Predicting asthma in preschool children with asthma-like
symptoms: Validating and updating the PIAMA risk score
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Background: The Prevention and Incidence of Asthma and Mite
Allergy (PIAMA) risk score predicts the probability of having
asthma at school age among preschool children with suggestive
symptoms.

Objective: We sought to externally validate the PIAMA risk
score at different ages and in ethnic and socioeconomic
subgroups of children in addition to updating it.

Methods: We studied 2877 children with preschool asthma-like
symptoms participating in the multiethnic, prospective,
population-based cohort study Generation R. The PIAMA risk
score was assessed at preschool age, and asthma was predicted
at age 6 years. Discrimination (concordance index [C-index])
and calibration were calculated. The PIAMA risk score was
updated, and its performance was similarly analyzed.

Results: At age 6 years, 6% (168/2877) of the children had
asthma. The discriminative ability of the original PIAMA risk
score to predict asthma in Generation R was similar compared
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with that in the PIAMA cohort (C-index = 0.74 vs 0.71). The
predicted risks by using the original PIAMA risk score for
having asthma at the age of 6 years tended to be slightly higher
than the observed risks (8% vs 6%). No differences in
discriminative ability were found at different ages or in ethnic
and socioeconomic subgroups (P > .05). The updated PIAMA
risk score had a C-index of 0.75.

Conclusions: The PIAMA risk score showed good external
validity. The discriminative ability was similar at different ages
and in ethnic and socioeconomic subgroups of preschool
children, which suggests good generalizability. Further studies
are needed to reproduce the predictive performance of the
updated PIAMA risk score in other populations and settings
and to assess its clinical relevance. (J Allergy Clin Immunol
2013;EEN:EEN-NEN,)

Key words: Asthma, birth cohort, children, external validation,
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Parents of preschool children with asthma-like symptoms, such
as wheezing or dry cough, often wonder whether their child will
have persistent asthma at a later age. It is known that approxi-
mately 30% of preschool wheezing children have asthma at
school age.' Preschool asthma-like symptoms are nonspecific,
and therefore it is difficult to determine which preschool children
with asthma-like symptoms actually have or will have asthma at
school age.” Most, but not all, asthma starts with respiratory
symptoms at preschool age. Several asthma prediction models
have been proposed to improve the early diagnosis and manage-
ment of asthma-like symptoms.'~"

Most of these prediction models used information up to a
fixed age, irrespective of the age of symptom onset. Some of the
prediction models included blood tests.>*®® The Prevention
and Incidence of Asthma and Mite Allergy (PIAMA) risk score
has been proposed as an instrument to predict asthma at school
age in children who present with asthma-like symptoms before
age 4 years. The score uses 8 easily obtainable parameters
assessed at the time of the first asthma-like symptoms at pre-
school age. The PIAMA risk score sufficiently discriminated
between asthmatic and nonasthmatic children (concordance
index [C-index] = 0.71) and might be a suitable tool to
distinguish preschool children with asthma-like symptoms at
high and low risk of having asthma at school age and thereby
help to provide parents a prognosis. External validation is
an important step to determine the ability of the PIAMA
risk score to reliably predict asthma in other populations and
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Abbreviations used
C-index: Concordance index
LR+: Likelihood ratio of a positive test result
LR—: Likelihood ratio of a negative test result
NPV: Negative predictive value
OR: Odds ratio
PIAMA: Prevention and Incidence of Asthma and Mite Allergy
PPV: Positive predictive value

settings before use of a prediction model can be recommended in
practice.

The aim of this study was to externally validate the PIAMA risk
score in preschool children with asthma-like symptoms in
the multiethnic, prospective, population-based cohort study
Generation R. Additionally, we will compare the predictive
ability of the PIAMA risk score at different ages and in ethnic
and socioeconomic subgroups of preschool children. We intend to
update the PIAMA risk score in the case that asthma prediction
could be improved by more precise definitions and measures of
predictors." The prognostic value of the updated PIAMA risk
score will then be compared with the prognostic value of the
original PIAMA risk score.

METHODS

Development data

The development sample, the PIAMA study, is a Dutch prospective,
population-based cohort study. Four thousand one hundred forty-six pregnant
women from the general population were included in the development sample
in 1996-1997.'" In total, 3963 children were followed from birth to age 8
years. Baseline information for the PIAMA risk score was assessed from
questionnaires at enrollment and at the ages of 3 and 12 months and thereafter
on an annual basis up to the age of 8 years, partly based on the International
Study of Asthma and Allergies in Childhood core questionnaires.'' In total,
2171 (55%) children reported at least 1 positive response to the following
questions in the annual questionnaires at age 1 to 4 years: (1) “Has your child
had wheezing in the last 12 months?” and (2) “Has your child had cough
during the night, when he/she did not have a cold or a chest infection, in the
last 12 months?” Only children with these symptoms were included in the
analyses to develop the PIAMA risk score. Of 26 candidate predictors,
8 were eventually selected that predicted asthma at the age of 7 to 8 years.
The PIAMA study was approved by the Medical Ethics Committees of the
participating hospitals.

Validation data

The validation sample, Generation R, is a Dutch multiethnic, prospective,
population-based cohort study. A total of 7295 children born between
2002-2006 gave consent for postnatal follow-up.'? Details of our study design
were published previously.'® For this study, the same inclusion criteria were
used as in the development study. Children were included when they had an
episode of asthma-like symptoms at age 1 to 4 years. Asthma-like symptoms
were assessed based on answers to core questions from the International Study
of Asthma and Allergies in Childhood."" The study was conducted in
accordance with the guidelines proposed in the Declaration of Helsinki. The
Medical Ethical Committee of the Erasmus University Medical Center
Rotterdam approved this study. Informed consent was obtained from
participating parents.

Outcome
In both the validation and development studies, the aim was to predict
active asthma or clinically relevant chronic asthma (see Table E1 in this
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article’s Online Repository at www.jacionline.org). In the development
study an asthma definition was used based on the following: wheezing,
inhaled steroids, and/or a doctor’s diagnosis of asthma at the ages of
7 and 8 years.” In the validation study data on inhaled steroids were
not available, and the definition of asthma was available at age 6 years
based on reports by Castro-Rodriguez et al* and Leonardi et al.'*
Children had asthma if they had 1 or more positive score on the following
items: (1) doctor’s diagnosis of asthma ever and wheezing in the
past 12 months or (2) 4 or more episodes of wheezing in the last
12 months. Items were measured by using parent-reported question-
naires. The response rate for the Generation R questionnaire at age
6 years was 68%.

For both validation and updating of the PIAMA risk score, the same asthma
definition was used. The outcome data for updating the PIAMA risk score
included both PIAMA and Generation R data because in Generation R the
definition of asthma was only available at age 6 years and in PIAMA asthma
was defined at age 7 years.

Predictors

To validate the PIAMA risk score, the same 8 predictors were used, as
described by Caudri et al’: (1) male sex, (2) postterm delivery, (3) parental
education, (4) parental inhalation medication, (5) wheezing/dyspnea apart
from colds, (6) wheezing frequency, (7) respiratory tract infections, and (8)
doctor’s diagnosis of eczema (ever) and eczematous rash present. We aimed
to define predictors in the same way as in the development study. However,
data on parental inhalation medication were not available in Generation R,
and therefore parental asthma was used as a proxy (see the Methods
section in this article’s Online Repository at www.jacionline.org). Data on
wheezing/dyspnea apart from colds were not available in Generation R and
therefore were imputed based on the total population, including both PIAMA
and Generation R."3

Data analysis

This study consisted of the following phases: phase I, external validation
(discrimination and calibration) of the PLAMA risk score published by Caudri
et al® and in subgroups of age, ethnicity, and socioeconomic status, and phase
11, improving or updating of the PIAMA risk score.

First, the distribution of characteristics, predictors, and asthma outcome
were compared between the development (PIAMA) and validation
(Generation R) cohorts. Univariable and multivariable logistic regression
analyses were performed, with effects of predictors expressed in odds ratios
(ORs) and their Cls.

In phase I discrimination and calibration were calculated to assess the
external validity of the PIAMA model. The C-index and 95% CI were used to
assess discrimination. Discrimination is not better than chance if the C-index is
0.5, moderate if the C-index is greater than 0.6, good if the C-index is greater
than 0.8, and perfect if the C-index is 1.'® Calibration refers to the agreement
between observed and predicted outcomes. The extent of overestimation or
underestimation relative to the observed and predicted rates was explored by
using graphic validation plots, which show observed outcome by deciles of
predictions. Calibration in the large was performed by fitting a logistic
regression model with the model predictions as an offset variable. The
calibration intercept indicates whether predictions were systematically too
low or too high; these should ideally be zero. The calibration slope reflects
the average effects of the predictors in the model and was estimated in a logistic
regression model, with the logit of the model predictions as the only predictor.
For a perfect model, the slope is equal to 1. The validation analyses were
performed at different ages and in ethnic/socioeconomic subgroups of
preschool children with sufficiently large numbers of children. Ethnicity was
defined according to the classification of Statistics Netherlands.!” Because
this definition of a child’s ethnicity does not allow for the identification of
third-generation migrants, we also externally validated the PIAMA risk score
when the children from the Generation R sample were classified according to
maternal ethnic background. A 2-sided 7 test was used to test differences
between the C-indices of subgroups.
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In phase II we analyzed whether the PIAMA risk score could be
improved by using both datasets combined and hence make maximal use
of all data.'® Addition of the following variables to the PIAMA risk score
was tested: preterm birth, tobacco smoke exposure, sleeping problems
caused by asthma-like symptoms, child’s allergy, or general health.
These variables were selected based on the literature and availability in
the validation data.'®?? Furthermore, we assessed whether the predictive
performance of the PIAMA risk score remained stable or improved by
removing predictors. An updated multivariable logistic regression model
was fitted. Eventually, the updated PIAMA risk score was transformed
into a score chart to facilitate the computation of the predicted risk of
asthma. Test characteristics (ie, sensitivity, specificity, Youden index
[indicating the optimal cutoff], likelihood ratio of a positive test result
[LR+], likelihood ratio of a negative test result [LR—], positive
predictive value [PPVs], and negative predictive value [NPV]) were
calculated for different cutoffs of the score. For details, see the Methods
section in this article’s Online Repository.

Statistical analyses were performed with SPSS version 20.0 for Windows
(SPSS, Chicago, Ill) and the R software environment (version 2.7.1;
R Foundation for Statistical Computing, Vienna, Austria).

Missing data analysis

A missing data analysis was conducted to assess how missing values on
predictors might affect results (see Table E2 in this article’s Online Reposi-
tory at www.jacionline.org). Of the 20,139 data points (7 available predictors
used in 2,877 children), 1,568 (8%) data points were missing. Missing data
for the predictors varied between 0% (sex) and 28% (parental asthma, see
Table E2). Children with 1 or more missing values on available predictors
(population with incomplete data, n = 1252) were more likely than children
with complete data (n = 1625) to wheeze (P = .004) and to have parents with
low/medium education (P <.001). This shows that complete case analyses
might lead to selection bias. Missing values on predictors were imputed by
using multivariable imputation based on the correlation of the missing
variables with other characteristics with SPSS 20.0 software for
Windows.?*?** The outcome variable was included in the imputation model,
but after imputation, cases with imputed asthma outcomes were excluded
from the final analysis.>> Analyses were repeated, including imputation of
missing data on the asthma outcome, to test the sensitivity of this
procedure. We found similar results (data not shown). Because data on
wheezing/dyspnea apart from colds were not available in Generation R,
only this predictor was imputed based on the total population, including
both the PIAMA and Generation R study."’

RESULTS
Characteristics

Of the 7295 children participating in the postnatal phase of the
validation study, 3967 (54%) reported asthma-like symptoms
(an episode of wheezing or dry cough at night) in the first 4 years
of life. We excluded 1090 (28%) children who were missing the
outcome (asthma at age 6 years), leaving 2877 children for
the analysis. Child and parental characteristics of both the
development and validation studies are shown in Table 1> In
more than half of the children, first symptoms were reported
before the age of 1 year (Table I). The prevalence of cough at
night and wheezing was equally distributed in both the validation
and developmental studies (approximately 60%). In the valida-
tion study the prevalence of Dutch children was lower
(69% vs 94%) and the prevalence of highly educated parents
was higher (70% vs 24%) compared with values in the develop-
ment study. More detail regarding the ethnic subgroups of
non-Dutch children is shown in Table E3 in this article’s Online
Repository at www.jacionline.org. A total of 240 (11%) children
had asthma at age 7 to 8 years in the development study,
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168 (6%) children had asthma at age 6 years in the validation
study, and 276 (6%) had asthma at age 6 to 7 years in the
combined PIAMA and Generation R data, which were used
for updating of the PIAMA risk score.

Predictors of asthma

The strongest multivariable predictors of asthma at age
6 years assessed at preschool age were the number of wheezing
episodes (OR .3 wheezing episodesiyears 2-4 [95% CI, 1.6-3.6] and
OR.4 wheezing episodesiyears 7-2 [95% CI, 4.5-11.6]) and eczema
(OR, 4.6 [95% CI, 3.1-6.8]; Table 1I).> These effects were
stronger in the validation study compared with the development
study.” Multivariable effects were only of comparable magnitude
in the development and validation study for sex, parental
education, and parental asthma. In the validation study postterm
delivery, wheezing/dyspnea apart from colds, and respiratory
tract infections were not associated with asthma.

Phase I: External validation (in subgroups)

The PIAMA risk score discriminated moderately in the
validation sample with a C-index of 0.74 (95% CI, 0.70-0.79).
The calibration slope was 1.19 (Fig 1). Fig 1 shows that the mean
predicted risk of asthma at age 6 years was higher than the mean
observed risk (calibration intercept = 0.026).

At different ages and in ethnic and socioeconomic subgroups of
children, the predictive ability of the original PIAMA risk score
for asthma at the age of 6 years varied between 0.72 and 0.78
(Table II1)."7 Validation results were similar between subgroups
of the child’s ethnicity compared with subgroups of maternal
ethnicity (data not shown). To take into account third-
generation immigrants, we choose to report validation results
between subgroups of maternal ethnicity (Table III). No
differences in discriminative ability were found between
different ages, ethnic subgroups, and socioeconomic subgroups
of preschool children (P >.05).

Phase II: Model update

Including preterm birth (yes, no) instead of the predictor
postterm delivery (yes, no) in the updated risk score resulted in a
C-index of 0.75 (95% CI, 0.72-0.78), which is higher compared
with the performance of the original risk score (C-index = 0.71).
The updated PIAMA risk score discriminated moderately in the
Generation R sample, with a C-index of 0.77 (95% CI, 0.73-0.81).
Addition of tobacco smoke exposure, sleeping problems caused
by asthma-like symptoms, allergy, or general health to the
PIAMA risk score did not increase the discriminative ability of
the original model (data not shown).

The updated PIAMA risk score chart was developed by
assigning points for each predictor based on its regression
coefficients (Table IV and see Table E4 in this article’s Online
Repository at www.jacionline.org). The new score for each child
was calculated by using the equation shown in the legend of
Table V. The score ranged from O to 23 (see Fig E1 in this article’s
Online Repository at www.jacionline.org).

In Table V the sensitivity, specificity, Youden index, LR+,LR—,
PPV, and NPV are presented, corresponding to ascending cutoff
values of the updated PIAMA risk score. The highest Youden index,
indicating the optimal cutoff, was found at a score of 8.
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TABLE Il. Characteristics of the study population in the development and validation studies

Development study,* N = 2171 (n/N [%])

Validation study, N = 2877 (n/N [%])

Child’s characteristics

Male sex

Ethnicityf
Dutch
Non-Dutch

Age of onset of asthma-like symptoms

First year

Second year

Third year

Fourth year
Cough at nighti§
Wheezing frequency}

No wheezing

1-3 times/y

>4 times/y
Low birth weight (<2500 g)
Delivery

Term (=37 and <42 wk)

Preterm (<37 wk)

Postterm (>42 wk)
Breast-feeding ever
Tobacco smoke exposure at homed||
Nasal symptomsi§
Respiratory tract infections]q

Never

1-3 times/y

>4 times/y
Eczemai#

Parental characteristics

Low/medium education**
Smoking during pregnancytf
Asthmafi

Hay fever§§

1196/2171 (55.1)

2032/2171 (93.6)
139/2171 (6.4)

1157/2171 (53.3)
423/2171 (19.5)
366/2171 (16.9)
225/2171 (10.4)
1314/2171 (60.5)

941/2171 (43.3)
860/2171 (39.6)
370/2171 (17.0)
94/2171 (4.3)

1948/2171 (89.7)
118/2171 (5.4)
105/2171 (4.8)

1793/2171 (82.6)
632/2171 (29.1)
908/2171 (41.8)

655/2171 (30.0)
993/2171 (46.0)
523/2171 (24.0)
349/2171 (16.1)

1659/2171 (76.4)
325/2171 (15.0)
389/2171 (17.9)
885/2171 (40.8)

1467/2877 (51.0)

1975/2868 (68.9)
893/2868 (31.1)

1592/2877 (55.3)
686/2877 (23.8)
329/2877 (11.4)
270/2877 (9.4)

1790/2856 (62.7)

1264/2815 (44.9)

1261/2815 (44.8)
290/2815 (10.3)
150/2875 (5.2)

257972876 (89.7)
158/2876 (5.5)
13972876 (4.8)

2545/2770 (91.9)
366/2195 (16.7)

1267/2844 (44.5)

1316/2695 (48.8)
561/2695 (20.8)
818/2695 (30.4)
24772399 (10.3)

864/2842 (30.4)
518/2353 (22.0)
355/2067 (17.2)
1103/2110 (52.3)

The development study is the PITAMA study, and the validation study is the Generation R study.

*Data as reported by Caudri et al’: numbers refer to the imputed dataset (n = 2171).

+In the Generation R and PIAMA studies, Dutch ethnicity was assigned to a child if both parents were born in The Netherlands.'”

TAt age of report of first asthma-like symptoms.
§In a period without a cold, flu, or chest infection.

|Defined in PIAMA as a parental report of smoking in the child’s house more than once a week and defined in Generation R as a parental report of smoking occasionally in the
child’s home (in the last 12 months; data were only available at the ages of 6 months, 2 years, and 3 years).
Y Defined in both cohorts as a parental report of serious respiratory tract, throat, nose, and/or ear infections, such as flu, infection of the throat, infection of the middle ear, sinusitis,

bronchitis, or pneumonia in the last 12 months.

#Defined in both cohorts as a doctor’s diagnosis of eczema ever in combination with a parental report of itchy rash in the last 12 months on at least 1 of the following locations:
inner elbows, back of the knees, around the ears or eyes, and the upper side of the ankles. Data on rashes in Generation R were only available at age 1 and 2 years.
*#*Defined in both cohorts as an education less than the level of a bachelor’s/master’s degree (HBO/University in Dutch system) for 1 parent (in the case that educational level was
known for 1 parent) or 2 parents (in the case that educational level was known for both parents).

TiDefined in PIAMA as any smoking during 4 weeks after the estimated date of conception and defined in Generation R as smoking after pregnancy was known.

1iDefined in both cohorts as a parental report of having asthma ever for at least 1 parent.

§8§Defined in both cohorts as a parental report of having hay fever for at least 1 parent.

DISCUSSION

The PIAMA risk score showed acceptable discrimination and
good calibration results. Overall, the predicted risks by the
original PIAMA risk score for having asthma at the age of
6 years were systematically overestimated. Compared with the
development study, the discriminative ability of the original
PIAMA risk score was higher in the validation study. No
differences in discriminative ability were found at different ages
or in ethnic and socioeconomic subgroups of preschool children.
The updated PIAMA risk score included preterm birth (instead of
postterm), and respiratory tract infections were removed.

Several studies previously developed models to predict
asthma at school age.l"%’9 Only a few models to predict asthma at

school age among preschool children have been validated.*1#2°

The original PIAMA risk score has only been validated in a
population of preschoolers with recurrent wheezing living in a
low/middle-income country.z(’ Compared with this study by
Rodriguez-Martinez et al,”® the predictive performance of the
updated PIAMA risk score at the optimal cutoff point (highest
Youden index) showed high sensitivity (64% in the Generation
R study vs 54% in the study by Rodriguez-Martinez et al), similar
specificity (74% vs 79%) and LR+ (2.44 vs 2.59), and low PPV
(12% vs 75%). The findings of a lower PPV in Generation R are
probably due to the lower prevalence of asthma (6% vs 54%).
Recently, the development and use of asthma prediction models
was discussed.' It was concluded that prediction of asthma can be
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TABLE Il. Association between PIAMA risk score predictors and asthma at school age

Univariable

Multivariable

Development study*

Validation study Development study* Validation study

Predictors (n=2171) (n = 2877) (n =2171) (n = 2877)
1. Male sex 1.8 (1.4-2.4) 1.8 (1.3-2.5) 1.7 (1.3-2.3) 1.6 (1.1-2.2)
2. Postterm delivery 2.1 (1.3-3.5) 0.5 (0.3-1.1) 2.3 (1.3-4.0) 0.5 (0.2-1.5)
3. Medium/low parental education 1.6 (1.1-2.2) 1.8 (1.3-2.5) 1.6 (1.1-2.3) 1.6 (1.1-2.2)
4. Parental asthmat 2.6 (1.9-3.5) 32 (2.3-4.4) 2.4 (1.8-3.3) 2.6 (1.8-3.7)
5. Wheezing/dyspnea apart from colds}§ 2.9 (1.7-4.9) 1.2 (0.6-2.5) 2.3 (1.3-4.1) 1.0 (0.5-2.3)
6. Wheezing frequency]

Never Reference Reference Reference Reference

1-3 times/y 1.8 (1.3-2.5) 2.4 (1.6-3.7) 1.6 (1.1-2.3) 2.4 (1.6-3.6)

>4 times/y 3.9 (2.7-5.6) 8.4 (5.3-13.2) 2.8 (1.9-4.2) 7.2 (4.5-11.6)
7. Respiratory tract infections ||

Never Reference Reference Reference Reference

1-2 times/y 1.8 (1.2-2.6) 0.8 (0.5-1.3) 1.7 (1.3-2.2) 0.7 (0.4-1.2)

>3 times/y 2.8 (1.9-4.1) 1.8 (1.3-2.5) 2.2 (1.4-3.3) 1.1 (0.8-1.6)
8. Eczema 3.1 (2.3-4.2) 5.5 (3.9-7.9) 2.6 (1.9-3.5) 4.6 (3.1-6.8)

Values are ORs (95% Cls) estimated by using logistic regression models. All numbers refer to the imputed datasets. The development study is the PIAMA study, and the validation

study is the Generation R study.
*Data as reported by Caudri et al®

fDefined in the development study as inhalation medication use by at least 1 parent and defined in the validation study as a parental report of having asthma ever for at least

1 parent.
}At age of report of first asthma-like symptoms.

§In the validation study data on wheezing/dyspnea apart from colds were not available, and therefore multivariable imputation was performed based on the development data.
| Defined in PIAMA as a parental report of number of serious respiratory tract, throat, nose, and/or ear infections, such as flu, infection of the throat, infection of the middle ear,
sinusitis, bronchitis, or pneumonia in the last 12 months. In Generation R the number of respiratory tract infections was defined based on parental reports on the number of doctor’s
office visits caused by child’s fever in combination with cough, a runny or blocked nose, or earache in the last 12 months.

External validation PIAMA risk score in Generation R
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FIG 1. Validation plot of the PIAMA risk score adjusted for calibration in the
large. For each percentile of predicted probability, the average predicted
probability is plotted against the observed proportion. Distribution of the
predicted probabilities is indicated with vertical lines at the bottom.
The dashed line is the perfect calibration slope (n = 2877). ROC, Receiver
operating characteristic.

improved by more precise definitions of predictors. Our study
modified the original PTAMA risk score by replacing the predictor
of postterm delivery by preterm birth. The PIFAMA study was the
first study that reported postterm delivery as an independent

predictor in the asthma prediction model. Caudri et al’
emphasized that their finding did not necessarily imply a causal
relationship. In our validation study no association was found be-
tween postterm delivery and asthma (Table II). Because it is
known that children who are born preterm are more likely to
have respiratory disease,”™*” we included preterm birth as a
predictor in the updated PIAMA risk score. Also, no relationship
was found between respiratory tract infections and asthma in this
study. Although the predictor of chest infection was part of several
prediction models in other studies, either the whole prediction
model performed poorly® or only predicted asthma at a fixed age.”

This study is carried out within a project to develop an asthma
prediction model for use in well-child care.'* Compared with
other asthma prediction models, the updated PIAMA risk score
can be used in this project because it contains 7 easily obtainable
parameters assessed at the time of asthma-like symptoms at
preschool age. The updated PIAMA risk score was not to be
used as a screening tool in a general population because it was
developed as a risk assessment tool in preschool children with
asthma-like symptoms.

This study presented the predictive performance for a range of
scores on the updated PIAMA risk score because different cutoff
points might be chosen in different settings (eg, clinical applica-
tion vs preventive health care). The choice of a cutoff point as a
balance between false-positive and false-negative results depends
on the benefits and potential harm of the actions that are taken
based on predicted risk. For example, when follow-up actions are
invasive or costly, false-positive results should be kept as low
as possible. Compared with the predictive performance of
previously reported models to predict asthma at age 6 to
7 years,'”” the predictive probability of the updated
PIAMA risk score at a cutoff point of 8 showed a high sensitivity
(64% vs 9% to 57%") but a low PPV (12% vs 24% to 75%").
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TABLE Ill. Prevalence of asthma and C-index in the external
validation study stratified by age, ethnicity, and income

Asthma, C-index

n/N (%) (95% Cl) P value
Overall 168/2877 (5.8) 0.74 (0.70-0.79)
Subgroups

Age of onset of
asthma-like
symptoms

First or second year

Third or fourth year
Maternal ethnicity*

Non-Western

Other Western

14472278 (6.3)
24/599 (4.0)

0.72 (0.68-0.75) 78
0.73 (0.66-0.80)

36/535 (6.7)
19/418 (4.5)

0.73 (0.64-0.83) .87
0.78 (0.67-0.88) .58

Dutch 113/1924 (5.9) 0.74 (0.69-0.79) Reference
Net household income+

<€1600/mo 26/393 (6.6) 0.77 (0.67-0.87) 43

>€1600/mo 142/2484 (5.7)  0.73 (0.69-0.76)

P values were determined by using the 2-sided  test. Individual PIAMA risk score is
calculated by using the following equation: 0.46 X Sex (boy = 1, girl = 0) + 0.73 X
Postterm delivery (yes = 1, no = 0) + 0.42 X Medium/low parental education (yes =
I, no = 0) + 0.77 X Parental asthma (yes = 1, no = 0) + 0.42 X Infrequent
wheezing (yes = 1,no = 0) + 0.91 X Frequent wheezing (yes = 1, no = 0) + 0.71 X
Wheezing/dyspnea apart from colds (yes = 1, no = 0) + 0.46 X Infrequent
serious infections (yes = 1, no = 0) + 0.69 X Frequent serious infections (yes = 1,
no = 0) + 0.82 X Eczema (yes = 1, no = 0).

*Dutch ethnicity was assigned to the mother if both parents were born in The
Netherlands."”

TLess than €1600/mo (ie, less than the modal income).

TABLE IV. Score chart of the modified PIAMA risk score for
predicting asthma in preschool children

Male sex 2
Medium/low parental education 1
Parental asthma 4
Preterm birth (<37 wk) 1
Wheezing frequency

1-3 times/y 4
>4 times/y 7
Wheezing/dyspnea apart from colds 2
Eczema 6
Range total score 0-23
Total score Risk on asthma
0-7 <5%
8-15 6%-22%
16-23 25%-60%

Postterm delivery and respiratory tract infections were deleted from the original
PIAMA risk score.

Compared with the LR+ range of previously reported models
to predict asthma at age 6 to 7 years (LR+ range, 1-12"), the
LR+ range of the updated PIAMA risk score was similar (1-10,
depending on the selected cutoff). The prevalence of asthma at
age 6 to 7 years was the lowest in the study population used for
updating the PIAMA risk score (6% vs 8% to 54%), as reported
by Savenije et al.' The different asthma definitions and ages at
prediction make it difficult to compare results across studies.
The differences between studies might be attributed to different
characteristics of the study populations. The overestimation of
the predicted risk of asthma might be due to the lower prevalence
of asthma in our validation study, which might be lower because
of the lack of data on inhaled steroid prescriptions.
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Methodological considerations

This study benefits from a longitudinal design, which enabled
us to collect repeated measurements of predictors at preschool
age. In this way we could identify the age at onset of first
symptoms, unlike some earlier studies, which predict asthma at
fixed ages.>”®*® The ages at which asthma-like symptoms
usually appear (0-4 years) are the times that children regularly
visit medical professional for well-child care and when
prediction of asthma becomes relevant. Other strengths of our
study are its size and external validation of the prediction rule
in subgroups of younger age, non-Dutch nationality, and low
socioeconomic status. With 5048 children included in the update
of the PIAMA risk score, this is the largest cohort study used to
predict asthma. Although there are differences in design and
minor differences in analysis between the development and
validation studies, the performance of the model is similar in
both cohorts. This gives health care workers more confidence
in applying this score in practice.

There are some deficiencies that should be considered
when interpreting our results. Below, we will explain why the
deficiencies exist and how they were addressed. However, it
should be noted that the deficiencies still exist and that the
analyses cannot overcome them.

The first deficiency of our study is that we did not have
information about 2 predictors used in the original PIAMA risk
score, including parental inhalation medication and wheezing
apart from colds. Parental asthma was used as a proxy of
parental inhalation medication (see the Methods section in this
article’s Online Repository). Data on wheezing/dyspnea apart
from colds were not available in Generation R and therefore
were imputed based on the total population, including both the
PIAMA and Generation R studies.'> We assumed that the
correlation structure of wheezing/dyspnea apart from colds is
the same in the original and external validation studies. Another
deficiency is that we had to exclude 28% of the cases with
asthma-like symptoms because of the lack of outcome data.
No large differences in results were observed between analyses
with exclusion of children with missing data on the asthma
outcome (n = 2877) and analyses including imputed asthma
outcomes (n = 3967, data not shown).

In the validation study we predicted asthma in younger
children (5-6 years) compared with those in the development study
(7-8 years). In older children asthma can be diagnosed and predic-
ted with more certainty based on spirometry. We recommend
to validate the PIAMA prediction model when children in the
Generation R validation sample reach age 10 years.

We have to take into account the effect of parental reports
on asthma-like symptoms, predictors, and asthma outcomes on
observed effects. The fact that our parent-reported predictors will
be also parent reported in clinical practice is advantageous for the
practical applicability of our results.

In both the validation and development studies, asthma
outcome was based on parent-reported questionnaires. In our
study misclassification could have taken place because of under-
reporting of symptoms or because of a lack of data on inhaled
steroid prescriptions. More uniformity of operational asthma
definitions seems needed.” Parental reports of wheezing are
widely accepted in epidemiologic studies and reliably reflect
the incidence of wheezing in preschool children.”® However,
misclassification cannot be excluded. For example, Cane et al’!
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TABLE V. Predictive probability of the updated PIAMA risk score for different cutoff points

No. of positive test

Cutoff point Risk of asthma (%) results (%) Sensitivity (%) Specificity (%) Youden Index LR+ LR- PPV (%) NPV (%) OR
>2 1.8 4227 (83.7) 94.6 16.9 0.11 1.14  0.32 6.2 98.2 35
> 2.7 3405 (67.5) 89.5 33.8 0.23 1.35 031 7.3 98.2 44
>0 4.1 2508 (49.7) 79.7 52.1 0.32 1.66 0.39 8.8 97.8 43
>8 6.1 1423 (28.2) 63.8 73.9 0.38 244 049 12.4 97.2 5.0
>10 8.9 891 (17.7) 52.9 84.4 0.37 339 0.56 16.5 96.9 6.1
>12 12.9 470 (9.3) 36.6 92.3 0.29 473  0.69 21.6 96.2 6.9
>14 18.3 238 (4.7) 22.5 96.3 0.19 6.09 0.81 26.2 95.5 7.6
>16 25.4 122 (2.4) 11.6 98.1 0.10 6.15 0.90 26.4 95.0 6.8
>18 34.0 45 (0.9) 5.8 99.4 0.05 9.54 095 35.7 94.8 10.1
>20 43.8 20 (0.4) 2.5 99.7 0.02 9.31 0.98 35.1 94.6 9.5
>22 54.1 5(0.1) 0.4 99.9 0.00 432 1.00 20.1 94.5 43

Range in prediction scores was 1 to 23 (n = 5048). The Youden index indicates the optimal cutoff. The individual updated PIAMA risk score was calculated by using the following
equation: 2 X Sex (boy = 1, girl = 0) + 1 X Preterm delivery (yes = 1, no = 0) + 1 X Medium/low parental education (yes = 1, no = 0) + 4 X Parental asthma (yes = 1,
no = 0) + 4 X Infrequent wheezing (yes = 1, no = 0) + 7 X Frequent wheezing (yes = 1, no = 0) + 2 X Wheezing/dyspnea apart from colds (yes = 1, no = 0) + 6 X Eczema

(yes = 1, no = 0).

came to the conclusion that both false-positive and false-negative
parental reports of wheeze appeared in their study.

Selection bias cannot be excluded, for example, if nonpar-
ticipants (because of nonresponse or lost to follow-up) with
preschool asthma-like symptoms more often had asthma at
school age compared with participants. The use of multivariable
imputation limits the risk of selection bias.?>?* As a result, the
95% ClIs in our study reflect the uncertainty associated with the
missing values.

Because the original study population of the PIAMA birth
cohort is a reflection of the general population, our results might
be valid for The Netherlands and, perhaps, other Western
countries. To improve generalizability, we recommend that future
studies will further validate and update the PIAMA risk score in
varied other populations and settings, such as in other countries.

The PIAMA risk score is moderately discriminative, which
brings into question its clinical utility. We recommend future
studies to evaluate whether additional predictors, such as
biomarkers and genomic risk profiles, might further improve
asthma prediction. In future research, the clinical usefulness of
the updated PIAMA risk score should be evaluated, assessing
the ability of the model to improve the decision-making
process by health care workers in asthma risk assessment and
management.

In conclusion, the PIAMA risk score showed good external
validity in the population of the Generation R study. The
discriminative ability was similar at different ages and in ethnic
and socioeconomic subgroups of preschool children, which
suggest good generalizability. Future studies are needed to
reproduce the predictive performance of the updated PIAMA
risk score and to assess its clinical relevance.

The Generation R Study is conducted by the Erasmus Medical Center in
close collaboration with the School of Law and Faculty of Social Sciences of
the Erasmus University Rotterdam; the Municipal Health Service Rotterdam
area, Rotterdam; the Rotterdam Homecare Foundation, Rotterdam; and the
Stichting Trombosedienst & Artsenlaboratorium Rijnmond (STAR-MDC),
Rotterdam. We gratefully acknowledge the contribution of the children and
parents, general practitioners, hospitals, midwives, and pharmacies in
Rotterdam. The general design of the Generation R Study is made possible
by financial support from the Erasmus Medical Center, Rotterdam; the
Erasmus University, Rotterdam; The Netherlands Organization for Health
Research and Development (ZonMw); The Netherlands Organisation for

Scientific Research (NWO); the Ministry of Health, Welfare and Sport; and
the Ministry of Youth and Families.

Key messages

o The PIAMA risk score shows good external validity in a
multiethnic birth cohort study.

o The discriminative ability of the PIAMA risk score to
predict asthma at school age is similar at different ages
and in ethnic and socioeconomic subgroups of preschool
children, which suggest a good generalizability.
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METHODS

Predictors

In the validation study data on sex (boy, girl) and gestational age at birth
were derived from medical records. Parental education was established at
enrollment and defined as an education less than the level of a bachelor’s/
master’s degree (HBO/University in Dutch system) for at least 1 of the parents
(in the case that the educational level was known for 1 parent) or for 2 parents
(in the case that the educational level was known for both parents).E] Two of 8
predictors (ie, parental inhalation medication and wheezing/dyspnea apart
from colds) were not available in the validation study. Because 92% of asth-
matic patients use inhalation medication,”* parental asthma (yes, no) was
used as a proxy of parental inhalation medication. Child’s wheezing frequency
and respiratory tract infections were collected at the age of first presentation of
asthma-like symptoms to mimic clinical practice. Because wheezing/dyspnea
apart from colds was missing in Generation R, multivariable imputation
was performed in a combined PIAMA and Generation R dataset (n =
5048).%* Parental asthma, wheezing frequency, respiratory tract infections,
doctor’s diagnosis of eczema (ever), and presence of eczematous rash were
measured by using parent-reported questionnaires (based on International
Study of Asthma and Allergies in Childhood questionnaires) at child’s age
of 1, 2, 3, and 4 years.® In the development study respiratory tract
infections were defined as a parental report of the number of serious respira-
tory tract, throat, nose, and/or ear infections, whereas in the validation study
the variable was defined as a parental report of a visit to the doctor because
of respiratory tract infections, such as bronchitis, pneumonia, throat, and/or
ear infections. In both cohorts it was aimed to select only children with serious
respiratory tract infections.

Test characteristics

Sensitivity is the proportion of true-positive results that are correctly
identified by using the test; specificity is the proportion of true-negative results
that are correctly identified by using the test. The Youden index was used to
determine the optimal cutoff point and is calculated as follows: Sensitivity +
Specificity — 1.F° To further investigate the correctness of classification, like-
lihood ratios (LR+ and LR —) were calculated, which are relevant in clinical
practice.®® The ratio of the probability of a positive test result if the outcome is
positive (true-positive result) to the probability of a positive test result if the
outcome is negative (false-positive result) is calculated as follows: LR+ =
Sensitivity/(1 — Specificity). The ratio of the probability of a negative test
result if the outcome is positive (false-negative result) to the probability of a
negative test result if the outcome is negative (true-negative) result is calcu-
lated as follows: LR— = (1 — Sensitivity)/Specificity. An LR+ of greater
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than 5 is considered an informative prediction rule because it generates a large
shift from pretest to posttest probability of asthma at school age.®” The posi-
tive predictive value, which is calculated as PPV = (Sensitivity * Prevalence)/
[(Sensitivity * Prevalence) + (1 — Specificity) * (I — Prevalence)], is the
probability that a child with a positive risk score result will have asthma at
school age. The negative predictive value, which is calculated as NPV =
[(Specificity) * (I — Prevalence)]/[(Specificity) * (I — Prevalence) + (1 —
Sensitivity) * (Prevalence)], is the probability that a child with a negative
risk score result will not have asthma at school age. The ratio of the odds of
a positive test result when having the disorder relative to the odds of a positive
test result when not having the disorder is calculated as follows: OR = Sensi-
tivity * Specificity/((1 — Sensitivity) * (1 — Specificity)) = LR+/LR—. The
OR values range from zero to infinity, with higher values indicating better
discriminatory test performance.
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FIG E1. Predicted risk of asthma development at school age by updated prediction score.
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TABLE E1. Definitions of asthma used in development, validation, and updating of the PIAMA risk score

Step in Total
prediction population, Asthma,

Asthma definition Study modeling no. no. (%)
At least 1 of the following items scored positive at age 7 y PIAMA Development 2171 240 (11.1)
AND >1 item scored positive at age 8 y™*

Wheezing at least once

Inhaled steroid prescriptions

Doctor’s diagnosis of asthma ever and asthma in the last 12 mo
Doctor’s diagnosis of asthma ever AND > 1 episode of wheezing in the Generation R External validation 2877 168 (5.8)

last 12 mo OR >4 episodes of wheezing in the last 12 mo: at age 6 y

Doctor’s diagnosis of asthma ever AND >1 episode of wheezing in the Combined data: Updating 5048 276 (5.5)

last 12 mo OR >4 episodes of wheezing in the last 12 mo: at age 6 y PIAMA and Generation R
in Generation R and at age 7 y in PITAMA

All numbers refer to the imputed datasets. Asthma outcome data were collected by using parent-reported questionnaires and sent to the child’s home. Asthma definition was based

on reports by Castro-Rodriguez et al®' and Leonardi et al.*
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TABLE E2. Missing data analyses within the validation study (n = 2877)
Population with Population with Multivariable
incomplete data* (n = 1252) complete data (n = 1625) P valuet imputation

Male sex 633 (51%) 834 (51%) .684 0%
Delivery

Preterm 74 (6%) 84 (5%) 730 0%

Term 1117 (89%) 1462 (90%)

Postterm 60 (5%) 79 (5%)
Medium/low parental education 475 (39%) 389 (24%) <.001 1%
Parental asthma 85 (19%) 270 (17%) .196 28%
Wheezing frequencyi

Never 497 (42%) 767 (47%) .004 2%

1-3 times/y 561 (47%) 700 (43%)

>4 times/y 132 (11%) 158 (10%)
Respiratory tract infections]

Never 528 (49%) 788 (49%) 326 6%

1-2 times/y 190 (18%) 371 (23%)

>3 times/y 352 (33%) 466 (29%)
Eczemai 75 (10%) 172 (11%) .500 17%

*Data on 1 or more available predictors are missing.
x? Test.
TAt age of report of first symptoms.
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TABLE E3. Ethnicity of children participating in Generation R

(n = 2877)
Child’s ethnicity n (%)
Dutch 1975 (68.9)
Non-Dutch
Other Western 258 (9.0)
Non-Western
Surinamese 140 (4.9)
Moroccan 85 (3.0)
Turkish 167 (5.8)
Antillean 39 (1.4)
Cape Verdean 45 (1.6)
Other non-Western 159 (5.5)

Values are absolute numbers (percentages). Ethnicity was defined according to the
classification of Statistics Netherlands.*'°
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TABLE E4. Points in prediction score of the updated model compared with the original PIAMA risk score
Points in prediction Points in predict

Predictors score, Caudri et al®® on score, updated model SE* OR (95% CI)*
1. Male sex 4.6 3.7 0.13 1.5 (1.1-1.9)
2. Postterm delivery (only included in original model)f 7.3 — — —

Preterm delivery (only included in updated model) — 2.0 0.26 1.2 (0.7-2.0)
3. Medium/low parental education 4.2 2.5 0.13 1.0 (1.0-1.7)
4. Parental asthma 7.7 8.1 0.14 2.2 (1.7-2.9)
5. Wheezing/dyspnea apart from colds 7.1 4.5 0.26 1.6 (0.9-2.6)
6. Wheezing frequency

Never Reference Reference — Reference

1-3 times/y 4.2 7.7 0.16 2.2 (1.6-3.0)

>4 times/y 9.1 15.4 0.18 4.6 (3.3-6.6)
7. Respiratory tract infections

Never Reference — — —

1-2 times/y 4.6 — — —

>3 times/y 6.9 — — —
8. Eczema 8.2 12.0 0.14 3.3 (2.5-4.4)
Intercept —39.1 —43.7 0.17 —

Points were calculated based on regression coefficients (log[OR] multiplied by a factor 10). All numbers refer to the combined datasets (PIAMA and Generation R, n = 5048).
Gestational age at birth is included in the updated model instead of postterm delivery.

—, Not applicable.
*Calculated for the regression coefficient for the updated model.

FIn the original model postterm delivery (yes, no) is included. In the updated model preterm delivery (yes, no) is included as a predictor, and respiratory tract infection is removed

as a predictor.
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