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ABSTRACT

Background: Identification of risk factors for food allergy (FA) in infants is an active research 
area. An important reason is to identify optimal target infants for early introduction of 
specific food antigens. Although eczema has been used for this purpose, multivariable 
prediction scores have not been reported.
Objective: The aim of this research is to develop a multivariable prediction score for infants 
at high risk of FA.
Methods: We performed a cross-sectional analysis of a self-administered questionnaire for 
the parents of 18-month-old children at well-child visits between April 2016 and March 2017 
(development dataset) and between April 2017 and March 2018 (validation dataset). We 
developed and validated the prediction score.
Results: The questionnaire collection rate was 18,549 of 20,198 (92%) in the development 
dataset and 18,620 of 19,977 (93%) in the validation dataset. Risk factors for FA were being 
born in August–December, first child, eczema, atopic dermatitis in father and mother, and 
FA in mother and sibling(s). For identifying infants with FA, the developed multivariable 
prediction score showed higher discrimination ability (area under the curve [AUC] = 0.75) 
than focusing on eczema (AUC = 0.70) in the validation dataset. The score was also useful for 
identifying infants with a history of anaphylaxis (AUC = 0.73) than focusing on eczema (AUC 
= 0.67) in the validation dataset.
Conclusion: The new prediction score enables more efficient identification of infants at high 
risk of FA, who may be the optimal target group for the early introduction of specific antigens.
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INTRODUCTION

The prevalence of food allergy (FA) has been reported at 2% to 10% of children worldwide [1] 
and is increasing rapidly in certain countries [2-4]. FA influences several aspects of society [5, 
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6], in addition to the health status of patients [7] and the quality of life of affected patients 
and their families [8].

As the recommendation of a delayed introduction of solid foods has shown undesirable 
results, 2 subsequent clinical studies [9, 10] have led to the early introduction of solid foods 
being recommended to prevent the development of FA in infants, which includes peanuts in 
the USA [11] and hen's eggs in Japan [12]. This recommendation was aimed at infants with 
severe eczema and/or egg allergy [11] and atopic dermatitis (AD) [12], which followed the 
enrollment approached use in these 2 clinical studies [9, 10].

In addition to eczema/AD, prior studies have identified earlier birth order [13], fall/winter 
season of birth [14], and positive family history of FA [15] as risk factors for FA. To date, 
however, a multivariable prediction model of FA has not been reported. In previous reports 
[16-18], we have found that multifactorial prediction is superior to use of a single factor. More 
efficient identification of children for which early introduction is recommended might be 
possible by using a multivariable prediction model.

The aim of the present study was to identify factors associated with FA in infants (age <2 
years) and to develop a multivariable prediction model for infants at high risk of FA based 
on these large, population-based data with very high response rates. We hypothesized that 
the multivariable prediction model would perform better than predicting risk using eczema 
status alone.

MATERIALS AND METHODS

Dataset
The development and validation dataset were obtained from 18-month WCVs in Nagoya City, 
Japan (supplement material). Data collected between April 2016 and March 2017 were used 
for the development dataset, and data collected between April 2017 and March 2018 were 
used for the validation dataset.

The self-administered questionnaire for 18-month WCVs, which was made for this survey, 
included the following factors: birthday, sex, order of birth, history of eczema (with itch, with 
topical steroid use), history of wheezing, history of immediate reaction after ingesting foods 
or milk, clinician-diagnosed allergic disease (AD, bronchial asthma [BA], FA, anaphylaxis, 
allergic rhinitis [AR]/allergic conjunctivitis [AC], and hay fever), and family history of allergic 
disease (AD, BA, FA, AR/AC, and hay fever).

Regarding eczema, we asked parents “Has your child experienced eczema which repeated 
appearance and disappearance within 12 months?” and defined the infants as having eczema 
if their answers were “yes.” We also asked the parents who had experienced eczema “Did your 
child experienced itch with the eczema?” and “Did you used topical steroid for the eczema?”; 
we defined them “eczema with itch” and “eczema with topical steroid use” if their answers 
were “yes,” respectively. While regarding immediate reaction after ingesting foods or milk, 
we asked “Has your child experienced red flare or swelling of skin after ingestion foods or 
milk?” and defined the infants as having experience of immediate reaction if their answers 
were “yes.”
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Definition of FA
The questionnaire includes questions regarding history of immediate reaction and diagnosis 
of FA by a medical doctor. As a result, the participants were divided into 4 groups: group 1, 
immediate reaction positive and diagnosis positive; group 2, immediate reaction negative 
and diagnosis positive; group 3, immediate reaction positive and diagnosis negative; and 
group 4, immediate reaction negative and diagnosis negative. Among these groups, group 
1 was considered to have the highest likelihood of true FA. The participants in group 1 were 
considered to have FA in the primary analysis, with the other groups used in sensitivity analyses.

Background characteristics
For describing background characteristics, we compared the group with FA and without FA. 
High-risk birth months was defined as the month in which the proportion of FA is larger than the 
one in overall participants. Being the first child also was analyzed as a potential risk factor [13].

We also evaluate the concordance of eczema-related-factor (eczema, eczema with itch/topical 
steroid use, or clinician-diagnosed AD) separately. They were evaluated their discrimination 
ability for FA by using receiver operating characteristic (ROC) analysis; the factor with the 
largest AUC was accepted as the representative factor.

Development of the prediction model
Multivariable logistic regression analysis was used to identify factors associated with FA. In 
this analysis, we analyzed all factors considered to be present prior to the onset of FA. Family 
history of sibling(s) of the first child considered as negative in original analysis and later 
performed subgroup analysis. On the basis of the multivariable logistic regression analysis, 
we constructed a logistic regression model using the independent factors with a probability 
value p < 0.0026 (based on Bonferroni correction). A simple scoring model was then 
created by assigning the point scores of each variable in accordance to the adjusted β values 
calculated by the analysis [16-18].

The discriminative ability of these models was assessed using the area under the ROC 
curve (AUC) and compared with the eczema-related-factor (eczema, eczema with itch/
topical steroid use, or clinician-diagnosed AD) with the highest AUC. We also evaluated net 
reclassification improvement (NRI) as an indicator of discrimination ability. The goodness-
of-fit of the regression models was tested with the Hosmer–Lemeshow test, with p < 0.05 
indicating a lack of deviation between the model and observed event rate.

Confirmation of model robustness: validation of model and sensitivity analysis
To confirm the robustness of the models, validation of the model was performed in the 
independent dataset, which was based on WCVs in Nagoya City between April 2017 and 
March 2018. The discriminatory ability was compared with the eczema-related-factor with 
the highest AUC. The goodness-of-fit of the model was also evaluated. Cutoff points for the 
prediction score were also evaluated for its sensitivity and specificity for FA and clinician-
diagnosed anaphylaxis in the validation dataset.

We also performed some other sensitivity analyses including prediction for different 
definition of FA, prediction for FA of different antigen, subgroup analysis stratified by sibling 
status, and multivariable multilevel modeling with random intercept of resident area (16 
wards in Nagoya city), which were considered to be associated with socioeconomic status.
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Statistical analysis and ethical consideration
Mann–Whitney U test was used for continuous variables, whereas chi-square test was used for 
categorical data. All analyses were performed with the STATA (version 12.1 for Mac; STATA 
Inc., College Station, TX, USA) software program. A two-sided probability value p < 0.05 was 
considered to indicate statistical significance, but Bonferroni correction was accepted when 
multiple factors were analyzed.

This study was conducted in accordance with the principles of the Declaration of Helsinki and 
was approved by the Institutional Review Board (IRB) in Aichi Children's Health and Medical 
Center, Obu, Japan (2018086) and Harvard University, Boston, USA (IRB number: 19-0435).

RESULTS

Participation in group WCVs and completion of the allergy survey
On the basis of the Certificate of Residence, a total of 20,198 children were qualified for the 
18-month group WCVs in Nagoya City during the development dataset period (April 1, 2016–
March 31, 2017). In this period, 19,313 questionnaires (95.6%) were submitted. Following 
data cleaning (e.g., removal of partially complete forms), the development dataset was based 
on 18,549 questionnaires (91.8%) (Fig. 1).

In the same manner, 19,298 questionnaires were collected during the validation dataset 
period (April 1, 2017– March 31, 2018). Following data cleaning, the validation dataset was 
based on 18,620 questionnaires (93.2%) (Fig. 1).

Definition of FA
Among the 18,549 participants in the development dataset, 3,155 participants had 
experienced immediate allergic reactions and 2,528 parents answered that they have 
been diagnosed with FA by a clinician (Supplementary Table 1). Of the participants, 1,747 
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Invited to WCVs in Nagoya; April 1, 2016–March 31, 2017
Based on the residence certificate

(n = 20,198)

Refusal of group-WCVs (n = 535)

Refusal of the survey (n = 350)

Missing values (n = 764)

Participated in WCVs in Nagoya; April 1, 2016–March 31, 2017
(n = 19,663; 97.4%)

Participated in self-administered allergy questionnaire
(n = 19,313; 95.6%)

Contributed to analytic dataset
(n = 18,549; 91.8%)

Development of the prediction model

Invited to WCVs in Nagoya; April 1, 2017–March 31, 2018
Based on the residence certificate

(n = 19,977)

Refusal of group-WCVs (n = 626)

Refusal of the survey (n = 53)

Missing values (n = 678)

Participated in WCVs in Nagoya; April 1, 2017–March 31, 2018
(n = 19,351; 96.9%)

Participated in self-administered allergy questionnaire
(n = 19,298; 96.6%)

Contributed to analytic dataset
(n = 18,620; 93.2%)

Validation of the prediction model

Fig. 1. Flowchart of data collection. WCVs, well-child visits.



participants (9.4%) were allocated to group 1, 1,408 participants (7.6%) to group 2, 781 
participants (4.2%) to group 3, and 14,613 participants (78.8%) to group 4. The proportion 
of each group in the validation dataset was similar (9.0%, 6.7%, 4.0%, 80.3%, respectively, 
Supplementary Table 2).

Background characteristics
The background characteristics of participants in development dataset are shown in Table 1. 
The high-risk birth months was defined as the months from August to December based on 
the distribution of the data (Supplementary Fig. 1). Eczema was defined as a factor among 
eczema-related factors (Supplementary Table 3).

Among 18,549 participants, eczema had been observed in 7,229 (39.0%) while in 1,334 of the 
1,747 children (76.4%) with FA. The parents-reported causative antigens of participants' FA in 
development dataset (n = 1,749) are shown in Supplementary Fig. 2. Briefly, 84.8% for hen's 
egg, 36.6% for cow's milk, 14.8% for wheat, less than 5.0% for other antigens.

Development of the prediction model
The results of the multivariable logistic regression analysis are shown in Table 2. High-risk 
birth months, first child, eczema, family history of AD of father and mother, and family 
history of FA in mother and sibling were identified as independent risk factors for FA (p < 
0.0026). The prediction score consisted of 8 points for history of eczema (adjusted β = 1.65), 
4 points for FA of siblings (adjusted β = 0.88), 3 points for FA of mother (adjusted β = 0.59), 
2 points for high-risk birth months (August–December, adjusted β = 0.38), and 1 point each 
for the first child, AD of the father, and AD of the mother (adjusted β = 0.22, 0.29, and 0.22, 
respectively), resulting in a maximum of 20 points (theoretical maximum 19 points). The 
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Table 1. Background characteristics of participants in the development dataset
Characteristic Total (n = 18,549) With food allergy (n = 1,747) Without food allergy (n = 16,802) p value
High-risk birth months (August–December) 7,744 (41.7) 912 (52.2) 6,832 (40.7) <0.001
Male sex 9,480 (51.1) 968 (55.4) 8,512 (50.7) <0.001
First child 9,593 (51.7) 984 (56.3) 8,609 (51.2) <0.001
Eczema 7,229 (39.0) 1,334 (76.4) 5,895 (35.1) <0.001
Family history of atopic dermatitis

Father 2,164 (11.7) 337 (19.3) 1,827 (10.9) <0.001
Mother 3,088 (16.6) 437 (25.0) 2,651 (15.8) <0.001
Siblings* 1,013/8,956 (11.3) 122/763 (16.0) 891/8,193 (10.9) <0.001

Family history of food allergy
Father 824 (4.4) 138 (7.9) 686 (4.1) <0.001
Mother 1,006 (5.4) 195 (11.2) 811 (4.8) <0.001
Siblings* 1,254/8,956 (14.0) 221/763 (29.0) 1,033/8,193 (12.6) <0.001

Family history of bronchial asthma
Father 1,374 (7.4) 189 (10.8) 1,185 (7.1) <0.001
Mother 1,395 (7.5) 174 (10.0) 1,221 (7.3) <0.001
Siblings* 741/8,956 (8.3) 89/763 (11.7) 652/8,193 (8.0) 0.001

Family history of allergic rhinitis/conjunctivitis
Father 2,883 (15.5) 353 (20.2) 2,530 (15.1) <0.001
Mother 3,915 (21.1) 422 (24.2) 3,493 (20.8) 0.001
Siblings* 1,093/8,956 (12.2) 108/763 (14.2) 985/8,193 (12.0) 0.14

Family history of hay fever
Father 6,553 (35.3) 755 (43.2) 5,798 (34.5) <0.001
Mother 6,614 (35.7) 742 (42.5) 5,872 (34.9) <0.001
Siblings* 1,205/8,956 (13.5) 129/763 (16.9) 1,076/8,193 (13.1) 0.01

Values are presented as number (%).
Each p value was calculated using chi-square test.
*The proportions were calculated based on the participants with at least one sibling.



proportion of the children with FA increased in accordance with the increase of prediction 
score (Fig. 2). Only a few participants had a score of 18 (n = 11 and n = 17 in 2016 and 2017, 
respectively) and 19 (n = 2 both in 2016 and in 2017).

The Hosmer–Lemeshow statistic was not significant (p = 0.63 and p = 0.40 for the logistic 
model and the simple scoring model, respectively). The simple scoring model was superior 
in its discriminatory ability for predicting children with FA (AUC = 0.75) compared with 
prediction using repetitive eczema alone (AUC = 0.71; p < 0.001 for comparison; Fig. 3, left 
panel); NRI confirmed the results (p < 0.05).
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Table 2. Results of multivariable logistic regression analysis and assigned score points for the prediction model
Variable Adjusted β (95% CI) Adjusted OR (95% CI) p value Score points
High-risk birth months (August–December) 0.38 (0.27–0.48) 1.46 (1.31–1.62) <0.001 2
Male sex 0.16 (0.05–0.26) 1.17 (1.05–1.30) 0.003
First child 0.22 (0.10–0.34) 1.24 (1.10–1.40) <0.001 1
Eczema 1.65 (1.54–1.77) 5.22 (4.64–5.88) <0.001 8
Family history of atopic dermatitis

Father 0.29 (0.15–0.43) 1.33 (1.16–1.53) <0.001 1
Mother 0.22 (0.09–0.35) 1.25 (1.10–1.42) 0.001 1
Siblings −0.17 (−0.40 to 0.06) 0.84 (0.67–1.06) 0.09

Family history of food allergy
Father 0.27 (0.06–0.48) 1.31 (1.07–1.61) 0.04
Mother 0.59 (0.41–0.77) 1.81 (1.50–2.17) <0.001 3
Siblings 0.88 (0.69–1.06) 2.40 (1.99–2.90) <0.001 4

Family history of bronchial asthma
Father 0.20 (0.02–0.37) 1.22 (1.02–1.45) 0.02
Mother −0.01 (−0.19 to 0.18) 0.99 (0.83–1.20) 0.69
Siblings 0.11 (−0.15 to 0.37) 1.12 (0.86–1.45) 0.45

Family history of allergic rhinitis/conjunctivitis
Father 0.06 (−0.08 to 0.20) 1.06 (0.93–1.22) 0.38
Mother −0.17 (−0.3 to −0.04) 0.85 (0.74–0.96) 0.01
Siblings −0.11 (−0.36 to 0.14) 0.89 (0.70–1.14) 0.37

Family history of hay fever
Father 0.17 (0.06–0.28) 1.18 (1.06–1.32) 0.003
Mother 0.16 (0.05–0.27) 1.17 (1.05–1.31) 0.005
Siblings −0.02 (−0.25 to 0.21) 0.98 (0.78–1.24) 0.88

OR, odds ratio; CI, confidence interval.
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Confirmation of the model robustness through validation of the model and 
sensitivity analysis
The distribution of questionnaire results regarding FA status in the validation dataset is 
shown in Supplementary Table 2. The background characteristics of the validation dataset 
are shown in Supplementary Table 4, which were similar results as development dataset 
(Supplementary Table 5). Multivariable multilevel modeling with random intercept of 
resident area showed similar results as original analysis (Supplementary Table 6).

In the validation dataset, the AUC was 0.75 for the prediction score, which was superior in its 
discriminatory ability compared with eczema alone (AUC = 0.70; p < 0.001 for comparison; 
Fig. 3, right panel), and the Hosmer–Lemeshow statistic was not significant (p = 0.14). These 
findings were confirmed by some sensitivity analyses (Supplementary Figs. 3–5). Moreover, 
the score has superior discrimination ability to identify the children with a history of 
anaphylaxis (AUC = 0.73 for the prediction score, 0.67 for repetitive eczema). This superiority 
of prediction model was confirmed by NRI (p < 0.05). Some cutoff of prediction score or 
solely eczema in validation dataset and its sensitivity, specificity, positive predictive value, 
and negative predictive value are shown in Table 3. When using a prediction score cutoff of 
≥13, the specificity for both FA and anaphylaxis was >95%.

DISCUSSION

In the present study, we developed a multivariable prediction model to identify infants at 
high risk of FA based on population-based data with a high response rate, and then validated 
the model. The prediction score performed as better predictor for high-risk infants of FA 
compared with eczema although it was not very accurate probably due to the small sample 
size in the highest and second highest scores. To the best of our knowledge, the present 
study is the first to report the usefulness of a multivariable model for predicting infants at 
high risk of FA.
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Consistent with prior reports, the factors identified as being associated with FA by 
multivariable logistic regression analysis were: eczema [19], birth order [13], season of birth 
[14], and family history [15]. These findings are important in the sense of that the present 
study is based on a population-based survey. In addition, the magnitude of the association 
between each factor and the outcome was successfully identified in the present study.

Similar to a previous study [20], eczema was the factor that was most associated with FA. 
Judged from the discrimination ability, the factors “eczema with itch,” “eczema with topical 
steroid use,” and “clinician-diagnosed AD,” which may indicate more severe eczema, failed 
to show superior discrimination ability to “eczema.” However, judged from the significantly 
higher proportion of eczema with itch/topical steroid use or AD among participants with 
eczema and FA, these factors are considered to be high specificity but low sensitivity, therefore 
these questions are not suitable for primary screening. From the results obtained, “eczema” was 
considered the most suitable question for the general population to evaluate the risk of FA.

In the family history of allergic disease, FA of the mother and siblings are also associated with 
a high proportion of FA strongly. The association between maternal, but not paternal, FA 
and the delayed introduction of solid foods has been reported before [21]. The results of the 
present study suggest they were influenced by the delayed introduction of specific solid foods 
which are common as causative antigens of food allergies, such as hen's egg.

The association with season of birth has been reported previously [14]. The role of vitamin 
D deficiency has been suggested in previous reports [22, 23] because the association 
between season of birth and sun exposure has also been reported [24] and sunlight is known 
to influence vitamin D status. Although no prospective study has shown the efficacy of 
supplementation of vitamin D for mothers for the prevention of FA [20, 25], supplementation 
in infants is a possible avenue for future research.

Following confirmation of the efficacy of the early introduction of specific foods, the main 
question is how to apply these findings to practice in the real world [26]. Screening tests of 
FA for infants with eczema alone, which is recommended from academic community in USA 
[11], are not cost-effective from recent reports of economic perspective [27, 28]. However, 
for the infants with higher risk of FA and anaphylaxis based on our prediction score (i.e., 
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Table 3. Cutoff points and sensitivity/specificity of the prediction scores for food allergy and anaphylaxis in the validation dataset
Factor Subjects Food allergy Anaphylaxis

Sensitivity (%) Specificity (%) PPV (%) NPV (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Prediction score

1 16,312 97.7 13.4 10.0 98.3 97.0 12.4 0.40 99.9
3 11,004 87.6 43.7 13.3 97.3 86.6 41.0 0.53 99.9
8 7,439 76.7 63.7 17.3 96.5 73.1 60.2 0.66 99.8
9 6,495 70.1 68.6 18.1 95.9 70.2 65.3 0.72 99.8
10 4,723 55.6 77.6 19.7 94.7 58.2 74.8 0.83 99.8
11 3,289 43.0 84.9 21.9 93.8 47.8 82.4 0.97 99.8
12 1,711 26.7 92.5 26.1 92.7 32.8 90.9 1.29 99.7
13 864 15.5 96.4 30.1 92.0 25.4 95.4 1.97 99.7
14 557 10.5 97.8 31.6 91.7 20.9 97.1 2.51 99.7
15 265 5.4 99.0 34.3 91.4 14.9 98.6 3.77 99.7
16 84 2.2 99.7 44.0 91.2 7.5 99.6 5.95 99.7

Eczema 7,400 76.5 63.9 17.3 96.5 73.1 60.4 0.66 99.8
Eczema with itch 5,495 65.0 73.7 19.5 95.5 72.7 70.4 0.87 99.9
Sensitivity/specificity of “eczema” and “eczema with itch” are also shown.
PPV, positive predictive value; NPV, negative predictive value.



prediction score of ≥13), we should consider screening tests for some common antigens 
depending on the region. The cost-effectiveness of such screening tests requires evaluation 
given the more accurate prediction of our prediction score, which would be constructed with 
no effort except for providing a self-administered questionnaire.

The study has several potential limitations. Most importantly, we acknowledge some 
uncertainty about the FA case definition due to being based on a self-administered 
questionnaire. For that reason, we included a sensitivity analysis. The analysis compared 
children with the highest likelihood of true FA with those with the least likelihood, and the 
results were similar. This finding suggests the robustness of the prediction score.

It also was not possible to evaluate the severity or onset of eczema, although that is the USA 
recommendation in this context [11]. We agree that eczema severity is an important factor for 
identifying infants at high risk of peanut allergy. However, evaluation of eczema severity is 
difficult for the general population, as suggested by the results of the eczema-related-factors 
shows. Therefore, we suggest that the prediction model established here should be used 
as a primary screening tool for FA, and infants with a high prediction score then should be 
evaluated by an allergist/immunologist.

Although statistically better than solely eczema, the prediction score might be not 
substantially superior to the factor in terms of accuracy. However, the score could predict 
infants with a higher risk than eczema alone, which enables us to discuss and decide the 
optimal cutoff score in each society, considering the available human recourses and cost.

In conclusion, we used population-based data with a high response rate to develop a 
multivariable prediction model to identify infants at high risk of FA. The prediction model 
was validated using a separate dataset, other definitions of FA or other sensitivity analysis. 
Using the new prediction score, clinicians now can better identify infants at high-risk of 
FA, which should be useful for identifying the optimal target group of infants for early 
introduction or screening tests of specific foods. We encourage identification of target 
infants for early introduction or screening test depending on the society and based on the 
most accurate prediction possible.
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