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Abstract: (1) Background: We aimed to develop a transparent machine-learning (ML) framework to
automatically identify patients with a condition from electronic health records (EHRs) via a parsimo-
nious set of features. (2) Methods: We linked multiple sources of EHRs, including 917,496,869 primary
care records and 40,656,805 secondary care records and 694,954 records from specialist surgeries
between 2002 and 2012, to generate a unique dataset. Then, we treated patient identification as a
problem of text classification and proposed a transparent disease-phenotyping framework. This
framework comprises a generation of patient representation, feature selection, and optimal pheno-
typing algorithm development to tackle the imbalanced nature of the data. This framework was
extensively evaluated by identifying rheumatoid arthritis (RA) and ankylosing spondylitis (AS).
(3) Results: Being applied to the linked dataset of 9657 patients with 1484 cases of rheumatoid
arthritis (RA) and 204 cases of ankylosing spondylitis (AS), this framework achieved accuracy and
positive predictive values of 86.19% and 88.46%, respectively, for RA and 99.23% and 97.75% for
AS, comparable with expert knowledge-driven methods. (4) Conclusions: This framework could
potentially be used as an efficient tool for identifying patients with a condition of interest from EHRs,
helping clinicians in clinical decision-support process.

Keywords: phenotyping; rheumatology; cohort identification; electronic health records; feature
selection; transparent machine learning; text mining; big data; artificial intelligence

1. Introduction

Identifying patients who satisfy predefined criteria with a particular condition from
electronic health records (EHRs) can be used in numerous research studies, such as clinical
trial recruitments, survival analysis, or outcome predictions, etc. [1,2]. Importantly, EHRs-
based cohorts allows studies on rare conditions or genomic studies to have the potential
of scaling to large populations with a sufficiently powered analysis. Larger cohorts are a
key contribution to novel discoveries in genetic medicine [3]. But the central question is:
how can we define or identify the criteria that accurately describe the condition of interest
within the EHRs?

Currently, the patient records held in primary care contain the most comprehensive
medical history for a population, including information on symptoms, diagnoses, referrals,
treatment, and changes in an individual’s health over time, representing an incredible
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resource for cohort identification research. However, there are many challenges in using
primary care health records to identify cohorts of patients with a particular condition. First,
the quality of the records can vary [1]; in particular, the diagnostic codes in primary care
may be inaccurate. For example, using medical records in Medicare database (USA), the
positive predictive values (PPVs) were 55.7% for at least two claims coded for RA, 65.5%
for at least three claims for RA, and 66.7% for at least two rheumatology claims for RA [4].
From the Clinical Practice Research Datalink, a routinely collected primary care database
(UK), the accuracy of identifying someone as definite RA by a single RA Read code was
78.7% [5]. A recent study in the Netherlands suggests that more than half of the children
with asthma diagnosed and treated by their general practitioners (GPs) may not actually
have the condition [6], leading to unnecessary treatment, disease burden, and impact on
quality of life and putting them at risk from the side effects of their medication. These
findings suggest that some conditions may appear under-reported in primary care and
others over-reported. In contrast, patient records held in secondary care contain more
robust diagnostic data than primary data, but they are sparse, often contain only severe
active disease, and are not easily available. Therefore, an ideal and natural scheme is to
link the primary care records with the secondary care ones at patient level, in which the
secondary care records act as a gold standard to enhance the accuracy of the codes selected
from primary care for a population.

However, distinguishing patients with a particular condition from their records can be
extremely time consuming and resource costly. This is because the criteria that characterise
a condition, particularly a chronic condition, are buried within complex hierarchical termi-
nology structures across multiple data points in the records of a patient, such as the Read
codes [7] used in General Practice in the United Kingdom or the SNOMED CT (System-
atized Nomenclature of Medicine Clinical Terms) [8], which merge the SNOMED Reference
Terminology and Read codes and is promoted in many countries. These hierarchical termi-
nology structures with extensive overlap of classes lead to a huge number of codes (terms)
describing the condition of a patient across multiple data points. In addition, prevalence of
a certain condition within a population is comparatively very small. This results in a both
highly dimensional (large number of medical codes/characteristics) and imbalanced (few
positive patients) EHR data space. All these issues present a big methodological challenge
in identifying cohorts from EHRs, making the classical statistical modelling techniques
no longer feasible due to the curse of dimensionality [9,10]. Thus, to distinguish patients
with a condition in primary care, it becomes crucial to identify the most predictive code
patterns buried in their EHRs rather than consider the whole set of overlapping codes. To
achieve this, researchers have turned to experts’ review of records to manually select the
most relevant codes in safeguarding the accuracy of patient identification [11,12]. However,
this methodology is expensive, inefficient, and highly subjective and depends on the local
healthcare system and the level of clinicians’ knowledge.

Different from the expert-knowledge-driven methods, AI- and machine-learning-
based, data-driven methods offer a promising application in improving diagnostic perfor-
mance [13,14]. In this paper, we propose to use a transparent machine-learning framework
to mine EHRs for automatic phenotype identification by parsimonious set of useful clin-
ical signals. The proposed methodology is grounded in the theory and methods of text
mining [15]. Each patient is treated as a document consisting of coded terms and other
variables (words); prediction of health outcomes for each patient is thus treated as a prob-
lem of text categorisation. One efficient way of representing words in vector space is
to embed words in a latent factor vector space [16,17]. Although latent representation
of words may significantly improve performance of word classification, it is difficult or
impossible to know the logic involved about relationships between the raw words and
the outcome. As the General Data Protection Regulation (GDPR) [18] takes effect, data
subjects have the right to have meaningful information about the logic involved and the
envisaged consequences of such automated decision making for the data subject. It is of
pressing importance to develop transparent data-driven models that have explanatory
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power. This is essential in order for machine-learning-based tools to be sufficiently trusted
by medical community in modifying protocols for diagnosis and treatment. Therefore,
in this paper, we directly work on raw words rather than their latent representations by
integrating data-mining techniques to offer a transparent disease-phenotyping framework
that generates decision rules with clear inferencing logic involved about relationships
between clinical concepts and health outcome. To reduce the large number of raw words to
the minimum combination of features able to phenotype a condition and with each feature
representing a single EHR within a patient’s medical history, feature selection (FS) is used
to score and rank the clinical codes (terms) so that only the most relevant codes are kept.

Clinical data are commonly imbalanced with a small number of positive patients
within a large patient cohort. However, most health statistical analysis studies did not
consider the problem of imbalance of clinical data; these studies inherently and inexplicitly
put more emphasis on learning data observations with more occurrences. Instead, our
proposed methodology suggested to use cost-sensitive machine-learning techniques to
tackle this challenge. In this way, this framework enables the patterns examined in the
primary care records to be able to identify the presence or absence of the condition as
accurately as possible, at best with a secondary care diagnosis.

In this study, two arthritis conditions are used as exemplar of this framework: rheuma-
toid arthritis (RA) and ankylosing spondylitis (AS). Moreover, we compared this data-
driven framework with the standard clinical expert-knowledge-driven algorithms for both
RA and AS.

In summary, the contribution of this study includes: (1) the proposed methodology
focused on generating transparent knowledge from data; (2) from a large number of factors,
a parsimonious set of influential clinical signals with the fewest number of variables
were identified while system predictive performance was maintained; (3) the proposed
framework worked efficiently with a large and very high dimensional dataset, which allows
the predictive models to avoid the challenges of dimensionality; and (4) the proposed
framework suggested to use cost-sensitive machine-learning techniques to address the
common but ignored challenge of the imbalance of clinical diagnostic data.

2. Materials and Methods
2.1. Data Mining and Machine-Learning Techniques

In primary care, the terminology structures in EHRs (e.g., Read codes, SNOMED-
CT) often generate a huge number of codes (terms) to describe a patient across multiple
care points. In order to provide a guideline for selecting influential codes (i.e., features
in data analytics), we used five data-mining feature-selection methods to quantify their
significance in identifying a particular condition of a patient. The five methods used for
this analysis are χ2 statistic, Binomial distribution [19], Information Gain (IG) [20], Gini
index [21], and DKM index [22].

In this study, decision trees were chosen as classification algorithms within the au-
tomatic data-driven model, while other types of machine-learning classifiers can also be
used in this framework. We chose decision trees due to its strengths that each path from
the root of the tree to each of the leaves (internal or terminal nodes) can be transformed
into a rule describing the class prediction [23]; thus, decision trees provide a unique and
transparent way of inducing knowledge from data, which is different from many other
classifiers working as black-box models. Specifically, three decision tree algorithms [24]
were used within the framework: Classification and Regression Trees (CARTs), C5.0 trees,
and Conditional Inference (CI) trees. Importantly, C5.0 tree is used as a cost-sensitive
classifier to tackle the imbalance of classes during classification for good generalization on
new data samples.

2.2. Performance Metrics

There are many different ways to evaluate the performance of a machine-learning
classifier. For imbalanced datasets, which are very common in clinical studies, the F1-score
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is a preferred metric, as it makes more sense than others [25]. As a harmonic mean of
precision (positive predictive value) and recall (sensitivity), F1-score uses its balanced form
to assess the classifiers’ performance.

F1-score =
2·recall·precision
(recall + precision)

Ranking process, models implementations, and performance evaluation were all
performed in RStudio version 3.0.2. 64 bits, a multiplatform, open source integrated
development environment for statistical computing in R language. Packages rpart for
CART trees, C50 for C5.0 trees, and party for conditional inference trees were used within
RStudio. The caret package was used to select the ranges for the tuning parameters for the
grid search via cross-validation.

2.3. Datasets

We used a cohort of patients with the conditions AS and RA as exemplars of the
application of the data-driven framework. RA affects a large number of people, which
allows a large cohort to be identified. Previously, researchers and clinicians turned to the
Quality Outcomes Framework (QOF) to identify the condition of RA. The QOF is a-pay-
for-performance scheme established in UK in which a standardised set of codes is used to
find the prevalence of a condition in a practice [26]. In this study, the developed algorithm
was compared with the QOF-based results. AS is considerably less prevalent than RA,
and the development of AS is less understood, and diagnosis can take several years to be
confirmed. These differences allow the method to be tested against very different cases to
better assess its effectiveness.

Data were extracted from the SAIL databank [27], which is a national e-health in-
frastructure for linking a wide range of person-based, health-related data schemas. This
study used GP records across the Abertawe Bro Morgannwg University Health Board
(ABMU) and Cardiff areas and linked to the local rheumatology secondary care clinical
database-CELLMA (RioMed Ltd. UK). The CELLMA data were used as the gold standard
for training models to identify patients with RA or AS. Individuals were identified as being
valid if they had continuous coverage within the period between 2002 and 2012. This
excluded people born after 2002 and people who had moved out of the area or died within
the period of interest.

The GP data uses the 5-digit Read codes to administer patient health records that relate
to diagnosis, medication, and process. The CELLMA system uses SNOMED-CT codes to
record diagnosis and medications as well as clinical data entered by rheumatologists at the
point of capture.

In this study, multiple sources of EHRs, including 544,537 patient records from ABMU
CELLMA, 150,417 records from Cardiff CELLMA, 917,496,869 records from primary care,
and 40,656,805 records from secondary care within the period between 2002 and 2012,
were collected to generate the dataset. Thus, the linked dataset is comprised of a total of
9657 patients (8723 in ABMU and 934 in the Cardiff area), from which 1484 were positive
in RA (ABMU: 1189—13.63% prevalence; Cardiff: 295—31.58% prevalence), and 204 were
positive in AS (ABMU: 163—1.87% prevalence; Cardiff: 4.39% prevalence) (See Table 1).
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Table 1. Datasets.

Rheumatoid Arthritis Ankylosing Spondylitis

0 1 0 1

COMPLETE DATASET 8173 1484 9453 204

ABMU data

Complete ABMU 7534 1189 8560 163

Training (Split_1_1) 4521 713 5133 101

Validation (Split_1_2) 1515 230 1709 36

Testing (Split_1_3) 1498 246 1718 26

CARDIFF data Testing (Split_2) 639 295 893 41

2.4. The Data-Driven Framework for Patient Cohort Identification

To identify cohort of patients with a particular condition, we integrated the feature
selection and machine-learning techniques in one framework. Specifically, the proposed
data-driven framework consists of the following phases as shown in Figure 1.
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2.4.1. Phase 1: Generating Patient Representations

The RCT system with 5 bytes provides around 83,000 clinical descriptive terms in
hierarchical structure, comprising five levels of detail with more detail to a concept in each
successive level; even the SNOMED system offers much more descriptive terms than the
RCT. In this study, we treated each patient as a document described by a series of coded
terms and other variables (words) as in text classification, but the exact ordering of the
terms was ignored, and only the number of occurrences of each term mattered (i.e., a Bag
of Words). In this way, we created numeric representations of patients from EHRs by
assigning each term with its frequency: how frequently the term occurs in the e-health
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records of a patient. In this way, each patient is treated as a vector with one component
corresponding to each term.

For the proposed framework, we split the data in two parts: Split_1 and Split_2
(Table 1). The first part, Split_1, was used within both phases 2 and 3 below, while Split_2,
from a population in a different geographical area, was used for evaluating the gener-
alization performance of the final algorithm resulted from Phase 3 below. Split 1 was
subsequently divided in 3 parts with training subset Split_1 (60%) for feature ranking and
constructing classifier, validation subset Split_2 (20%) for selecting optimal predictors, and
testing subset Split_3 (20%) for testing the performance of the predictors in Phase 2.

2.4.2. Phase 2: Pre-Selection of Features

Given K features, each of the K features can be either be selected or excluded, and as a
result, there are 2K possible feature subsets. This poses a model-selection challenge over 2K

possible models because linked medical dataset often has a large number of features, i.e.,
K is very large, while it is usually too computationally expensive to explicitly enumerate
over and compare all 2K models. Heuristic scheme is typically used to identify the subset
of good features as described below. This phase comprises following steps:

Ranked Features Generation

Each feature (e.g., Read codes in our dataset) will occur in a number of times for
each patient [28]. Using Split_1_1, the five FS methods described in Section 2 are used to
generate five ranked lists of features in terms of their abilities to distinguish the health
outcomes of patients. Assume that Ω is the feature-ranking results obtained in terms of
a chosen ranking index Ω = {Ω(1), Ω(2), · · · , Ω(K)}, where K denotes the total number
of features.

Forward Selection of Features

After ranking features from the most significant one to the least significant one using
a significance index (i.e., Ω(i) decreases as i = 1, . . . , K), one can use a procedure, termed
as forward selection, to determine the smallest subset of features that explain the available
data well. Let Σ be the features selected recursively.

The forward-selection procedure (Figure 2) is a heuristics for feature selection that
starts with an empty set of features (i.e., Σ = ∅). One at a time, the most important
feature from the Ω is added to Σ, the validation error of the predictive model constructed
by these features from the Split_1_1 data. This feature-selection process continues until
the validation performance of the constructed model applied to the validation dataset,
Split_1_2, is satisfied. As depicted in the Figure 2, the forward selection procedure consists
of the following steps:

Step 1. Set Σ0 = ∅, i = 1, and assign a validation error tolerance threshold.
Step 2. Select the most important feature from Ω as follows:

Σi = Σi−1 ∪Ω(i)

where Ω(i) is the ith most important feature.
Step 3. Construct a classifier model with the feature set Σi.
Step 4. Apply the classifier model to the validation dataset.
Step 5. If the validation performance is satisfied, then use this compact feature set Σi

to develop phenotyping algorithm next; otherwise, increase i by 1, and go to Step 2.
In this study, the model performance is assessed by its accuracy and F1-score. In order

not to lose potential features, the best and the second best (highest and second highest
values of accuracy and F-score) subset of features are taken to the next phase.
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2.4.3. Phase 3: Phenotyping Algorithm Development

This phase tries to find the optimal phenotyping algorithm based on selected feature
sets. For each selected combination of features resulting from Phase 2, a grid-search is
performed over different decision tree algorithm using the Split_1_1 data as the training
dataset. Within this grid-search, tuning parameters for each type of decision tree described
above varied until a combination in their values that results in an optimal performance
was found. The performance is the overall agreement rate averaged over 10-fold across
validation iterations. A more fine granularity within the ranges of parameters during the
grid-search could be achieved by choosing a step increase for each parameter. For example,
in this study, for the C5.0 trees, the parameter of the smallest number of samples to be
put in at least two of the splits varied between 5 and 30 with a step increase of 5; the cost
of misclassifying positive class into negative class varied between 1 and 20 with a step
increase of 1.25. For the CART trees, the parameter of the minimum number of observations
in a node in order for a split to be attempted varied between 10 and 40 with a step increase
of 5, while the complexity parameter to save computing time by pruning off splits that
are obviously not worthwhile varied between 0.001 and 0.1 with a step increase of 0.001.
For the CI trees, the value of the test statistic or 1—the p-value that must be exceeded in
order to implement a split—varied between 0.1 and 0.99 with a step increase of 0.1. The
minimum sum of weights in a node in order to be considered for splitting varied between
35 and 45 with a step increase of 5.

After all decision trees are generated for each of the selected combinations of features,
the validation dataset, Split_1_2, is used to select the tree with best performance for each of
the combinations, and subsequently, the best of all trees is selected among this list. To test
the performance, Split_2 is used at this stage.

2.5. Complexity Analysis of Selecting Set of Good Features

Traditional forward-selection procedure uses exhaustive search to identify the set
of good features in which at the start, the selected set is empty, and all K features are
candidates. This means the first iteration tests K candidates, the second K−1, . . . , etc.,
which leads to K(K + 1)/2 runs of classification models to determine good features. In
this paper, we first evaluated the importance of each feature and ranked them using
feature ranking index, then the forward selection first evaluated the most important
feature, the second most important feature, . . . , etc., until the set of selected features could
achieve the best classification performance on validation samples (let k be the number of
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selected features in the feature set). In other words, we did not exhaustively search all
feature candidates; instead, we only ran k times of classification models. However, the
computational cost of feature ranking needs to be taken into account, for example, the
computational complexity of calculating original χ2 for a feature is O(I × J) [29] using a
contingency table with I rows and J columns. Gini-index-based feature selection is bounded
by O(K *Ntrn + K logK) [30], where Ntrn is the number of training samples. The running cost
of calculating information gain is O(K·c) [31], where c is a number of classes (c = 2 in this
paper). The time complexity of using dynamic programming approach to implement the
binomial coefficient C(K, k) is O(K·k) [32].

Additionally, the full complexity of feature selection also depends on the computa-
tional cost of classifier. For example, this study used the decision tree C5.0 model with
complexity of O(h · l · (c · Ntrn + Ntrn · log Ntrn)) [31], where l is the number of features in
the tree, and h is a tree height. Considering the C5.0 model was run k times, from a model
with 1 feature, a model with 2 features . . . to a model with k features, we can calculate the
full complexity of feature selection as

O
(

max
(

Rt, h·k2(c·Ntrnlog·Ntrn)
))

(1)

where Rt is the cost of feature ranking as decribed above. This computational cost is much
better than that of traditional forward selection scheme O

(
h·K2(c·Ntrnlog·Ntrn)

)
, in which

the classifier is C5.0 model and K � k. In other words, the proposal feature selection
framework is much more computationally efficient.

3. Results
3.1. Results by the Data-Driven Framework

In Phase 1, the Bag of Words scheme in text mining led to a complete clinical
dataset with a total of 27,293 different single codes, which means a patient-term ma-
trix of 9657 × 27,293 dimensions was created to represent patient profiles. As described
above, this dataset was further split into the subsets of Split_1_1, Split_1_2, and Split_1_3
for feature selection and Split_2 for evaluating the generalisation performance of optimal
phenotyping algorithm in grid-search.

In Phase 2, the 27,293 different clinical codes were ranked separately by each of the
five FS methods. Tables 2 and 3 show, for the RA and AS datasets, respectively, the best
and second best combination of features selected for every FS method after applying the
forward selection procedure (Figure 2). The tables show the two best results for accuracy
and F1-score obtained for each method that were used to the parsimonious sets of features
needed for the next phase. The tables also show the best and second best combinations for
each method on testing samples. The χ2 and Gini were presented together, as they selected
the same predictors.

Table 2. Pre-selection of Features for Rheumatoid Arthritis.

Feature Selection
Method Cut-Off Point Compact Set of

Features Selected Acc. (Val.) Acc. (Test) F1-Score (Val.) F1-Score (Test)

χ2/Gini
First 125 92.67 93.12 0.73 0.75
Second 191 92.43 93.06 0.72 0.75

IG
First 234 92.5 93.12 0.72 0.75
Second 300 92.5 93.12 0.72 0.75

Binomial
First 238 92.5 93.12 0.72 0.75
Second 310 92.5 93.12 0.72 0.75

DKM
First 263 92.5 93.12 0.72 0.75
Second 347 92.5 93.12 0.72 0.75

Acc., accuracy; Val., validation.
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Table 3. Pre-selection of Features for Ankylosing Spondylitis.

Ankylosing Spondylitis Dataset

Feature Selection
Method Cut-Off Point Compact Sets of

Features Selected Acc. (Val.) Acc. (Test) F1-Score (Val.) F1-Score (Test)

χ2/Gini
First 2 99.08 99.48 0.75 0.82

Second 306 97.94 98.45 0.57 0.61

IG
First 2 99.08 99.48 0.75 0.82

Second 74 97.19 97.36 0.51 0.48

Binomial
First 3 99.08 99.48 0.75 0.82

Second 81 97.19 97.42 0.51 0.48

DKM
First 138 97.19 97.42 0.51 0.48

Second 293 97.02 97.65 0.48 0.51

Acc., accuracy; Val., validation.

For RA, the most compact set of features was obtained by the χ2 and Gini methods.
Comparatively, to obtain similar performance, it was necessary to select 234 features by
IG method, or 238 features by Binomial method, or 263 features by the DKM method
because similar predictors were selected, and therefore, they gave best and second-best
combinations with similar total number of features. In the case of AS, promisingly, the
most compact sets with two features by χ2 and Gini, or IG methods, or three features by
Binomial method were identified. The DKM index ranked features differently than other
methods, and larger number of features were identified.

In Phase 3, the two best-selected lists of features given by each method were taken to
Phase 3. The best performance for the RA dataset was achieved by using the C5.0 decision
tree with the second list selected by the Binomial distribution method. Similar performance
with fewer features was achieved with the C5.0 tree and the first list of features selected
by the DKM index. For the AS dataset, the best decision tree with fewer features resulted
from the C5.0 and CART algorithms with the first feature list selected by the Binomial
distribution. C5.0 and CART trees obtained marginally better performance with the second
feature list selected by the IG method.

In both datasets, the CI trees gave a worse performance than C5.0 and CART trees.
Performance of all decision trees, selected best algorithms, and corresponding tuning pa-
rameters are shown in the Appendix A. Appendix B illustrates list of Read codes appearing
in the decision trees and corresponding description, in which Table A1 shows the Read
codes appearing in the decision trees for AS.

3.2. Comparison with Human Knowledge-Driven Algorithms
3.2.1. The QOF-Based Ruleset for Rheumatoid Arthritis

We compared the proposed data-driven methodology with the QOF-based ruleset
in identifying RA patients [33]. The QOF uses a set of Read codes to determine whether
a patient has an RA diagnosis. These codes are included in the Table A2 (Appendix B).
Table 4 shows the performance achieved by using the QOF rules on the Cardiff dataset
(Split_2) and the two best decision trees obtained with the first feature list selected by the
DKM index (DKM-1) and the second feature list selected by the Binomial distribution (BIN-
2). It can be seen that, overall, the DKM-1 algorithm with the accuracy of 86.19% performed
slightly better than the QOF rules with 85.85%. However, the QOF rules obtained better
positive predictive value (PPV) (85.28%) than DKM-1 algorithm, while the DKM-1 achieved
higher sensitivity (72.20%) than the QOF rules (66.78%). The BIN-2 had better performance
in terms of specificity (95.77%) and PPV (87.32%).
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Table 4. The Two Best Data-Driven Models Compared with QOF Rules for RA.

RA Algorithms

Performance QOF Rules for RA DKM-1 Algorithm BIN-2 Algorithm

Accuracy 85.85 86.19 85.44

Sensitivity 66.78 72.2 63.05

Specificity 94.67 92.64 95.77

Positive Predictive Value 85.28 81.92 87.32

Negative Predictive Value 86.04 87.83 84.88

3.2.2. The Clinical Standard Procedure for Ankylosing Spondylitis

There are no QOF rulesets defined for AS. The standard method followed by clinicians
to identify the prevalence of AS in a population is simply using the Read code “N100.”.
Applied to our dataset, this standard method achieved 95.65% PPV and 97.86% accuracy
(Table 5). However, this resulted in a low sensitivity (53.66%), which means that almost half
of the positive cases would remain unidentified. Promisingly, our data-driven algorithm
(IG-2) also identified “N100.” as the most important feature in identifying AS, together
with two additional codes, “F440.” and “k65z.” corresponding to diagnosis and treatment
of uveitis, a condition that has been strongly related to AS [34].

Table 5. The Best Data-Driven Model Compared to Clinical Method for AS.

AS Algorithms

Performance Clinical Procedure
(N100) IG-2 Algorithm

Accuracy 97.86 97.75

Sensitivity 53.66 56.1

Specificity 99.89 99.66

Positive Predictive Value 95.65 88.46

4. Discussion

By selecting the most relevant features from a huge number of primary care codes, this
framework can bring multiple benefits to health informatics research. Firstly, dimension-
ality reduction makes many machine-learning classifiers feasible for large data problems
due to avoiding the curse of dimensionality. Secondly, using only the most relevant codes
(terms) can significantly speed up the training and testing process of the classifiers, which
makes the development of a phenotyping algorithm effective. Thirdly, using those relevant
codes can remove the noises and reduce biases that distort the true relationship between the
risk factors and the outcome. Fourthly, using only the most relevant features can avoid the
over-fitting dilemma, a common challenge in the development of data-driven approaches,
which would help improve the generalisation performance of the classifiers applied to
un-seen patients’ data. Importantly, with only the most relevant features, the developed
classifiers themselves and their prediction results would achieve better transparency and
interpretation in clinical decision supports [15,33–36].

On the other hand, chronic diseases, like RA and AS, often take years to develop and
be properly diagnosed. For instance, AS can take more than 10 years to be diagnosed,
and when a formal diagnosis is made, the disease is in a very advanced state [37]. The
proposed method is used in retrospective to extract knowledge from the medical history
of already diagnosed AS patients and therefore discover early symptoms of AS. In this
way, this framework provides an efficient option for identifying cohort of patients with a
particular condition, especially where knowledge-driven approaches, such as QOF-based
rulesets, do not yet exist. In addition, by learning directly from the data, the data-driven
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algorithm generated by the proposed framework might potentially reduce bias and/or
errors derived from applying other algorithms implemented using a specific population
with different characteristics.

For RA, the algorithms development discovered a set of codes related to drugs that
are commonly given to RA patients [38]. The particular Read codes identified by the
data-driven method may be specific characteristics of the studied population across ABMU
and Cardiff regions. Reasonably, such a unique set of codes may vary for other populations
(datasets). Promisingly, the proposed framework was demonstrated to identify these
unique sets of codes related to certain populations from given datasets.

Our results indicate that the χ2 statistic and the Gini index generated the same ranking
of features in both datasets. This is mainly because the χ2 statistic coefficient for a 2 by
2 contingency table can be also interpreted as the Gini coefficient [39]. Each feature-selection
method works differently depending on the nature of the data. To identify patients with
a particular profile, a single feature-section method may generate incomplete results.
Our recommendation is to use multiple feature-selection methods to generate a bigger
picture of prediction performances and select an optimal algorithm with consideration of
clinical practices.

We stress that the proposed framework aiming at identifying influential features
actually fulfils the task of dimensionality reduction in nature. In a high-dimensional
data space, dimensionality reduction can be performed by two different schemes. One
scheme is to directly select influential features from original features, in which the selected
features work together to demonstrate good prediction performance, such as our proposed
framework. The other scheme is to transform all original features into a low-dimensional
space, in which each dimension of this space works as a latent variable while holding
certain statistical property of original features, such as the principal component analysis.
Each scheme has its own advantages and disadvantages, but in disease phenotyping and
patient identification, the first scheme is preferred. This is mainly because the first scheme
can maintain the physical meanings of original variables in a low-dimensional space so
that the finally selected features in this space can gain clear interpretations in prediction.
The second scheme uses latent variables in a low-dimensional space that are often difficult
for which to gain clear physical meanings.

As a baseline method for identifying optimal hyper-parameters, grid-search can
provide coarse but uniform exploration of the parameter space. The performances of
decision tree models varied greatly for different values of the parameters. The C5.0 trees
are very sensitive to the two parameters of minimum cases for split and asymmetric cost.
For the RA and AS, we found that the optimal parameters are particular to each dataset.
That is to say, one cannot expect a single optimal parameter set can be generalised to
different datasets. In the future, heuristic optimisation procedures will be used to reduce
the computing loads in identifying optimal hyper-parameters.

Medical data sets are often predominately composed of “normal” cases (a large
number of population without a condition of interest) together with a small percentage of
“abnormal” cases (a small number of cases with this condition of interest, such as RA or
AS). Such an imbalance presents methodological challenges in developing and verifying
machine-learning algorithms. This study used the C5.0 tree model to tackle imbalanced
classification problems by benefiting from the asymmetric costs implemented in majority
class and minority class.

5. Conclusions

We have presented a transparent machine-learning framework capable of identifying
cohorts of people with certain disease from EHR in primary care. We have validated
this framework for two chronic diseases, RA and AS. We have demonstrated that the
machine-learning framework performed as well as the existing clinical-knowledge-driven
approach. This study provides an efficient way of identifying cohort of patients with a
particular condition in primary care. The proposed framework has a promising potential
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of being widely used in health-related studies, such as clinical trial recruitments, survival
analysis, or outcome predictions, etc.
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Appendix A

Best Decision Trees Resulting from the Data-Driven Framework Applied to the RA
and AS Datasets.

Appendix A.1. Rheumatoid Arthritis Dataset

Appendix A.1.1. Decision Tree 1 for RA—Using First List Selected by the DKM Index
(DKM-1 Algorithm)
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Appendix A.1.2. Decision Tree 2 for RA—Using First List Selected by the Binomial
Distribution (BIN-2 Algorithm)
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Distribution (BIN-2)
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Appendix A.2.2. Decision Tree 2 for AS—Using First List Selected by the Information Gain
Method (IG-2 Algorithm)
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Appendix B

List of Read codes appearing in the decision trees and corresponding description.

Table A1. Read codes appearing in the decision trees for AS.

Read Codes Type Description

N040. Musculoskeletal and connective tissue disease Rheumatoid arthritis
h341. Chemotherapy/Immunosuppressant drugs METHOTREXATE 2.5 mg tablets
4258. Laboratory procedures Haematocrit
j551. Musculoskeletal drugs SALAZOPYRIN EN 500 mg e/c tablets
44J9. Laboratory procedures Serum urea level
N100. Musculoskeletal and connective tissue disease Ankylosing spondylitis
k65z. Eye drugs FLUOROMETHOLONE eye drops
F440. Nervous system and sense organ diseases Acute and subacute iridocyclitis

Table A2. QOF given Read Codes to identify prevalence of RA.

READ CD Description

N040. Rheumatoid Arthritis
N0400 Rheumatoid arthritis of cervical spine
N040T Flare of rheumatoid arthritis
N0402 Rheumatoid arthritis of shoulder
N040S Rheumatoid arthritis - multiple joint
N0409 Rheumatoid arthritis of PIP joint of finger
N0408 Rheumatoid arthritis of MCP joint
N0401 Other rheumatoid arthritis of spine
N0400 Rheumatoid arthritis of cervical spine
N0407 Rheumatoid arthritis of wrist
N040B Rheumatoid arthritis of hip
N040D Rheumatoid arthritis of knee
N040K Rheumatoid arthritis of 1st MTP joint
N040F Rheumatoid arthritis of ankle
N0405 Rheumatoid arthritis of elbow
N040A Rheumatoid arthritis of DIP joint of finger
N0406 Rheumatoid arthritis of distal radio-ulnar joint
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Table A2. Cont.

READ CD Description

N040H Rheumatoid arthritis of talonavicular joint
N040J Rheumatoid arthritis of other tarsal joint
N040G Rheumatoid arthritis of subtalar joint
N040L Rheumatoid arthritis of lesser MTP joint
N040C Rheumatoid arthritis of sacro-iliac joint
N0404 Rheumatoid arthritis of acromioclavicular joint
N040N Rheumatoid vasculitis
N040R Rheumatoid nodule
N040P Seronegative rheumatoid arthritis
N041. Felty’s syndrome

N042. Other rheumatoid arthropathy with visceral or systemic
involvement (Excluding N0420 Rheumatic carditis (v27))

N0422 Rheumatoid nodule
N042z Rheumatoid arthropathy + visceral/systemic involvement NOS
N0421 Rheumatoid lung disease
N047. Seropositive errosive rheumatoid arthritis
N04X. [X]Seropositive rheumatoid arthritis, unspecified
N04y0 Rheumatoid lung
N04y2 Adult onset Still’s disease
Nyu11 [X]Other seropositive rheumatoid arthritis
Nyu12 [X]Other specified rheumatoid arthritis
Nyu1G [X]Seropositive rheumatoid arthritis, unspecified
Nyu10 [X]Rheumatoid arthritis+involvement/other organs or systems
G5yA. Rheumatoid carditis
G5y8. Rheumatoid myocarditis

References
1. Shivade, C.; Raghavan, P.; Fosler-Lussier, E.; Embi, P.J.; Elhadad, N.; Johnson, S.B.; Lai, A.M. A review of approaches to identifying

patient phenotype cohorts using electronic health records. J. Am. Med. Inform. Assoc. 2014. [CrossRef] [PubMed]
2. Beaulieu-Jones, B.K.; Greene, C.S. Semi-supervised learning of the electronic health record for phenotype stratification. J. Biomed.

Inform. 2016. [CrossRef] [PubMed]
3. Walter, S.; Mejía-Guevara, I.; Estrada, K.; Liu, S.Y.; Glymour, M.M. Association of a Genetic Risk Score With Body Mass Index

Across Different Birth Cohorts. JAMA 2016. [CrossRef] [PubMed]
4. Kim, S.Y.; Servi, A.; Polinski, J.M.; Mogun, H.; Weinblatt, M.E.; Katz, J.N.; Solomon, D.H. Validation of rheumatoid arthritis

diagnoses in health care utilization data. Arthritis Res. Ther. 2011, 13, R32. [CrossRef] [PubMed]
5. Muller, S.; Hider, S.L.; Raza, K.; Stack, R.J.; Hayward, R.A.; Mallen, C.D. An algorithm to identify rheumatoid arthritis in primary

care: A Clinical Practice Research Datalink study. BMJ Open 2015. [CrossRef] [PubMed]
6. Looijmans-van den Akker, I.; van Luijn, K.; Verheij, T. Overdiagnosis of asthma in children in primary care: A retrospective

analysis. Br. J. Gen. Pract. 2016, 66, e152–e157. [CrossRef] [PubMed]
7. National Health Service, GP Read Codes. Available online: https://www.oxfordshireccg.nhs.uk/professional-resources/gp-

read-codes.htm (accessed on 8 April 2018).
8. International Health Terminology Standards Development Organisation (IHTSDO). SNOMED Clinical Terms User Guide.

Available online: https://confluence.ihtsdotools.org/ (accessed on 10 May 2018).
9. Seidu, S.; Davies, M.J.; Mostafa, S.; de Lusignan, S.; Khunti, K. Prevalence and characteristics in coding, classification and

diagnosis of diabetes in primary care. Postgrad. Med. J. 2014, 90, 13–17. [CrossRef] [PubMed]
10. Zhou, S.M.; Lyons, R.A.; Brophy, S.; Gravenor, M.B. Constructing Compact Takagi-Sugeno Rule Systems: Identification of

Complex Interactions in Epidemiological Data. PLoS ONE 2012, 7. [CrossRef] [PubMed]
11. Thomas, S.L.; Edwards, C.J.; Smeeth, L.; Cooper, C.; Hall, A.J. How accurate are diagnoses for rheumatoid arthritis and juvenile

idiopathic arthritis in the general practice research database? Arthritis Rheum. 2008, 59, 1314–1321. [CrossRef] [PubMed]
12. Meeraus, W.H.; Petersen, I.; Chin, R.F.; Knott, F.; Gilbert, R. Childhood epilepsy recorded in primary care in the UK. Arch. Dis.

Child. 2013, 98, 195–202. [CrossRef] [PubMed]
13. Roy, D.; Lucci, A.; Ignatiadis, M.; Jeffrey, S.S. Cell-free circulating tumor DNA profiling in cancer management. Trends Mol. Med.

2021. [CrossRef] [PubMed]
14. Aggarwal, R.; Sounderajah, V.; Martin, G.; Ting, D.S.W.; Karthikesalingam, A.; King, D.; Ashrafian, H.; Darzi, A. Diagnostic

accuracy of deep learning in medical imaging: A systematic review and meta-analysis. NPJ Digit. Med. 2021. [CrossRef]

http://doi.org/10.1136/amiajnl-2013-001935
http://www.ncbi.nlm.nih.gov/pubmed/24201027
http://doi.org/10.1016/j.jbi.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27744022
http://doi.org/10.1001/jama.2016.8729
http://www.ncbi.nlm.nih.gov/pubmed/27380344
http://doi.org/10.1186/ar3260
http://www.ncbi.nlm.nih.gov/pubmed/21345216
http://doi.org/10.1136/bmjopen-2015-009309
http://www.ncbi.nlm.nih.gov/pubmed/26700281
http://doi.org/10.3399/bjgp16X683965
http://www.ncbi.nlm.nih.gov/pubmed/26917656
https://www.oxfordshireccg.nhs.uk/professional-resources/gp-read-codes.htm
https://www.oxfordshireccg.nhs.uk/professional-resources/gp-read-codes.htm
https://confluence.ihtsdotools.org/
http://doi.org/10.1136/postgradmedj-2013-132068
http://www.ncbi.nlm.nih.gov/pubmed/24225940
http://doi.org/10.1371/journal.pone.0051468
http://www.ncbi.nlm.nih.gov/pubmed/23272108
http://doi.org/10.1002/art.24015
http://www.ncbi.nlm.nih.gov/pubmed/18759262
http://doi.org/10.1136/archdischild-2012-302237
http://www.ncbi.nlm.nih.gov/pubmed/23343522
http://doi.org/10.1016/j.molmed.2021.07.001
http://www.ncbi.nlm.nih.gov/pubmed/34312074
http://doi.org/10.1038/s41746-021-00438-z


Diagnostics 2021, 11, 1908 16 of 16

15. Feldman, R.; Sanger, J. The text mining handbook: Advanced approaches in analyzing unstructured data. Imagine 2007, 34, 410.
[CrossRef]

16. Choi, E.; Bahadori, M.T.; Searles, E.; Coffey, C.; Thompson, M.; Bost, J.; Tejedor-Sojo, J.; Sun, J. Multi-layer Representation Learning
for Medical Concept. In Proceedings of the 22nd ACM SIGKDD International Conference on Knowledge Discovery and Data
Mining, San Francisco, CA, USA, 13–17 August 2016; pp. 1495–1504.

17. Mikolov, T.; Chen, K.; Corrado, G.; Dean, J. Efficient Estimation of Word Representations in Vector Space. In Proceedings of the
International Conference on Learning Representations (ICLR 2013), Scottsdale, AZ, USA, 2–4 May 2013.

18. The European Parliament. The European Council General Data Protection Regulation. Off. J. Eur. Union 2016, 2014, 20–30.
Available online: http://eur-lex.europa.eu/pri/en/oj/dat/2003/l_285/l_28520031101en00330037.pdf (accessed on 10 May 2018).

19. Bevrani, H.; Sharifi Far, S. An approximation to binomial distribution. J. Stat. Theory Pract. 2015. [CrossRef]
20. Zhou, S.M.; Rahman, M.A.; Atkinson, M.; Brophy, S. Mining textual data from primary healthcare records: Automatic identifica-

tion of patient phenotype cohorts. In Proceedings of the International Joint Conference on Neural Networks, Beijing, China, 6–11
July 2014; pp. 3621–3627.

21. Wu, L.; Wang, Y.; Zhang, S.; Zhang, Y. Fusing Gini Index and Term Frequency for Text Feature Selection. In Proceedings of the
2017 IEEE 3rd International Conference on Multimedia Big Data (BigMM), Laguna Hills, CA, USA, 19–21 April 2017.

22. Cieslak, D.A.; Chawla, N.V. Learning Decision Trees for Unbalanced Data. In Machine Learning and Knowledge Discovery in
Databases; Daelemans, W., Goethals, B., Morik, K., Eds.; ECML PKDD 2008; Lecture Notes in Computer Science; Springer:
Berlin/Heidelberg, Gernmay, 2008; Volume 5211. [CrossRef]

23. Kuhn, M.; Johnson, K. Applied Predictive Modeling; Springer Science+Business: New York, NY, USA, 2013; ISBN 9781461468486.
24. de Ville, B. Decision trees. Wiley Interdiscip. Rev. Comput. Stat. 2013, 5, 448–455. [CrossRef]
25. Swalin, A. Choosing the Right Metric for Evaluating Machine Learning Models. KDnuggets. Available online: https://www.

kdnuggets.com/2018/06/right-metric-evaluating-machine-learning-models-2.html (accessed on 22 March 2018).
26. NHS Digital, Quality and Outcomes Framework (QoF). Available online: https://digital.nhs.uk/data-and-information/data-

tools-and-services/data-services/general-practice-data-hub/quality-outcomes-framework-qof (accessed on 10 January 2018).
27. Lyons, R.A.; Jones, K.H.; John, G.; Brooks, C.J.; Verplancke, J.-P.; Ford, D.V.; Brown, G.; Leake, K. The SAIL databank: Linking

multiple health and social care datasets. BMC Med. Inform. Decis. Mak. 2009, 9, 3. [CrossRef] [PubMed]
28. Fernández-Gutiérrez, F.; Kennedy, J.I.; Zhou, S.-M.; Cooksey, R.; Atkinson, M.D.; Brophy, S. Comparing feature selection methods

for high-dimensional imbalanced data: Identifying rheumatoid arthritis cohorts from routine data. In Proceedings of the
International Conference on Industrial Engineering and Systems Management (IEEE-IESM’2015), Seville, Spain, 21–23 October
2015; pp. 236–241.

29. Sei, Y.; Ohsuga, A. Privacy-preserving chi-squared test of independence for small samples. BioData Min. 2021. [CrossRef]
[PubMed]

30. Van Linh, N.; Thi Kim Anh, N.; Dat, C.M. Improving vietnamese web page classification by combining hybrid feature selection
and label propagation with link information. In Proceedings of the Lecture Notes of the Institute for Computer Sciences,
Social-Informatics and Telecommunications Engineering, Blantyre, Malawi, 25–27 November 2013; Available online: https:
//link.springer.com/chapter/10.1007/978-3-642-36642-0_32 (accessed on 15 September 2021).

31. Khadiev, K.; Mannapov, I.; Safina, L. The quantum version of classification decision tree constructing algorithm C5.0. In Proceed-
ings of the 3rd International Workshop on Young Scientist’s Trends in Information Processing, YSIP3 2019, Stavropol, Russia,
17–20 September 2019.

32. Puntambekar, A.A. Analysis and Design of Algorithms: Conceptual Approach; Technical Publications: Pune, India, 2020.
33. NHS Wales Informatics Service. New GMS Contract QOF Implementation Dataset and Business Rules—Rheumatoid Arthritis

Indicator Set (RA) Wales. Available online: https://gov.wales/sites/default/files/publications/2021-03/rheumatoid-arthritis-
indicator-set%20.pdf (accessed on 2 November 2019).

34. Zeboulon, N.; Dougados, M.; Gossec, L. Prevalence and characteristics of uveitis in the spondyloarthropathies: A systematic
literature review. Ann. Rheum. Dis. 2008, 67, 955–959. [CrossRef]

35. Garibaldi, J.M.; Zhou, S.M.; Wang, X.Y.; John, R.I.; Ellis, I.O. Incorporation of expert variability into breast cancer treatment
recommendation in designing clinical protocol guided fuzzy rule system models. J. Biomed. Inform. 2012, 45, 447–459. [CrossRef]
[PubMed]

36. Zhou, S.M.; Gan, J.Q. Low-level interpretability and high-level interpretability: A unified view of data-driven interpretable fuzzy
system modelling. Fuzzy Sets Syst. 2008, 159, 3091–3131. [CrossRef]

37. Rudwaleit, M.; Khan, M.A.; Sieper, J. The challenge of diagnosis and classification in early ankylosing spondylitis: Do we need
new criteria? Arthritis Rheum. 2005, 52, 1000–1008. [CrossRef] [PubMed]

38. Svensson, B.; Boonen, A.; Albertsson, K.; Van Der Heijde, D.; Keller, C.; Hafström, I. Low-dose prednisolone in addition to the
initial disease-modifying antirheumatic drug in patients with early active rheumatoid arthritis reduces joint destruction and
increases the remission rate: A two-year randomized trial. Arthritis Rheum. 2005, 52, 3360–3370. [CrossRef] [PubMed]

39. Mirkin, B. Eleven Ways to Look at the Chi-Squared Coefficient for Contingency Tables. Am. Stat. 2001, 55, 111–120. [CrossRef]
40. Ford, D.V.; Jones, K.H.; Verplancke, J.-P.; Lyons, R.A.; John, G.; Brown, G.; Brooks, C.J.; Thompson, S.; Bodger, O.; Couch, T.; et al.

The SAIL Databank: Building a national architecture for e-health research and evaluation. BMC Health Serv. Res. 2009, 9, 157.
[CrossRef] [PubMed]

http://doi.org/10.1179/1465312512Z.00000000017
http://eur-lex.europa.eu/pri/en/oj/dat/2003/l_285/l_28520031101en00330037.pdf
http://doi.org/10.1080/15598608.2014.892445
http://doi.org/10.1007/978-3-540-87479-9_34
http://doi.org/10.1002/wics.1278
https://www.kdnuggets.com/2018/06/right-metric-evaluating-machine-learning-models-2.html
https://www.kdnuggets.com/2018/06/right-metric-evaluating-machine-learning-models-2.html
https://digital.nhs.uk/data-and-information/data-tools-and-services/data-services/general-practice-data-hub/quality-outcomes-framework-qof
https://digital.nhs.uk/data-and-information/data-tools-and-services/data-services/general-practice-data-hub/quality-outcomes-framework-qof
http://doi.org/10.1186/1472-6947-9-3
http://www.ncbi.nlm.nih.gov/pubmed/19149883
http://doi.org/10.1186/s13040-021-00238-x
http://www.ncbi.nlm.nih.gov/pubmed/33482874
https://link.springer.com/chapter/10.1007/978-3-642-36642-0_32
https://link.springer.com/chapter/10.1007/978-3-642-36642-0_32
https://gov.wales/sites/default/files/publications/2021-03/rheumatoid-arthritis-indicator-set%20.pdf
https://gov.wales/sites/default/files/publications/2021-03/rheumatoid-arthritis-indicator-set%20.pdf
http://doi.org/10.1136/ard.2007.075754
http://doi.org/10.1016/j.jbi.2011.12.007
http://www.ncbi.nlm.nih.gov/pubmed/22265814
http://doi.org/10.1016/j.fss.2008.05.016
http://doi.org/10.1002/art.20990
http://www.ncbi.nlm.nih.gov/pubmed/15818678
http://doi.org/10.1002/art.21298
http://www.ncbi.nlm.nih.gov/pubmed/16255010
http://doi.org/10.1198/000313001750358428
http://doi.org/10.1186/1472-6963-9-157
http://www.ncbi.nlm.nih.gov/pubmed/19732426

