL FIT

Traditional measures of fit include measures of dis-
crimination or the accurate separation into case patients
and control participants, measures of calibration or how
well the predicted probabilities compare with the observed
(model-free) estimates, and global measures combining
both. These criteria can be assessed for binary outcomes,
such as from logistic models, or for survival outcomes, such
as from the Cox model. These will be illustrated for sur-
vival data in the example data, although an important lim-
itation to some of the measures is that they do not cur-
rently incorporate censored data.

First, only predictors that are statistically significant
(for example, by using a likelihood ratio test) are typically
used in predictive models. Overall model fit can be assessed
by using the Nagelkerke R2 (see Glossary), which is analo-
gous to the percentage of variation explained for linear
models, and compared by using the Bayes information
criterion (see Glossary), a function of the log likelihood
with an added penalty for the number of parameters
that tends to select parsimonious models. Discrimina-
tion is usually assessed by using the c-statistic (see Glos-
sary) or the area under the receiver-operating character-
istic curve. The c-index is an analogous measure that
incorporates censored data (3). Calibration within catego-
ries can be assessed by using the Hosmer–Lemeshow
goodness-of-fit statistic (see Glossary) (21), with categories
formed by deciles or by intervals of risk (for example, 0% to
2%, 2% to 4%, 4% to 6%, and so on).

Table 1 shows the overall measures of fit for the full
model and the model leaving out each risk predictor one at a
time in the WHS data. All variables were highly statistically
significant, as indicated by the likelihood ratio chi-square test.
As expected, the R2 was highest and the Bayes information
criterion was lowest in the full model. The c-statistic for the
model without age was 0.76. All others ranged from 0.79 to

Glossary

Traditional measures of model fit
R2: Nagelkerke generalized model R2, which is the fraction of the log

likelihood explained by the predictors in the model, adjusted to a range
of 0 to 1. Other definitions of R2 are sometimes used.

Bayes information criterion: The value of the log likelihood with an added
penalty for the number of parameters (variables) in the model. The
penalty adjusts for the improvement due to adding variables. A lower
number indicates better fit.

C-statistic: The area under the receiver-operating characteristic curve (or
c-index for survival data). This is a measure of discrimination, or
separation between case patients and control participants, based on
ranks.

Hosmer–Lemeshow chi-square statistic: A test of goodness-of-fit of the
model. It compares the observed number of events with that predicted
from the model within categories (typically 10) on the basis of the
predicted risk. It is often referred to as a test of calibration. A significant
P value indicates lack of fit.

New measures based on reclassification
Reclassification calibration statistic: A test based on the Hosmer–

Lemeshow statistic that compares the observed and expected number
of events in each cell of a reclassification table. It should generally be
restricted to cells with at least 20 observations. This is a test of
calibration or whether the observed and predicted events are similar.
A significant result indicates a lack of fit.

Net reclassification improvement: The net increase versus decrease in risk
categories among case patients minus that among control participants.

Integrated discrimination improvement: The difference in Yates slopes
between models, in which the Yates slope is the mean difference in
predicted probabilities between case patients and control participants.

Table 1. Effect on Traditional Measures of Model Fit of Deleting Each Variable in Turn From the Reynolds Risk Score Model in the
Women’s Health Study

Variable Likelihood
Ratio
Chi-Square*

P Value
Chi-Square

R2, % Bayes
Information
Criterion

C-Index Change in
C-Index

P Value
for C-Index

Chi-Square
for HL1†

P Value
HL1

Chi-Square
for HL2‡

P Value
HL2

Reynolds Risk Score – – 8.58 14 416.8 0.797 – – 10.3 0.25 9.6 0.30
Age 254.2 �0.001 6.43 14 664.3 0.760 0.037 �0.001 12.5 0.128 14.2 0.077
HbA1c in patients with

diabetes
108.8 �0.001 7.67 14 518.8 0.786 0.010 �0.001 7.4 0.49 9.1 0.34

Current smoking status 81.8 �0.001 7.89 14 491.9 0.786 0.011 0.001 5.2 0.74 7.6 0.47
ln(SBP) 89.7 �0.001 7.83 14 499.8 0.786 0.011 �0.001 7.5 0.49 15.5 0.050
ln(HDL) 51.5 �0.001 8.15 14 461.6 0.789 0.007 0.002 9.2 0.33 15.2 0.056
ln(TC) 33.7 �0.001 8.30 14 443.8 0.793 0.004 0.028 10.6 0.23 10.5 0.23
ln(hsCRP) 26.1 �0.001 8.36 14 436.2 0.794 0.002 0.110 6.9 0.54 9.6 0.30
Parental history of MI 15.6 �0.001 8.45 14 425.7 0.795 0.002 0.098 11.5 0.175 12.0 0.152

HbA1c � hemoglobin A1c; HDL � high-density lipoprotein cholesterol; HL � Hosmer–Lemeshow statistic; hsCRP � high-sensitivity C-reactive protein; ln � natural
logarithm; MI � myocardial infarction; SBP � systolic blood pressure; TC � total cholesterol.
* Likelihood ratio chi-square test for each variable separately.
† Hosmer–Lemeshow statistic using deciles of risk for survival probabilities.
‡ Hosmer–Lemeshow statistic using categories in 2% increments for survival probabilities.
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0.80 for the full model. The differences in the c-statistic were
0.01 or less for all variables except age, but were statistically
significant for all except C-reactive protein and family history.
When the optimism of this measure was assessed using 100
bootstrap samples (3), the value of the c-index was generally
decreased by 0.002 or less. The Hosmer–Lemeshow test,
within deciles or 2% risk intervals, demonstrated adequate fit,
although some deviation from fit was suggested when 2% risk
intervals were used.

RISK RECLASSIFICATION AND CALIBRATION

Risk reclassification for single factors can be examined by
using models with and without each risk factor in turn, that is,

comparing a model without a given risk factor to the full
model. For cardiovascular disease, relevant strata are 0% to
less than 5%, 5% to less than 10%, 10% to less than 20%,
and 20% or more for 10-year risk. Figure 1 illustrates the risk
reclassification for models with and without systolic blood
pressure but includes all other risk factors. The model without
systolic blood pressure categorized 86% of women into the
lowest risk group (that is, 10-year risk was �5%). Ten percent
were categorized into the 5% to less than 10% risk stratum,
3% were categorized into the 10% to less than 20% risk stra-
tum, and 1% was categorized into the 20% or higher risk
stratum. The same was approximately true for the model that
included systolic blood pressure, such that the “marginal” pro-
portions were very similar.

Figure 1. Reclassification table comparing 10-year risk strata for models that include risk factors for cardiovascular disease in the
Women’s Health Study with and without SBP.

0% to <5%

Persons included, n (%)

Case patients, %*

Control participants, %*

Observed risk, %†

5% to <10%

Persons included, n (%)

Case patients, %*

Control participants, %*

Observed risk, %†

10% to <20%

Persons included, n (%)

Case patients, %*

Control participants, %*

Observed risk, %†

≥≥20%

Persons included, n (%)

Case patients, %*

Control participants, %*

Observed risk, %†

Total

Persons included, n (%)

Case patients, %*

Control participants, %*

Observed risk, %†

20 372 (96.6)

218 (82.2)

19 933 (96.8)

1.3

635 (26.6)

22 (14.2)

589 (27.4)

4.4

4 (0.5)

0 (0.0)

4 (0.6)

0.0

0 (0.0)

0 (0.0)

0 (0.0)

–

21 011 (85.6)

240 (42.9)

20 526 (86.9)

1.4

696 (3.3)

38 (14.8)

642 (3.1)

6.8

1441 (60.3)

96 (61.9)

1291 (60.1)

8.4

204 (25.0)

7 (7.8)

188 (27.5)

4.3

2 (0.8)

0 (0.0)

2 (1.1)

0.0

2343 (9.5)

141 (25.2)

2123 (8.9)

7.6

23 (0.1)

0 (0.0)

23 (0.1)

0.0

307 (12.8)

36 (23.2)

263 (12.2)

14.6

519 (63.5)

59 (65.6)

434 (63.4)

14.3

54 (20.8)

11 (18.6)

38 (21.1)

25.9

903 (3.7)

106 (18.9)

758 (3.2)

14.7

0 (0.0)

0 (0.0)

0 (0.0)

–

7 (0.3)

1 (0.6)

6 (0.3)

17.5

90 (11.0)

24 (26.7)

58 (8.5)

34.2

204 (78.5)

48 (81.4)

140 (77.8)

29.4

301 (1.2)

73 (13.0)

204 (0.9)

30.5

21 091 (85.9)

256 (10.5)

20 598 (87.2)

1.5

2390 (9.7)

155 (16.1)

2149 (9.1)

8.2

817 (3.3)

90 (27.7)

684 (2.9)

13.9

260 (1.1)

59 (45.7)

180 (0.8)

28.4

24 558 (100.0)

560 (100.0)

23 611 (100.0)

–

–

–

–

–

26.6

14.2

27.4

–

25.5

7.8

28.1

–

21.5

18.6

22.2

–

–

–

–

–

3.4

1.8

3.2

–

13.1

23.9

12.5

–

11.0

26.7

8.5

–

–

–

–

–

–

–

–

–

3.4

1.8

3.2

–

39.7

38.1

39.9

–

36.5

34.5

36.6

–

21.5

18.6

22.2

–

–

–

–

–

Model 
Without SBP

Model With SBP

0%–5% 5%–10% 10%–20% ≥20%

Total, n
(%)

Reclassified Into New Risk
Category, %

Lower Higher Total

Red shading indicates an increase in risk category; and blue shading indicates a decrease in risk category. Total reclassified � 2022 (8.23%); total
reclassified in cells with at least 20 observations � 2009. SBP � systolic blood pressure.
* Case patients and control participants at 8 years of follow-up, ignoring censored observations.
† Observed risk at 10 years is estimated from Kaplan–Meier curve by using observations within each cell. The reclassification calibration statistic
compares the observed risk with the average predicted risk within each cell. The chi-square statistic for the model without SBP is 68.3 (P � 0.001); for
the model with SBP, chi-square is 22.9 (P � 0.006). Reclassification improvement is 10.5% among case patients (99 � 40 of 560), whereas classification
worsened in control participants by 0.7% (821 � 992 of 23 611), leading to a net reclassification improvement of 9.8%.

Academia and ClinicAdvances in Measuring the Effect of Individual Predictors of Cardiovascular Risk

www.annals.org 2 June 2009 Annals of Internal Medicine Volume 150 • Number 11 797



Figure 2 provides a continuous analogue of this table
and shows the predicted values from both models, along
with the category cut-points. Figure 2 shows the spread
and difference in the values of the logarithm base 10 for
the predicted risks from the 2 models, with the dashed
diagonal line denoting the line of identity. Ideally, more
case patients will be above than below the line of identity.
The horizontal and vertical lines indicate the risk strata.
The striated appearance is because of the use of categories
for systolic blood pressure (9 categories of 10 mm Hg)
from less than 110 mm Hg to 180 mm Hg or more. The
lines show how much the predicted values can change
when systolic blood pressure increases or decreases by 10
mm Hg.

The overall percentage reclassified gives some indica-
tion of how many persons would change risk categories,
and possibly treatment decisions, under the new model. Of
the 24 558 women, 2022 (8%) were classified into differ-
ent risk strata. The overall percentage, however, is heavily
influenced by the incidence of disease in the sample. In the
WHS, most women were in the lowest category under
both models. Those who were in the intermediate cate-
gories may be more clinically relevant and demonstrate
more shift in risk category. For example, of those at 5%
to less than 10% risk in the model without systolic
blood pressure, 40% were reclassified into higher or
lower categories. Of those at 10% to less than 20% risk,
36% were reclassified.

More important for model fit than the simple percent-
age reclassified, however, is a comparison of observed and
expected rates of disease within each cross-classified cate-
gory. This determines whether individuals are reclassified
correctly or whether the changes are due to chance. Obser-
vations in a reclassified cell are considered “correctly” re-
classified if the observed rate is closer to the new than to
the old risk stratum. For example, 696 women were reclas-
sified from less than 5% 10-year risk to 5% to less than
10% risk. The observed 10-year risk was 6.8% based on a
Kaplan–Meier estimate for these 696 women, which falls
into the 5% to less than 10% category. The average esti-
mated risk for these women from the model without sys-
tolic blood pressure was 4.0%, whereas risk was 6.1% from
the model with systolic blood pressure, which is closer to
the 6.8% observed risk. Overall, 2022 women were reclas-
sified; 2009 of these were in cells with at least 20 women,
for whom the observed rate could be computed. Of these
2009 women, 1932 (96%) were reclassified correctly.

Observed and average predicted rates for cells with at
least 20 observations can be compared on the basis of a
chi-square goodness-of-fit test within reclassified categories
for each model separately (9). This is simply the familiar
Hosmer–Lemeshow goodness-of-fit statistic, but applied to
reclassified categories, and we refer to it as the reclassifica-
tion calibration statistic (see Glossary). It is calculated as
follows:

XRC
2 � �

i�1

K �Ok � nk �pk�
2

nk �pk�1 � �pk�
� XK�2

2

where nk is the number in cell k, Ok is the observed num-
ber of events in cell k, and �pk is the average predicted risk in
cell k for the model under consideration. Survival data can
be incorporated by using the observed events and predicted
risk for a given time, such as 10 years. The Kaplan–Meier
estimates of the observed risk can be used to accommodate
censored data. The statistic follows an approximate chi-
square distribution with K-2 degrees of freedom, where K
is the number of cells with at least 20 observations in the
table. In Figure 1, K � 11. As with the usual Hosmer–
Lemeshow test, a statistically significant result indicates
poor fit. The test for systolic blood pressure found that the
model without systolic blood pressure had a strong lack of
fit (chi-square test, 68.3; P � 0.001). For the model with
systolic blood pressure, the chi-square test yields 22.9 (P �
0.006), which still indicated some lack of fit but to a much
lesser extent. We did all computations for this and other
reclassification measures by using SAS, version 9.1 (SAS
Institute, Cary, North Carolina). SAS macros to compute
the reclassification measures are available in the Appendix
(available at www.annals.org.)

Table 2 examines risk reclassification from the initial
reduced model eliminating each predictor individually
compared with the full model. The overall percentage re-

Figure 2. Plot of predicted 10-year risk from models
including cardiovascular risk factors but with and without
systolic blood pressure in the Women’s Health Study.

The dashed diagonal line is the line of unity; horizontal and vertical lines
represent risk strata cut-points. SBP � systolic blood pressure.
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classified ranged from 3% for models with and without
parental history of myocardial infarction to 13% for mod-
els with and without age. The percentages that were reclas-
sified within the intermediate risk categories of 5% to less
than 10% and 10% to less than 20% were much higher,
ranging from at least 13% to 62% for age, suggesting more
substantial changes within these risk strata. For each model
comparison, more than 95% of those reclassified were
reclassified correctly when the variable was included. In
comparing the observed with the expected rates, the
reclassification calibration statistic showed significant
lack of fit in models that excluded each variable. Al-
though the full model sometimes demonstrated a lesser
degree of lack of fit within these cross-classified catego-
ries, the full model provided better fit to the observed
rates in each comparison. Thus, each of these variables
improved the fit of the model to the observed rates of
cardiovascular disease.

MEASURES OF IMPROVEMENT IN DISCRIMINATION

Some other proposed measures of improvement in-
clude the net reclassification improvement (7) (see Glos-
sary) and the integrated discrimination improvement (7)
(see Glossary). The net reclassification improvement (NRI)
assesses risk reclassification and is the difference in propor-
tions moving up and down risk strata among case patients
versus control participants, that is, those who did or did
not develop the disease during follow-up, or, where Pr
stands for probability:

NRI � [Pr(up|cases) – Pr(down|cases)]
– [Pr(up|controls) – Pr(down|controls)].

The net reclassification improvement is similar to the
simple percentage reclassified, but it distinguishes move-

ments in the correct direction (up for case patients and
down for control participants). Ideally, the predicted prob-
abilities would move higher (up a category) for case
patients and lower (down a category) for control partic-
ipants. The net reclassification improvement can be re-
arranged to reflect improvement in both cases and con-
trols as follows:

NRI � [Pr(up|cases) – Pr(down|cases)]
� [Pr(down|controls) – Pr(up|controls)]

� relative improvement for cases
� relative improvement controls.

The net reclassification improvement is then the sum of
improvements for case patients and control participants.

Figure 1 also shows the data representation for systolic
blood pressure for case patients and control participants
separately in the WHS. In this cohort study, control par-
ticipants were defined as those who did not develop disease
at 8-year follow-up. Of the case patients, 38 � 36 � 1 �
24 � 99 (17.6%) correctly moved up a risk category and
22 � 7 � 11 � 40 (7.1%) incorrectly moved down when
adding systolic blood pressure to the model, resulting in a
relative improvement for case patients (percentages moving
up � those moving down) of 10.5%. For the control par-
ticipants, 821 (3.5%) correctly moved down, whereas 992
(4.2%) incorrectly moved up, yielding an overall change of
�0.7%. This shows a slight upward movement among
control participants or a worsening of classification for
control participants. The net reclassification improvement
is the sum of the 2, or 9.8%. This means that compared
with control participants, case patients were almost 10%
more likely to move up a category than down. Table 2
shows the results for other variables in the WHS. The net
reclassification improvement was highest for age, at 19.5%,

Table 2. Reclassification Measures for Deleting Variables From the RRS Model in the Women’s Health Study*

RRS Variables Reclassification Percentages Fit to Survival Probabilities

Overall 5%–10% 10%–20% Correct, % Chi-Square
for
Exclusions†

P Value
for
Exclusions

Chi-Square
for RRS‡

P Value
for RRS

Age 13.4 61.9 61.2 100.0 161.0 �0.001 7.0 0.80
HbA1c levels in patients with diabetes 5.9 27.2 38.8 100.0 154.2 �0.001 23.2 0.010
Current smoking status 6.8 32.3 31.9 96.3 62.6 �0.001 16.2 0.040
ln(SBP) 8.2 39.7 36.5 96.2 68.3 �0.001 22.9 0.006
ln(HDL) 6.2 29.8 28.3 96.1 27.8 �0.001 12.3 0.137
ln(TC) 4.8 22.9 21.0 95.8 16.1 0.041 7.3 0.51
ln(hsCRP) 4.0 19.2 16.1 97.0 31.8 �0.001 18.5 0.017
Parental history of MI 2.8 13.5 12.7 96.4 22.2 0.005 13.3 0.101

HbA1c � hemoglobin A1c; HDL � high-density lipoprotein cholesterol; hsCRP � high-sensitivity C-reactive protein; IDI � integrated discrimination improvement; ln �
natural logarithm; MI � myocardial infarction; NRI � net reclassification improvement; RI � reclassification improvement; RRS � Reynolds Risk Score; SBP � systolic
blood pressure; TC � total cholesterol.
* Risk strata use 4 categories: 0% to �5%, 5% to �10%, 10% to �20%, and �20%. Calibration statistics are based on observed 8-year rates from Kaplan–Meier curves.
Net reclassification improvement statistics use 8-year case–control status, excluding those who are censored.
† Reclassification calibration (Hosmer–Lemeshow) statistic and P value for RRS model omitting each variable in turn. Significance indicates lack of fit.
‡ Reclassification calibration statistic and P value for full RRS model.
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and ranged down to 3.2% for total cholesterol levels. All
values were statistically significant in these data.

The integrated discrimination improvement is the dif-
ference in Yates, or discrimination, slopes between 2 mod-
els, in which the Yates slope is the mean difference in
predicted probabilities between case patients and control
participants. The integrated discrimination improvement
(IDI) is defined as:

IDI � (ave p̂cases � ave p̂controls )new model

� (ave p̂cases� ave p̂controls )old model

where p̂ is the predicted probability. The terms in paren-
theses are the Yates slopes for the 2 models; ideally, we
would like the case patients to have a higher average prob-
ability than the control participants. The difference in
slopes is a measure of improvement in the model. The
integrated discrimination improvement can also be
thought of as a percentage of variance explained (8). In the
model without systolic blood pressure, the average pre-
dicted probability was 7.4% for the case patients and 2.2%
for the control participants, yielding a slope of 5.2%. In
the model that included systolic blood pressure, the aver-
ages were 7.9% for case patients and 2.2% for control
participants, yielding a slope of 5.7%. The integrated dis-
crimination improvement for systolic blood pressure is the
difference in these, or 0.5% (Table 2). This means that the
difference in average predicted probabilities between case
patients and control participants increased by 0.005 when
systolic blood pressure was added to the model. For the
models that omitted age, hemoglobin A1c levels, and all
other predictors, the integrated discrimination improve-
ment was 1.8%, 1.3%, and less than 0.6%, respectively.

Both the net reclassification improvement and inte-
grated discrimination improvement condition on case–
control status, and neither of these measures assess model
calibration (7). Because they depend on outcome status,
they are not available for censored data. Status at 8-year
follow-up was used ad hoc in these analyses because most
women had been followed for at least this duration, and
observations censored before 8 years of follow-up were ex-

cluded. Of the total 766 cardiovascular events, 560 (73%)
occurred by 8 years of follow-up and could be used for
calculation of the net reclassification improvement and in-
tegrated discrimination improvement. An additional 387
women were censored before 8 years and were excluded
from calculation of these measures. This is an important
current limitation of these measures.

When reclassification into risk strata is considered, the
particular categories used can affect the estimates. For ex-
ample, the Appendix Table (available at www.annals.org)
shows the results when 3 categories were used with cut-
points of 5% and 20% only (7). The percentages that were
reclassified were lower, as would be expected. The value of
the net reclassification improvement, an adjusted percent-
age reclassified, was also lower and ranged from 14% for
age to 1.5% for parental history of myocardial infarction.
This was reduced further when only 2 categories (with a
10% cut-point) were used, with a net reclassification im-
provement for age of only 9.2%; the reclassification chi-
square statistic was also reduced, but so was its expectation,
which is based on the number of cells. In a 4 � 4 table, the
number of cells with more than 20 observations is often
10; for the 3 � 3 table, it is usually 7. The values of the
chi-square statistic divided by its expectation, as well as the
levels of statistical significance, were relatively similar
whether 3 or 4 categories were used.

Whenever fit of a new model is evaluated, the esti-
mated fit in the derivation data may be too optimistic. Use
of a test data set, bootstrapping, or cross-validation can
adjust measures for optimism (3). When 10-fold cross-
validation was applied to these data, there was little change
in the estimated effects or in the test statistics (data not
shown). The net reclassification improvement for age in-
creased from 19.5% to 20.5%, and for family history de-
creased from 3.2% to 2.2%. The reclassification chi-square
statistics were also relatively similar.

DISCUSSION

These data illustrate the use of several newly proposed
reclassification measures and demonstrate their magnitude
and variation for well-known cardiovascular risk factors in
a cohort of women. The net reclassification improvement
ranged from 3.2% for parental history of myocardial in-
farction before age 60 years to almost 20% for age in these
data using clinically meaningful risk strata. Other studies
have presented similar results for some of these variables (7,
9, 22, 23). Of note, a significant statistical association does
not necessarily lead to an improvement in risk stratifica-
tion. For example, although a polymorphism at the 9p21
gene was associated with increased risk for cardiovascular
disease, it did not improve calibration, and the estimated
net reclassification improvement was negative (13). Also, as
noted by Pepe and colleagues (8), testing the integrated
discrimination improvement is equivalent to testing
whether the regression coefficient in a model is 0. It can be

Table 2—Continued

Fit Conditional on Case–Control Status

RI for Case
Patients, %

RI for Control
Participants,
%

NRI, % P Value
for NRI

IDI, % P Value
for IDI

21.8 �2.3 19.5 �0.001 1.79 �0.001
9.3 1.7 11.0 �0.001 1.33 �0.001
8.9 �0.4 8.5 �0.001 0.56 �0.001

10.5 �0.7 9.8 �0.001 0.49 0.001
4.5 �0.4 4.0 0.021 0.39 �0.001
3.6 �0.4 3.2 0.032 0.13 0.159
5.4 �0.2 5.2 �0.001 0.16 0.026
3.4 �0.1 3.2 0.005 0.11 0.040
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represented as a change in R2 or the proportion of variance
explained. Whether this can translate to clinical utility thus
remains questionable.

The net reclassification improvement and the inte-
grated discrimination improvement both condition on
case-control or later disease status. As such, they do not
provide information on calibration of the estimated risks.
As for the receiver-operating characteristic curve (5), they
do not measure how close the predicted observations fall to
the actual probabilities. Alternatively, the reclassification
calibration statistic directly compares the observed and pre-
dicted probabilities within each cell of the reclassification
table, and assesses this calibration directly. In particular,
the reclassification calibration statistic for the model ex-
cluding the variable of interest examines whether the
model without this variable provides adequate fit; it is
therefore a useful adjunct to measures of discrimination.

Because the net reclassification improvement and inte-
grated discrimination improvement condition on outcome
status, how to assess these measures with survival data is
not yet clear. In our analysis, some women were censored
before 8 years and were simply excluded from the calcula-
tions. The reclassification calibration measures, however,
can use survival analysis to determine the observed rate
within each cell while allowing for such censoring. They
are thus more readily generalizable to survival or prospec-
tive data, particularly when length of follow-up differs
among individuals.

A limitation of the net reclassification improvement
and other reclassification measures is that they depend on
the particular categories used. The calibration test seems to
depend somewhat less on the number of categories because
it is adjusted for the number of categories. The best choice
of risk categories for reclassification tables remains an im-
portant question, however. For best interpretation, the
choice should have clinical meaning. As Greenland (24)
suggests, “predictive values, costs, and cut-points must be
considered together to make informed decisions.” For cost-
effectiveness and public policy considerations, categories
based on the absolute predicted risk, rather than ranks,
would be of most interest. If a particular category is im-
portant, such as a 10% treatment threshold, one may wish
to include categories both above and below this number.
In preventive cardiology, the 5%, 10%, and 20% cut-
points have been proposed as clinical choices for treatment
decisions (1, 25), which ideally should be based on consid-
erations of cost-effectiveness. Net benefit curves (26) or
relative utility estimates (27) can help determine whether it
is cost-effective to measure a new marker in a sample or a
subset at intermediate risk.

Even if clinical or treatment categories are not
widely available, reclassification measures, particularly
the reclassification calibration statistic and net reclassi-
fication improvement, may be useful in demonstrating
the ability of new models and markers to change risk
strata and alter treatment decisions. Although their sta-

tistical properties are still being explored, they are gain-
ing popularity as other means of comparing the accuracy
of absolute risk estimates.
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Appendix Table. Reclassification Measures for Deleting Variables From the RRS Model in the Women’s Health Study*

RRS Variables Reclassification
Percentages

Fit to Survival Probabilities Fit Conditional on Case–Control Status

Overall 5%–20% Correct,
%

Chi-Square
for
Exclusions†

P Value
for
Exclusions

Chi-Square
for RRS‡

P Value
for RRS

RI for Case
Patients, %

RI for
Control
Participants,
%

NRI,
%

P Value
for NRI

Age 10.7 39.3 100.0 130.5 �0.001 6.2 0.29 16.1 �1.6 14.4 �0.001
HbA1c levels in patients

with diabetes
4.2 18.9 100.0 105.0 �0.001 17.8 0.003 8.2 1.1 9.3 �0.001

Current smoking status 5.1 18.7 95.1 49.9 �0.001 14.9 0.011 6.1 �0.2 5.9 �0.001
ln(SBP) 6.2 22.9 96.3 43.1 �0.001 13.0 0.024 5.4 �0.4 5.0 0.005
ln(HDL) 4.6 16.5 94.5 25.5 �0.001 11.3 0.046 3.2 �0.2 3.0 0.034
ln(TC) 3.5 12.3 100.0 12.1 0.033 6.4 0.27 1.8 �0.2 1.6 0.181
ln(hsCRP) 2.9 10.4 96.0 13.4 0.020 7.3 0.20 2.1 �0.1 2.0 0.053
Parental history of MI 2.0 7.2 95.0 14.2 0.014 9.5 0.092 1.6 �0.1 1.5 0.093

HbA1c � hemoglobin A1c; HDL � high-density lipoprotein cholesterol; hsCRP � high-sensitivity C-reactive protein; ln � natural logarithm; MI � myocardial infarction;
NRI � net reclassification improvement; RI � reclassification improvement; RRS � Reynolds Risk Score; SBP � systolic blood pressure; TC � total cholesterol.
* Risk strata use 3 categories: 0%–5%, 5%–20%, and �20%. Calibration statistics are based on observed 8-year rates from Kaplan–Meier curves. Net reclassification
improvement statistics use 8-year case–control status, excluding those who are censored.
† Reclassification calibration statistic and P value for model omitting variable. Significance indicates lack of fit.
‡ Reclassification calibration statistic and P value for RRS model.
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