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Background: The effects of delivery mode and labor duration on the development of food sensitization (FS) in
infancy remain unclear.
Objective: To elucidate the potential effects of delivery mode and labor duration on FS development by 6 months
of age.
Methods: Using data from a randomized controlled trial of a birth cohort from 4 Japanese hospitals that
assessed cow’s milk allergy development by 6 months of age, we performed a nested case-control trial
of 462 participants who had undergone the final assessment at 6 months of age. FS was defined as pos-
itive skin prick test reactions to hen’s egg, cow’s milk, wheat, or soy. For the primary outcome, we cal-
culated the adjusted odds ratio of vaginal delivery (VD) relative to cesarean delivery for FS
development by 6 months of age using a multivariable logistic regression analysis. For the secondary
outcome, we compared labor durations between participants with and without FS using the Mann-
Whitney U test.
Results: The adjusted odds ratio of VD for FS development was 2.54 (95% confidence interval, 1.32-4.87;
P = .005). The median labor duration was significantly longer in participants with FS (5.7 hours, interquartile
range, 2.7-10.1) than in participants without FS (4.5 hours, 1.1-8.2) (P = .01).
Conclusion: VD was considerably associated with an increased risk of FS in infancy, and longer labor durations
may promote FS development.
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Introduction

Food allergies (FAs) are increasingly prevalent throughout the
world. To facilitate the primary prevention of FAs, there is a need
to first elucidate the factors that could lead to the development
of food sensitization (FS) in infancy.1,2

Previous studies have reported FS and FA to be associated with
sex,2,3 season of birth,1,4 gestational age,5,6 birth weight,7 presence of
siblings,1,8,9 maternal age,10 weight gain during pregnancy,11 paren-
tal atopic diseases,1,3,5,9 pet ownership,12 maternal or neonatal anti-
biotic use,13-16 breastfeeding,13,17 eczema in early infancy,1,18

ingestion of cow’s milk formula (CMF) in the first few days after
birth,19 and the age at which complementary foods are
introduced.9,20

However, the potential effect of delivery mode on the risk of
childhood allergic disease development remains unclear, and the
current evidence is conflicting. Several reports have indicated
that cesarean delivery (CD) can elevate the risk of FS and FA
when compared with vaginal delivery (VD),5,6,13,21 whereas other
studies have found no such associations.12,18,22,23 Furthermore,
maternal and infant stress during labor may affect prenatal
immune development by reducing naive regulatory T cell num-
bers,24 but little is known about the relationship between labor
duration (which can be indicative of stress exposure) and the risk
of FS. In general, labor duration tends to be longer for the first
child, and studies have reported that the first child has an
increased risk of developing FS and FA.1,8,9 However, whether
this relationship is owing to longer labor duration, remains
unclear.
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To bridge these gaps in the literature, this study was conducted to
assess whether delivery mode and labor duration affect the risk of
developing FS in infancy.
Methods

To assess whether delivery mode (VD vs CD) and labor duration
affect the risk of developing FS (hen’s egg, cow’s milk, wheat, and
soy) in infancy, we conducted a nested case-control trial on infants
who had participated in the Strategy for Prevention of Milk Allergy
by Daily Ingestion of Infant Formula in Early Infancy (SPADE)
study.25 The SPADE study was originally designed to assess the
impact of early CMF introduction on cow’s milk allergy (CMA) devel-
opment in Japanese newborns until 6 months of age. For the present
study, we identified FS using skin prick tests (SPTs) at 3 and 6
months of age.

Strategy for Prevention of Milk Allergy by Daily Ingestion of Infant
Formula in Early Infancy (SPADE) Study Design

The SPADE study was a multicenter, open-label randomized con-
trolled trial of newborns recruited from 4 hospitals in Okinawa,
Japan. Recruitment was conducted from January 1, 2017, to August
31, 2019.25 The study population included newborns (≤ 5 days of
birth) with a gestational age of more than or equal to 35 weeks and a
birth weight of more than or equal to 2000 g and excluded those
with complications from any severe underlying disease. Participants
ingested CMF on an as-needed basis to supplement breastfeeding
before 1 month of age. To acquire baseline information on demo-
graphics and other characteristics, the participating families
answered a standardized questionnaire after recruitment. The ques-
tionnaire included items on the presence of siblings, the mother’s
elimination diet during pregnancy, parental smoking habits, pet
(dogs or cats) ownership, and parental history of atopy (FA, bronchial
asthma, atopic dermatitis, and allergic rhinitis).

The SPADE study randomly assigned the participants to a CMF
ingestion group (≥10 mL daily) or an avoidance group between 1 and
2 months of age. A screening oral food challenge (OFC) (20 mL CMF)
at 1 month of age and follow-up OFCs at 3 (50 mL CMF) and 6
(100 mL CMF) months of age were performed to evaluate CMA devel-
opment.

By reviewing medical records from each participant’s delivery
hospitalization, the investigators acquired information on perinatal
characteristics (including gestational age, birth weight, maternal age,
maternal body mass index before pregnancy, maternal weight gain
during pregnancy, delivery mode, vacuum extraction or emergency
CD delivery, labor duration, Apgar score, umbilical artery pH, and
neonatal respiratory distress) and the daily quantity of CMF con-
sumed during hospitalization. After hospital discharge, parents
recorded adverse events, daily CMF consumption quantities, and
breastfeeding status in event diaries. These diaries were checked by
physicians every month until the participants reached 6 months of
age.
Skin Prick Tests

During the SPADE study, SPTs were administered at 3 and 6
months of age to assess FS to hen’s egg, cow’s milk, wheat, and soy
using commercial allergen extracts (Torii Pharmaceutical Co, Ltd,
Tokyo, Japan). Histamine dihydrochloride (10 mg/mL) and 50% glyc-
erol solution were used as positive and negative controls, respec-
tively. We used bifurcated needles (Allergy Laboratories of Ohio, Inc,
Ohio) as the puncture device, and the SPT reaction was evaluated 15
minutes after puncture. SPTs were not performed in duplicate. A pos-
itive SPT reaction was defined as a wheal diameter larger than half of
the positive control or more than or equal to 3 mm larger than the
negative control.26 In this study, FS refers to more than or equal to 1
positive SPT reactions (hen’s egg, cow’s milk, wheat, or soy) experi-
enced by a participant by 6 months of age.
Eczema Control

During the study period, all episodes of eczema were controlled
and treated. Corticosteroids were used to treat cases of moderate-to-
severe eczema and were subsequently administered intermittently
to maintain remission. Participants were assessed every month to
monitor their growth parameters and the occurrence of atopic
eczema, which was identified according to the Japanese Guidelines
for Atopic Dermatitis 2017.27
Outcome Measures

The primary outcome measure was the adjusted odds ratio (aOR)
of VD-born infants for FS development by 6 months of age relative to
CD-born infants. The secondary outcome measure was the statistical
relationship between labor duration (in hours) and the development
of FS by 6 months of age.
Statistical Analysis

Categorical variables were analyzed using Fisher’s exact test,
and continuous variables were analyzed using the Mann-Whitney
U test. For the primary outcome measure, multivariable logistic
regression analysis was conducted on the primary outcome popu-
lation (ie, all participants who had been assessed with SPTs at 6
months of age) to determine the possible effects of VD on FS
development. There were 2 different models used to analyze these
effects. Model 1 included the following independent variables:
sex, season of birth, gestational age, birth weight, mode of deliv-
ery, vacuum extraction or emergency CD delivery, neonatal
asphyxia, umbilical artery pH, neonatal respiratory distress, no sib-
lings (first child), maternal age, maternal body mass index before
pregnancy, maternal weight gain during pregnancy, maternal
atopic diseases, maternal smoking, paternal age, paternal atopic
diseases, paternal smoking, domestic dog exposure at birth,
domestic cat exposure at birth, maternal antibiotic use, neonatal
antibiotic use, no CMF ingestion in the first 3 days of life, eczema
occurrence within the first 6 months of age, and continuous
breastfeeding up to 6 months of age. Model 2 included the same
independent variables as model 1 and allocation to the CMF inges-
tion group in the SPADE study. The aORs and 95% confidence inter-
vals (CIs) were calculated using these models.

For the secondary outcome measure, labor durations between
participants with and without FS were compared using the Mann-
Whitney U test in the secondary outcome population (ie, primary
outcome population excluding participants with inadequate informa-
tion on labor duration). Next, labor duration was categorized into
quartiles and analyzed using the Cochran-Armitage test.

In addition to the main analysis of FS, we conducted subgroup
analyses focused on hen’s egg sensitization (ES) and cow’s milk sensi-
tization (CMS). We also investigated the statistical relationship
between labor duration and the development of FS among partici-
pants stratified according to the presence or absence of siblings and
among the VD-born participants.

P values (2-tailed) below .05 were considered statistically signifi-
cant. Statistical analyses were performed using EZR software (Sai-
tama Medical Center, Jichi Medical University, Saitama, Japan).28 All
study participants provided informed consent on enrollment in the
SPADE study, and the study was approved by the institutional review
boards of the participating hospitals.



Figure 1. Study design. CMA, cow’s milk allergy; CMF, cow’s milk formula; OFC, oral food challenge; SPADE, Strategy for Prevention of Milk Allergy by Daily Ingestion of Infant For-
mula in Early Infancy; SPT, skin prick test.
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Results

Study Population

The study design is presented in Figure 1. Of the 518 infants ini-
tially enrolled in the SPADE study, 504 underwent randomized allo-
cation and 462 completed the assessments at 6 months of age. These
462 participants (VD, 353; CD, 109) comprised the primary outcome
population for the present study. Table 1 and eTable 1 present the
baseline characteristics of the primary outcome population and nona-
nalyzed population (ie, SPADE study enrollees who were not assessed
at 6 months of age). There were no significant intergroup differences
in baseline characteristics except for the proportion of participants
with no siblings (first child) (P = .03). After excluding 33 participants
with inadequate information on labor duration, the secondary out-
come population comprised 429 participants (VD, 325; CD, 104).
None of the participants had been introduced to hydrolyzed formula,
hen’s egg, wheat, or soy protein before 6 months of age.
Demographic and Other Characteristics

Table 2 and eTable 2 summarize the demographic and other
characteristics of the participants in the primary outcome popula-
tion according to delivery mode. When compared with the CD-
born group, the VD-born group tended to have a higher gestational
age at birth, higher proportion of infants with no CMF ingestion in
Table 1
Baseline Characteristics

Characteristics SPADE study enrollees (n = 518) Primary outc

Male 279 (53.9) 253 (54.8)
Gestational age (wk) 39 (38-40) 39 (38-40)
Birth weight (g) 3011 (2798-3240) 3011 (2791-3
Vaginal delivery 396 (76.5) 353 (76.4)
No siblings (first child) 199 (38.4) 185 (40.0)
Maternal age 32 (28-36) 32 (28-36)
Maternal atopic diseasesa 218 (42.1) 193 (41.8)
Paternal age 33 (29-33) 33 (29-37)
Paternal atopic diseasesa 231 (44.6) 209 (45.2)

Abbreviation: SPADE, Strategy for Prevention of Milk Allergy by Daily Ingestion of Infant Form
NOTE. Values are presented as number (percentage) or median (interquartile range). P value
ney U test for continuous variables.
aAtopic diseases include food allergy, bronchial asthma, atopic dermatitis, and allergic rhiniti
the first 3 days of life, lower parental age at delivery, and lower
maternal body mass index before pregnancy. The proportion of
vacuum extraction cases among all VD-born participants (13.0%)
was lower than the proportion of emergency CD cases among all
CD-born participants (32.1%). There were no forceps delivery cases.
Although there were significant intergroup differences in the pro-
portions of maternal antibiotic use (P < .001), there was no signifi-
cant difference in the proportion of neonatal antibiotic use (P =
.79). There were also no important differences in the other parental
and perinatal factors, proportions of clinician-diagnosed eczema
(including mild eczema not considered to be atopic dermatitis)
within the first 6 months of age, and proportions of participants
who had been continuously breastfed (including exclusive breast-
feeding and mixed feeding) up to 6 months of age. None of the
mothers had eliminated hen’s egg, cow’s milk, wheat, or soy from
their diet during pregnancy or lactation.
Incidences of Food Sensitization and Cow’s Milk Allergy

The incidences of FS by 3 and 6 months of age are found in
Figure 2. The incidences of FS (referring to ≥1 positive SPT reactions
to hen’s egg, cow’s milk, wheat, or soy) and ES at 6 months of age
were significantly higher in the VD-born participants than in the CD-
born participants (P = .01, P = .01, respectively). However, there were
no significant differences in the incidences of sensitization to cow’s
ome population (n = 462) Nonanalyzed population (n = 56) P value

26 (46.3) .26
39 (38-39) .52

243) 3012 (2850-3206) .63
43 (76.8) >.99
14 (25.0) .03
33 (29-35) .89
25 (44.6) .56
33 (29-36) .96
22 (39.3) .56

ula in Early Infancy
s were calculated using Fisher’s exact test for categorical variables and the Mann-Whit-

s.



Table 2
Demographic and Other Characteristics of the Participants According to Delivery Mode

Characteristics Total (n = 462) Vaginal delivery (n = 353) Cesarean delivery (n = 109) P value

Male 253 (54.8) 194 (55.0) 59 (54.1) .91
Gestational age (wk) 39 (38-40) 39 (38-40) 38 (38-39) <.001
Birth weight (g) 3011 (2791-3243) 3014 (2815-3244) 2994 (2655-3200) .26
Vacuum extraction or emergency cesarean delivery 81 (17.5) 46 (13.0) 35 (32.1) <.001
No siblings (first child) 185 (40.0) 148 (41.9) 37 (33.9) .15
Maternal age 32 (28-36) 32 (38-35) 34 (30-37) <.001
Maternal body mass index before pregnancy 20.8 (19.3-23.2) 20.6 (19.1-22.8) 22.2 (20.5-25.2) <.001
Maternal atopic diseasesa 193 (41.8) 150 (42.5) 43 (39.5) .66
Paternal age 33 (29-37) 32 (29-36) 35 (30-38) .009
Paternal atopic diseasesa 209 (45.2) 153 (43.3) 56 (51.4) .15
Maternal antibiotic use for treatment of chorioamnionitis
or prevention of GBS infectionb

67 (14.5) 63 (17.9) 4 (3.7) <.001

Neonatal antibiotic usec 19 (4.1) 14 (4.0) 5 (4.6) .79
No CMF ingestion in the first 3 d of life 31 (6.7) 29 (8.2) 2 (1.8) .01
Eczema occurrence within the first 6 mo of life 290 (62.8) 221 (62.6) 69 (63.3) >.99
Continuous breastfeeding up to 6 mo of age 323 (69.9) 245 (69.4) 78 (71.6) .72

Abbreviations: CMF, cow’s milk formula; GBS, group B Streptococcus.
NOTE. Values are presented as number (percentage) or median (interquartile range). P values were calculated using Fisher’s exact test for categorical variables and the Mann-Whit-
ney U test for continuous variables.
aAtopic diseases include food allergy, bronchial asthma, atopic dermatitis, and allergic rhinitis.
bIntrapartum antibiotic treatment for chorioamnionitis or intrapartum antibiotic prophylaxis to prevent the vertical transmission of GBS.
cAntibiotic use in newborns within the first 7 days of life.
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milk, wheat, or soy (P = .70, P = .24, P > .99, respectively). To
assess the robustness of these results, we reperformed the analy-
ses using different definitions for a positive SPT reaction. When
the positive SPT reaction was defined as a wheal diameter more
than or equal to 4 mm larger than the negative control, the inci-
dence of ES was significantly higher in the VD-born participants
than the CD-born participants (P = .02) (eFig 1). However, when
the positive SPT reaction was defined as a wheal diameter more
than or equal to 6 mm larger than the negative control, there
were no differences in FS or sensitization to the specific foods
(eFig 2). eTable 3 presents the results of the univariate
Figure 2. Incidences of food sensitization by 3 and 6 months of age according to delivery mo
of participants in the corresponding delivery mode group (percentage). P values were calcul
foods (hen’s egg, cow’s milk, wheat, and soy). CD, cesarean delivery; VD, vaginal delivery
analyses zto assess the risk factors for FS development by 6
months of age.

The proportion of CMA development by 3 months of age was 1.5%
(7 of 480) (VD, 1.1% [4 of 366]; CD, 2.6% [3 of 114], P = .36), and the
proportion of CMA development by 6 months of age was 4.1% (19 of
462) (VD, 4.2% [15 of 353]; CD, 3.7% [4 of 109], P > .99).
Primary Outcome Measure

The results of the multivariable logistic regression analyses are
presented in Figure 3 and Table 3. Model 1 and model 2 calculated
de. Values are presented as number of participants with food sensitization and number
ated using Fisher’s exact test. aAny food refers to more than or equal to 1 of the 4 target



Figure 3. Adjusted odds ratios of vaginal delivery for the development of food sensiti-
zation by 6 months of age. The odds ratios were calculated using multivariable logistic
regression models. Model 1 calculated the adjusted odds ratio of vaginal delivery for
the development of food sensitization while adjusting for a variety of parental, perina-
tal, and environmental factors. Model 2 adjusted for the same independent variables
included in model 1 and allocation group during the SPADE study. SPADE, Strategy for
Prevention of Milk Allergy by Daily Ingestion of Infant Formula in Early Infancy.
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the aORs of VD for FS development to be 2.54 (95% CI, 1.32-4.87;
P = .005) and 2.63 (95% CI, 1.36-5.06; P = .004), respectively.
Secondary Outcome Measure

Figure 4 illustrates the relationship between labor duration and the
development of FS by 6 months of age. The median labor duration was
significantly longer in participants with FS (5.7 hours, interquartile
Table 3
Multivariable Analyses of the Risk Factors for Food Sensitization Development by 6 Mo of Ag

Variables Model 1
Adjusted

Male 0.83
Season of birth: spring or summer 1.01
Gestational age: ≥39 wka 0.91
Birth weight: ≥3000 ga 1.70
Vaginal delivery 2.54
Vacuum extraction or emergency cesarean delivery 0.90
Neonatal asphyxiab 1.25
Umbilical artery pH: ≥7.30a 1.13
Neonatal respiratory distress 0.39
No siblings (first child) 1.96
Maternal age: ≥32 ya 1.05
Maternal body mass index before pregnancy: ≥21a 1.23
Maternal weight gain during pregnancy: ≥10 kga 0.81
Maternal atopic diseasesc 1.15
Maternal smoking 1.47
Paternal age: ≥33 ya 1.09
Paternal atopic diseasesc 1.73
Paternal smoking 1.09
Domestic dog exposure at birth 0.74
Domestic cat exposure at birth 2.20
Maternal antibiotic use for treatment of chorioamnionitis or prevention of GBS

infectiond
0.75

Neonatal antibiotic usee 2.45
No CMF ingestion in the first 3 d of life 0.75
Allocation to the SPADE study’s CMF ingestion group at 1 mo of age
Eczema occurrence within the first 6 mo of life 4.66
Continuous breastfeeding up to 6 mo of age 2.64

Abbreviations: CI, confidence interval; CMF, cow’s milk formula; GBS, group B Streptococcus
Early Infancy.
NOTE. P values were calculated using multivariable logistic regression models.
aConverted to a binary variable with the median as the cutoff.
bNeonatal asphyxia refers to an Apgar score less than 7 points at 1 and/or 5 min after birth.
cAtopic diseases include food allergy, bronchial asthma, atopic dermatitis, and allergic rhiniti
dIntrapartum antibiotic treatment for chorioamnionitis or intrapartum antibiotic prophylaxis
eAntibiotic use in newborns within the first 7 d of life.
range, 2.7-10.1) than in participants without FS (4.5 hours, 1.1-8.2)
(P = .01). Furthermore, longer labor durations were significantly
associated with a higher proportion of participants with FS (P = .008)
(Fig 5).
Subgroup Analyses

Using the same multivariable logistic regression model (model 1)
as the main analysis, the aORs of VD for the development of ES and
CMS were calculated to be 2.75 (95% CI, 1.34-5.64) and 1.98 (0.72-
5.46), respectively.

The statistical relationships between labor duration and the
development of ES and CMS were assessed using the Mann-Whitney
U test. The median labor duration was significantly longer in partici-
pants with ES (5.7 hours, interquartile range, 3.4-10.5) than in partic-
ipants without ES (4.5 hours, 1.1-8.2) (P = .005). However, there was
no significant difference in the median labor duration between par-
ticipants with CMS (4.5 hours, 2.3-10.5) and participants without
CMS (4.7 hours, 1.9-9.0) (P = .53).

Next, we evaluated the statistical relationship between labor
duration and the development of FS among participants stratified
according to the presence or absence of siblings using the Mann-
Whitney U test. There was no significant difference in the median
labor duration between participants with FS (9.1 hours, interquartile
range, 4.9-14.3) and participants without FS (9.1 hours, 4.7-16.1)
among the 169 participants without any siblings (P = .77). However,
the median labor duration was significantly longer in participants
with FS (4.2 hours, 2.4-6.1) than in participants without FS (3.1 hours,
0-5.3) among the 260 participants with more than or equal to 1 sib-
ling (P = .02).
e

Model 2
odds ratio 95% CI P value Adjusted odds ratio 95% CI P value

0.52-1.32 .42 0.81 0.51-1.30 .39
0.61-1.65 .97 1.00 0.61-1.65 .99
0.54-1.54 .73 0.91 0.54-1.55 .73
1.04-2.77 .03 1.73 1.06-2.82 .03
1.32-4.87 .005 2.63 1.36-5.06 .004
0.45-1.81 .77 0.90 0.44-1.81 .76
0.31-5.05 .75 1.36 0.34-5.44 .66
0.70-1.83 .63 1.09 0.67-1.77 .73
0.14-1.09 .07 0.37 0.13-1.03 .06
1.17-3.27 .01 1.93 1.15-3.24 .01
0.56-1.97 .87 1.00 0.53-1.89 .99
0.76-2.00 .40 1.19 0.73-1.94 .48
0.50-1.29 .36 0.82 0.51-1.31 .40
0.73-1.83 .55 1.17 0.73-1.86 .52
0.36-6.00 .59 1.64 0.40-6.73 .50
0.59-1.99 .79 1.13 0.61-2.09 .69
1.09-2.74 .02 1.78 1.12-2.83 .02
0.66-1.80 .74 1.07 0.64-1.78 .79
0.38-1.46 .39 0.78 0.39-1.53 .46
0.87-5.58 .10 2.20 0.86-5.62 .10
0.39-1.46 .40 0.77 0.40-1.50 .44

0.78-7.70 .13 2.63 0.84-8.23 .10
0.24-2.32 .62 0.78 0.25-2.43 .66

0.65 0.41-1.04 .07
2.74-7.93 <.001 4.56 2.68-7.76 <.001
1.52-4.59 <.001 2.72 1.56-4.74 <.001

; SPADE, Strategy for Prevention of Milk Allergy by Daily Ingestion of Infant Formula in

s.
to prevent the vertical transmission of GBS.



Figure 4. Relationship between labor duration and the development of food sensitiza-
tion by 6 months of age. P value was calculated using the Mann-Whitney U test. FS,
food sensitization.
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Finally, we evaluated the statistical relationship between labor
duration and the development of FS among the 325 VD-born par-
ticipants using the Mann-Whitney U test. Although the median
labor duration was longer in participants with FS (6.6 hours,
interquartile range, 4.2-10.7) than in participants without FS
(5.6 hours, 3.5-9.4), this difference was not statistically significant
(P = .06).
Discussion

In this nested case-control trial of Japanese infants, we demon-
strated the effect of VD on FS development in infancy and character-
ized the relationship between labor duration and FS development.
Figure 5. Proportions of participants who developed food sensitization by 6 months of age a
ues are presented as number of participants with food sensitization and number of participa
age test.
Effects of Delivery Mode and Labor Duration on Food Sensitization in
Infants

In this study, the incidence of FS development by 6 months of age
was significantly higher in VD-born infants than in CD-born infants
(P = .01). This positive association between VD and FS development
remained statistically significant even after adjusting for other paren-
tal, perinatal, and environmental factors (P = .005). Few studies have
revealed that CD is a protective factor for the development of allergic
diseases. Our findings corroborate those of S�anchez-Valverde et al,29

who reported that CD seemed to protect CMA patients from subse-
quent allergic march development.

Previous reports have indicated that gut microbiota compositions
differ between CD-born infants and VD-born infants,30,31 which may
account for their differences in the risk of allergic disease
development.32,33 A review of the association between gut micro-
biota and atopic disease suggested that the effects of environmental
factors (including delivery mode) on FS through microbial changes
involve highly complex mechanisms.34 If the mechanism of micro-
biome seeding can account for associations between delivery mode
and allergic disease development, CD births would be expected to be
associated with allergies regardless of indication (ie, elective versus
emergency). However, previous cohort studies found differences
between elective and emergency CD in allergic disease
development,35,36 suggesting that the relationship between CD and
allergic diseases is influenced by its underlying indications. As the
proportion of CD births and their medical indications vary among
countries,37 it is difficult to consistently reproduce such studies
despite the clear differences in infant gut microbiota between deliv-
ery modes.38

Our analysis revealed that participants who developed FS had
longer labor durations than those without FS. Furthermore, the rela-
tionship between labor duration and FS was maintained even in the
subgroup analysis of participants with siblings. Previous research
has reported that endogenous ouabain (a digitalis-like factor) is
secreted from adrenal glands in stressful situations39 and that
maternal and fetal ouabain concentrations are elevated in cases of
severe preeclampsia.40 Ouabain has also been reported to have both
pro- and anti-inflammatory properties.41 For example, this steroid
hormone was found to reduce the number of regulatory T cells in
the spleen of mice through interleukin-2 suppression.39 Zhang
et al42 reported that the cord blood of infants who developed FA
had a higher proportion of monocytes and a lower proportion of
natural regulatory T cells that were associated with longer labor
durations. In addition, that study found an increased secretion of
ccording to labor duration quartiles. Labor duration was categorized into quartiles. Val-
nts within each quartile (percentage). P value was calculated using the Cochran-Armit-
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inflammatory cytokines by CD14+ monocytes in infants with FA,
which lead to the suppression of interleukin-2 expression by CD4+
T cells.42 Collier et al24 reported that infants who were exposed to
labor were associated with a transient decrease in naive regula-
tory T cells when compared with those delivered by pre-labor CD
and that this decrease was more pronounced among infants who
eventually developed FA. Our findings support their supposition
that exposure to labor increases the risk of FS in infancy through
the stimulation of inflammatory pathways. However, we found
no significant relationship between labor duration and FS in the
subgroup analysis of participants without any siblings (P = .77). A
possible explanation for this observation could be that the first
child may already have a higher propensity to develop FS and FA
and would be less influenced by labor duration. Further studies
are needed to evaluate whether there are differences in stress
hormone levels or other factors (eg, changes in uterine environ-
ment) according to birth order in infants with the same labor
duration.

The development of allergic diseases in infants may be affected
not only by exposure to the maternal vaginal microbiome but also
by various biological and environmental factors, such as the
underlying indications for CD, maternal dietary factors during
pregnancy,9,43 and maternal gut microbiome during pregnancy.44

In addition, the effects of delivery mode on the diversity and colo-
nization of an infant’s gut microbiota may be temporary.31,45 Gut
microbiomes can also be affected by exposure to antibiotics,46,47

early skin-to-skin contact,48 breastfeeding,38,45,49 and the intro-
duction of complementary foods.50 Moreover, recent studies have
suggested the presence of variations in gut microbiome composi-
tion across different human populations.29 These potential con-
founders were not analyzed in our study and should be considered
in future research.
Study Strengths and Limitations

The strengths of our study lie in the prospective collection of peri-
natal and child health information and the objective assessment of FS
through planned SPTs before the introduction of complementary
foods.

However, the study had several limitations. First, our analysis
was conducted using a relatively small sample size and short fol-
low-up period. Second, we did not investigate the effects of deliv-
ery mode and labor duration on FA (except for CMA) development
in our study. This was because the SPADE study did not include
planned OFCs at 6 months of age for hen’s egg, wheat, and soy.
However, infants with FS have been found to be at a greater risk
of an allergic reaction when exposed to allergenic foods. Addi-
tional prospective cohort studies are needed to assess FS and FA
development in larger community-based populations over longer
follow-up periods. Third, all participants were exposed to the
screening and OFC with CMF. It is possible that this variable expo-
sure to CMF over the first 6 months of age was a driving factor for
CMS development. However, our main findings were more heavily
influenced by ES than by CMS, and the variable exposure to CMF
may therefore have a limited effect on our conclusions. Fourth, the
mothers in our study population were advised to follow the Japa-
nese Guidelines for Food Allergy 2017, which do not recommend
food elimination as an allergy prevention measure during preg-
nancy and lactation.25 Because maternal protein intake was not
restricted, the effects of protein intake by breast milk could not be
investigated. Fifth, serum vitamin D concentrations4 and gut
microbiota were not evaluated in our study. Further randomized
controlled trials and meta-analyses are therefore needed to deter-
mine whether these factors contribute to allergic disease develop-
ment in infants.
Conclusions

This nested case-control trial of SPADE study participants demon-
strated that VD was associated with an increased risk of FS in infancy.
Longer labor durations may have promoted the development of FS
through increased stress and inflammatory stimulation.
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eTable 1
Additional Baseline Characteristics

Characteristics SPADE study enrollees (n = 518) Primary outcome population (n = 462) Nonanalyzed population (n = 56) P value

Season of birth: spring or summer 339 (65.4) 299 (64.7) 40 (71.4) .37
Maternal body mass index before pregnancy 20.9 (19.4-23.3) 20.8 (19.3-23.2) 21.7 (20.1-23.7) .07
Maternal weight gain during pregnancy 10 (7.5-12.2) 10 (7.7-12.2) 9.6 (6.9-12.2) .42
Maternal smoking 17 (3.3) 15 (3.3) 2 (3.6) .70
Paternal smoking 170 (32.8) 152 (32.9) 18 (32.1) >.99
Domestic dog exposure at birth 69 (13.3) 64 (13.9) 5 (8.9) .53
Domestic cat exposure at birth 35 (6.8) 30 (6.5) 5 (8.9) .40
Maternal antibiotic use, including preoperative antibiotic
prophylaxis

195 (37.6) 172 (37.2) 23 (41.1) .66

Maternal antibiotic use for treatment of chorioamnionitis
or prevention of GBS infectiona

77 (14.9) 67 (14.5) 10 (17.9) .55

Neonatal antibiotic useb 19 (3.7) 19 (4.1) 0 (0) .25
No CMF ingestion in the first 3 d of life 32 (6.2) 31 (6.7) 1 (1.8) .24

Abbreviations: CMF, cow’s milk formula, GBS, group B Streptococcus.
NOTE. Values are presented as number (percentage) or median (interquartile range). P values were calculated using Fisher’s exact test for categorical variables and the Mann-Whit-
ney U test for continuous variables.
aIntrapartum antibiotic treatment for chorioamnionitis or intrapartum antibiotic prophylaxis to prevent the vertical transmission of GBS.
bAntibiotic use in newborns within the first 7 d of life.

eTable 2
Additional Demographic and Other Characteristics of the Participants According to Delivery Mode

Characteristics Total (n = 462) Vaginal delivery (n = 353) Cesarean delivery (n = 109) P value

Season of birth: spring or summer 299 (64.7) 227 (64.3) 72 (66.1) .82
Neonatal asphyxia 15 (3.3) 12 (3.4) 3 (2.8) >.99
Umbilical artery pH 7.29 (7.25-7.32) 7.29 (7.25-7.32) 7.29 (7.26-7.31) .25
Neonatal respiratory distress 36 (7.8) 25 (7.1) 11 (10.1) .42
Maternal weight gain during pregnancy 10 (7.7-12.2) 9.9 (7.7-12.2) 10.3 (7.6-12.5) .64
Maternal smoking 15 (3.3) 10 (2.8) 5 (4.6) .36
Paternal smoking 152 (32.9) 120 (34.0) 32 (29.4) .42
Domestic dog exposure at birth 64 (13.9) 44 (12.5) 20 (18.4) .15
Domestic cat exposure at birth 30 (6.5) 20 (5.7) 10 (9.2) .19
Maternal antibiotic use, including preoperative antibiotic
prophylaxis

172 (37.2) 63 (17.9) 109 (100) <.001

Allocation to the SPADE study’s CMF ingestion group at
1 mo of age

226 (48.9) 177 (50.1) 49 (45.0) .38

Abbreviations: CMF, cow’s milk formula; SPADE, Strategy for Prevention of Milk Allergy by Daily Ingestion of Infant Formula in Early Infancy.
NOTE. Values are presented as number (percentage) or median (interquartile range). P values were calculated using Fisher’s exact test for categorical variables and the Mann-Whit-
ney U test for continuous variables.
aNeonatal asphyxia refers to an Apgar score less than 7 points at 1 or 5 min after birth.

eFigure 1. Incidences of food sensitization by 6 mo of age according to delivery mode: positive skin prick tests refer to wheal diameters more than or equal to 4 mm larger than the
negative control. Values are presented as number of participants with food sensitization and number of participants in the corresponding delivery mode group (percentage). P val-
ues were calculated using Fisher’s exact test. *Any food refers to more than or equal to 1 of the 4 target foods (hen’s egg, cow’s milk, wheat, and soy). CD, cesarean delivery; VD, vag-
inal delivery.



eFigure 2. Incidences of food sensitization by 6 mo of age according to delivery mode: positive skin prick tests refer to wheal diameters more than or equal to 6 mm larger than the
negative control. Values are presented as number of participants with food sensitization and number of participants in the corresponding delivery mode group (percentage). P val-
ues were calculated using Fisher’s exact test. *Any food refers to more than or equal to 1 of the 4 target foods (hen’s egg, cow’s milk, wheat, and soy). CD, cesarean delivery; VD, vag-
inal delivery.

eTable 3
Univariate Analyses of the Risk Factors for Food Sensitization Development by 6 Mo of Age

Variables Food sensitization (n = 157) No food sensitization (n = 305) Odds ratio 95% CI P value

Male 85 (54.1) 168 (55.1) 0.96 0.64-1.44 .92
Season of birth: spring or summer 100 (63.7) 199 (65.3) 0.93 0.61-1.43 .76
Gestational age: ≥39 wka 97 (61.8) 168 (55.1) 1.32 0.87-1.99 .20
Birth weight: ≥3000 ga 92 (58.6) 148 (48.5) 1.50 1.00-2.26 .049
Vaginal delivery 131 (83.4) 222 (72.8) 1.88 1.13-3.21 .01
Vacuum extraction or emergency cesarean delivery 23 (14.7) 58 (19.0) 0.74 0.41-1.28 .30
Neonatal asphyxiab 6 (3.8) 9 (3.0) 1.32 0.38-4.24 .59
Umbilical artery pH: ≥7.30a 68 (43.3) 142 (46.6) 0.90 0.59-1.36 .61
Neonatal respiratory distress 8 (5.1) 28 (9.2) 0.53 0.20-1.25 .14
No siblings (first child) 71 (45.2) 114 (37.4) 1.38 0.92-2.08 .11
Maternal age: ≥32 ya 86 (54.8) 166 (54.4) 1.01 0.68-1.52 >.99
Maternal body mass index before pregnancy: ≥21a 75 (47.8) 144 (47.2) 0.99 0.66-1.49 >.99
Maternal weight gain during pregnancy: ≥10 kga 78 (49.7) 153 (50.2) 0.95 0.63-1.42 .84
Maternal atopic diseasesc 73 (46.5) 120 (39.3) 1.34 0.89-2.01 .16
Maternal smoking 5 (3.2) 10 (3.3) 0.97 0.26-3.18 >.99
Paternal age: ≥33 ya 88 (56.1) 157 (51.5) 1.19 0.79-1.78 .43
Paternal atopic diseasesc 82 (52.2) 127 (41.6) 1.51 1.01-2.27 .04
Paternal smoking 53 (33.8) 99 (32.5) 1.05 0.68-1.61 .83
Domestic dog exposure at birth 19 (12.1) 45 (14.8) 0.80 0.42-1.45 .48
Domestic cat exposure at birth 14 (8.9) 16 (5.3) 1.77 0.77-3.98 .16
Maternal antibiotic use for treatment of chorioamnionitis
or prevention of GBS infectiond

23 (14.7) 44 (14.4) 1.02 0.56-1.81 >.99

Neonatal antibiotic usee 9 (5.7) 10 (3.3) 1.80 0.63-5.04 .22
No CMF ingestion in the first 3 d of life 13 (8.3) 18 (5.9) 1.46 0.64-3.25 .33
Allocation to the SPADE study’s CMF ingestion group at 1
mo of age

71 (45.2) 155 (50.8) 0.81 0.54-1.21 .32

Eczema occurrence within the first 6 mo of life 126 (80.3) 164 (53.8) 3.60 2.24-5.91 <.001
Continuous breastfeeding up to 6 mo of age 125 (79.6) 198 (64.9) 2.18 1.35-3.57 <.001

Abbreviations: CI, confidence interval; CMF, cow’s milk formula; GBS, group B Streptococcus; SPADE, Strategy for Prevention of Milk Allergy by Daily Ingestion of Infant Formula in
Early Infancy.
NOTE. Values are presented as number (percentage). P values were calculated using Fisher’s exact test.
aConverted to a binary variable with the median as the cutoff.
bNeonatal asphyxia refers to an Apgar score less than 7 points at 1 and/or 5 min after birth.
cAtopic diseases include food allergy, bronchial asthma, atopic dermatitis, and allergic rhinitis.
dIntrapartum antibiotic treatment for chorioamnionitis or intrapartum antibiotic prophylaxis to prevent the vertical transmission of GBS.
eAntibiotic use in newborns within the first 7 d of life.
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