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Clinical Prediction Modeling

Model development

� Diagnostic & prognostic outcomes

� Small datasets & overoptimism

� Inappropriate modeling strategies

� Lack of external validation
→ model redevelopment

� Abundance of similar models with poor generalizability

Evidence aggregation

� Model updating

� IPD meta-analysis

� Combine prediction models





Evidence aggregation: challenges

� Heterogeneity
(populations, study designs, model specification, . . . )

� Target population
(difficult to define without participant data)

� Fully parametric models
(enhances interpretation & facilitates future implementation)

Bear, as I can, I must, knowing the might
of strong Necessity is unconquerable. But
touching my fate silence and speech alike
are unsupportable.

–Aeschylus, Prometheus Bound



Case study

Diagnosis of Deep Vein Thrombosis (DVT)

� Previously published prediction models
I Wells, Modified Wells (secondary care; rule)
I Hamilton (secondary care; rule)
I Gagne, (primary care)
I Oudega (primary care)

� Validation dataset (N = 1028, primary care)

The Wells Rule Does Not Adequately Rule Out Deep Venous
Thrombosis in Primary Care Patients
Ruud Oudega, MD; Arno W. Hoes, MD, PhD; and Karel G.M. Moons, PhD

Background: Using data from secondary care outpatients, Wells
and colleagues developed a diagnostic rule to estimate the prob-
ability of the presence of deep venous thrombosis (DVT). The
accuracy of the Wells rule has not been properly validated for use
in primary care patients in whom DVT is suspected.

Objective: To validate the diagnostic accuracy of the Wells rule,
with and without D-dimer testing, in a primary care setting.

Design: Cross-sectional study with prospective data collection
from 1 January 2002 to 1 March 2003.

Setting: 110 primary care practices in a circumscribed geographic
region in The Netherlands.

Participants: 1295 consecutive patients who consulted their pri-
mary care physician about symptoms suggestive of DVT.

Measurements: All patients underwent history-taking and phys-
ical examination to calculate the Wells rule score, and D-dimer

testing. Repeated leg ultrasonography was the reference standard
to determine the true presence or absence of DVT.

Results: In the primary care setting, 12.0% of patients in the
low-risk group had DVT; the original study by Wells and col-
leagues reported a rate of 3% among such patients. When com-
bined with negative results on a D-dimer test, the Wells rule
yielded a prevalence of DVT of 2.9% in the lowest-risk group,
whereas the prevalence was 0.9% in the original study.

Limitations: Patients with previous DVT were included, and the
diagnostic reference standard was different from that used in
Wells and colleagues’ original study.

Conclusion: The Wells rule, alone or in combination with D-
dimer testing, does not guarantee accurate estimation of risk in
primary care patients in whom DVT is suspected.

Ann Intern Med. 2005;143:100-107. www.annals.org
For author affiliations, see end of text.

Recognition of or ruling out deep venous thrombosis
(DVT) in primary care patients is notoriously difficult

because of the limited number of diagnostic tools available
at this level of care and the wide variety of nonthrombotic
disorders that can mimic the clinical presentation of DVT
(1, 2). Proper diagnosis, however, is important: Patients
with untreated DVT may develop pulmonary embolism,
whereas unjustified therapy with anticoagulants poses a risk
for major bleeding (2).

The diagnostic work-up of patients in whom DVT is
suspected includes history-taking; physical examination;
and after referral, D-dimer testing and compression ultra-
sonography or venography (2, 3). The tools commonly
available to primary care physicians for diagnosis of DVT
are patient history, physical examination, and rapid
D-dimer testing. On the basis of results of these methods,
the primary care physician must decide which patients
should be referred for additional, more burdensome, and
costly tests in secondary care.

Various investigators have attempted recently to tailor
further work-up by using a combination of symptoms and
signs to discriminate among patients with a low, moderate,
or high probability of having DVT (4–9). Only a few of
these studies, however, investigated which diagnostic find-
ings independently contribute to the discrimination be-
tween the presence and absence of DVT, and few investi-
gators have constructed a formal diagnostic rule on the
basis of their findings (4–7). The rule developed by Wells
and colleagues (hereafter referred to as the Wells rule) is by
far the best known and most often applied (9–14).

The Wells rule was based on data obtained from re-

ferred patients suspected of having DVT who attended
secondary care outpatient clinics. Although it is often ar-
gued that secondary care outpatients are similar to primary
care patients, differences may exist because of the referral
mechanism of primary care physicians (15, 16). The true
diagnostic or discriminative accuracy of the Wells rule has
never been formally validated in primary care patients in
whom DVT is suspected. A validation study is needed
because the performance of any diagnostic or prognostic
prediction rule tends to be lower than expected from data
in the original study when it is applied to new patients,
particularly when these patients are selected from other
settings (17–20).

We sought to quantify the diagnostic performance of
the Wells rule in primary care patients and compare it with
the results reported in the original studies by Wells and
colleagues (5, 13).
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Classical Paradigm

1 Literature search
Wells, Modified Wells, Hamilton, Gagne, Oudega

2 Critical appraisal
discard secondary care models?

3 External validation
identify best models (Oudega & Gagne)

4 Model updating
intercept update, logistic calibration, model revision

5 Recommendations
use (updated) Oudega model?

No accumulation of other potentially useful models!



Model Averaging (MA)

1 Update literature models

2 Derive probabilistic weights for literature models to average
their predictions
wm = exp(−0.5 BICm)/

∑M
l=1 exp(−0.5 BICl)

3 Estimate summary model
logit(pi ) = β0 +

∑K
k=1 βkxik + εi

Case study: w1 = 0.998 (Oudega), w2 = 0.002 (Gagne)
AUC meta-model = 0.82

Allows implementation of variable selection algorithms
Explicit summary model



Stacked Regressions (SR)

� Simultaneously updates, discovers and estimates the best
combination of literature models

� Minimize −[
∑N

i=1 yi ln(1 + exp(−α0 −
∑M

m=1 αmLPim))−
(1− yi ) ln(1 + exp(α0 +

∑M
m=1 αmLPim))]

� Non-negative constraints on the regression slopes αm

� Inspect collinearity! (Variance inflation factor)

Case study: α1 = 0.537 (Oudega), α2 = 0.497 (Gagne) and
α0 = 1.01. AUC meta-model: 0.85

Explicit summary model



Results case study
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AUC:  0.824
BS:  0.095

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Stacked Regressions

Predicted probability

AUC:  0.847
BS:  0.091

Meta-model includes 10 predictors (out of 14 possible predictors)
Secondary care models excluded for MA and SR!



Closing remarks

Extension of Model Validation and Updating

� Validity meta-model

� Predictor codings & nonlinearity terms

� Time-to-event data

Advantages

� Parsimonious optimization

� Customizability

� Model weighting (rather than selection)

� Identification of important predictors


