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Abstract

Objectives. The aim of this study was to explore the use of Bayesian networks (BNs) to understand the relation-

ships between musculoskeletal symptoms and the development of PsA in people with psoriasis.

Methods. Incident cases of psoriasis were identified for 1998 to 2015 from the UK Clinical Research Practice

Datalink. Musculoskeletal symptoms (identified by Medcodes) were concatenated into primary groups, each made

up of several subgroups. Baseline demographics for gender, age, BMI, psoriasis severity, alcohol use and smoking

status were also extracted. Several BN structures were composed using a combination of expert knowledge and

data-oriented modelling based on: (i) primary musculoskeletal symptom groups; (ii) musculoskeletal symptom sub-

groups and (iii) demographic variables. Predictive ability of the networks using the area under the receiver operating

characteristic curve was calculated.

Results. Over one million musculoskeletal symptoms were extracted for the 90 189 incident cases of psoriasis

identified, of which 1409 developed PsA. The BN analysis yielded direct relationships between gender, BMI, arthral-

gia, finger pain, fatigue, hand pain, hip pain, knee pain, swelling, back pain, myalgia and PsA. The best BN,

achieved by using the more site-specific musculoskeletal symptom subgroups, was 76% accurate in predicting the

development of PsA in a test set and had an area under the receiver operating characteristic curve of 0.73 (95%

CI: 0.70, 0.75).

Conclusion. The presented BN model may be a useful method to identify clusters of symptoms that predict the

development of PsA with reasonable accuracy. Using a BN approach, we have shown that there are several symp-

toms which are predecessors of PsA, including fatigue, specific types of pain and swelling.
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Introduction

Psoriasis is a common skin disorder that affects over

one million people in England [1]. Approximately 20%

of people with psoriasis are also affected by a pro-

gressive and often destructive joint disease known as

PsA [2]. PsA is preceded by psoriasis in �70% of

cases, and although there is a clinical overlap be-

tween the two diseases, the inflammation, joint
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damage, and deformity associated with PsA adds

substantially to the disease burden and can result in

severe disability and reduced quality of life [3].

Despite this major impact, the clinical features influ-

encing the risk of PsA in people with psoriasis are

poorly understood. With evidence now supporting

early intervention in PsA, investigating the presence

and characteristics of the preclinical phase of PsA (the

period before musculoskeletal inflammation becomes

clinically detectable) is of great interest [4].

Understanding the pre-diagnosis period could be key

in the earlier identification of PsA. As PsA may not de-

velop until years after the onset of psoriasis [5],

patients with psoriasis represent a unique population

for identifying symptoms related to the development

of PsA, especially in the early phases of the disease.

Studies investigating the preclinical phases of PsA

are limited owing to difficulties related to the hetero-

geneous nature of PsA and the subtlety of the findings

from physical examination. In addition, the overlap of

PsA with OA and mechanical/overuse soft tissue dis-

orders in many older psoriasis patients can cause

issues when trying to identify the disease. Around

50% of the patients with psoriasis who are seen in

primary care settings have persistent musculoskeletal

symptoms [6]. While, in the majority of cases, these

symptoms could be attributed to other non-

inflammatory conditions, given the heterogeneous na-

ture of PsA and the difficulties in identifying some of

its clinical features, it is possible that some of these

patients have preclinical PsA. Such was the case in a

study by Eder et al., who found that the presence of a

complex of non-specific musculoskeletal symptoms,

including joint pain, fatigue and stiffness, in patients

with psoriasis was representative of a preclinical

phase of PsA in the absence of objective findings of

the disease [7].

In addition to the challenge of distinguishing

patients with true preclinical PsA from psoriasis

patients whose symptoms are related to other non-

inflammatory rheumatic conditions, characterizing the

relationships between symptoms is made difficult by

their highly dependent nature, which violates the (con-

ditional) independence assumption of most models.

Approaches that move away from single-response

models (i.e. regression analyses) and allow one to in-

vestigate relations between several PsA-related symp-

toms simultaneously are therefore needed in order to

make inferences about the relationships present.

Bayesian networks (BNs), a class of probabilistic

graphical models, are naturally suited to representing

a set of variables and their conditional dependencies,

in addition to being able to handle uncertainty. That

being the case, in this article we investigate their use

in order to generate models that can be used to iden-

tify and characterize the relationships between muscu-

loskeletal symptoms and the development of PsA in

people with psoriasis.

Methods

Data source

This study used data from the Clinical Practice

Research Datalink (CPRD), a UK electronic healthcare

database that contains anonymized longitudinal medical

records for >20 million patients [8, 9]. The patients con-

tributing data to the CPRD are generally representative

of the UK general population in terms of age, sex and

ethnicity.Data were captured using structured hierarchic-

al classifications called Read codes and Medcodes [10].

Study population

This study used a cohort that we have previously

described [11]. Briefly, the base population consisted of

all incident cases of psoriasis, aged 16–89 years at the

time of diagnosis, who were permanently registered and

contributing to the CPRD at any time during the study

period, with at least 1 year of valid data collection [8].

Cases of psoriasis were predominantly identified based

on Read codes, which have been demonstrated to have

a high validity [12], but psoriasis-specific treatment infor-

mation was also used as an indication of a psoriasis

diagnosis. Cases were only classified as incident if they

had a minimum of 1 year of valid data collection before

their date of diagnosis [13]. Incident cases of PsA were

identified from within the base population based on

Read codes, which have been found to have a high

positive predictive value in a similar UK database [14].

The date of PsA diagnosis was taken as the date of

the first PsA code or date of first DMARD prescription

in the absence of evidence of an alternative indication

for the DMARD, whichever was earlier. Patients with a

diagnosis of PsA on the same day as or prior to their

psoriasis diagnosis date were excluded.

Selection of model variables

Baseline demographics for gender, age, BMI, alcohol

use, smoking status, and psoriasis severity were

extracted from the CPRD using methods that we have

previously described [11]. BMI was classified based on

the World Health Organization BMI categories: <25.0,

25.0–29.9, 30.0–34.9, �35.0. Due to a high degree of

missing data (>50%), baseline BMI measurements were

estimated using a patient’s most recent BMI value in the

3 years before their psoriasis index date. Smoking status

was classified as smoker, ex-smoker or non-smoker.

Alcohol consumption status was categorized as heavy

drinker (>6 U/day), drinker, ex-drinker or non-drinker.

Psoriasis was classified as severe if patients had pre-

scriptions for medicines consistent with the treatment of

severe disease (systemic therapies) or evidence of a re-

ferral to a dermatologist; it was classified as mild in the

absence of evidence of severe disease. For those

patients who developed PsA during the follow-up

period, psoriasis severity was classified using data be-

fore the date of PsA diagnosis.
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Musculoskeletal symptoms occurring during the study

period were identified based on Medcodes (a numeric

equivalent of the Read code used within the CPRD). All

distinct Medcodes across all patient histories were

extracted. All Medcodes were assessed by rheumatolo-

gists (N.J.M. and W.T.) for suitably of inclusion.

Redundant Medcodes (Medcodes that were unlikely to

represent a musculoskeletal symptom associated with

the development of PsA), along with those relating to

other non-inflammatory rheumatic conditions, were dis-

carded. Due to the high volume of remaining distinct

Medcodes (300þ Medcodes) and the fact that multiple

Medcodes can represent the same musculoskeletal

symptom, Medcodes were concatenated into several

groups. These groupings were based on findings from

similar studies and clinical knowledge from rheumatolo-

gists [6, 7]. Six primary groups were identified: arthritis,

bursitis or enthesitis, fatigue, pain, stiffness, or swelling.

Each primary group was broken out into a subset of

smaller subgroups that were generally more site-specific

(45 subgroups in total). The Medcode compositions of

these 6 primary groups and 45 subgroups are shown in

Supplementary Table S1, available at Rheumatology on-

line. Although some patients had multiple, identical

symptom Medcodes recorded within the study period,

binary features were created for all groups. While BNs

can handle discrete and continuous data, the creation of

binary rather than count features is thought to reduce

the effect of frequency of general practitioner (GP) visits

in the data [15].

Bayesian network analysis and statistical methods

BNs were used to identify and characterize the relation-

ships between baseline demographic variables, muscu-

loskeletal symptoms, and PsA. BNs are based on a

graphical formalism called a Directed Acyclic Graph. In

a BN, each variable is modelled as a node, and the rela-

tionships between these variables are represented by

edges. Directed edges (arcs) go from a parent node to a

child node. In this modelling, we do not assume a

causal interpretation of the arcs in the network, primarily

because BNs themselves are not inherently causal mod-

els, but also because the design of our study does not

allow us to confirm any causal relationships. Instead, we

interpret the arcs as direct dependence relationships be-

tween the linked variables, and the absence of arcs

means the existence of conditional independence

relationships.

Several BN models were constructed. To begin, a

BN model was learnt using the six primary musculo-

skeletal symptom groups (BN-1). Then, one-by one,

each primary group was broken out into its subgroups

and a subsequent BN network was constructed. For

each BN, we utilized the Markov Blanket of the PsA

node (the set of nodes that have influence on its con-

ditional distribution, i.e. the parents and children of

the PsA node, and the parents of the children of the

PsA node) as the criterion to select the relevant fea-

tures [16]. The variables identified as influencing the

development of PsA from each of these BNs were

then used to build the final BN (BN-2). For compari-

son, a BN was constructed using only the demo-

graphic variables, i.e. no musculoskeletal symptoms,

(BN-3).

The data were split at random into 80% for training

and 20% for testing. Using the training dataset, the

structure of each of the BNs was learnt using a combin-

ation of statistical methods and expert knowledge. To

begin, we used structural expectation maximization to

learn the BN structure from missing data [17]. The ex-

pectation maximization algorithm is an iterative method

for finding the maximum likelihood estimate of the

parameters when the dataset has missing (or hidden)

values [18, 19]. Several constraints on edge orientations

were placed, including restricting the direction of the

arcs for gender and age (i.e. gender and age cannot be

influenced by other variables). Afterwards, the validity of

each of the BN structures was assessed visually by

comparing it with known/expected relationships.

Network parameters were learnt using Bayesian estima-

tion, which calculates the expected value of the poster-

ior distribution over the parameters. A Dirichlet prior

with an equivalent sample size of one was used as a

weak prior over the parameters [16]. In order to assess

the predictive ability of the network (i.e. the ability to

predict PsA development given a patients demographics

and history of musculoskeletal symptoms), the accuracy

(defined as the sum of true positive and true negative

instances divided by the total number of instances), sen-

sitivity, specificity and the area under the receiver oper-

ating characteristic curve were calculated using the test

dataset.

Graphical representation of the BN structures

The graphical representations of the BN structures were

attained using the ‘dot’ layout method, which can be

attributed to Sugiyama et al. [20], offered by the

Rgraphviz package [21]. The design goal of the dot lay-

out method is to make aesthetically pleasing drawings

of modest-sized graphs. As such, the figures only depict

the relationships between the variables, and thus the

order/importance of symptoms cannot be inferred from

them.

Data were analysed in R version 3.5.0, using the

packages bnlearn, pROC, ROCR, ggplot, Rgraphviz and

epiR. Further details of the BN analysis can be found in

the Supplementary data, available at Rheumatology

online.

Ethical approval

Ethical approval has been obtained by the CPRD data

provider from a Multicentre Research Ethics Committee

for all observational studies, and the study protocol was

approved by the CPRD Independent Scientific Advisory

Committee (15_154R).

Using BNs to identify musculoskeletal symptoms influencing the risk of developing PsA in people with psoriasis

https://academic.oup.com/rheumatology 583

https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keab310#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keab310#supplementary-data


Results

Study population

Of the 90 189 patients making up the study population,

1409 developed PsA. The baseline patient characteris-

tics of the study population are summarized in Table 1.

The mean (S.D.) age at psoriasis index was 48 years (18),

and the mean (S.D.) duration of psoriasis was 5.71 years

(4.10).The baseline prevalence of musculoskeletal symp-

toms was 2.39 times higher in the PsA group (psoriasis

patients who went on to develop PsA during the study

period) than the psoriasis-only group (psoriasis patients

who did not develop PsA during the study period) (95%

CI: 2.09, 2.67).

Musculoskeletal symptoms

Over 800 unique musculoskeletal symptom Medcodes

were identified from the study population’s CPRD

records. After review, 327 were deemed suitable for in-

clusion and were concatenated into the primary groups

and their subgroups (Table 2).

Within the study period, a total of 147 647 musculo-

skeletal symptoms were recorded, with over half of the

study population having at least one musculoskeletal

symptom recorded during the study period (54 803,

61%). The incidence of musculoskeletal symptoms was

significantly higher in the PsA group than in the

psoriasis-only group (Table 3 and Supplementary Table

S2, available at Rheumatology online). Over one-fifth of

the psoriasis patients who went on to develop PsA vis-

ited their GP with musculoskeletal-related symptoms

during the 5 years prior to their diagnosis of PsA. This

proportion gradually increased and reached over 57% in

the 6 months immediately preceding the diagnosis.

Patients with musculoskeletal symptoms had a longer

study duration than those with no musculoskeletal

symptoms: mean duration (years) 7.07 vs 3.73 psoriasis

TABLE 1 Baseline characteristics of the study population, including the prevalence of musculoskeletal symptom on psor-

iasis index date

Characteristic All Psoriasis only PsA

(n 5 90 189) (n 5 88 780) (n 5 1409)

Sexa, no. (%) male 43 599 (48) 42 854 (48) 745 (53)
Agea, mean (S.D.), years 48.3 (18.2) 48.5 (18.2) 44.7 (13.9)

Psoriasis duration,b mean (S.D.), years 5.7 (4.1) 5.8 (4.1) 3.6 (3.4)
Psoriasis severity,a n (%) severe 11 491 (13) 11 083 (12) 408 (29)
Musculoskeletal symptom,c n (%) 4571 (5) 4404 (5) 167 (12)

Arthritis 109 (0) 92 (0) 17 (1)
Bursitis, enthesitis or tendinitis 465 (1) 451 (1) 14 (1)

Fatigue 454 (1) 447 (1) 7 (0)
Pain 3443 (4) 3322 (4) 121 (9)
Stiffness 23 (0) 19 (0) 4 (0)

Swelling 160 (0) 145 (0) 15 (1)
Musculoskeletal duration,d mean (S.D.) 4.5 (3.5) 4.5 (3.5) 3.5 (3.1)

BMI category,e n (%) (kg/m2)
<25 15 519 (17) 15 384 (17) 135 (10)
25.0–29.9 15 841 (18) 15 603 (18) 238 (17)

30.0–34.9 8980 (10) 8818 (10) 162 (11)
�35 5854 (6) 5728 (6) 126 (9)
Missing 43 995 (49) 43 247 (49) 748 (53)

Smoking status,e n (%)
Non-smoker 38 452 (43) 37 808 (43) 644 (46)

Ex-smoker 25 039 (28) 24 646 (28) 393 (28)
Current smoker 25 133 (28) 24 768 (28) 365 (26)
Missing 1564 (2) 1558 (2) 7 (0)

Alcohol status,e n (%)
Non-drinker 9883 (11) 9745 (11) 138 (10)

Ex-drinker 4430 (5) 4370 (5) 60 (4)
Current-drinker 63 997 (71) 62 924 (71) 1073 (76)
Missing 11 879 (13) 11 741 (13) 138 (10)

aOn psoriasis index date. bCalculated as the period between psoriasis diagnosis and the earliest of (i) the individual devel-

oping PsA, (ii) the individual or their practice ceasing to contribute data to the CPRD or (iii) the end of the study period.
c�1 musculoskeletal symptom on psoriasis index date. dCalculated as the period between psoriasis diagnosis to symptom
report date. eClosest to and within 3 years prior to psoriasis index date.
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only and 4.14 vs 1.51 PsA. While the median number of

musculoskeletal symptoms was two for both the

psoriasis-only and PsA groups, there were fewer individ-

uals with recorded musculoskeletal symptoms in the

psoriasis-only group than in the PsA group (60% psoria-

sis only vs 78% PsA).

When concatenated into the primary groups, the ma-

jority of Medcodes were assigned to the pain

group (55%). The PsA group were more likely to have

an arthritis-, pain- or swelling-related Medcode (15% vs

2%, 69% vs 55% and 16% vs 8%, respectively).

Arthritis-related Medcodes were more likely to be non--

site-specific in those who developed PsA compared

with the psoriasis-only group (14% vs 2%).

Bayesian networks

Of the baseline demographic variables considered, psor-

iasis severity, BMI category, and gender were identified

as direct predecessors of PsA, while smoking, alcohol

and age influenced PsA through their respective child

nodes. Two of the 6 primary musculoskeletal symptom

groups (arthritis and swelling), and 10 of the 45 muscu-

loskeletal symptom subgroups (arthralgia, back pain, fa-

tigue, finger pain, hand pain, hip pain, knee pain,

myalgia, non-specific arthritis, unspecified swelling) were

identified as direct predecessors of PsA.

The results of the model performance measures for

the three learned networks, with respect to the test

set, can be seen in Table 4. The best area under the

TABLE 2 Grouping of Medcodes into musculoskeletal symptom groups

Primary musculoskeletal symptom
groups (n, Medcodes)

Musculoskeletal symptom subgroups (n, Medcodes)

Arthritis (35) Ankle arthritis (1), Elbow arthritis (1), Foot arthritis (1), Hand arthritis (5), Hip arthritis
(2), Knee arthritis (1), OA (7), Other arthritis (16), Wrist arthritis (1)

Bursitis, Enthesitis or Tendinitis (73) Bursitis (15), Enthesitis (35), Tendinitis (23)
Fatigue (23) Fatigue (22), Malaise (1)

Pain (135) Ankle pain (6), Arm pain (4), Arthralgia (13), Back pain (28), Chest pain (1), Elbow pain
(5), FM (5), Finger pain (5), Foot pain (9), Hand pain (6), Hip pain (5), Jaw pain (1),
Knee pain (5), Leg pain (5), Myalgia (8), Neck pain (1), Sacroiliitis (1), Sciatica (3),
Shoulder pain (10), Unspecified pain (10), Wrist pain (4)

Stiffness (22) Lower body stiffness (7), Unspecified stiffness (8), Upper body stiffness (7)

Swelling (39) Ankle swelling (4), Foot swelling (2), Hand swelling (5), Joint swelling (2), Knee swel-
ling (6), Shoulder swelling (3), Unspecified swelling (17)

TABLE 3 Incidence of musculoskeletal symptoms

Musculoskeletal symptom Cases Person years Incidence rate per
1000 person years (95% CI)

All

Psoriasis 53 711 243 231 220.82 (218.96, 222.69)
PsA 1092 2104 519.00 (488.22, 549.79)
Arthritis

Psoriasis 1828 501 928 3.64 (3.47, 3.81)
PsA 188 4797 39.19 (33.59, 44.79)

Bursitis, enthesitis or tendinitis
Psoriasis 10 119 465 585 21.73 (21.31, 22.16)
PsA 204 4567 44.67 (38.54, 50.8)

Fatigue
Psoriasis 11 420 459 804 24.84 (24.38, 25.29)

PsA 127 4566 27.81 (22.98, 32.65)
Pain

Psoriasis 45 374 290 260 156.32 (154.88, 157.76)

PsA 847 2759 307.04 (286.36, 327.72)
Stiffness

Psoriasis 800 506 921 1.58 (1.47, 1.69)
PsA 41 4961 8.26 (5.73, 10.79)

Swelling

Psoriasis 6603 482 902 13.67 (13.34, 14.00)
PsA 207 4624 44.77 (38.67, 50.86)
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receiver operating characteristic curve was 0.73 (95%

CI: 0.70, 0.75), translating into 76% sensitivity and 70%

specificity, which was achieved by BN-2, the BN using

the more site-specific musculoskeletal symptom

subgroups. This BN was 76% accurate in predicting the

development of PsA. The graphical representation of

this BN structure is displayed in Fig. 1 and shows the

widespread probabilistic associations between the varia-

bles included in the modelling. The graphical represen-

tations of the BN structures learnt using (i) the six

primary musculoskeletal symptom groups and (ii) only

the demographic variables, can be found in the

(Supplementary Figs S1 and S2, available at

Rheumatology online, respectively).

Discussion

As the majority of people destined to develop PsA have a

prior presence of psoriasis and a median interval be-

tween diagnoses of 7–8 years [5], this unique group pro-

vide a valuable opportunity for the early detection of PsA.

While individuals with psoriasis and persistent musculo-

skeletal symptoms may have PsA [6], investigating the

relationships between symptoms is challenging, and ap-

propriate statistical approaches are needed in order to

make inferences about the relationships present. This art-

icle presents the use of a BN approach for discovering

the relationships between demographic and musculo-

skeletal symptom variables, and the development PsA in

people with psoriasis. BNs have been used for various

applications in a wide variety of domains, including, but

not limited to, medical diagnosis, disease prediction, clin-

ical decision-making, and risk prediction [22–27]. BNs

not only provide a robust and flexible approach, but they

are also able to handle uncertainty and integrate clinical

knowledge alongside data-driven methods to infer struc-

ture from data. Furthermore, BNs are interpretable, with

the relationships of probable factors relating to diseases

available in a visual format that is easy to interpret, which

is of particular use to those in the healthcare domain (i.e.

clinicians/rheumatologists). To the best of our know-

ledge, this is the first application of a BN analysis to any

psoriasis cohort, and the results of our study suggest

that there are several musculoskeletal symptoms that are

predecessors of PsA. Furthermore, including these mus-

culoskeletal symptoms in our modelling improved the

predictive ability of the BN when compared with a BN

constructed without musculoskeletal symptom variables.

However, we acknowledge that incorporation of addition-

al data (such as blood test results and use of medication)

may improve our current model to a stage that can be

more readily applied in clinical practice.

Of interest, non-specific arthritis, (a recording of arthritis

with no specific type or site specified) was identified as a

predecessor to the development of PsA, suggesting that

there are many cases in which the presence of arthritis in

the context of psoriasis does not immediately lead to a

diagnosis of PsA. Similarly, non-specific swelling was

identified as a predecessor to the development of PsA,

suggesting that disease presentation may be ambiguous

and diagnosis challenging. In line with recent findings, fa-

tigue was identified as a predecessor to the development

of PsA and therefore should be recognized as an import-

ant indicator in future algorithms [28–30]. On the other

hand, pain (which is a domain commonly taken into con-

sideration by rheumatologists when assessing a patient

with suspected PsA), when considered as a non-specific

variable, was not found to influence the development of

PsA. However, when pain was broken down into smaller,

more specific descriptors, arthralgia, myalgia and pain in

the back, finger, hand and knee were all found to have a

direct influence on the development of PsA.

In addition to being able to identify the variables that

had a direct impact on the development of PsA, the BN

analysis was also able to identify how the variables

impacted one another. For example, smoking was found

to influence psoriasis severity, and thereby PsA. While

symptoms such as stiffness, enthesitis and tendinitis,

which are common hallmarks of PsA, were not found to

influence the development of PsA, it is plausible that

patients who did not develop PsA within the study

period, who exhibited these symptoms, had undiag-

nosed PsA. Whether this was due to diagnostic uncer-

tainty, a misdiagnosis, or some other reason remains to

be determined. Furthermore, while no constraints were

placed on the edge orientations of the PsA node when

TABLE 4 Model performance measures for the different learned networks, with respect to the test set

Bayesian network Accuracy Sensitivity Specificity Area under the receiver
operating characteristic
curve

BN-1 0.65 (0.64, 0.65) 0.65 (0.64, 0.65) 0.74 (0.69, 0.79) 0.69 (0.67, 0.72)
BN-22 0.76 (0.75, 0.76) 0.76 (0.75, 0.77) 0.70 (0.64, 0.74) 0.73 (0.70, 0.75)

BN-33 0.62 (0.61, 0.63) 0.62 (0.61, 0.62) 0.70 (0.65, 0.75) 0.66 (0.63, 0.68)

BN-1: BN consisting of baseline demographics and the six primary musculoskeletal symptom groups (arthritis, bursitis or
enthesitis, fatigue, pain, stiffness, and swelling). BN-2: BN consisting of baseline demographics and only those musculo-

skeletal symptom subgroups identified as influencing the development of PsA (arthralgia, back pain, fatigue, finger pain,
hand pain, hip pain, knee pain, myalgia, non-specific arthritis, unspecified swelling). BN-3: BN consisting of only baseline
demographics (i.e. no musculoskeletal symptoms).
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constructing our network, PsA was not found to influ-

ence any of the variables included in the modelling.

This BN framework has a clear edge in interpretability

over other methods, which is a core requirement for

models in medicine, because both patients and clini-

cians need to understand the results. This framework is

also well suited to uncovering and representing relation-

ships between variables, which is key when variables

have a highly correlated nature, such as is the case with

PsA, and indeed many other rheumatic diseases.

Consequently, this framework is not only suited to han-

dle the intricacies of PsA risk prediction, but it could

readily be applied within the rheumatology community

to other clinical studies using electronic healthcare data,

where the interest lies in representing uncertain relation-

ships among important features, disease prediction, and

aiding clinical decision-making.

While our study has many strengths, including its

population-based nature, the large number of psoriasis

patients, the use of validated codes to identify psoriasis

and PsA, and the access to original medical records

providing more complete information with regards to a

patient’s history of musculoskeletal symptoms (such as

body parts affected), we acknowledge several important

limitations. First, it is not possible to obtain a direct con-

firmation of a rheumatologist’s diagnosis of PsA from a

primary care record. But, given the difficulty diagnosing

PsA, even among rheumatologists, it would be very un-

likely for a GP to record a diagnosis of PsA without hav-

ing referred that patient to a rheumatologist first.

Second, it is possible that some GPs may have been

more likely to refer a patient with a history of musculo-

skeletal symptoms to rheumatology for diagnosis of PsA

sooner than a patient with no history of musculoskeletal

FIG. 1 Graphical model of the Bayesian network built using Clinical Practice Research Datalink data to predict the de-

velopment of PsA in people with psoriasis and to gain insight into the psoriasis population at increased risk of PsA.

The figure includes the structure of musculoskeletal symptoms (coloured pink), grouped into categories based on

Medcodes related to similar symptoms and defined in terms of counts over the study period, in addition to baseline

demographic variables (coloured blue). Nodes represent input variables and edges represent conditional dependen-

cies between the variables. Continuous and discrete variables are indicated by elliptical and rectangular nodes, re-

spectively. Direct and indirect relationships to PsA are indicated solid and dotted black edges (lines). Note, this figure

only depicts the relationships between the variables; hence, the order/importance of symptoms cannot be inferred

from it
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symptoms. However, by conducting this study in a

population of incident cases of psoriasis, we hope to

have minimized any impact of diagnostic or surveillance

bias on the likelihood of diagnosis of PsA within this

population. Third, while all Medcodes representing

musculoskeletal symptoms were assessed by rheuma-

tologists experienced in assessing PsA patients, the

Medcodes themselves rely upon the complex coding

systems and thesauruses built into the CPRD and thus

determine what can and will be recorded. Furthermore,

recording behaviours of GPs will vary, and detailed in-

formation about the joint sites or body parts affected

may not always be captured, leading to less precise,

less complete and less correct data. Fourth, those with

musculoskeletal symptoms recorded during the study

period had a longer study duration than those with no

musculoskeletal symptoms recorded, suggesting that

the presence of a musculoskeletal symptom may, in

part, be due to patient follow-up time, and also that

some of the PsA patients may have had PsA earlier than

the diagnosis date recorded. Fifth, we acknowledge that

the data reflect not only the health of the patients, but

also patients’ interactions with the healthcare system,

and thus it is often the case that there is a high degree

of missing covariate and response data. Those with

non-missing data may be unrepresentative of the gen-

eral population, and restriction to those with complete

data may result in biased analyses [31]. While missing

data can affect the learning of the BN structure from

data, we hope to have reduced any bias when learning

the model structure and parameters in the presence of

any missing data through the use of the expectation

maximization algorithm alongside clinical domain know-

ledge and published literature [32]. Finally, no attempt

was made to take the timing of symptoms into account

in this work, and binary features were used in order to

reduce the effect of frequency of GP visits in the data

[15]. As a result, information on the intensity of symp-

toms may have been lost.

In conclusion, we have introduced a BN approach to in-

vestigate the relationships between demographic and

musculoskeletal symptom variables, and the development

PsA in people with psoriasis. The results of our study sug-

gest that there are several musculoskeletal symptoms that

are predecessors of PsA, including non-specific arthritis,

fatigue, specific types of pain, and swelling. As such,

patients who exhibit these symptoms may have PsA ear-

lier than their PsA diagnosis and thus should be followed

up more closely, since they are more likely to develop the

disease in subsequent years. Further research is still

required in order to better understand this preclinical

phase of PsA and to improve the identification of psoriasis

patients who will go on to develop PsA. In addition, to

these clinical findings, we have shown that BNs are able

to provide a coherent modelling framework for charateriz-

ing the relationships between musculoskeletal symptoms

and the development of PsA in people with psoriasis. In

the future, we plan to build on our analysis by including

some additional clinical information (i.e. data on tests,

prescriptions and referrals). Additionally, in order to assess

the intensity and timing of symptoms, we also plan to ex-

tend and refine our model using dynamic BNs.
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