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Abstract

Introduction Physical activity (PA) is a key factor of bone mass acquisition in peripubertal children. Sedentary behavior
(SB) has been shown to influence bone outcomes. This study aimed to examine the association between objectively measured
PA and SB and bone stiffness in Japanese children.

Materials and Methods Participants were fifth-grade children aged 10-11 years from Project Koshu. The stiffness index
(S1I) of the calcaneus was measured by quantitative ultrasound; PA and SB were evaluated by an accelerometer. Each PA
parameter was divided into sex-specific tertile or stratified by recommended PA guideline [> 60 min/day of moderate-to-
vigorous PA (MVPA)]. The SI was compared among PA and SB through analysis of covariance with Bonferroni correction.
Results Of 174 children, complete data were oblained from 134 (60 boys and 74 girls). The S1in boys was higher in the high-
est tertile of MVPA than that in the other groups. A similar association was found in girls but was not significant. Children
who met the PA guideline had higher SI than those who did not, but there was no significant difference. A negative relation
was observed in girls, with the SI gradually decreasing along with increasing SB (p for trend =0.038). This association was
not observed among boys.

Conclusion This study suggests that MVPA is positively associated with bone stiffness in Japanese schoolchildren in boys
and SB is negatively associated with that in girls. Reducing SB might be a brief modifiable factor for preventing lower peak
bone mass in girls, in addition to increasing MVPA.

Keywords Physical activity - Sedentary time - Quantitative ultrasound - Schoolchildren - Bone stiffness
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recommended guideline [10] of at least 60 min of moderate-
to-vigorous PA (MVPA) daily [11]. Among Japanese chil-
dren, 46.0% of boys and 69.4% of girls in fifth grade (aged
10-11 years) engage in exercise for less than 420 min/week,
not including that in physical education classes [12]. Hence,
the majority of Japanese school-aged children do not achieve
PA recommendations.

Moreover, in recent years, the time previously spent in
MVPA has been replaced by the increased time children
spend in sedentary behaviors (SB) characterized as screen-
based behaviors including watching TV, using computers/
smartphones, playing video games, and/or viewing social
media [13]. Independent of time spent on MVPA, SB has
been shown to influence several major chronic diseases and
all-cause mortality in adults [14, 15]. SB also contributes
to reduced physical and psychosocial health and that low
sedentary time leads to reductions in body mass index (BMI)
in children and adolescent [16]. Thus, the effects of SB on
several metabolic diseases have received much attention,
but little is known about the effect of SB on bone health
[17]. Recently, although several studies have indicated that
objectively measured SB is negatively associated with bone
outcomes in schoolchildren, there was insufficient evidence
to fully support an association [18]. Moreover, to the best
of our knowledge, no studies on the association of SB and
bone mass in Japanese peripubertal children are available.

Therefore, this study aimed to investigate whether objec-
tively measured PA, particularly MVPA, and SB are associ-
ated with bone stiffness in Japanese peripubertal children
as measured by calcaneus quantitative ultrasound (QUS),
which is valued for its high correlation with bone mineral
density (BMD) measurements [19] and is widely used for
bone measurement in schoolchildren, because it is radiation-
free and easy to measure [20].

Materials and methods
Participants

The participants were from Project Koshu, a community-
based prospective birth cohort study. Project Koshu is an
ongoing study (started in 1988) in which all expectant moth-
ers who responded to a survey during the obligatory visit at
the city office for pregnancy registration were recruited into
the cohort. The children were followed from birth onwards.
Further details of the project have been reported elsewhere
[21]. The bone mass survey for elementary school grade 4
to junior high school grade 3 {aged 9-15 years) has been
conducted every August and September since 2006 as part
of a survey of Project Koshu. The data of the present study
were based on an annual bone mass survey carried out in
2015 (n=836). A PA survey using an accelerometer as an
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extra module to the annual bone mass survey was conducted
for all fifth-grade children (r=287) in 13 schools in Koshu
City in December 2015. In this study, 174 children (82 boys
and 92 girls) who participated in both bone mass and PA
surveys were enrolled.

This study was approved by the ethics committee of the
Faculty of Medicine, University of Yamanashi (approval no.
1398), and conducted in accordance with the cooperation
of the Health Promotion Division and the Board of Educa-
tion of the Koshu City administration office. All principals
of participating schools provided ethical approval. All par-
ticipants provided their informed assent to participate, and
written informed consent was obtained from their guardians.

Measurements
Objectively measured PA and SB

PA and SB were measured with uniaxial accelerometers
[Lifecorder (I.C) GS; Suzuken, Nagoya, Japan] worn on
clothes over the right waist during waking hours for 2 weeks,
except when bathing, swimming, or while playing sports
with high risk of injury. LC is a well-accepted measure of
total daily PA in children and adults [22, 23]. Movement
counts were recorded in 2-min epochs. Activity data were
categorized by intensity into 11 levels (0, 0.5, and 1.0-9.0).
Level 0 indicates immobility and levels 0.5-9.0 reflect
movement by intensity level. In this study, the correspond-
ing MET values classified the activity intensity as sedentary
(0-0.5; < 1.5 METs), light (1-3; = 1.5 to <3 METs), moder-
ate (4-6; >3 to <6 METs), or vigorous (7-9; > 6 METs).
Continuous zero counts > 20 min was considered as not
wearing the LC and invalid data. Data recorded on the first
day were not included owing to some reactivity risks. Par-
ticipants were included for analysis if wear time was more
than 10 h per day and they had complete data for a mini-
mum of 4 days (3 weekdays and 1 weekend day). Individual
representative value of each PA parameter was calculated
by the following formula: (weekday average X 5 + weekend
day average x2)/7. Time spent in MVPA (>3 METs) was
calculated as the sum of both time in moderate and vigorous
activity. SB time was divided into sex-specific tertiles, as
cutoffs are not consensual. MVPA, light PA (LPA), moderate
PA (MPA), and vigorous PA (VPA) were also divided into
sex-specific tertiles and additionally classified as non-active
and active according to the PA guideline for children, which
recommends > 60 min/day of MVPA [10].

Bone stiffness index by QUS
Bone stiffness was assessed by QUS. QUS measurements

were performed with an Achilles A-1000 Insight (GE
Healthcare, Milwaukee, WI, USA). This portable device
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measures bone stiffness using ultrasound waves and pre-
sents three parameters: (1) broadband ultrasound attenuation
(BUA) reflects the absorption of sound waves (dB/MHz);
(2) speed of sounds (SOS) expresses the stiffness of a mate-
rial by the ratio of the traversed distance to the transit time
(m/s); (3) stiffness index (S1) is the automatically calculated
parameter that combines BUA and SOS values [ST=(0.66
TxBUA) +(0.278 x50S8) —417]. The SI of the right foot
calcaneus was used as the bone mass parameter in this study.

To equalize the measurement conditions, setup was com-
pleted 20 min before the start of measurement for children;
the room temperature at the time of measurement in each
school was controlled at 25-27 °C; calibration was per-
formed; and the stability of the measurement results was
confirmed. In addition, measurement was made according
to the standard procedure provided by the manufacturer,
and the real-time image of the calcaneus and the region of
interest were confirmed. The coefficients of variation (CVs),
evaluated by duplicate measurements in 215 children (aged
9-15 years), were 2.3% for BUA, 0.2% for SOS, and 2.0%
for SI.

Covariates

Age in month, body weight, calcium intake, puberty status,
and socioeconomic (SES) status were identified as potential
confounders based on the previous studies [7, 24].

Body composition measurements

Age and body weight of children were collected via physical
measurements taken during medical checkups conducted at
elementary schools, which are measured annually in April
for each grade, in accordance with Japanese School Health
and Safety Law. BMI (ke/m?) was calculated from height
and weight.

Calcium intake

Calcium intake was estimated from a self-assessment table
for calcium intake [25]. The table consists of questions ask-
ing the frequency of lack of meal and food intake of the
following nine items: milk, yogurt, dairy products, soy and
natto, tofu, green vegetables, seaweed, whole eatable fish,
and small fish.

The participants of this study were elementary schoolchil-
dren, and milk was provided daily at school lunch; hence, the
itemns related to milk intake frequency at school lunch were
added, and items related to whole eatable fish and small fish
intake were integrated. In addition, because breakfast skip-
ping is an important problem for elementary schoolchildren
[26], the lack of meal item was modified to asking breakfast
skipping as follows: eat everyday (3 points), sometimes do
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not eat occasionally (2 points), often do not eat (1 point), and
every day do not eat (0 point}). According to the frequency
of food intake, 0, 0.3, 1, 2, or 4 points are given, which adds
up to 0-3 points for the breakfast skipping item. It is scored,
so that 1 point becomes calcium intake equivalent to 40 mg,

Pubertal status

As an indicator of puberty development, the presence of
menarche and the school grade and month at first menarche
were obtained from the self-reported questionnaire. Pubertal
status was classified as dichotomous variables (pre- or post-
menarche) because of the low percentage of post-menarche
girls.

SES status

To assess family SES, the family affluence scale (FAS),
which has been validated in the European Health Behavior
in School-aged Children study [27], was used. The FAS is
based on four questions: family car ownership; number of
family trips per year; having one’s own bedroom; total num-
ber of computers at home. The scores on these four factors
were then summed to provide a continuous affluence vari-
able with possible scores ranging from 0 to 7. The scores
were classified into three levels: low (0-3), medium (4, 5),
and high (6, 7) [28]. The FAS is considered easy to com-
plete and an accurate, non-sensitive method of addressing
the issue of material affluence; hence, it has widespread use
in children’s surveys [29].

Statistical analysis

Data were analyzed separately for boys and girls based on
the results of a previous study that revealed sex differences
in bone mass [7]. Pearson’s correlation coefficient was used
to examine the relationship between the participants’ char-
acteristics and SI. Analysis of covariance was used to com-
pare the mean SI among PA and SB tertiles and active or
non-active. The analyses were adjusted for age in months,
body weight, calcium intake score, pubertal status (for girls),
wearing time of the accelerometer, and SES. The model for
SB analysis was additionally adjusted for time spent on
MVPA. Bonferroni correction was performed for multiple
comparisons. The p values for trend were calculated from
a linear model using the PA and SB tertiles as a continuous
variable.

All statistical analyses were performed using SPSS ver-
sion 19.0 (IBM Corp., Armonk, NY, USA). A p value <0.05
(two-sided) was considered statistically significant.
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Results
Participant characteristics

The flow of schools and participants is shown in Fig. 1.
A total of 174 children participated in the study. Of those,
children who had invalid accelerometer data (n=27) and
missing data (n = 13) were excluded. Therefore, 134 chil-
dren were included in the final analysis. There were no
significant differences between those with complete data
compared with the missing data, except for body height
in boys and weight and BMI in girls (Online Resource 1).
Table 1 shows the characteristics of the study participants
by sex. There were no differences between boys and girls
in bone parameter, calcium intake score, and family SES.
Boys had higher mean MVPA and VPA values. Girls were
less likely than boys to meet recommendations for PA
guidelines (= 60 min MVPA/day) and engaged in more
SB than boys.

Table 2 shows the Pearson’s correlation coefficients
between the characteristics of the participants and SI. In
boys, the correlation of SI with MVPA was highest, fol-
lowed by VPA, and then MPA. In girls, age (in months),
menarche, and body shape (height, weight, and BMI)
were in relatively high correlation with SI. Among physi-
cal activity levels, the correlation with SB was highest.

Enrollment in the bone mass survey
(Fourth to sixth grades of 10 ES
and First to Third grades of 3 JHS) (n = 836)

Absent at
) measurement (n = 17)
v
Participants of the bone mass survey
{Fourth to sixth grades of 10 ES

and First to Third grades of 3 JHS) (n =819)

h 4

Association of PA and SB with bone stiffness

Table 3 shows the associations of each PA intensity level
and whether or not it met the PA guideline and SI. The SIin
boys was significantly higher in the third tertile (highest) of
MVPA compared with the first (lowest) and second tertiles
(middle), and showed a positive association with time spent
on MVPA (p for trend=0.008). In girls, no significant dif-
ference was observed among the categories, but a positive
relation was observed, with the SI gradually increasing along
with increasing MVPA (p for trend =0.058). With regard to
SB, a negative relation was observed, with the SI gradually
decreasing along with increasing SB (p for trend=0.038)
in girls. No significant difference was observed among each
category for boys. Participants who met PA guideline had
higher SI compared with those who did not, but no statis-
tical significance was observed. The association of VPA
and MPA with SI showed a similar trend as MVPA and
SI, except for VPA in girls. No significant differences were
observed between LLPA categories and SI in both sexes.

Discussion

This study examined whether objectively measured PA and
SB were associated with bone stiffness in peripubertal chil-
dren. The results demonstrated that the highest tertile of
MVPA (approximately > 77 min MVPA/day) showed sig-
nificantly higher SI compared with the groups with <77 min

Enrollment in the physical activity survey
(Fifth-grade children of 13 ES)
(n=287)

L5 Deflined to participate
(n=9)

v
Participants of the physical aclivity survey
(Fifth-grade children of 13 ES)

(n=282)

h 4

Participants in both the bone mass and the physical activity surveys
(Fifth-grade children of 9 ES) (n=174)

Excluded from analyses (n = 40)

— » Invalid accelerometer data (n = 27)
» Missing covariate data (n = 13)
h 4
Participants included in analysis
(n=134)

Fig. 1 Flowchart of the participant selection of this study. ES elementary school, JHS junior high school
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Tabl.e.1 Characteristics of study Boys (n=60) Gitls (n="74) .
participants
Age (vears) 10.8+0.4 10.8+0.4 0.786
Age in month (monthg) 134.0+3.5 1343+3.3 0.657
Height (cm) 138.1+5.9 137.9+£5.9 0.899
Weight (kg) 33.1x6.7 323+53 0.445
BMI (ke/m?) 17.2+2.6 169+2.1 0.397
Bone parameters
S1 83.6+10.2 81.9+10.3 0.331
BUA (dB/MHz) 101.2+11.5 97.7+£10.9 0.079
S08S (m/fs) 1558.0+16.6 1560.3+21.4 0.500
Objectively measured PA and 5B
MVPA (min/day) 68.3+20.4 58.8+164 0.004
Vigorous PA (min/day) 27.4+12.8 20.8+8.5 0.001
Moderate PA (min/day) 40.9+11.3 381+11.0 0.141
Light PA (min/day) 104.4+21.9 985+19.9 0.102
SB (hours/day) 7.2+09 7.7+0.% 0.003
Meeting guideline (>60 min/day MVPA) 38 (63.3) 34 (45.9) 0.045
‘Wearing time of accelerometer (h/day) 13.6+0.9 13.9+0.8 0.048
Caleium intake score (points) 15.4+5.1 14.3+4.4 0.172
Menarche - 9(12.2) -
Family SES
Low 7L 7(9.5) 0.909
Middle 16 (26.7) 21(28.4)
High 37 (61.7) 46 (62.2)

Values are presented as mean + standard deviation or n (%)

The ¢ test was used for continuous variables, and the Chi-square test was used for categorical variables

BMI body mass index, 57 stiffness index, BUA broadband ultrasound attenuation, SOS speed of sounds,
PA physical activity, SB sedentary behavior, MVFPA moderate-to-vigorous physical activity, SES socioeco-

nomic status

Table 2 Pearson’s correlation coefficients between participant charac-
teristics and bone stiffness index

Boys (rn=060) Gids (n=74)

r 2 r P
Age {(months) 0.187 0.152 0.223  0.056
Height (em) 0.160 0.222 0.240  0.040
Weight (kg) 0.113 0.3%1 0.261 0.025
BMI (kg/m?) 0.077 0.559 0.193  0.08%
MVPA (min/day) 0.361 0.005 0.162 0.167
Vigorous PA (min/day) 0.326 0.011 0.112 0342
Moderate PA (min/day) 0.281 0.030 0.155 0.188
Light PA (min/day) 0.136 0.300 -0.012 0520
5B (h/day) -0.093 0482 -0.207 0.077
Caleium intake score (points) —0.049 0709 -0.097 0410
Menarche - - 0.195  0.095
Family SES (points) -0.034 0797 -0.125 0290

BMI body mass index, MVPA moderate-to-vigorous physical activity,
PA physical activity, SB sedentary behavior, SES socioeconomic sta-
tus
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MVPA/day in boys. Although no significant association with
MVPA was found in girls, there were positive dose-response
trends across MVPA levels for SI in both boys and girls.
Meanwhile, a negative trend was observed in the association
between SB and SI in girls, but this trend was not observed
in boys.

Several systematic reviews have provided solid evidence
for the effects of PA interventions on bone mass acquisition
in children [8, 30], and the best (grade A) evidence was
assigned for the benefit of PA and exercise on bone mass and
density in the peripubertal period [7]. Furthermore, many
studies have also reported positive associations between
the objectively measured habitual MVPA and bone density
[30-38] and ultrasound bone measurement (SI) [39-41],
especially in VPA [42, 43]. The results of this study were
consistent with those of previous studies in boys. However,
no significant difference was observed in girls. This may
be explained by the difference in PA intensity between
boys and girls, aside from limited statistical power. Despite
the importance of high-impact and weight-bearing PA in
increasing bone mass [3, 9], the time spent in MVPA by girls
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Table3 Association between physical activity intensity level and bone stiffness index

Boys Girls
R Cut points 81 95% CI * b Cut points SI 95% CI p*
(min/day) (min/day)
MVPA (min/day)
First tertiles (lowest) 20 <57 80.6 (76.1-85.0) 0.023 24 <52 80.1 (76.1-84.1) 0.175
Second tertile 20 57-77 80.8 (76.4-85.2) 0.029 25 52-64 80.1 (76.1-84.2) 0.195
Third tertile (highest) 20 >T77 89.5 (84.9-94.0) 25 >64 85.6 (81.5-89.6)
p for trend 0.008 p for trend 0.058
5B (h/day)
First tertile (lowest) 20 <6.8 83.7 (78.4-88.9) 1.000 24 <7.2 85.4 (80.8-90.0) 0.114
Second tertile 20 6.8-7.7 83.6 (78.9-88.3) 1.000 23 7.2-8.1 82.5 (78.6-86.4) 0.378
Third tertile (highest) 20 >7.7 83.5 (78.4-88.7) 25 >8.1 77.8 (73.4-82.3)
7 for trend 0.969 p for trend 0.038
Meeting PA guideline
Not meeting 22 <60 80.8 (78.9-88.3) 0.128 40 <60 79.9 (76.8-83.1) 0.082
Meeting 38 >60 85.2 (78.4-88.9) 34 >60 84.1 (80.7-87.3)
VPA (min/day)
First tertile (lowest) 20 <20 79.9 (75.2-84.7) 0.044 24 <16 82.2 (78.2-86.3) 1.000
Second tertile 20 20-32 82.2 (77.7-86.8) 0.153 25 16-22 79.2 (75.1-83.3) 0.276
Third tertile (highest) 20 >32 88.6 (84.0-93.2) 23 >22 84.1 (80.1-88.1)
p for trend 0.015 p for trend 0.523
MPA (min/day)
First tertile (lowest) 20 <37 81.6 (77.9-86.2) 0.125 24 <31 79.2 (75.2-83.2) 0.090
Second tertile 20 3745 80.8 (76.1-85.6) 0.095 23 3142 80.9 (76.9-84.9) 0.356
Third tertile (highest) 20 >45 88.4 (83.7-93.0) 25 >42 85.4 (81.5-89.3)
p for trend 0.042 p for trend 0.030
LPA (min/day)
First tertile (lowest) 20 <94 82.7 {77.7-87.6) 1.000 24 <88 80.3 (76.0-84.5) 0.946
Second tertile 20 %4-116 82.7 (77.8-87.6) 1.000 23 88-107 81.9 (77.8-86.0) 1.000
Third tertile (highest) 20 >116 85.4 {80.3-90.5) 25 > 107 83.4 (79.1-87.6)
p for trend 0.462 p for trend 0.315

Values are presented as adjusted mean and 95% CI

The models adjusted for age in month, body weight, calcium intake score, family socioeconomic status, wearing time of accelerometer,
menarche (on girls’ model), and time spent on MVPA (on SB model) using analysis of covariance

ST stiffness index, CI confidence interval, PA physical activity, MVPA moderate-to-vigorous PA, MPA moderate PA, VPA vigorous PA, LPA light

PA

*p value compared with T3 after Bonferroni correction

was less than that by boys. Thus, boys and girls in the same
tertile were not exposed to the same amount of time spent
in MVPA. Especially for VPA, the difference among tertile
groups in girls was smaller compared with those of boys.
In our study, although there was no significant difference,
active children who met the PA recommendations (> 60 min
MVPA/day) had higher SI than non-active children. Unfor-
tunately, very few studies have examined the association
between meeting PA guidelines using objectively measured
MVPA and bone mass in children. Similar to our study, no
significant differences were observed in the reports of ado-
lescents who participated in the HELENA study [44]. They
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also showed that more than 78 min of MVPA and more than
32 min of VPA were associated with increased BMD at the
femoral neck. Coincidentally, since the cut point is almost
the same value with our findings in boys, it may be impor-
tant for Japanese children to also spend 60 min or more on
MVPA to obtain high bone mass. Further studies focused on
detecting the optimal dose of habitual PA on bone accrual in
Japanese children are needed.

Regarding the association between SB and bone health
in schoolchildren, a recent systematic review has indicated
that objectively measured total SB was negatively associ-
ated with lower extremity bone outcomes such as femoral
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neck BMD, independent of MVPA [18], used dual-energy
X-ray absorptiometry (DXA) and QUS. In the two European
reports that examined objective SB and SI in peripubertal
children using QUS [39, 41], SB showed a negative relation-
ship with SI, but did not examine those association stratified
by sex. Therefore, the reason for the difference between boys
and girls observed in this study is unclear, but it may be
due to the difference in PA intensity. The previous studies
indicated that MVPA was associated with a 3.3 times greater
increase in femoral neck BMD compared with reducing sed-
entary time, suggesting that 1 h less of sedentary time per
day has the same effect as 18 min of MVPA inboys [15, 37].
Thus, in our study, the positive effect of MVPA may exceed
the negative impact of SB in boys. Meanwhile, in girls, since
significant associations were observed even after adjusting
for MVPA, a combination of increasing MVPA and decreas-
ing SB is recommended for girls with low MVPA.

Strength and limitations

To the best of our knowledge, this is the first study to indi-
cate associations between objectively measured PA and
SB and bone stiffness in Japanese children. However, our
study had the following limitations. First, the participants
of this study were relatively small in number and limited to
one rural area. Therefore, the observed findings might have
incurred type 2 errors due to inadequate power to detect
significant differences, and the conclusions cannot be gen-
eralized to all Japanese children. Future studies with differ-
ent populations and more participants are required. Second,
because the study design was cross-sectional, the findings
of this study cannot provide causality. Further longitudinal
studies are needed. Third, assessment of bone mass utilized
QUS instead of DXA, which is a standard diagnostic method
for osteoporosis. Regarding the clinical usefulness of QUS
in children, insufficient evidence has been reported to sup-
port other clinimetric properties [43, 46]. However, QUS
is correlated with DXA in children and is used as a valid
tool for predicting the risk of osteoporosis fractures [19,
47]. In addition, because QUS is a quick, low-cost, port-
able, and safe device, it is more suitable for measuring the
bone mass of a large number of children at school than DXA
[46, 47]. Therefore, using QUS to examine factors related to
increasing PBM in children can contribute to the prevention
of osteoporosis and has public health significance. Fourth,
assessment of the pubertal stages in girls was not sufficient
and that in boys did not provide any information. Although
menarche has been evaluated in girls, the stage of maturity
at this time contributes strongly to bone mass [7]; therefore,
it should use a more detailed evaluation method, such as the
Turner stage [48]. Finally, although we adjusted for several
important confounders, we could not exclude unmeasured
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confounding variables, such as genetic factors and dietary
information other than calcium intake.

Conclusion

This study suggests that objectively measured MVPA is pos-
itively associated with bone stiffness in Japanese school chil-
dren in boys and SB is negatively associated those in girls.
Although longitudinal or intervention studies are needed,
recucing SB might be a brief modifiable factor for prevent-
ing lower PBM in girls, in addition to increasing MVPA.
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Abstract: Tooth agenesis and disturbance of tooth eruption is the most prevalent oral defect, and is
possibly caused by the interaction of genetic and environmental factors. We hypothesized that prenatal
factors may affect tooth development. The objective of this study was to examine whether smoking
during pregnancy was associated with missing teeth in the offspring during adolescence. The study
population comprised pregnant women and their children registered (N = 1052) at Koshu city, Japan.
When the expectant mothers visited the city office for pregnancy registration, a survey was conducted
to ascertain their lifestyle habits. Data on missing teeth in the children were obtained from the
compulsory dental health checkup during junior high school years. Multivariate logistic regression
models were fitted to assess the association between missing teeth and lifestyle habits. A total of
772 children were studied. The prevalence of missing teeth in these children was 4.9%. Children whose
mothers smoked six cigarettes or more per day were 4.59 (95% CI: 1.07-19.67) times more likely to
present with missing teeth than those children whose mothers did not smoke, after adjustment for
possible confounders. Our findings indicate that smoking during pregnancy can be a risk factor for
missing teeth in the offspring.

Keywords: cohort studies; Hypodontia; malocclusion; tobacco

1. Introduction

Malocclusion, which is a developmental disorder of the jaws and teeth, can play an important role
in both social interactions and functions [1]. A disproportionate number of teeth, which is one type of
malocclusion, induces an unharmonious arrangement, such as crowding or spacing, in the dental arch,
which clinicians must consider when making orthodontic and other treatment plans [2]. It also affects
appearance, which may affect an individual’s self-esteem, communication, and quality of life [3,4].
Patients with missing teeth may suffer from further complications, such as periodontal damage, lack of
alveolar bone growth, impaired chewing ability, and inaccurate pronunciation [5,6]. Malocclusion
has also been associated with common physical symptoms, such as headache [7], and poor academic
performance among adolescents [8].

The etiology of missing teeth, that is, a disturbance of tooth development (i.e., tooth agenesis or
disturbance of tooth eruption), especially of the permanent teeth, remains unknown. The etiology
of tooth agenesis includes genetic factors, environmental factors, or a combination thereof [9-12],
while the etiology of a disturbance of tooth eruption may include systemic factors, local factors,
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as well as genetic factors [13-16]. For example, prolonged retention of a deciduous tooth due to failure
of deciduous tooth resorption, abnormal an eruptive path, the presence of a supernumerary tooth,
or anomalous position of a tooth {e.g., tilting, displacement, transmigration), can disturb the eruption
of permanent teeth.

In human fetuses, deciduous tooth development starts around the sixth week of gestation as
a morphologically distinct thickening of the oral ectoderm, called the dental lamina, and the first
permanent tooth germs are observed between the 10th and 13th weeks of gestation [17]. Permanent
tooth development involves tooth formation and eruption. All of the permanent teeth, except for the
third molars, typically have erupted by age 13; thus, exposure to unfavorable factors during the critical
period may disturb tooth development [18]. Tooth development depends on a series of inductive
events involving genes coding for growth factors, such as those of the FGF, BME, Wnt, and Hedgehog
families, which regulate epithelial-mesenchymal interactions [19], and whose function can be regulated
by environmental factors, such as anticancer drugs or antibiotics [20] or infections during pregnancy
(such as rubella) [21], and maternal smoking during pregnancy [22].

Among several possible environmental risk factors for disrupted tooth development, maternal
smoking during pregnancy warrants investigation, because previous studies have revealed a robust
association between smoking during pregnancy and cleft lip and palate [23]. Thus, we hypothesized
that maternal smoking during pregnancy would have adverse effects on tooth development, such as
missing teeth, in the offspring. A previous study showed an association between maternal smoking
during pregnancy and their children’s tooth agenesis; however, that study was a retrospective,
hospital-based, case-control study, which may have been prone to recall bias [22].

To address the shortcomings of the previous study, in this prospective longitudinal,
population-based study, we examined environmental factors, particularly during early pregnancy,
that were associated with missing teeth.

2. Materials and Methods

2.1. Participants and Study Design

In Japan, pregnant women must register at a city office, and after delivery, the children must be
registered by their parents. The study population recruited pregnant women who registered at the city
office in Koshu city, Yamanashi prefecture, [apan, between 2 April 1996, and 1 April 1999, and between
2 April 2000, and 1 April 2003, as well as their children. The subjects were participants of Project Koshu
(formely Project Enzan), a dynamic, ongoing prospective cohort study consisting of pregnant women
and their children from a rural area in Japan, which commenced in 1988. Koshu city has a population
of 27,000, with about 200 births per year. We expected a high-follow-up rate in this project because
most of the population in this city have not migrated elsewhere, and used part of the data obtained
from this project in the current study.

For this study, when pregnant women registered at the city office, they were invited to complete a
questionnaire survey to ascertain their lifestyle habits, after obtaining informed consent. Over 95% of
expectant mothers in Koshu city registered before 16 weeks of pregnancy. The children were followed
from birth onwards. Next, we obtained data regarding the gestational age at birth and the birth weight,
which had been recorded in the Maternal and Child health handbook (boshi-techo) by the obstetrician
or midwife in charge of delivery, when the children underwent a medical checkup at school at the
age of 12-15 years. In this study, we approached all students (N = 1342) enrolled in three junior high
schools in Koshu city (formely Enzan city), except for the students who were absent on the day of the
dental examination. The corresponding data from the pregnancy period were prospectively followed
(N =772, follow-up rate: 73.3%).

This study was approved by the Ethical Review Board of Tokyo Medical and Dental University
{(No.1171) and the University of Yamanashi, School of Medicine (No. 332). We followed STROBE guidelines.
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2.2. Smoking during Pregnancy

At their first pregnancy checkup, pregnant mothers were asked about their smoking status during
pregnancy using a self-reported questionnaire that included questions about their smoking status
before and during pregnancy (current or not) and the number of cigarettes they smoked per day.
Those mothers who had smoked before but not during pregnancy were classified as ex-smokers.
Those who smoked during pregnancy were classified as current smokers, and sub-grouped according
to the number of cigarettes smoked daily: 1-5 and =6 cigarettes per day. Participants with missing
information about maternal smoking status during pregnancy were excluded from the analyses.

2.3. Assessment of Missing Teeth

Missing teeth were assessed by three orthodontists from the Department of Maxillofacial
Orthognathics of Tokyo Medical and Dental University, as a part of compulsory dental health
checkups at junior high schools in Koshu city. Participants were examined under ambient lighting
while seated in chairs. Orthodontic treatment history and extracted history due to caries or other
reasons was ascertained by interviewing the participants. Missing teeth were diagnosed when one
or more permanent teeth, other than third molars, were missing. The outcome variable was binary
{(having one or more or having no missing teeth).

2.4, Covariafes

Maternal lifestyle during pregnancy was considered on the basis of a life course perspective about
the development of oral disease [24]. Thus, the following possible covariates were obtained from the
questionnaire: Sex of the child, gestational age (full term, <37 weeks), maternal body mass index
(BMI) before pregnancy (normal weight, overweight: 25-30 kg/m?, obesity: >30 kg/m?+), maternal
age at delivery (<20, 21-30, 3140, »40 years), maternal education (junicr high school or high school,
some college education, college or more), alcohol consumption during pregnancy (ves, no), paternal
smoking during maternal pregnancy (yes, no), and maternal breakfast consumption habits (every day,
3-5 times a week, 1-2 times a week, none).

2.5. Statistical Analysis

The associations between missing teeth and possible risk factors were analyzed using multiple
logistic regression. Maternal smoking habit status was categorized into three levels (never and stopped
smoking before pregnancy, sustained smoking during pregnancy 1-5, or smoking = 6 cigarettes/day).
The regression model was adjusted for covariates, including the child’s sex and gestational age,
and variables showing significant association with maternal smoking, except for maternal drinking,
due to the limited sample size. The significance level was set at p < 0.05 (two-sided). All analyses were
conducted using the Stata/SE 14.0 software package (STATA Corporation, College Station, TX, USA).

3. Results

A total of 772 children were studied. Table 1 shows the distributions of sociodemographic
characteristics, sex, grade, birth weight, gestational age, delivery, maternal BMI, maternal age at
delivery, parental education, and maternal exposures during pregnancy stratified by maternal smoking
during pregnancy. The prevalence of missing teeth in these children was 4.9%. The percentage of
mothers who smoked during early pregnancy was 6.0%. Regarding covariates, a higher number of
younger mothers than older mothers were observed among participants who smoked during pregnancy.
Lower levels of parental education were associated with increased maternal smoking during pregnancy.
In general, mothers who smoked during pregnancy were more likely to have spouses who smoked
heavily, to drink alcohol during pregnancy, and to skip breakfast. Sex, birth weight, gestational age,
and maternal BMI were not associated with maternal smoking status during pregnancy, as determined
via the Chi-square test.
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Table 1. Comparison of sociodemographic characteristics between those with missing teeth and those
with non-missing teeth.

Missing Teeth (-) Missing Teeth (+)

Characteristics p for Chi-Square Test
(n = 734: 95.1%) (n = 38: 4.9%)
1 0/0 n 0/0
Sex
Male 400 54.5 19 50.0
Female 334 455 19 50.0 98
Grade
1 228 31.1 8 21.1
2 265 36.1 16 421 Bl
3 241 32.8 14 36.8
Time of registration of pregnancy
Early (<16 gestational weeks) 623 94.3 30 88.2 015
Late (16 gestational weeks+) 38 5.7 4 11.8 '
Birth Weight
Normal (2500 g+) 673 93.1 33 91.7 075
Low (<2500 g) 50 6.9 3 8.3 ’
Gestational age
Full term (37 weeks+) 689 954 33 91.7 0.30
Preterm (<37 weeks) 33 4.6 3 8.3 ;
Delivery
Normal 539 80 25 73.5
Caesarean 111 16.5 9 26,5 0.19
Suction 24 3.5 0 0.0
Maternal age at delivery
<20 years 6 0.8 1 2.6
21-30 years 362 49.7 19 50.0 057
31-40 years 346 47.6 18 47.4 ’
40+ years 14 1.9 0 0.0
Duration of Exclusive breastfeeding
Never 45 6.3 2 5.7
<6.0 months 547 76.8 30 85.7 0.42
6.0 months+ 120 16.9 3 8.6
Maternal Education
JHS or HS 288 447 16 47.1
Some college 268 41.6 16 47.1 0.42
College or more 88 13.7 2 5.8
Paternal Education
JHS or HS 312 48.6 21 61.8
Some college 93 14.5 4 11.8 0.32
College or more 237 36.9 9 264

JHS, junior high school; HS, high school.

Figure 1 shows selection of the participants for the study. The adjusted odds ratios (ORs) and
95% confidence intervals (Cls) for the maternal factors that were associated with missing teeth are
presented in Table 2. According to the crude model, maternal smoking of 6 or more cigarettes per day
during early pregnancy was associated with missing teeth in their offspring (OR: 3.47, CI: 1.14-10.56),
relative to mothers who did not smoke during pregnancy. After adjusting for covariates, maternal
smoking of 6 or more per day cigarettes during early pregnancy remained significantly associated
(OR: 4.59, CI: 1.07-19.67). Furthermore, although non-significant, mothers who smoked 1-5 cigarettes
per day during pregnancy alsc showed a tendency for missing teeth in the offspring (OR 2.80,
CL: 0.52-15.06), suggesting a dose-response association between maternal smoking during pregnancy
and missing teeth in the offspring (p for trend = 0.024). Figure 2 shows the adjusted difference (with 95%
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confidence intervals) according to maternal smoking categories (6 or more per day cigarettes) during

early pregnancy.

Children born in Koshu city from 1996 to 1998
and from 2000 to 2002, and their mothers

N=1,061
| No response to questionnaire about maternal
> smoking status during pregnancy
l N=9
Response to maternal smoking status during
pregnancy
N=1052

Not followed by moving or not attending to a
. dental health check-ups at junior high schools

l - N=280

Attended a dental health check-ups
at junior high schools

N=772
Figure 1. Case selection flow chart.
Sustained smoking during pregnancy (1-5 per day) = L
6+ per day - D
Sex —§—
Gestational age — L 2
Maternal BMI before pregnancy — ——
Maternal age at delivery — -—
Maternal Education o«
Paternal smoking status = -o—
Maternal breakfast comsumption — T
I | I I I
0 5 10 15 20

Odds ratio

Figure 2. Adjusted odds ratios for missing teeth.
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4. Discussion

In this study, we found an association between perinatal environmental factors, such as exposure
to maternal smoking, and missing teeth. The association remained statistically significant even after
adjusting for potential confounding variables. Additicnally, as the demonstration of a dose-response
effect is an important and powerful proof of causation of a condition by an exposure, our finding of
a statistically significant dose-response trend with increased odds of missing teeth with increased
maternal cigarette smoking during pregnancy is important.

This study adds to the body of knowledge by showing the association between maternal smoking
and missing teeth in the offspring using a population-based sample. Al-Ani et al. showed that
maternal smoking during pregnancy is associated with offspring tooth agenesis using a hospital-based
sample [22]. That study was based on self-reported exposure; therefore, the data could have been
influenced by recall bias. We performed a retrospective cohort study, in which we linked maternal
perinatal data with dental checkup data of the children in junior high school, to clarify the association
between maternal smoking during pregnancy and having a child with missing teeth. Such an association
in a birth cohort study has not been reported previously.

The detailed etiology of missing teeth remains unknown, although it is well-established that
it invelves a combination of genetic and environmental factors. Exposure of children to tobacco
components during fetal development and exposure to environmental tobacco smoke is presumed be
the most common and dangerous environmental exposure experienced by children, and hence it has
attracted considerable attention [25,26]. Toxic tobacco compounds might alter the expression of genes
involved in the development of teeth and cranial bone due to changes in DNA methylation, which have
been observed in women who smoke during pregnancy [27]. Several studies have investigated whether
maternal smoking increased the risk of having offspring with cleft lip and palate [23,28,29]. Additionally,
both carbon monoxide and nicotine exposure, commonly produced by cigarette smoking, can produce
tissue hypoxia [30].

Specific developmental cascades are common to the morphogenesis of both teeth and some
craniofacial structures. Maxillofacial structures, such as bone, nerve, and connective tissues, are all
generated from neural crest cells [18]. These cells undergo epithelial to mesenchymal transformation
and migrate to various locations in the body where they contribute to the formation of a wide variety
of tissues. The mechanism by which maternal smoking during early pregnancy may underlie the
offspring’s missing teeth may involve the following. First, neural crest cells are exposed to oxidative
stress, caused by smoking, during the tooth developmental stage. Neural crest cells are very sensitive
to oxidative stress [31], and it is accepted that smoking during pregnancy increases levels of oxidative
stress [32]. It is possible that the additional carbon dioxide caused by the poor oxygenation involved
with smoking may lead to acidosis, which in turn could disturb tooth development. Other studies have
concluded that increased cigarette smoking during pregnancy resulted in increased odds of having a
child with cleft lip and palate [23]. Oxidative stress by maternal smoking may thus prevent proper
development of neural crest cell-derived deciducus teeth and permanent teeth; consequently, it is
reasonable to suppose that oxidative stress, due to maternal smoking during pregnancy, contributes to
missing teeth in the offspring.

Second, nicotine is considered to be a key teratogenic substance that alters and delays embryonic
development [33]. Depending on the amount of nicotine absorbed during smoking, contraction of the
arterioles, decrease in blood flow velocity in the capillary blood vessels, and inhibition of supply of
oxygen and nutrients to the surrounding tissues could lead to tissue injury [34]. Nicotine exposure
during pregnancy is reported to increase the risk for oral cleft lip and palate. Additionally,
nicotine ingested by the mother can pass through the placenta and affect the fetus in mice [34].
Maternal smoking during pregnancy restricts the blood flow in the vascular beds of the placenta [35].
The oxygen deficiency in the placental circulation can result in chronic fetal hypoxia and subsequent
fetal growth retardation, which may hinder proper development of teeth during the development
stage [36]. Nicotine may also interfere with reciprocal induction between ectomesenchymally-derived
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tissues and oral ectoderm, disrupting subsequent normal tooth development. Furthermore, at the
cellular level, nicotine impairs angiogenesis and the proliferation of erythrocytes; fibroblast proliferation
and adhesion, collagen synthesis, and osteogenesis [37], while it also induces osteoblastic apoptosis and
increases osteoclastic activity [38]. Considering these effects, it is reasonable to suppose that nicotine
affects resorption of the deciduous teeth or normal eruption of the permanent teeth.

The current study had several strengths. First, we used a population-based prospective dataset
and had a high follow-up rate; thus, we can generalize the evidence at least to the population of
Koshu city in Japan. There has been no other nationwide community-based study examining the
effect of smoking status during pregnancy on missing teeth in the offspring, while simultaneously
controlling for confounding factors, which may have influenced the results of previous studies. We used
a self-reported questionnaire at the time when mothers realized that they were pregnant; thus, the study
was not subject to recall bias. It is likely that we minimized the biases of exposure measurements.
Therefore, this study provided valuable evidence supporting the importance of cessation of maternal
smoking before and during pregnancy.

However, our study was not free of limitations. First, this study assessed smoking by self-report,
and therefore socially desirable bias, that is, underestimation, is possible. Nevertheless, recent studies in
other countries showed that self-reported smoking status was a valid marker for tobacco exposure [39].
Second, we did not obtain the site of missing teeth; nevertheless, recent studies showed that most
pregnant women who smoked at week 16 of gestation continued to smoke throughout pregnancy [40];
thus, these adverse effects were likely to have been present throughout tooth development from the
initiation of tooth eruption. Third, there may be other unmeasured or residual confounding factors,
such as diet during pregnancy, other lifestyle factors involving various settings, or time of smoking
cessation and change in smoking habits, that cannot be ruled out. Fourth, we did not measure
maternal smoking status objectively. Further studies incorporating standardized assessment, such as
the Fagerstrom test, are needed. Another important limitation is the low number of cases with missing
teeth, which led to wide confidence intervals, suggesting lower precision and wider variance of
the results.

5. Conclusions

In conclusion, we found a statistically significant risk of missing teeth in the offspring
whose mothers smoked during pregnancy. Our findings provide further support for the current
recommendation of abstinence from smoking during pregnancy, based on the notion that there is no
known safe threshold of maternal smoking during pregnancy. Future studies should seek insights into
the biological effect of maternal smoking on tooth development and the eticlogy of missing teeth.
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