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Abstract

Objectives: To quantify variability in the results of statistical analyses based on contingency tables and discuss the implications for the
choice of sample size for studies that derive clinical prediction rules.

Study Design and Setting: An analysis of three pre-existing sets of large cohort data (n 5 4,062e8,674) was performed. In each data
set, repeated random sampling of various sample sizes, from n5 100 up to n5 2,000, was performed 100 times at each sample size and the
variability in estimates of sensitivity, specificity, positive and negative likelihood ratios, posttest probabilities, odds ratios, and risk/preva-
lence ratios for each sample size was calculated.

Results: There were very wide, and statistically significant, differences in estimates derived from contingency tables from the same data
set when calculated in sample sizes below 400 people, and typically, this variability stabilized in samples of 400e600 people. Although
estimates of prevalence also varied significantly in samples below 600 people, that relationship only explains a small component of the
variability in these statistical parameters.

Conclusion: To reduce sample-specific variability, contingency tables should consist of 400 participants or more when used to derive
clinical prediction rules or test their performance. � 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Clinical prediction rules are tools that define the rela-
tionship between multiple predictors (e.g., from an individ-
ual patient’s history, physical examination, and/or test
results) and likely diagnosis, prognosis, or treatment

response [1,2]. They can be used to identify clinically rele-
vant subgroups of patients. There is growing interest in
clinical prediction rules, as seen in a recent study that iden-
tified more than 400 unique prediction rules across a range
of health conditions that had been derived and published
between 1965 and 2009, with the 80% of them published
since the year 2000 [1].

Clinical prediction rules are derived from multivariable
prediction models. The typical sequence is that candidate
predictor variables are formed into prediction models using
a variety of statistical methods, a final model is chosen
based on its performance measures, and then that prediction
model is transformed into a prediction rule [3]. Although
the derivation of the rule from the model can also occur us-
ing a variety of statistical approaches, they often involve the
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What is new?

Key findings
� There is a lack of information about appropriate

sample sizes for studies that derive or test clinical
prediction rules using contingency tables.

� We found very wide and statistically significant
variability in estimates derived from contingency
tables (sensitivity, specificity, positive and negative
likelihood ratios, posttest probabilities, odds ratios,
and risk/prevalence ratios) when calculated in sam-
ple sizes of 100 or 200 people, which typically sta-
bilized in samples of 400e600 or more people.

� Although estimates of prevalence also varied
significantly in samples below 600 people, in less
than 15% of occasions was there less variability
in samples extracted with a fixed prevalence than
in samples with a varying prevalence.

What this adds to what was known?
� We are not aware of other studies that have inves-

tigated sample sizes requirements for studies that
derive clinical prediction rules or measure predic-
tion rule performance.

What is the implication and what should change
now?
� Sample sizes in studies that derive prediction rules

or measure prediction rule performance using con-
tingency tables should consist of 400 participants
or more.

use of statistics based on dichotomization of data into 2 � 2
contingency tables.

The 2 � 2 contingency table represents a dichotomized
predictor variable and dichotomized outcome variable (the
numbers of people who have/do not have a clinical charac-
teristic present who also have/do not have a particular
outcome). Dichotomized predictor and outcome variables
in a contingency table enable the estimation of sensitivity,
specificity, likelihood ratios, odds ratios, risk or prevalence
ratios, and pretest and posttest probabilities. The clinical
use of posttest probabilities is considered to be a high-
level application of evidence-based care for the diagnosis
of, and treatment selection for, individual patients [3].

Contingency tables have been used at various stages in the
derivation of prediction rules. For example, in the case of the
Flynn prediction for spinal manipulation in people with low
back pain [4], univariate screening was initially used as a se-
lection process to reduce the number of candidate variables,
then continuous scale variables were dichotomized using the
results of ROC analysis, and their sensitivity, specificity, and

positive likelihood ratios were calculated from contingency
tables for descriptive purposes, before the remaining candi-
date variables being entered into a logistic regression model.
In other examples, contingency tables are used when identi-
fying the number of items that need to be positive before a
person is classified as ‘‘rule positive’’ or inmeasuring predic-
tion rule performance [3]. Even when a prediction rule is
created using some form of sum score from a multivariable
model such as linear regression, simple dichotomization of
‘‘over or under’’ a threshold indicator and ‘‘with or without’’
the outcome of interest is often used in the process of rule
calibration or for describing model performance. Similarly,
recursive partitioning approaches to studying diagnostic
pathways, such as Classification and Regression Trees, are
based on contingency tables and provide predicted probabil-
ities of a diagnosis [5]. So, the use of statistical estimates
based on contingency tables commonly occurs at some stage
in the creation of prediction rules, regardless of the overall
method pathway used.

However, there is evidence that estimates based on con-
tingency table statistics are highly variable across samples,
due to variations in prevalence (selection bias) and disease
severity (spectrum bias) [6e8]. These estimates can also be
highly variable within samples, due to the presence of other
clinical characteristics that may reflect the existence of sub-
groups in the sample [9,10]. Although the influence of these
attributes (selection bias, spectrum bias, and the presence of
clinical subgroups) on the variability in estimates based on
contingency table statistics has been investigated [6e10],
variability in estimates due to sample size has not been
adequately researched.

Currently, the a priori estimation of adequate sample
size is difficult in studies designed to derive clinical predic-
tion rules, as (1) the performance characteristics of the rule
cannot be known a priori and (2) the prevalence and
severity of a particular health condition in a particular clin-
ical setting may not be known. Sample sizes for studies that
have derived musculoskeletal prediction rules have varied
greatly, from 54 [11] to 8,924 [12], and are often less than
100 [4,11,13,14].

Therefore, the aims of this study were to (1) quantify
variability in the estimates of clinical prediction rule perfor-
mance (sensitivity, specificity, positive and negative likeli-
hood ratios, posttest probabilities, odds ratios, and risk/
prevalence ratios) that typically result from contingency ta-
bles of dichotomized predictors and outcomes and (2)
discuss the implications of the results for sample sizes de-
cisions in future studies.

2. Methods

2.1. Method summary

Three pre-existing sets of Danish cohort data were
analyzed. The first data set was of 4,062 patients with spine
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