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a b s t r a c t 

Objective: We compared three methods for estimating the individual peak height velocity (PHV) and age 

at peak height velocity (APHV) from the SuperImposition by Translation and Rotation (SITAR) model. 

Methods: We fitted the SITAR model using simulated data and heights of 12 girls from the Chard 

Growth Study and obtained individual PHVs and APHVs from three methods: the model method, the 

quadratic function method and the numerical method, which are available in our newly developed R 

package“iapvbs”. The mean, interquartile range, range of biases in estimated APHV and PHV as well as 

the rates of warning and unreasonable cases, i.e. estimated APHVs being outside the range of age mea- 

surements, from the three methods were presented and compared. 

Results: When the growth curves of all individuals were well fitted by the SITAR model, all three methods 

estimated individual APHVs with similarly small biases, with a few unreasonable cases (0.16%) observed 

when the model method was used while more computation time required for the numerical method. 

When the growth curves of some individuals were not very well fitted, the model method generated 

more unreasonable individual APHV (8.15%) and more bias in PHV and APHV, compared to those esti- 

mated by the numerical method and quadratic function method. In line with the observations from the 

simulated data, the real data analysis demonstrated that the numerical method generated more reliable 

PHV and APHV for individuals with growth curve not well fitted by the SITAR model. 

Conclusion: The performance of different methods estimating individual APHV depends largely on how 

well the growth curves are fitted by the SITAR model. The quadratic function method is more supe- 

rior when growth curves of all individuals are well fitted by the SITAR model; otherwise, the numerical 

method should be adopted for getting most robust estimates of PHV and APHV. The model method gen- 

erates unreasonable APHV estimates, particularly when the growth curves are not well fitted. 

© 2018 Elsevier B.V. All rights reserved. 

1. Introduction 

Puberty is a process of biological maturation, involving a 

growth spurt and development of secondary sexual characteristics. 

Individuals begin puberty at different times and progress through 

puberty at different rates. Pubertal growth and development can 

be described in terms of timing (i.e. age at which an individual 

reaches a certain pubertal stage), velocity (i.e. how fast an indi- 

vidual progresses through puberty) and duration (i.e. the period of 

time between onset and completion or between any two stages of 

puberty). These pubertal parameters vary greatly across individu- 

als [1] . Studying their determinants and long-term health conse- 
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quences can provide useful insights into disease aetiology [2] and 

prevention [3] . 

Peak height velocity (PHV) and age at peak height velocity 

(APHV) are useful and objective markers for respectively the ve- 

locity and timing of puberty for both boys and girls and can be as- 

sessed mathematically. Pubertal growth in stature typically starts 

with an acceleration phase, followed by a deceleration phase, and 

finally a cessation of growth with the closure of epiphyses in long 

bones [4] . Such a growth velocity curve can be characterized using 

different mathematical models (Jenss and Bayley [5] ; Berkey and 

Reed [6] ; Verbeke and Molenberghs [7] ; Beath [8] ). Recently, Cole 

et al. [9] derived a growth curve analysis called SuperImposition 

by Translation and Rotation (SITAR) based on the shape invariant 

model [8] . This new analysis involves fitting the following model 

https://doi.org/10.1016/j.cmpb.2018.05.030 
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with fixed and random effects to a set of height growth curves. 

y i j = α0 + αi + h 

(
x i j − m x − β0 − βi 

exp ( −γ0 − γi ) 

)
(1) 

where x ij is the i th individual at the j th age measurement; y ij is 

the corresponding height measurement; m x is the overall mean of 

x ij ; α0 , β0 , γ 0 are fixed effects; αi , β i , γ i are random effects for the 

i th individual; and h ( z ) is the natural cubic spline curve [10] of 

the growth variable regressed on z (the transformation of age). 

The SITAR model summarizes the growth curves of a group of in- 

dividuals (or a population) in terms of an average curve plus a 

set of three random effects for each individual that define how 

his/her growth curve differs from the average. Specifically, the 

three subject-specific random effects describe the size ( α, shift of 

the growth curve), tempo ( β , relative timing of peak velocity) and 

velocity ( γ , relative growth rate) of each individual’s growth. 

The R package “sitar” [11] can fit model (1) and compute pop- 

ulation PHV and APHV. However, it does not give individual PHV 

and APHV directly. Based on the assumption that the model fits 

the growth curves of all individuals closely, the individual APHV 

can be calculated from the population APHV (obtained using the 

“plot.sitar” function in the R package “sitar”) and parameter es- 

timates from the SITAR model (we refer to this method as the 

model method). In this paper, we propose two other methods, the 

quadratic function method and the numerical method, to obtain 

individual PHVs and APHVs based on the SITAR model and develop 

an R package “iapvbs”1 for the related calculations. We also com- 

pare and contrast the performance of these three methods in cal- 

culating individual PHVs and APHVs through simulations and with 

longitudinal height data from 12 girls in the Chard Growth Study 

[11] . 

2. Materials and methods 

2.1. Data description 

2.1.1. Simulated data 

To compare these three methods, we simulated growth data of 

100 individuals using Model 2 from the Preece and Baines family 

of growth functions [12] . The function of the model and the related 

parameter settings, which are similar to those for the data gener- 

ating process in Simpkin et al. [13] , are described in Appendix A.1. 

Age measurements are sampled in regular and irregular occasions. 

For the regular measurement occasion, each individual has one age 

measurement per year for ten years from 10.00 to 19.99 years in a 

fully balanced design; that is, the j th age measurement of the i th 

individual is set as Age ij = 10 + 0.01 ∗( i − 1) + ( j − 1). For the irregular 

measurement occasion, age measurements were randomly selected 

from the Uniform distribution between 10.00 and 19.99 years with 

different intervals between any two age measurements of an in- 

dividual and different age intervals between any two individuals. 

Then, age measurements of an individual were deleted randomly 

resulting in individuals having anywhere between 5 and 10 age 

measurements each. For each age setting, two levels of error vari- 

ance in the measurement of height ( σ 2 
e = 0 . 25 cm, σ 2 

e = 1 cm) are 

considered. We conducted 10 0 0 simulations under four scenarios: 

the regular measurement occasion with σ 2 
e = 0 . 25 cm, the regular 

measurement occasion with σ 2 
e = 1 cm, the irregular measurement 

occasion with σ 2 
e = 0 . 25 cm and the irregular measurement occa- 

sion with σ 2 
e = 1 cm. 

2.1.2. Analysis of the heights dataset 

We took advantage of the longitudinal dataset “heights” in R 

package “sitar”, which includes 124 measurements of 12 girls be- 

1 Available at https://github.com/Zhiqiangcao/iapvbs 

tween 8 and 16 years old who had their heights measured twice 

per year. According to the description of this small dataset, the 12 

girls participated in the Chard Growth Study and the cohort was 

studied in Buchanan et al. [14] . 

2.2. The model method with the “sitar” package 

2.2.1. Calculation of APHV from the model method 

In essence, the R package “sitar” uses the cubic spline to fit 

model (1) . For a piece of the spline covering the APHV of the i th 

individual, model (1) is equivalent to 

y i j = α0 + αi + δ0 + δ1 z + δ2 z 
2 + δ3 z 

3 (2) 

where z = 

x i j −m x −β0 −βi 

exp ( −γ0 −γi ) 
and x ij is a point on this piece. By the def- 

inition of APHV, equating the second derivative of Eq. (2) with re- 

spect to x ij to zero will give the APHV of the i th individual (de- 

noted by apv i ). The population APHV (denoted by apv 0 ) can be 

achieved similarly by ignoring random effects and treating x ij as 

the population age. After simplification, we can build the relation- 

ship between apv i and apv 0 ; that is, 

ap v i = 

ap v 0 − m x − β0 

exp ( γi ) 
+ m x + β0 + βi (3) 

Using apv 0 (obtained from the “plot.sitar” function) and 

β0 , β i , γ i (obtained from the “sitar” function in the R package 

“sitar”), the APHV of the i th individual can be obtained from 

Eq. (3) . We call this method the model method and define an indi- 

vidual’s APHV from Eq. (3) as apv model 
i 

. The velocity correspond- 

ing to apv model 
i 

, denoted by pv model 
i 

, is predicted using the “pre- 

dict.sitar” function in the R package “sitar”. 

2.2.2. The problems 

According to Eq. (3) , apv i depends on fixed effect parameter β0 

and random effect parameters β i , γ i . By the theory of the SITAR 

model, the growth curve of each individual can be obtained from 

the population growth curve through three random effect param- 

eters. The poor fit of an individual’s growth curve by the SITAR 

model indicates that the estimates of β i and γ i are not accurate. 

Thus, the accuracy of apv i computed from Eq. (3) is questionable. 

2.3. The r package “iapvbs”

2.3.1. Extrapolating heights and growth velocities 

Estimating an individual’s PHV and APHV requires subject- 

specific parameters from a well-fitted SITAR model, and estima- 

tions of these parameters can be obtained from the “sitar” func- 

tion. The SITAR model with the smallest deviance, residual stan- 

dard deviation and BIC (Bayesian information criterion) is chosen 

as the best one. After the best SITAR model is fitted, apv model 
i 

and 

pv model 
i 

can be obtained easily. As reference, this method is also 

available in our newly developed R package “iapvbs”. 

To estimate an individual’s PHV and APHV accurately, frequent 

height measurements during the pubertal period are required. The 

“exdata” function in the R package “iapvbs” produces a data frame 

with interpolated age measurements and a subject identifier. Af- 

ter the best SITAR model is fitted, the corresponding heights and 

growth velocities of interpolated age measurements are then ob- 

tained using the “predict.sitar” function. Based on the interpolated 

ages and predicted velocities, the quadratic function method is de- 

rived. And, based on the interpolated ages and predicted heights, 

we derive the numerical method. 

The performance of both the quadratic function method and 

the numerical method depends on the number of interpolated age 

measurements. The “getapv” function from the “iapvbs” package 
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