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suPPleMental Methods 1

The Bayesian hierarchical piecewise 
regression is an individual-based 
growth curve modeling technique 
in which the continuous, nonlinear 
response over time parameterized 
interpretable model parameters 
while adequately accounting for 
individual variability in different key 
aspects of its development.

Compared with traditional 
individual-based multilevel growth 
models, in which the continuous, 
nonlinear response over time is often 
empirically specified as a higher-
order polynomial function of age and 
assumes constantly changing growth 
rates, the piecewise formulation 
of the growth model allows for the 
modeling of individual change in 
BMI levels (and between-person 
variability in BMI change over 
time) in terms of meaningful and 
biologically relevant parameters 
that map onto known key aspects of 
the development of BMI from youth 
to adulthood. Indeed, it has been 
shown that after adiposity rebound 
(which occurs normally between 5 
and 6 years of age), BMI increases 
approximately linearly as a function 
of age in youth and switches to a 
slower linear rate after puberty.39, 40  
This growth modeling approach 
also avoids some of the well-
known numerical limitations of the 
polynomial growth model.

Consistent with well-established 
between-sex differences in the 
development of BMI between 
youth and adulthood in normal 
weight individuals, 61,  62 exploratory 
analyses suggest sex differences 
in BMI patterns over age in the 
YFS sample when participants 
were stratified according to their 

obesity resolution status. We did 
not include BMI measures made in 
3-year-olds in 1980 in the trajectory 
analyses because only 4 and 5 BMI 
observations were made at this age 
in some of the groups of interest, 
which was not sufficient to reliably 
estimate a trajectory. In addition, 
the 3-year gap until the subsequent 
follow-up for this birth cohort would 
have prevented the modeling of BMI 
turning points of adiposity rebound 
that usually occurs at ∼5 years old, 37,  63  
so we focused on modeling BMI 
trajectories between ages 6 and 49 
years.

Because the focus in the present 
article is the comparison of BMI 
response profiles between a priori–
determined groups (ie, by BMI 
status change between youth and 
adulthood and by sex), the grouping 
variables in this approach were 
treated as predictors of 4 parameters 
describing the developmental 
trajectories of BMI so that part of 
the subject-to-subject variability in 
different aspects of the change in BMI 
over time is explained by belonging 
to 1 group or the other. In addition, 
we estimated sex- and group-specific 
means for the trajectory parameters 
to simultaneously adjust for any 
potential cohort effect on the BMI 
trajectories by including the centered 
year of birth of each participant as 
a Level 2 covariate (ie, year of birth 
is centered around 1962, the year 
of birth of the older cohort in the 
sample). This strategy considers 
that the fixed growth parameters 
potentially vary linearly with year of 
birth, which is a simpler alternative 
than allowing for a completely 
different time trend in the response 
for each of the 6 birth cohorts.64

The model can be written as follows:

Level 1 model:  (1.1)
 BM I  ij   =  b  0i   +    b  1i   ag  e  ij    . (1 −  u  C P  i  

  (ag  e  ij   ) ) 
 +    b  2i    (  ag e  ij   − C  P  i   )    .  u  C P  i      (  ag  e  ij   )    +  ε  ij   

Level 2 model: (1.2)
   b  0i   =  β  0k   +  β  0yob   YO  B  i   +  v  0i   

   b  1i   =  β  1k   +  β  1yob   YO  B  i   +  v  1i   

   b  2i   =  β  2k   +  β  2yob   YO  B  i   +  v  2i   

  C  P  i   = C  P  k   +  β  CPyob   YO  B  i   +  v  CPi   

And: (1.3)
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 BM  I  ij    is the BMI response of 
participant i at age j.   u  C P  i  

  (ag  e  ij  ) is 
a unit heavy-side step function in 
which   u  C P  i  

  (ag  e  ij  ) = 1 if  ag  e  ij   ≥ C  P  i   
and   u  C P  i  

    (  ag  e  ij   )    = 0 if  ag  e  ij   < C  P  i   .  
Each participant (i) belongs to a 
single group (k ) (k = 1…8), which 
identifies individual sex and  
obesity status group (Supplemental 
Table 5).

  β  0k   ,   β  1k   ,   β  2k    and  C  P  k   in (1.2.) are the 
expected trajectory parameters:   
β  0k   , the intercept, is the expected 
BMI at 25 years of age in group 
k given the participant is in the 
first phase of growth (  b  1K   );   β  1k   ,  
S1 can be interpreted as the rate of 
change in BMI in the first phase of 
development;   β  2k    is the deviation 
between the S1 and S2 (S2 = adult 
rate − S1); and CP is for each sex and 
obesity status group k. Respectively,   
β  0yob   ,     β  1yob   ,   β  2yob   , and   β  CPyob   are the 
expected linear increase in each 
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trajectory parameters for each 1-year 
increase in year of birth.

  ε  ij   is the Level 1 residual (ie, random 
within-person error for person 
i at age j and independent and 
normally distributed [ie,   ε  ij  ~iid N  (  
0,   σ  e  2  )    ]), and   v  0i   ,   v  1i   ,   v  2i   , and   v  CPi    are 
the Level 2 random deviations for 
person i from the group on initial 
BMI levels, rates of increase in 
BMI, and age at CP after controlling 
for group differences in the mean 
trajectory parameters. These random 
effects are multivariate normally 
distributed with 0 as the mean and 
variances of   σ  v0  2   ,     σ  v1  2   ,   σ  v2  2   , and    σ  CP  2    , 
respectively, and the full covariance 
matrix is shown in 1.3. The variance-
covariance matrix is not group 
specific but is estimated for the 
entire sample (N = 2717 participants) 
because some of the k groups had 
<60 participants.

This parameterization of the model 
with group-specific trajectory 
parameters is equivalent to the 
more traditional parameterization 
that introduces group differences 
in the marginal growth parameters 
by considering group-specific 
deflections from the population 
average for each growth parameter.41

Note that the equations shown above 
are for a sex- and group-adjusted 
model (ie, 8 group models). To decide 
whether potential sex heterogeneity 
needed to be accounted for in the 
trajectory model within obesity 
groups (ie, whether there is a group 
and sex interaction in each growth 
parameter), we initially fitted 3 
Bayesian hierarchical piecewise 
regression models with different 
Level 2 submodels: 1 with BMI 
group-specific growth parameters 
and no adjustment for sex (Model 1), 
1 in which growth parameters were 
allowed to vary by BMI status group 
with a main effect of sex (ie, additive 
Model 2), and 1 in which all BMI 
group-specific parameters were also 
allowed to vary by sex (Model 3: sex-
by-BMI status group interaction).

In concordance with data exploration, 
2 commonly used Bayesian indices of 
model fit, the deviance information 
criteria65 and the Bayesian posterior 
predictive P value (based on the sum 
of model residuals as a discrepancy 
measure41), indicated that the sex-
specific model (Model 3) was a better 
fit than models that ignored potential 
developmental differences within 
an obesity group between male and 
female subjects despite being more 
complex. Thus, we only present the 
model parameters estimated for this 
more complex model throughout the 
article.36

One of the advantages of using Monte 
Carlo Markov chain techniques is that 
new samples of marginal posterior 
distributions of new variables can 
be derived from the chains obtained 
in the Gibbs sampling process. 
Thus, to compare parameters 
from 2 different growth curves (ie, 
Group I male subjects versus Group 
I female subjects; Supplemental 
Table 13), the marginal posterior 
density of the difference between 
parameters was thus obtained by 
calculating the difference between 
chains in each sample. If the density 
distribution (95% CI) of each new 
variable of interest (ie, the difference 

in trajectory parameter between 
2 groups) included 0, then we 
concluded that there was no evidence 
to support the hypothesis that the 2 
groups have significantly different 
parameters.66,  67

We used uninformative priors and 
hyper priors to fit the sex- and 
group-specific Bayesian hierarchical 
piecewise regression model. In 
this application, we considered 
a restricted variance-covariance 
structure and specified mutually 
independent random effects   υ  0i   ,    
υ  1i   ,   υ  2i   , and  C  P  i   because the model 
is heavily parametrized, and the 
substantial focus is more on the 
comparison of marginal means of 
growth parameters between sex 
and BMI groups rather than on the 
within-person correlations between 
different aspects of BMI change over 
time. All normal distributions were 
parameterized in terms of a mean 
and a precision (1/variance).   β  0k   ,   
β  1k   , and   β  2k   for each sex and obesity 
group were normally distributed 
with a mean of 0 and a large variance. 
We used the population average CP 
estimated by log-likelihood profiling 
as priors for the CP means in each 
group as follows:  C  P  k   ∼ N (16, 0.001) 
for female sex BMI groups and  C  P  k   

BuSCOT et al2

suPPleMental table 5  YFS Participants From 6 Different Birth Cohorts Who Had a Youth BMI 
Measure at Baseline and at Least 1 Adult BMI Measure Taken 21, 27, or 
31 Years Later

k Obesity Sex

1 Reference (normative) Male
2 Reference (normative) Female
3 Resolving obese Male
4 Resolving obese Female
5 Persistent obese Male
6 Persistent obese Female
7 Incident obese Male
8 Incident obese Female

suPPleMental table 6  Hierarchical Piecewise Regression Models With Different Level 2 
Submodels

Model Level 2 Model Parameters, n DIC (pd) Bayesian P

1 ∼ Obesity group 16 19 450 (2341) .45
2 ∼ Obesity + sex 20 19 467 (2235) .42
3 ∼ Obesity * sex 32 19 003 (2790) .51

DIC, deviance information criteria; pd, effective number of parameters.
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∼ N (22, 0.001) for male sex BMI 
groups.36 All priors for cohort effects 
on growth coefficients (  β  0yob   ,     β  1yob   ,  
  β  2yob   , and   β  CPyob   ) were also given a 
flat normal prior (N [16, 0.001]). The 
mutually independent random effects   
υ  0i   ,   υ  1i   ,   υ  2i   , and  C  P  i   were normally 
distributed ∼0 and a precision term  
τ ( τ  = 1/variance) that followed a  
γ ( τ ~ Gamma (0.01,  0.01) ).  
The variance of the error term 
was also given a γ prior (1/  σ  e  2  ∼ γ 
[0.001, 0.001]). We ran the Bayesian 
hierarchal piecewise regression 
model using 4 parallel chains, and 
after a burn-in of 20 000 iterations, 
each sequence was taken to 50 000 
iterations and thinned by one-tenth 
to reduce serial autocorrelation of 
the Monte Carlo chains. The posterior 
distribution for the mean parameters 
(fixed effects) and the variance-
covariance parameters (random 
effects) were obtained by mixing the 
4 sequences. The convergence of the 
chains was assessed visually by using 
traceplots and on the basis of the 
Gelman-Rubin convergence criteria.68

suPPleMental Methods 2

In the same way we adjusted 
for any potential birth cohort 
effect in the trajectory analyses 
(Supplemental Table 14), we 
created a dummy binary variable 
(age <12) to identify participants 
younger or older than 12 years 
at baseline (1980) and repeated 
the analyses to verify if this 
variable predicts any between-
person difference in each of the 
4 estimated growth parameters 
(also known as a test of linkage 
or convergence in growth curve 
analysis).64 Similar to what was 
done to examine birth cohort effects 
in our article, we subsequently 
ran an additional analysis using 
age <12 as a predictor of Level 
2 variations in the intercept, S1, 
S2, and CP. Supplemental Table 
7 shows the empirical posterior 
mean, Bayesian PSD, and posterior 
density quantiles (95% CI: 2.5–
97.5 percentile) for the effects of 
age <12 on each of the 4 growth 
parameters (estimated from the 

sex- and BMI status-adjusted 
Bayesian hierarchical piecewise 
regression model).

Each βage<12 parameter (when  β 
is the intercept, S1, S2, or CP) can 
be interpreted as the expected 
difference in each parameter YFS 
participant who was younger than 
12 years at baseline compared 
with those who were older than 12 
years at baseline. Because all 95% 
CIs for βage<12 included the value 
0, there is no evidence that there 
is any systematic variation in the 
BMI trajectory parameters between 
those 2 groups of participants (ie, 
they are relatively homogenous in 
their developmental trajectories 
of BMI). This supports the findings 
in the birth cohort analysis and 
bring further proof that it is 
not theoretically wrong to link 
overlapping segments of BMI curves 
from participants of different ages 
to obtain the BMI-for-age curve of 
each adiposity subgroup across the 
entire age spanned by the cohort in 
our analyses.
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suPPleMental table 7  Empirical Posterior Mean, Bayesian PSD, and Posterior Density Quantiles 
for the Effects of Age <12 on Each of the 4 Growth Parameters

Parametera Mean PSDb 95% CI

Intage<12 0.036 0.023 −0.10 to 0.04
S1age<12 −5.12.10−3 0.017 −0.001 to 0.002
S2age<12 0.0007 0.0009 −0.001 to 0.002
CPage<12 0.08 0.051 −0.07 to 0.23

a Empirical mean posterior estimate for each growth parameter.
b Posterior Standard Deviation.

suPPleMental table 8  Subset of the YFS Cohort used for the BMI Trajectory Analysis

Year N Age

1980 2717 — — 3a 6 9 12 15 18 — — — — — — — — — —
1983 2279 — — — 6 9 12 15 18 21 — — — — — — — — —
1986 2036 — — — — 9 12 15 18 21 24 — — — — — — — —
1989 317 — — — — — 12 15 18 21 24 27 — — — — — — —
1992 504 — — — — — — 15 18 21 24 27 30 — — — — — —
2001 2236 — — — — — — — — — 24 27 30 33 36 39 — — —
2007 2134 — — — — — — — — — — — 30 33 36 39 42 45 —
2011 2015 — — — — — — — — — — — — 34 37 40 43 46 49

Reported are the number of participants with recorded BMI data at each follow-up whose BMI status was recorded at baseline (in 1980, ages 3–18 years) and at least once in adulthood 
(in 2001, 2007, or 2011) and age at each measurement. The birth year of the 6 cohorts were 1977, 1974, 1971, 1968, 1965, and 1962. —, not applicable.
a Observations made at 3 years old (from individuals born in 1977) were excluded from the analyses. 

http://pediatrics.aappublications.org/lookup/suppl/doi:10.1542/peds.2017-2003/-/DCSupplemental
http://pediatrics.aappublications.org/lookup/suppl/doi:10.1542/peds.2017-2003/-/DCSupplemental
http://pediatrics.aappublications.org/lookup/suppl/doi:10.1542/peds.2017-2003/-/DCSupplemental


BuSCOT et al4

suPPleMental table 9  Age- and Sex-Specific and Average Prevalence of Youth Overweight, 
Obesity and Overweight, or Obesity at Baseline in 1980 in the YFS Subset 
used for BMI Trajectory Analyses (2717 Participants)

Age, Years Participantsa, N Overweighta, N Obesea, N Overweight or Obesea, %

Youth (baseline, 1980)
 3 415 (201/214) 14 (6/8) 1 (0/1) 3.0 (2.9/4.2)
 6 446 (194/252) 35(11/24) 13 (6/7) 10.3 (8.6/12.3)
 9 477 (227/250) 47 (21/26) 6 (3/3) 11.1 (10.5/11.6)
 12 482 (213/269) 39 (18/21) 6(3/3) 8.9 (9.8/8.9)
 15 468 (221/247) 25 (13/12) 3 (3/0) 5.9 (7.2/4.8)
 18 429 (196/233) 35 (21/14) 4 (3/1) 8.1 (12.7/6.4)
Ntotal 2717 (1252/1465) 179 (96/83) 34 (18/16) 8.4 (9.1/6.7)

a All results are presented across sex and within parentheses for male and female subjects, respectively (ie, total [male/
female]).

suPPleMental table 10  Mean Adult Age (SD) in Each Obesity Status Group Stratified by Sex

Sex Mean Age (SD)

Group I 
(Reference)

Group II (High-BMI 
Resolving)

Group III (High-
BMI Persisting)

Group IV (Incident 
Obese)

Total

Male 23.7 (13.1) 24.5 (12.9) 26.0 (13.1) 24.9 (12.9) 24.9 (12.9)
Female 24.3 (13.1) 21.5 (12.5) 25.1 (12.8) 24.8 (13.1) 24.3 (13.0)
Total 24.0 (13.1) 22.6 (12.8) 25.6 (12.9) 24.9 (13.0) 24.6 (13.1)

suPPleMental table 11  Marginal Posterior Means, PSD, and Density Distribution (95% CI: 2.5 to 97.5 Percentile) of the Average BMI Trajectory 
Parameters for Each Sex and Obesity Group Between Ages 6 and 49 Years

Parameter Obesity Male Subjects Female Subjects

Group Mean (SD) 95% CI Group Mean (SD) 95% CI

Intercepta Reference I 23.97 (0.09) 23.73 to 24.14 I 24.21 (0.11) 24.00 to 24.51
Resolving II 28.56 (0.6) 27.95 to 30.03 II 28.02 (0.75) 27.34 to 29.87
Persistent III 30.5 (1.12) 25.51 to 33.47 III 31.4 (1.2) 26.42 to 34.80
Incident IV 28.65 (0.24) 28.14 to 29.07 IV 27.62 (0.33) 27.03 to 29.12

S1 Reference I 0.46 (0.008) 0.45 to 0.48 I 0.48 (0.008) 0.47 to 0.50
Resolving II 0.48 (0.04) 0.42 to 0.53 II 0.46 (0.04) 0.40 to 0.50
Persistent III 0.55 (0.06) 0.43 to 0.60 III 0.56 (0.06) 0.45 to 0.60
Incident IV 0.63 (0.01) 0.61 to 0.65 IV 0.62 (0.01) 0.60 to 0.63

CP Reference I 24.1 (0.41) 22.9 to 26.0 I 17.2 (0.34) 16.1 to 18.3
Resolving II 21.4 (1.74) 19.2 to 24.5 II 16.1 (1.4) 14.6 to 19.1
Persistent III 24.7 (3.36) 18.5 to 27.8 III 27.1 (2.58) 22.7 to 30.2
Incident IV 30.1 (0.8) 28.6 to 32.3 IV 29.7 (0.41) 28.2 to 31.2

S2
b Reference I −0.40 (0.007) −0.39 to −0.40 I −0.39 (0.009) −0.38 to −0.39

Resolving II −0.44 (0.05) −0.43 to −0.46 II −0.390 (0.03) −0.37 to −0.41
Persistent III −0.33 (0.01) −0.31 to −0.34 III −0.255 (0.01) −0.25 to −0.27
Incident IV −0.55 (0.007) −0.55 to −0.56 IV −0.47 (0.009) −0.46 to −0.48

a Reported intercepts correspond to the expected BMI levels at 25 years old (the age variable is centered around 25 years in the model) provided they are in the first phase of growth. The 
intercepts control for the initial BMI level at age 6 years, and the predicted BMI levels at 6 years of age for each group can be retrieved via the S1 as follows:  BM  I  age6   = Intercept + S1 ∗ (25 − 6) .
b S2 is the difference (ie, deviation) between S2 and S1. Adult slopes can thus be calculated as S1 + S2.
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suPPleMental table 12  Marginal Posterior Means, PSD, and Density Distribution (95% CI: 2.5 to 
95th Percentiles) and Significance of the Differences in BMI Trajectory 
Parameters Between Sex and Obesity Groups

Parameter Group Differencesa Posterior Mean (PSD) 95% CI Significant

Interceptb I M–I F −0.24 (0.16) −0.6 to 0.07 —
IV M–IV F 0.44 (0.41) −0.3 to 1.2 —
I M–IV M −0.83 (0.25) −0.59 to −1.07 Yes
I F–IV F −0.84 (0.36) −0.48 to −1.18 Yes
II M–II F 0.5 (0.31) −0.09 to1.08 —
III M–III F −0.9 (0.76) −2.30 to 0.51 —
II M– III M −2.01 (0.63) −3.24 to −0.77 Yes
II F–III F −3.4 (0.78) −4.5 to −1.79 Yes

S1
c I M–I F −0.02 (0.01) −0.039 to −4.10−4 Yes

IV M–IV F −0.015 (0.02) −0.05 to 0.02 —
I M–IV M −0.17 (0.03) −0.22 to −0.11 Yes
I F–IV F −0.135 (0.04) −0.20 to −0.06 Yes
II M–II F 0.023 (0.06) −0.09 to 0.14 —
III M–III F −0.01 (0.04) −0.08 to 0.07 —
II M–III M −0.06 (0.03) −0.12 to −0.01 Yes
II F–III F −0.09 (0.03) −0.15 to −0.03 Yes

S2
c I M–I F −0.007 (0.01) −0.02 to 0.01 —

IV M–IV F −0.008 (0.02) −0.04 to 0.03 —
I M–IV M 0.08 (0.04) −0.001 to 0.12 —
I F–IV F 0.15 (0.05) 0.21 to 0.04 Yes
II M–II F −0.055 (0.06) −0.16 to 0.06 —
III M–III F −0.082 (0.03) −0.14 to −0.02 Yes
II M–III M −0.11 (0.04) −0.18 to −0.03 Yes 
II F–III F −0.14 (0.03) −0.19 to −0.08 Yes 

CPd I M–I F 6.31 (0.54) 5.25 to 7.36 Yes 
IV M–IV F 0.2 (0.08) −0.01 to 0.33 —
I M–IV M −5.89 (1.03) −7.9 to −3.7 Yes 
I F–IV F −12.06 (2.1) −15.1 to −6.5 Yes 
II M–II F 5.32 (1.26) 2.81 to 7.91 Yes 
III M–III F −2.1 (1.8) −5.21 to 1.32 —
II M–III M −3.6 (0.72) −5.23 to −2.48 Yes 
II F–III F −2.1 (0.7) −15.32 to −5.76 Yes 

Shown in the table are the following: (1) the differences in BMI trajectory parameters (ie, intercept at age 6 years, S1, S2, 
and CP) between sexes (male versus female*); and (2) the differences in BMI trajectory parameters between persistent 
nonobese and incident obese participants (Group I versus Group IV*) and between resolving obese and persistent obese 
participants (Group II versus Group III*) for male and female subjects. F, female sex; M, male sex; —, not significant.
a The differences in parameters are reported as   β  Males   −    β  Females   and as   β  Reference   −    β  Incident   or   β  Resolving   −    β  Persistent    
when  β represents the 4 trajectory parameters (intercept, S1, S2, and CPs), respectively.
b Between-group differences in intercept are reported in kg/m2. For ease of interpretation, intercepts presented in this 
table are the expected BMI level at 6 years old.
c Between-group differences in S1 and S2 are reported in kg/m2 per y.
d Between-group differences in CP timing are reported in years.

suPPleMental table 13  Posterior Mean Parameter Estimates, PSD, and Posterior Distribution 
Interval (95% CI: 2.5 to 97.5 Percentile) for the Variance Parameters 
(Random Effects and Error Term) of the Sex- and BMI Status Group-
Specific Bayesian Hierarchical Piecewise Regression Model

Parametera Posterior Mean (PSD) 95% CIb

σintercept 1.36 (0.011) 1.34 to 1.38
σS1 1.51 (0.03) 1.45 to 1.57
σS2 0.03 (0.003) 0.024 to 0.038
σCP 0.07 (0.005) 0.065 to 0.086
σ 5.04 (0.19) 4.65 to 5.38

a σ coefficients are SDs of the corresponding growth parameters (intercept, S1, S2, and CP) or the residual (Level 1) error.
b All estimated parameters are significant.
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suPPleMental table 14  Empirical Posterior Mean, Bayesian PSD, and Posterior Density Quantiles 
(95% CI: 2.5 to 97.5 Percentile) for Birth Cohort Effects on Each of the 4 
Growth Parameters (Estimated From the Sex- and BMI Status-Adjusted 
Bayesian Hierarchical Piecewise Regression Model)

Parametera Mean PSDb 95% CI

Intyob 0.0046 0.013 −0.02 to 0.003
S1yob −4.12.10−4 0.013 −0.001 to 0.002
S2yob 0.0004 0.0008 −0.002 to 0.001
CPyob 0.038 0.046 −0.05 to 0.12

a Each   β  yob   parameter when  β is the intercept, S1, S2, or CP can be interpreted as the expected linear change in the 
corresponding growth parameter for a 1-year increase in the calendar year of birth.
b The PSD quantifies the uncertainty around the point estimate.




