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Background

External validation of prediction models is important to assess generalisability to
other populations than the one used for model development. The Predicting Asthma
Risk in Children (PARC) tool, developed in the Leicestershire Respiratory Cohort
(LRC), uses information on preschool respiratory symptoms to predict asthma at
school age.

Objective

We performed an external validation of PARC using the Avon Longitudinal Study of
Parents and Children (ALSPAC).

Methods

We defined inclusion criteria, prediction score items and outcomes in ALSPAC to
match those used in LRC. We assessed performance of PARC by calculating
sensitivity, specificity, predictive values, likelihood ratios, area under the curve
(AUC), Brier score and Nagelkerke’s R-squared. Sensitivity analyses varied inclusion
criteria, scoring items and outcomes.

Results

The validation population included 2690 children with preschool respiratory
symptoms of which 373 (14%) had asthma at school age. Disciminative performance
of PARC was equally good in ALSPAC (AUC=0.77, Brier score 0.13) as in LRC (0.78,
0.22). The score cut-off of 4 showed the highest sum of sensitivity (69%) and
specificity (76%). Changes to inclusion criteria, scoring items or outcome definitions
barely altered the prediction performance.

Conclusion



Performing equally well in the validation cohort as in the development cohort, PARC
is a valid tool for predicting asthma in population based cohorts. Its use in clinical

practice is ready to be tested.
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Introduction

Up to 40% of all preschool children have recurrent respiratory symptoms such as
wheeze or cough but only about a quarter of these will have asthma at school age
(1-3). Prediction models can be useful to identify those whose problems will persist.
The ability to make an accurate prognosis can guide clinical decision-making and
facilitate the selection of children for high-risk cohorts or clinical trials (4). Prediction
models must be carefully developed using sound methodology for selecting
prediction variables and examine discriminative performance and assess calibration
(5). Prediction models may however not perform as well when applied to
populations other than the ones they were developed in. External validation (in

another population) is therefore necessary to assess the generalisability (6, 7).

Several models to predict later asthma in preschool children have been developed
(8). Most use a combination of demographic information, symptoms and results of
clinical tests (e.g. lung function or allergic sensitisation) (9-16). These models are
useful for specialised clinical settings, where spirometry, body plethysmography and
skin prick test can be done. Two other tools use only demographic information and
symptoms; information easily obtained from parental questionnaires or when taking
patient history in a medical consultation, which makes these models more widely
applicable (17, 18). One of these was developed by our group, the Predicting Asthma

Risk in Children (PARC) tool. It was developed using data from the Leicestershire



Respiratory Cohorts, a population-based cohort study from the United Kingdom (18).
Four childhood asthma prediction models have been externally validated. The
Asthma Predictive Index (API) (9) was validated in four external cohorts (10, 14, 19,
20), the PIAMA risk score (17) was validated in two external cohorts (20, 21), the Isle
of Wight was validated in one external cohort (22) and the PARC tool was validated
in a German asthma cohort, where it showed good predictive properties (23).
However, this was a cohort, in which mothers with a history of allergy were
overrepresented.

We aimed to validate PARC in a larger population based cohort in the Avon
Longitudinal Study of Parents and Children (ALSPAC). We calculated measures of
prediction performance and assessed the robustness of prediction performance to

changes in the inclusion criteria, the prediction score items and the outcome.

Methods

We used the Transparent Reporting of a multivariable prediction model for
Individual Prognosis Or Diagnosis (TRIPOD) guidelines to report this external
validation study (24).

Predicting Asthma Risk in Children (PARC)

The PARC tool was developed as a simple, low-cost, and non-invasive method to
predict the risk of later asthma in symptomatic preschool children (18). It uses
parental information about respiratory symptoms in 1-3 year old children to predict
asthma five years later. The 10 scoring factors are: sex, age, wheeze without colds,
number of wheezing episodes, shortness of breath due to wheeze, wheeze

interfering with daily activities, exercise or allergy as triggers of wheeze, a history of



eczema, and parental history of asthma and bronchitis. The model was developed
using the least absolute shrinkage and selection operator (LASSO) penalised logistic
regression to avoid overfitting and simplified into an easy-to-use tool. We validated
the tool internally by using the leave-one-out cross-validation method (18).
Development cohort, LCR

We used the Leicestershire Respiratory Cohort study (LRC) to develop PARC. The LRC
is a longitudinal population-based study from Leicestershire, United Kingdom (25).
For the development of PARC, we used data from 6808 children born in 1993-1997.
Data for inclusion criteria, prediction score items and outcomes came from
guestionnaires on respiratory symptoms and general health that parents completed
at baseline in 1998 and 1999 when the children were aged 1-3 and at follow-up in
2003 when the children were aged 6-8 years. The Leicestershire Health Authority
Research Ethics Committee approved the study.

External validation cohort, ALSPAC

ALSPAC is a longitudinal birth cohort that recruited 14541 pregnant women from
Avon, United Kingdom, with expected delivery between April 1991 and December
1992, resulting in 14062 live born children. The study has been described in detail
previously (26). Mothers and their partners filled in questionnaires about their own
and their child’s health approximately yearly from when the children were 6 months
old. We used baseline information from the questionnaires filled in when the child
was 1.5, 2.5 and 3.5 years to define inclusion criteria and calculate the prediction
score and information from questionnaires completed at age 6 and 7 years to assess
asthma at school age. The ALSPAC study was approved by the ALSPAC Ethics and Law

Committee and from Local Research Ethics Committees.



Inclusion criteria

We defined inclusion criteria for ALSPAC that resembled the inclusion criteria used in
the LRC (table 1). We included children aged 1.5 to 3.5 years from ALSPAC who had
had wheeze or cough during the past 12 months (Has your child experienced
wheeze/cough during the past 12 months?) and saw a doctor for one of these
problems (answer category: yes and saw a doctor) plus had information on asthma
at age 7.5 years.

Calculation of prediction scores

Iltems used for the prediction score are presented in Table 3 for LRC and ALSPAC. In
ALSPAC, the same questionnaires were sent to the parents at 1.5, 2.5 and 3.5 years
of age. In order to achieve a comparable age distribution in ALSPAC as in the LRC, the
baseline information was taken from the questionnaire filled at age 1.5 year for 28%
of the study population, at age 2.5 for 57% and at age 3.5 for 15%. The age at which
baseline information was taken for a given child, was obtained by random sampling
ensuring this overall age distribution. Information on parental history of wheeze,
asthma and bronchitis came from a questionnaire sent to the mother at 12 weeks
gestation and from a questionnaire sent to the partner when the child was 33
months old. The prediction score was calculated as the sum of score-points from
each item (table 3).

Definition of outcome

In the original cohort, we had defined the outcome ‘asthma’ as ‘current wheeze plus
use of asthma inhalers in the past 12 months’. To match this outcome definition in
ALSPAC, we defined the ‘asthma’ as ‘yes’ to current wheeze (‘Has he/she had

wheeze in the past 12 months’) plus current use of asthma medication (‘Please



indicate which of the following have been given to your child in the last 12 months?

Asthma medication’).

Assessing predictive performance

We assessed the predictive performance of PARC using measures of discrimination
(the ability of the score to discriminate between children who had asthma at school
age and those who had not) and calibration (the ability of the tool to predict the
probability of later asthma) (7). To assess discrimination, we calculated sensitivity,
specificity, positive predictive value, negative predictive value, and positive and
negative likelihood ratios for each possible cut-off value of the score. We also
plotted receiver operator curves (ROC) and calculated area under the curve (AUC).
To assess calibration, we assigned the probabilities of later asthma to each score
value as proposed in the original article by Pescatore et al. (18). Based on these
predicted probabilities, we first calculated maximum rescaled Brier score and
Nagelkerke’s R? as overall performance measures (7). These measures can be
interpreted as “goodness-of-fit measures” showing how well the predicted
probability approximates the binary outcome (1 indicating later asthma and 0 no
asthma) on a scale between 0 and 1, with 1 indicating perfect prediction. We plotted
predicted probabilities calculated in the LRC and recalibrated predicted probabilities
calculated in ALSPAC (recalibration was done by taking the fitted values from a
generalized linear model with asthma as outcome and calculated score as linear
predictor) for each score point. We examined calibration of the PARC tool graphically
by plotting the predicted probability for each value of the score against the observed

frequency of asthma among ALSPAC children with that score value, using the
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function calibrate.plot and val.prob.ci.2 from the ‘gbm’ package in R (27). We
calibrated the model by fitting a logistic regression of the outcome on the PARC
score (as a linear term) in the ALSPAC data. We also examined prediction
performance measures and calibration of this recalibrated model. In the main
analysis, we excluded children if they had missing information in any of the scoring
variables (8%) apart from the item ‘partner’s history of wheeze, asthma and
bronchitis’, for which 25% had missing information. For these children, we set
missing information about the partner to ‘no history’. We used STATA 14 for data
preparation and descriptive analysis and R version 2.1 to study model performance

and model fit.

Sensitivity analyses

To test the robustness of PARC, we performed sensitivity analyses in ALSPAC and LRC
datasets using alternative definitions of the included population, prediction score
items and outcome definitions (supplementary table E1). Firstly, we restricted age
at baseline by including children aged 1.5 only, 2.5 only and 3.5 years only (only
ALSPAC). Secondly, we altered the inclusion criteria to 1) any wheeze in the past 12
months, and 2) any cough in the past 12 months (only in ALSPAC). Thirdly, we
changed items in the prediction score by: 1) excluding ‘wheeze triggered by exercise
or allergy’, as triggers of wheeze were measured differently in ALSPAC (open
guestion) compared with LRC (specific response categories), and 2) exchanging
‘wheeze without colds’ with ‘current wheeze’ (only in LRC), 3) setting missing
information in the prediction score items to the lowest value instead of excluding

children with missing values in the analysis. Fourthly, we used an alternative
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outcome definitions: severe asthma (ALSPAC: current wheeze and use of asthma
medication on at least 3 episodes, LRC: wheeze on at least 4 episodes and use of

asthma inhalers).

Results

Of the 14,541 children originally recruited in ALSPAC, 7200 children responded to
the questionnaires at 1, 2, 3 and 7 years. Of these, 2921 fulfilled the inclusion criteria
(saw a doctor for wheeze or cough in the past 12 months) and 2690 were included in
our main analysis (231 were excluded due to missing information in one or more
prediction score items). Not all questions used to specify inclusion criteria in the LRC
were available in ALSPAC resulting in less restrictive inclusion criteria (table 1). Table
2 shows similarities and differences between the two studies including location in
the UK and the gender and age distribution. The two cohorts differed considerably in
ethnicity composition (98% whites in ALSPAC, 81% whites and 19% south Asians in

LRC).

Distribution of PARC score

For most items of PARC we were able to use similar questions in ALSPAC as in the
LRC (table 3). There were some differences for ‘wheeze without colds’, questions on
triggers for wheeze and parental history of wheeze and bronchitis. Assigning scores
to ALSPAC children resulted in a more left skewed distribution of the PARC score in
ALSPAC compared with the LRC (Figure 1). The maximum and median values were
lower in the ALSPAC cohort (max = 13, median = 2, Interquartile range: 2-4)

compared with the LRC cohort (max = 14, median = 4, Interquartile range: 2-6).
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Frequency of asthma at follow-up
In ALSPAC, 373 (14%) of the included children had the primary outcome at age 7.5

years compared with 345 (28%) in LRC (table 2).

Performance of PARC main analysis

The discriminative ability of PARC was similar in ALSPAC and LRC (figure 2). ROC
curves from ALSPAC and LRC were almost identical, AUC of 0.77 in ALSPAC and 0.78
in LRC. In ALSPAC, the score cut-off maximizing the sum of sensitivity (69%) and
specificity (76%) was 4, in LRC the best cut-off was 5 (sensitivity 72%, specificity
71%). Overall performance in ALSPAC was comparable to that in LRC. The max-scaled
Brier score was 0.13 in ALSPAC and 0.22 in LRC, the Nagelkerke’s R-squared was 0.23
in ALSPAC and 0.28 in LRC. The calibration assessment showed that PARC scores
from the ALSPAC population were associated with a lower frequency of later asthma
than predicted from the LRC (figure 3 and figure 4). After recalibrating the predicted
probabilities in ALSPAC (figure 4B), our calibration plot showed good calibration of

PARC in ALSPAC (Brier score = 0.17 for recalibrated main model).

Sensitivity analyses

Changes in inclusion criteria, prediction score items and definition of outcome
resulted only in minor changes for most performance measures (table 4). PARC
performed better in children aged 3.5 years (AUC = 0.78, Brier score = 0.21),
compared with 1.5 year-olds (AUC = 0.71, Brier score = 0.06). Prediction was

slightly worse in a population including only children who wheezed (AUC=0.73, Brier



13

score = 0.08) compared with those who also saw a doctor or only children who
coughed with or without seeing a doctor (AUC = 0.76, Brier score = 0.07). The
exclusion of trigger variables in ALSPAC barely altered the performance. PARC
performed better when the main outcome was severe asthma (AUC = 78, RZ = 0.23).
Sensitivity analysis where results excluding missing information were compared to
results where missing information was set to zero showed no difference in the

performance of PARC (data not shown).

Discussion

We found that PARC predicted asthma at school age equally well in the validation
cohort, ALSPAC (AUC 0.77), compared with the development cohort, LRC (AUC 0.78).
Using a cut-off score value of 4, PARC predicted asthma with a sensitivity of 69% and
specificity of 76%, which was similar to what was found in LRC for a cut-off score of 5
(sensitivity = 72% and specificity = 71%). The calibration assessment showed that the
observed frequency of asthma was generally lower in ALSPAC than predicted by the
PARC score, but when we recalibrated the predicted probabilities to the ALSPAC
population, agreement between predicted and observed asthma frequency was

good.

Limitations and strengths

The information used to define the included population was not the same in ALSPAC
as in LRC. Specifically, the ALSPAC cohort had insufficient information on night cough
and cough without colds, so we replaced this information with a general question

about cough. These relaxed inclusion criteria has led to inclusion of less severely
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affected children than the LRC population, which in turn explains the lower
prevalence of asthma at school age (14% in ALSPAC compared with 28% in LRC). This
did not affect the discriminative ability of PARC, but it affected calibration and the
overall performance measures such as the Brier score. Furthermore, we lacked
perfectly matched information on items needed to compute the PARC score. Key
information for the score such as wheeze without colds and triggers of wheeze were
not available in the same detail. However, our sensitivity analysis in ALSPAC
suggested that exclusion of triggers of wheeze did not affect the performance much

(AUC 0.77, same as main analysis).

A strength of our study was that we had full access to all data from the development
and the validation cohort, which made it possible to compare the populations and
assess discriminative performance and calibration of PARC directly. Secondly, the
cohort used for the external validation was large and had collected questionnaire
information yearly between birth and the age of 8 years. This enabled us to match
and vary the age at which baseline and outcome information were collected. Thirdly,
less than 5% of the information in the single variables used for scoring (apart from
partner’s history of asthma and wheeze) was missing and we therefore excluded
only a small number of the children satisfying the inclusion criteria (8%). Sensitivity
analysis, in which missing information was set to zero, did not change our main
results. Fourthly, for the primary outcome, we had perfectly maching on current
wheeze and use of asthma medication at the age of 7.5 years, and we could
therefore rule out that differences in performance of the PARC tool in ALSPAC and

LRC cohorts were caused by different outcome definitions.
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Comparison with other studies

One other study has investigated the external validity of PARC and found similar
performance compared with the original cohort (23). The study used information
from the German Multicentre Allergy Study (MAS-90) birth cohort with an
overrepresentation of children from allergic parents. The authors included 140
children in their validation population. The authors found that PARC predicted
asthma with AUC= 0.83 and a sensitivity of 0.82, a specificity of 0.69 at a score of 5.
The calibration assessment showed good agreement between predicted
probabilities of asthma and observed frequency.

Of the other models developed to predict asthma in children, three have been
externally validated. The Asthma Predictive Index developed using the Tucson
Children’s Respiratory Study in 2000 (9) was externally validated in 3 separate
studies (14, 19, 20), showing generally higher sensitivity, but lower specificity than in
the development cohort, which could partly be explained by differences in inclusion
criteria. Caudri et al. developed an asthma prediction model using the Prevalence
and Incidence of Asthma and Mite Allergy birth cohort (PIAMA) (17), which was
externally validated in a Columbian clinical cohort of children with wheeze (20) and
in the Dutch population-based Generation R study (21) and showed similar
performance compared with the development cohort. The calibration assessment
showed that the PIAMA risk score systematically overestimated asthma risk at age 7
years. Kurukulaaratchy et al. developed a prediction model in the Isle of Wight birth
cohort (12), which was applied in the British Multicentre Allergy Study (MAS) birth

cohort, where calibration showed different predictive properties compared with the
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development cohort. The evidence from these external validation studies and the
present study suggests that these prediction models are generally robust in different
populations and discriminate asthma from no asthma well in different settings, but
calibration must be assessed for the models to accurately predict asthma risk.
Among the existing prediction models that have been externally validated, PARC and
the APl are the models most easily applied in practice as they require no specific

physiological measurements or blood investigations.

Interpretation

PARC predicted asthma better in children who were older at the baseline survey. A
reason for this could be that the aetiology of wheeze in children age less than 2
years is more heterogeneous and only a small proportion will eventually have
asthma. In a study using data from ALSPAC, Henderson et al. (28) investigated
wheezing phenotypes over time and found a majority of children with the
phenotype transient early wheeze begin wheezing in the first two years of life. In our
data we saw that more children fulfilled our inclusion criteria early in life (3583 1.5-
year-olds compared to 2238 3.5-year-olds), but the proportion of children that had
asthma at school age was lower among children aged 1.5 years initially (12%) than in
children aged 3.5 years at baseline (19%). This may explain the poorer prediction,
particularly poorer calibration, among 1.5 year-olds.

The different phenotypes of wheeze might also explain why the predictive
performance of PARC was better for severe asthma. Several studies have identified a
phenotype characterised by persistence of symptoms from an early age (3, 28, 29).

Children with this phenotype tend to have more wheezing episodes, more often use
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bronchodilators, and cough without colds compared with wheeze phenotypes with
late onset transient or viral wheeze. Because severity tends to track (30), PARC
identifies those with more severe disease at school age because these children often
had already severe symptoms early in life. As disease burden is greater in children
with severe asthma, they are the main target group for interventions.

The discriminative ability of PARC appears robust to changes in item and population
definitions. Although different questions were used in the two cohorts, they
probably measure similar concepts. This makes PARC useful also in settings with
misclassification of information. Outcome prevalence appears to be the more critical
factors affecting predictive performance. Therefore, if PARC is to be used in a
population with outcome-prevalence very different from that in LRC, we recommend
simple recalibration of the PARC, which allows obtaining risk-probabilities that are
closer to the observed frequencies. Practically, one approach for calibration could be
to examine the prevalence of school-age asthma in the population in question and
compare it to LRC or ALSPAC. If the observed frequencies are similar to those in LRC
or ALSPAC, the predicted probabilities calculated in the original study or this
validation study can be used. If the prevalence is much higher or much lower, it
might be necessary to collect (possibly retrospectively from medical records)
information from a subsample of children to fill in the PARC tool and thereby
calculate new predicted probabilities.

Conclusion

This validation study showed that PARC has the same ability to identify preschool
children who are likely to develop asthma at 7.5 years in a population different from

the development cohort. The discriminative ability of the tool appears to be robust
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to changes in inclusion criteria, scoring variables and outcome definitions suggesting
that PARC is robust to misclassification of information. Our study suggests that the
tool may need recalibration when applied to populations, in which the outcome
prevalence differs greatly from the development cohort. PARC is a valid tool for

predicting asthma in pre-school children and its use in clinical practice is ready to be

tested.
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