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Objectives: It is known that high altitude influences the growth metrics of high-altitude residents. Using a WHO-recommended standard, the research aimed to establish growth and development reference values for children of Tibetan ethnicity between the ages of 6 and 17 years old.

Methods: The measurements took place in Jomda County, Tibet with an average altitude of 3,650 m above sea level. A total of 3,955 observations (1,932 boys and 2,023 girls) were utilized to model the centile estimations. Included in the measurements are height, weight, body mass index, heart rate, blood pressure, forced lung capacity, sit and reach, and standing long jump. The measurements were modeled using the generalized additive models for location, scale, and shape (GAMLSS). Models were fitted with suitable distributions and locally smoothed using the P-spline for each GAMLSS hyper-parameter. Using the smallest Schwarz Bayesian criterion, the optimal model for each measurement was selected. After model adjustment, centile estimations were calculated for each model.

Results: Compared to the height reference values at the 50th percentile for multi-ethnic Chinese children residing at low altitudes, Tibetan ethnic children exhibit apparent stunted growth. In terms of forced vital capacity, it is remarkable that Tibetan ethnic children lag behind multi-ethnic Chinese children residing at low altitudes. Heart rate and blood pressure regulation are generally normal. Centile estimations are provided in this article and tabulated centiles (1p, 3p, 5p, 15p, 25p, 50p, 75p, 85p, 95p, 97p, 99p) in Chinese, Tibetic, and English are openly available in FigShare (doi: 10.6084/m9.figshare.20898196.v1).

Conclusion: This study established the first GAMLSS based growth and development reference values for Tibetan ethnic children aged 6–17. These reference values have numerous clinical and scientific applications. We offer Chinese policymakers with practical initiatives to further enhance the health of Tibetan ethnic children.
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Introduction

Hypoxia is a drop in the normal level of tissue oxygen tension, and it is well-known that children permanently exposed to hypoxia at altitudes greater than 3,000 m above sea level (hereinafter referred to as “m”) exhibit phenotypical adaptation and different growth patterns (1). Existing global and local data suggest that at 2,000 m, the adverse effect of altitude on child height growth would intensify (2), and Tibetan children residing above 3,500 m had a two-to-sixfold increased risk of stunting compared to those residing at 3,000 m (3). The adaptation of blood pressure regulation at high altitude is another consequence of hypoxia with major epidemiological significance. According to a recent meta-analysis, the prevalence of hypertension among permanent high-altitude residents is 33.0% (4), and adults of Tibetan ancestry are more susceptible to developing hypertension (5). Accumulated evidence demonstrates unequivocally that the generic growth of high-altitude residents in Tibet are distinct, and it is of considerable epidemiological significance to track the growth of Tibetan ethnic children exposed to high altitude.

Clinical evaluations of a child’s health are based on growth measurements. Typically, growth reference values are set for the pediatric population in order to evaluate their generic health state, nutritional deficiency, and developmental pattern. The implementation of health policy in Tibet has historically been less optimal due to cultural, environmental, geographic, and economic issues, and as a result, the physical development of Tibetan ethnic children (6) and adolescents (7, 8) is below that of Han ethnic children and adolescents. The fact that delayed growth in young Tibetan children, as measured by height, is independent of socioeconomic factors and has been suggested to be attributable to the altitude effect (3) highlights the need to monitor different growth patterns among Tibetan children. Clearly, reference values derived from Han ethnic populations residing at sea level may not apply to Tibetan ethnic minority.

There are few published anthropometric studies of Tibetan children (9). Aside from a single systematic study on Tibetan pre-school children (6), we are unaware of any growth reference values or physical fitness criterion for Tibetan school-aged children, underscoring the need for a standard based on scientific measurement and statistical analysis. We argue that the statistical method involved in developing a valid growth-for-age reference values is one of the primary reasons for this apparent research gap that has not been addressed. Cole commented that the creation of growth curves has always been somewhat of a black art (10). Historically, growth curves were developed using z-scores, but the underlying assumption for z-scores is sometimes violated for growth-related data whose distribution may be skewed and kurtotic. For example, Mary et al. (11) reported lung function reference values for Hong Kong children and adolescents. Their data, on the other hand, are manifestly non-Gaussian, hence their z-scores and reference values cannot be interpreted correctly. A few of statistical pioneers have subsequently tackled this problem (12, 13), and the solutions have been refined and integrated into an advanced statistical method known as the generalized additive model for location, scale, and shape (GAMLSS) (14). Briefly, GAMLSS enables fitting non-Gaussian growth-related variable to a particular distribution, and all percentile centile curves can be modeled without crossing in a continuous age.

To further improve the health of Tibetan ethic children, the Chinese government legislated a series of targeted special fiscal aid, and in 2019 we were tasked with examining the growth and development pattern of Tibetan ethnic children in Jomda County (15). In this study, Tibetan school children residing at an average altitude of 3,650 m were measured and evaluated for their anthropometric indices, body function, and physical fitness in an effort to provide accurate data to support the development of growth and development standards for Tibetan children residing in high-altitude areas. Reference values have critical epidemiological, physiological, and training implications for promoting the healthy growth of Tibetan children. Ultimately, this study aimed to employ GAMLSS to establish centile estimations that are easily interpretable and readily usable by both academics and practitioners.



Materials and methods


Participants

From August through October of 2019, Tibetan children from 15 schools in Jomda County, at an average altitude of 3,650 m were selected for testing based on the premise of random total population sampling. This cross-sectional study was approved by the Tianjin University of Sport and the legal guardian of each children provided consent before data collection.

According to the seventh national population census (16), Tibetan ethnic minority accounts for more than 99.9% of the total population in Jomda County; therefore, it is presumed that the sample population in this study consisted of Tibetan ethnic children. A total of 4,765 children were measured. Jomda County is situated in a rural region of Tibet, and children are enrolled in schools due to local conditions. As a result, there are a few individuals under the age of 6 and over the age of 18 in the sample population. In China, children under the age of 6 are considered pre-schoolers who are normally enrolled in kindergarten, and the legal age of majority is 18. Therefore, people younger than 6 and older than 18 were excluded from the sample population. It should be noted that, the age reported in this study corresponds to the actual month and year of the testing. Observations with invalid data, such as those with missing age information, were also removed from the sample population. The final sample consisted of 3,955 children aged 6–17 (1,932 boys and 2,023 girls) for fitting the growth and development curves. Our data were collected between August and October of 2019, and the reference time for the seventh national population census was zero hour on November 1, 2020 (16). The ratio of the sampled population to the overall population (including Han ethic population) of Tibet is presented in Table 1 for reference purposes.


TABLE 1    Ratio of 2019’s sampled population to 2020’s overall population in Tibet.
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Measurements

The research team was comprised of more than 50 professors and students from Tianjin University of Sport. Before going for Tibet, all members of the research team were trained and their measuring techniques were standardized against an anthropometry expert and the Chinese National Standards for Student Physical Fitness (17). The Ministry of Education published this national standard in 2014, mandating annual physical fitness testing for all Chinese students from primary school through university in order to monitor their growth and development. Before each testing day, research members calibrated all equipment utilized in this study in accordance with the manufacturer’s instructions. Figure 1 depicts the scenes of data collection at that time.
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FIGURE 1
Scenes from the data collection in Jomda County between August and October 2019.


Included in anthropometric measurements were height, weight, and body mass index. Participants’ height was measured in bare feet to the nearest 0.1 cm, while their weight was measured to the nearest 0.1 kg.

Included in body function assessments were heart rate, blood pressure, and lung function. Prior to measuring heart rate and blood pressure, participants sat still in a quite room for five minutes to allow their heart rate to return to a normal range. The heart rate, systolic blood pressure, and diastolic blood pressure were recorded using a portable electronic blood pressure monitor. The forced vital capacity was used to assess lung function. After fully inhaling, participants were required to exhale until they were exhausted. Each participant was given the assessment three times, with their best performance from the three attempts being recorded.

Included in physical fitness assessments were sit and reach test and standing long jump test. During the sit and reach test, participants were instructed to assume a sitting position with their knees fully extended and their feet firmly placed against a vertical support. Participants reached forward, sliding the hands along the measuring scale three times, with the score corresponding to the longest distance. For the standing long jump test, participants placed their feet together behind a floor-marked starting line and then jumped forward. After three attempts, participants’ longest distance from the starting position to the closest point of landing contact was recorded.



Modeling

GraphPad Prism version 9.0.0 was utilized for descriptive statistics and the D’Agostino-Pearson normality test. The centile estimation and curve fitting of growth and development were modeled using the RStudio version 2022.07.1 + 554 and gamlss version 5.4-3.

According to Cole’s original Lambda-Mu-Sigma (LMS) method (10), the first step of centile estimation consists of selecting an appropriate power transformation for age, which can be conveniently determined using the function lms() in gamlss. The power transformation for age is a necessary step for specific age ranges associated with exponential child growth. From a statistical standpoint, if a power transformation for age is applied, it marginally improves the overall fit of the model in our population. However, such transformation for research purposes could compromise longitudinal analyses of growth and development in this region. For instance, an updated data collection and evaluation in 2025 may require a different power transformation for age than this study, which complicates comparison with this set of data and runs counter to the purpose of this project, which is to establish ready-to-use reference values for practitioners such as educators, clinicians, and health policymakers. For this reason, we did not perform the power transformation for age.

The initial step in a GAMLSS modeling is the selection of a suitable distribution for the response variable, which consists of the measured data on anthropometric indices, body function, and physical fitness. In order to match the sit and reach test that contains negative data, we compared flexible (interval: −∞, ∞) data-fitting distributions skew t type 3 (18), skew exponential power type 3 (19), and original Sinh-Arcsinh (20). Box-Cox Cole and Green (12), Box-Cox power exponential (13), and Box-Cox t (21) distributions were evaluated to fit the remaining data. After models were fitted with different GAMLSS families of distribution, the best-fitting distribution was chosen using the smallest Schwarz Bayesian criterion (22) value as the measure of disparity.

Next in the GAMLSS modeling is determining the appropriate amount of smoothness for each distribution hyper-parameter. The model was re-fitted using a univariate P-spline smoothing function, and the local maximum likelihood method and the local generalized Akaike information criterion method with penalty κ = 3 (23) were compared to estimate the smoothing degrees of freedom. Again, the suitable model was chosen based on the principle of smallest Schwarz Bayesian criterion value.

Following the selection of the distribution and smoother, the Q statistics (24) were used to determine the local goodness of fit for each fitted model. Possible inadequacies in hyper-parameters were resolved by modifying the link functions in the specific distribution or by increasing the degrees of freedom used in the smoothing function. The global goodness of fit of the adjusted models was validated using a visual examination of worm plots (25), statistical validation of normalized quantile residuals, and the Shapiro–Wilk test. As the final step, the centile estimations were calculated.




Results

The descriptive data of all measurements are summarized in Table 2, which justifies the subsequent modeling with GAMLSS. Following diagnostic procedures, it was determined that the models of height for boys, height for girls, forced vital capacity for girls, and sit and reach test for girls exhibited potential model misfit (Table 3).


TABLE 2    Mean ± standard deviation of measurements in Tibet ethnic children aged 6–17.
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TABLE 3    Summary of the P values for the Q statistics.
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First, the kurtosis of the residuals for models of height for boys and the sit and reach test for girls deviates significantly from a normal distribution. The P values of Shapiro–Wilk tests for models of height for boys and the sit and reach test for girls are 0.9558 and 0.3118, respectively, and their shape of worm plots (Figures 2A,C) show that the misfits are situated at the distribution’s tails. These diagnostic tools demonstrate that only the kurtosis is responsible for the local misfit in the Q statistics. Cole has argued that kurtosis-controlling in the Box-Cox power exponential and Box-Cox t influences the distribution only beyond the 1st and 99th centiles, and that there is little point in modeling kurtosis even when it exists (26). Given that the global goodness of fit is acceptable in this instance, we did not adjust the models of height for boys and the sit and reach test for girls further.
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FIGURE 2
Worm plots of fitted GAMLSS models. (A) Height for boys; (B) forced vital capacity for girls; (C) sit and reach test for girls.


Second, for the model of height for girls, it was the variance of the residuals that deviated significantly from a normal distribution. Accordingly, we adjusted the penalty κ to 3.84 and re-fitted the model, which improved the fit, as confirmed by the adjusted Q statistics (P value for Q2 statistics = 0.132 as shown in Table 2) and the Shapiro–Wilk test (P = 0.8494).

Third, for the model of forced vital capacity for girls, it is the skewness of the residuals that deviated significantly from a normal distribution. Initially, we attempted to adjust the model by changing the link function from identity to log in the shape hyper-parameter nu, which is related to the skewness of the distribution. This only marginally improved the local goodness of fit (P value for Q3 statistics = 0.014 as shown in Table 2), but it still penalized the fit. We also attempted to increase the degree of freedom for nu, which complicated the model but did not improve its fit. As shown in Figure 2B, some points lie outside the approximate 95% pointwise elliptical confidence bands, indicating that fitted distribution is too skewed to the right. Overall, compensating for skewness is challenging since the smoothing curve cannot adequately capture the age range’s natural oscillations. Given that the Shapiro–Wilk test (P = 0.0633) is relatively acceptable, we decide to accept the existing model despite the fact that the hyper-parameter nu did not fit across ages well.

Table 4 provides a summary of all fitted GAMLSS models. Overall, their normalized quantile residuals have a mean nearly zero, a variance nearly one, a moment-based skewness nearly zero, and a moment-based kurtosis nearly three. Figures 3–5 illustrate centile estimations for the measurements against ages ranging from 6 to 17 years. An extensive presentations comprising tabulated centiles are available on figshare (doi: 10.6084/m9.figshare.20898196.v1).


TABLE 4    Summary of fitted GAMLSS model parameters.
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FIGURE 3
Fan plot displaying the 3, 15, 50, 85, and 97% centiles for the anthropometric indices of Tibetan ethnic children aged 6–17. (A) Height; (B) weight; (C) body mass index.
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FIGURE 4
Fan plot displaying the 3, 15, 50, 85, and 97% centiles for the body function of Tibetan ethnic children aged 6–17. (A) Heart rate; (B) systolic blood pressure; (C) diastolic blood pressure; (D) forced vital capacity.
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FIGURE 5
Fan plot displaying the 3, 15, 50, 85, and 97% centiles for the physical fitness of Tibetan ethnic children aged 6–17. (A) Sit and reach test; (B) standing long jump test.




Discussion

Based on the GAMLSS method, this is the first study in China to provide a comprehensive assessment of the growth and development of Tibetan school-aged children of ethnicity. Traditionally, longitudinal and cross-regional research on anthropometric measurements rely on population means to compare trends and differences. The validity of this approach is questionable. As demonstrated by this research, there are numerous non-Gaussian data for which the mean cannot accurately represent the population state. GAMLSS presupposes that the response variable may be fitted by a general distribution family, giving a versatile and valid method for converting highly skew and/or kurtotic data to normally distributed z-scores. This advanced statistical method enables us to interpret our non-Gaussian data for meaningful comparison with prior data and to develop sensible reference values for a variety of practical diagnosis.

While it is reassuring to observe that nearly all of the children in this study fall within the normal body mass index range (27), we discovered that the height of Tibetan ethnic boys and girls is much shorter than that of Han and other Chinese ethnic minority children. In 2015, Zhang and colleagues collected data from 44,437 students aged 6–17 in Jiamusi and developed LMS-based reference values (28). Jiamusi is situated at an average altitude of 194 m and is home to 41 distinct ethnic groups. Compared to the matching 50% percentile Jiamusi 2015 study, our Tibetan ethnic boys at the 50th percentile are shorter by 10, 11, 12, 13, 14, 16, 20, 22, 23, 21, 18, and 14 cm between the ages of 6 and 17; and, our Tibetan ethnic girls at the 50th percentile are shorter by 9, 10, 11, 12, 14, 16, 17, 15, 13, 11, 9, and 8 cm between the ages of 6 and 17. In 2018, Shi and colleagues collected data from 25475 urban and rural students aged 7–18 in 21 cities and counties in Sichuan and developed LMS-based reference values (29). Chengdu, the largest city in Sichuan, is located at an average altitude of 771 m, while Sichuan’s average altitude is 2,408 m. The majority of Sichuan’s population is of Han ethnicity. Compared to the matching 50th percentile Sichuan 2018 study (rural students), our Tibetan ethnic boys at the 50th percentile are shorter by 6, 5, 6, 7, 8, 10, 13, 14, 14, 12, and 9 cm between the ages of 7 and 17; and, our Tibetan ethnic girls at the 50th percentile are shorter by 4, 6, 7, 8, 9, 9, 9, 8, 6, 5, and 3 cm between the ages of 7 and 17. Based on these cross-regional comparisons, it is unequivocal that high altitude above 3,000 m has a deleterious effect on the early childhood height growth (3) of Tibetan ethnic children that persists till the age of 17 in this study.

Human growth is affected by genetic, environmental, dietary, and hormonal factors, and stunted growth in Tibetan children may have multiple causes, some of which may be ameliorated by nutritional interventions. Vitamin D regulates calcium and phosphorus metabolism to facilitate bone growth and mineralization, and data show that vitamin D insufficiency is associated with pediatric stunting (30). Recent research indicates that the serum 25-hydroxy vitamin D level in Tibetan children under the age of 12 was only 19.7 ng/ml (31), and this subclinical deficiency is likely a cause of childhood stunting in Tibet. Dermience et al. (32) have evaluated the mineral and trace element consumption of pre-school children living in rural areas of Tibet. It was revealed that Tibetan children aged 3–5 did not achieve the recommended dietary intakes for the majority of the examined elements, and that their K, Ca, Zn, Cu, and Se intakes were inadequate, which could affect bone metabolism and their growth in height. Since the early 2000s, the nutrition status of Tibetan children has been a known issue (33), and the Chinese government has increased fiscal support and implemented targeted nutrition grants in an effort to reduce malnutrition among Tibetan children (34). The effect of these measures will be investigated in future longitudinal studies.

A subset of children in this study had low blood pressure of non-clinical importance, which was also identified previously (35). Comparing the 50th percentile blood pressure in this study to the matching data from a LMS-based reference data (36), which included 5,200 multi-ethnic Chinese children residing at Ürümqi (altitude: 800 m) and Altay (altitude: 1,442 m) in 2005, we find no difference between the two sample populations. Overall, the Tibetan children in this study demonstrate normal heart rate and blood pressure regulation. While there is a clear association between increasing altitude and the prevalence of hypertension among Tibetans (37), we argue that there are other key factors, likely unhealthy diets with excessive salt intake (32), which do not manifest in children but gradually drive the occurrence of hypertension in adults (38).

This study presents the first systematic comparison of lung function between high-altitude residents and other Chinese children, and the results are striking. Zhu et al. (39) reported the LMS-based forced vital capacity reference values, which are based on the same sample population (28) as was discussed previously. Compared to the matching 50th percentile Jiamusi 2015 study, our Tibetan ethnic boys at the 50th percentile are lower by 39, 147, 312, 568, 889, 1,221, 1,462, 1,594, and 1,668 ml between the ages of 9 and 17; and, our Tibetan ethnic girls at the 50th percentile are lower by 23, 77, 138, 220, 329, 456, 548, 589, and 602 ml between the ages of 9 and 17. In 2017, Li and colleagues collected data from 63,805 students aged 6–18 in Zibo and developed LMS-based reference values (40). Zibo is located at an average altitude of 67 m, and the majority of its population is Han. Compared to the matching 50th percentile Zibo 2017 study, our Tibetan ethnic boys at the 50th percentile are lower by 189, 284, 395, 521, 683, 902, 1,172, 1,467, 1,724, 1,855, 1,887, and 1,882 mL between the ages of 6 and 17; and, our Tibetan ethnic girls at the 50th percentile are lower by 157, 240, 326, 435, 580, 737, 867, 930, 922, 854, 767, and 691 ml between the ages of 6 and 17. Notably, none of the children in this study had lung illnesses.

At high altitude, lung function is accompanied by a decrease in gas exchange and oxygen diffusion from the air into the blood (41), and Tibetans are believed to have acquired adaptive lung functions (42). The mean sea-level air density is 1,225 g/m3 and the standard atmospheric pressure is 1,013.2 hPa, while the air density in Jomda County is 810 g/m3 and the standard atmospheric pressure is 652 hPa, which corresponds to 66 and 64% of the density and pressure at sea level, respectively. Even without adjusting for height and weight, the aforementioned comparisons of lung function with low-altitude, multi-ethnic Chinese population suggest a worrisome condition among Tibetan ethnic children in the investigated area. Based on our first-hand field observations, the potential cause may be a lack of structured exercise programs and qualified physical educators. The studied population resides at an average altitude of 3,650 m, and the hypoxic environment and harsh climate limit the amount of time and types of outdoor sports that students can participate in. Furthermore, the vast majority of physical educators in local schools are part-time teachers of other curriculum who lack formal physical education training. Inadequate physical education for Tibetan children may impede their physical fitness development, especially childhood lung function, in light of these severe constraints.

This growth and development deficiency is recommended to be addressed by two solutions. It has been found that a decrease in respiratory muscle strength may contribute to the decrease in the forced vital capacity reported at high altitude (43). Naturally, the short-term solution may involve enhancing respiratory muscle exercise. Azab et al. (44) reported recently that concurrent chest and chest expansion exercises enhanced respiratory muscle strength and lung function in children with congenital diaphragmatic hernia. Although such a training effect has never been studied in healthy children residing at altitudes, it is worthwhile to at least include upper body resistance training, which is generally beneficial at enhancing forced vital capacity (45). Obviously, this concept cannot be effectively implemented without physical education and sports training professionals. Therefore, Tibetan regions require increased government investment in their educational resources. We recommend that the Ministry of Education and General Administration of Sport create a special grant to entice outstanding young physical educators to work in Tibet for a set period of time (e.g., one year), and that the fiscal impact could be multiplied by using sports as an additional means to improve the health of Tibetan children.

There are numerous published reports on the physical fitness of multi-ethnic, school-aged Chinese children residing at low altitudes. As previously stated, we caution against direct comparisons based on means, which can be misleading if the distribution of the data is unknown. Evident from this study is the value of data analysis with GAMLSS for the quick and accurate identification of growth insufficiency, which has important clinical significance. Using our reference values, for instance, a doctor may use the 15th percentile as a diagnostic criterion for short stature at a particular age and give prompt intervention methods. The same principle applies to the physical fitness tests, which are currently graded according to the Chinese National Standards for Student Physical Fitness (17). However, this national standard poses problems. The 10-to-100 score scale shows a pattern of increasing scores, and based on our expertise in the field of sports statistics, it is quite unlikely to observe a physiological shift in a pattern of variance that is so stable. The national standard was last revised in 2014, and we believe that during the standard’s development, the expert committee did not have access to a database as comprehensive as the one available now, which covers big data. Therefore, we recommend that the Ministry of Education and General Administration of Sport adopt the GAMLSS method for the future revision of the national standard for physical fitness, which will significantly enhance the scientific and practical aspects of the standard.

Cole suggests that, for an appropriate centile study, the sample size for a typical study spanning 0–20 years of age should include at least 2,000 observations (26). In this study, the centile estimations were developed using data from 1,932 boys and 2,023 girls aged 6–17. In addition, this set of reference values is supported by the fact that our population between the ages of 6 and 14 comprises a sizable proportion of all Tibet’s children. This collection of reference values has major statistical implications for 6 to 14-year-old Tibetan children residing at an altitude of 3,650 m. In contrast, for children aged 15–17, it represents less than 0.5% of the total Tibetan children in this age range. The statistical under-power can be clearly reflected from the weight for boys (see also Figure 3A trajectory), which is locally supported by fewer and more outlier data and exhibits a biologically abnormal fall in this age range. Therefore practitioners should exercise caution when considering the practical inferences for this age range.

In conclusion, this study established the first scientific reference values for assessing the growth and development of 6- to 17-year-old Tibetan ethnic children living at an altitude of 3,650 m. Our reference values can assist practitioners with accurate diagnosis and early intervention. Researchers can utilize these reference values for longitudinal studies to monitor population health. We provide Chinese policymakers with intervention plans for resolving some of the concerns found in the data and a framework for revising the national standard to be more scientific. We envision the impact of this work will be broad and profound in the next years.



Data availability statement

The datasets that support the findings of this study are available from the corresponding author upon reasonable request.



Ethics statement

This research was approved by the Tianjin University of Sport. Written informed consent was obtained from the individuals, and minors’ legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication.



Funding

This research was funded by the Ministry of Civil Affairs of the People’s Republic of China “Physical Health Running Tibet” (grant number [2019] B20), the Ministry of Education of the People’s Republic of China (grant number 19JHQ088), and the Tianjin Municipal Education Commission (grant number 2017SK066).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. de Meer K, Heymans HSA, Zijlstra WG. Physical adaptation of children to life at high altitude. Eur J Pediatr. (1995) 154:263–72. doi: 10.1007/BF01957359

2. Shively G, Schmiess J. Altitude and early child growth in 47 Countries. Popul Environ. (2021) 43:257–88. doi: 10.1007/s11111-021-00390-w

3. Dang S, Yan H, Yamamoto S. High altitude and early childhood growth retardation: new evidence from Tibet. Eur J Clin Nutr. (2008) 62:342–8.

4. Zhang X, Zhang Z, Ye R, Meng Q, Chen X. Prevalence of hypertension and its relationship with altitude in highland areas: a systematic review and meta-analysis. Hypertens Res. (2022) 45:1225–39. doi: 10.1038/s41440-022-00955-8

5. Zhao X, Li S, Ba S, He F, Li N, Ke L, et al. Prevalence, awareness, treatment, and control of hypertension among herdsmen living at 4,300 M in Tibet. Am J Hypertens. (2012) 25:583–9. doi: 10.1038/ajh.2012.9

6. Deji M, Zhang P, Luosang D, Ciren B, Su L, Yang Z, et al. Establishment of growth reference values for children aged 0 to 6 years in Lhasa, Tibet. Chin J Evid Based Pediatr. (2014) 9:81–8. doi: 10.3969/j.issn.1673-5501.2014.02.001

7. Guo H, Tao G, Geng XA. Comparison of the physical health status of tibetan and han chinese rural college students in Tibetan Areas. Chin J Sch Health. (2020) 41:786–8. doi: 10.16835/j.cnki.1000-9817.2020.05.041

8. Zhao J. Comparison of physical fitness and vision impairment rates of high school Tibetan and Han Chinese students. Chin J Sch Health. (2020) 41:1103–5. doi: 10.16835/j.cnki.1000-9817.2020.07.041

9. Bianba B, Yangzong Y, Gonggalanzi G, Berntsen S, Andersen LB, Stigum H, et al. Anthropometric measures of 9- to 10-year-old native Tibetan children living at 3700 and 4300?M above sea level and Han Chinese Living at 3700?M. Medicine. (2015) 94:e1516. doi: 10.1097/md.0000000000001516

10. Cole TJ. Fitting smoothed centile curves to reference data. J R Stat Soc Ser A Stat Soc. (1988) 151:385–418. doi: 10.2307/2982992

11. Ip MSM, Karlberg EM, Karlberg JPE, Luk KDK, Leong JCY. Lung function reference values in Chinese children and adolescents in Hong Kong. Am J Respir Crit Care Med. (2000) 162:424–9. doi: 10.1164/ajrccm.162.2.9905057

12. Cole TJ, Green PJ. Smoothing reference centile curves: the LMS method and penalized likelihood. Stat Med. (1992) 11:1305–19. doi: 10.1002/sim.4780111005

13. Rigby RA, Stasinopoulos DM. Smooth centile curves for skew and kurtotic data modelled using the box–cox power exponential distribution. Stat Med. (2004) 23:3053–76. doi: 10.1002/sim.1861

14. Rigby RA, Stasinopoulos DM. Generalized additive models for location. scale and shape. J R Stat Soc Ser C Appl Stat. (2005) 54:507–54. doi: 10.1111/j.1467-9876.2005.00510.x

15. National Working Committee on Children and Women under State Council. Initiation of a Children’s Physical Health and Sports Promotion Initiative in Chamdo, Tibet: National Working Committee on Children and Women under State Council. (2019). Available online at: https://www.nwccw.gov.cn/2019-08/07/content_266886.htm (accessed August 7, 2019).

16. National Bureau of Statistics of China. Major Figures on 2020 Population Census of China: China Statistics Press. (2021). Available online at: http://www.stats.gov.cn/tjsj/pcsj/rkpc/d7c/202111/P020211126523667366751.pdf (accessed July 28, 2021).

17. Ministry of Education of the People’s Republic of China. Notice on the Issuance of the National Standards for Student Physical Fitness (Revised 2014): Ministry of Education of the People’s Republic of China. (2014). Available online at: http://www.moe.gov.cn/s78/A17/twys_left/moe_938/moe_792/s3273/201407/t20140708_171692.html (accessed July 7, 2014).

18. Fernández C, Steel MFJ. On bayesian modeling of fat tails and skewness. J Am Stat Assoc. (1998) 93:359–71. doi: 10.1080/01621459.1998.10474117

19. Fernández C, Osiewalski J, Steel MFJ. Modeling and inference with Υ-spherical distributions. J Am Stat Assoc. (1995) 90:1331–40. doi: 10.1080/01621459.1995.10476637

20. Jones MC, Pewsey A. Sinh-Arcsinh distributions. Biometrika. (2009) 96:761–80. doi: 10.1093/biomet/asp053

21. Rigby RA, Stasinopoulos DM. Using the Box-Cox T distribution in gamlss to model skewness and kurtosis. Stat Modelling. (2006) 6:209–29. doi: 10.1191/1471082X06st122oa

22. Voudouris V, Gilchrist R, Rigby R, Sedgwick J, Stasinopoulos D. Modelling skewness and kurtosis with the BCPE density in gamlss. J Appl Stat. (2012) 39:1279–93. doi: 10.1080/02664763.2011.644530

23. Rigby RA, Stasinopoulos DM. Automatic smoothing parameter selection in gamlss with an application to centile estimation. Stat Methods Med Res. (2014) 23:318–32. doi: 10.1177/0962280212473302

24. Royston P, Wright EM. Goodness-of-Fit statistics for age-specific reference intervals. Stat Med. (2000) 19:2943–62.

25. Buuren SV, Fredriks M. Worm plot: a simple diagnostic device for modelling growth reference curves. Stat Med. (2001) 20:1259–77. doi: 10.1002/sim.746

26. Cole T. Sample size and sample composition for constructing growth reference centiles. Stat Methods Med Res. (2021) 30:488–507. doi: 10.1177/0962280220958438

27. Group of China Obesity Task Force. Body Mass Index reference norm for screening overweight and obesity in Chinese children and adolescents. Chin J Epidemiol. (2004) 25:97–102. doi: 10.3760/j.issn:0254-6450.2004.02.003

28. Zhang S-D, Zhu L-L, Li X-D, Wu D. Study on LMS method in constructing reference standard for height percentile of children aged 6-17 years in Jiamusi. Chin J Dis Control Prev. (2017) 21:1071–3. doi: 10.16462/j.cnki.zhjbkz.2017.10.024

29. Shi C-L, Zhou L, Zhang L, Chen J. Height and weight among 7 – 18 years old urban and rural primary and high school students in sichuan province: a cross-sectional analysis with LMS Method. Chin J Public Health. (2021) 37:1003–7. doi: 10.11847/zgggws1127082

30. van Stuijvenberg ME, Nel J, Schoeman SE, Lombard CJ, du Plessis LM, Dhansay MA. Low intake of Calcium and Vitamin D, but Not Zinc, Iron or Vitamin a, is associated with stunting in 2- to 5-Year-Old Children. Nutrition. (2015) 31:841–6. doi: 10.1016/j.nut.2014.12.011

31. Nima D, Qin X, Bian Z, Zhang W. A survey of Vitamin D nutritional status in 1196 Tibetan children in Lhasa. Lab Med Clin. (2022) 19:1337–9. doi: 10.3969/j.issn.1672-9455.2022.10.011

32. Dermience M, Mathieu F, Li XW, Vandevijvere S, Claus W, De Maertelaer V, et al. Minerals and trace elements intakes and food consumption patterns of young children living in rural areas of Tibet autonomous region, P.R. China: a cross-sectional survey. Healthcare. (2017) 5:12. doi: 10.3390/healthcare5010012

33. Harris NS, Crawford PB, Yangzom Y, Pinzo L, Gyaltsen P, Hudes M. Nutritional and health status of Tibetan children living at high altitudes. N Engl J Med. (2001) 344:341–7. doi: 10.1056/nejm200102013440504

34. People’s Government of the Tibet Autonomous Region. Tibet Continues to Support Initiatives to Enhance Child Nutrition: People’s Government of the Tibet Autonomous Region. (2021). Available online at: http://www.xizang.gov.cn/xwzx_406/bmkx/202110/t20211018_265656.html (accessed October 18, 2021).

35. Gongga L, Duoji Z, Yang L, Liu L, Nima Y, Cui C-Y, et al. Analysis on the blood pressure and its impact factors among native Tibetan youth living at different altitudes. J Tibet Univ. (2014) 29:51–5. doi: 10.3969/j.issn.1005-5738.2014.02.008

36. Yan K, Wang Q, Yao H, Huang Y-D, Chen-chen W, Zhang W-G, et al. Establishment of blood pressure reference centiles modeled by sex, age and height percentiles in children and adolescents Aged 7-17 in Xinjiang by Gamlss Program. Chin J Evid Based Pediatr. (2011) 6:340–8. doi: 10.3969/j.issn.1673-5501.2011.05.006

37. Mingji C, Onakpoya IJ, Perera R, Ward AM, Heneghan CJ. Relationship between altitude and the prevalence of hypertension in Tibet: a systematic review. Heart. (2015) 101:1054–60. doi: 10.1136/heartjnl-2014-307158

38. Peng W, Li K, Yan AF, Shi Z, Zhang J, Cheskin LJ, et al. Prevalence, management, and associated factors of obesity, hypertension, and diabetes in tibetan population compared with China overall. Int J Environ Res Public Health. (2022) 19:8787. doi: 10.3390/ijerph19148787

39. Zhu L, Zhang S, Meng F. Study on LMS method in constructing reference standard for forced vital capacity percentile of children Aged 6-17 Years in Jiamusi. Chin J School Doctor. (2019) 2133:603–5.

40. Li F, Tao W, Yang Y. Vital capacity growth curve of primary and secondary school students aged 6-18 in Linzi District of Zibo City in 2017. J Prev Med Inf. (2021) 37:486–91.

41. Schoene RB. Limits of human lung function at high altitude. J Exp Biol. (2001) 204:3121–7. doi: 10.1242/jeb.204.18.3121

42. Gilbert-Kawai ET, Milledge JS, Grocott MPW, Martin DS. King of the mountains: Tibetan and Sherpa physiological adaptations for life at high altitude. Physiology. (2014) 29:388–402. doi: 10.1152/physiol.00018.2014

43. Deboeck G, Moraine JJ, Naeije R. Respiratory muscle strength may explain hypoxia-induced decrease in vital capacity. Med Sci Sports Exerc. (2005) 37:754–8. doi: 10.1249/01.Mss.0000162687.18387.97

44. Azab AR, Abdelbasset WK, Alrawaili SM, Elsayed AEA, Hajelbashir MI, Kamel FH, et al. Effect of chest resistance and expansion exercises on respiratory muscle strength, lung function, and thoracic excursion in children with a post-operative congenital diaphragmatic hernia. Int J Environ Res Public Health. (2022) 19:6101. doi: 10.3390/ijerph19106101

45. Strasser B, Siebert U, Schobersberger W. Effects of resistance training on respiratory function in patients with chronic obstructive pulmonary disease: a systematic review and meta-analysis. Sleep Breath. (2013) 17:217–26. doi: 10.1007/s11325-012-0676-4



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Anthropometric indices, body function, and physical fitness reference values for Tibetan ethnic children aged 6–17 residing at 3,650 meters above sea level



		Introduction



		Materials and methods



		Participants



		Measurements



		Modeling







		Results



		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnut-09-1036470-g002.jpg
uonelnaq

_
10—

_
¢ 0-

Unit normal quantile

uonelnaq

Unit normal quantile

uonelnaq

Unit normal quantile





OPS/images/fnut-09-1036470-g001.jpg
DONT
FILLOWN E

= o
2019 h B BEEHELARAS SHLRFHE
e e aqag« %’E:qzm
HEwm LEA 'ﬁﬁ %-5 “ "
fﬁ < y L5 %{{?

s e e £ O T 28

FEERPE RN B A% 2 & X 13F/N\F
BRI 20 57803
INFPERITEERS. B AN EERINE,






OPS/images/fnut-09-1036470-g004.jpg
_ _ _ _
ocl 00l 08 09

(uiw Jad syeaq) sjuib 10} 8kl JieaH

oy

(uiw Jad sjeaq) sAoq Joj ajel JueaH

oy

18

16

14

10

18

16

14

12

Age (yrs)

Age (yrs)

08, 09, oOvL 0OCL 00 08

(BHww) spu1b6 1o} ainssaid poojq 21101SAS

091

I I I I
ovl 0oclL 00t 08

(BHww) sAoq 1o} ainssaid poo|q 21|0I1sAS

18

16

14

10

18

16

14

12

Age (yrs)

Age (yrs)

_ _ _ _
ocl 00l 08 09

(BHww) sjub Joy ainssald poojq odljoiselq

(014

(&

I I I I
ocl (0[0] 08 09

(BHww) sAoq 1oy ainssaid pooiq a1j0iseiq

oy

18

16

14

10

18

16

14

12

Age (yrs)

Age (yrs)

000S

I | | |
000¥ 000¢€ 000¢ 000}

(qw) sjub oy Ayoedeo |eyA paolo4

(]

I
000S

I I I I
000t 000¢ 000¢ 000}

(qw) sAoq oy Ajioeded ey padio4

18

16

14

12

10

18

16

14

12

Age (yrs)

Age (yrs)





OPS/images/fnut-09-1036470-g003.jpg
_ _ _
051 ovlk 0O€l

(wo) spu1b 1oy ybiaH

_
0cl

_
oLl

(wo) sAoq Joy JybreH

18

16

14

12

10

18

16

14

12

Age (yrs)

Age (yrs)

0§ (014 0€

(B%) s1B Joj Jybrapn

0¢

I I I
09 0s ov

(B6) sAoq Joy Jybiapp

|
o€

I
0¢

18

16

14

12

10

18

16

14

12

Age (yrs)

Age (yrs)

_ _ _ _
0€ 14 0C Gl

(zw/Bx) s|ub Joy xepul ssew Apog

I I I
°14 0¢ Gl

(zwy/Bx) sAhoq Jo} xapul ssew Apog

18

16

14

12

10

18

16

14

12

Age (yrs)

Age (yrs)





OPS/images/fnut-09-1036470-g005.jpg
(wo) sju1b 10} 188} Yoeal pue JIS

I
0¢

<

I I I
ol 0 0L-

(wo) sAoq Joj }s8) yoeas pue IS

18

16

14

12

10

18

16

14

12

Age (yrs)

Age (yrs)

_ _ _
002 oSl 00}

(wo) sju1b6 10y 188} dwnl Buo| Buipueys

0S

I
0S¢

I I I
00¢ 0s1L 00l

(w9) sAoq Joy 3s8) dwnl Buo| Buipuels

0S

18

16

14

12

10

18

16

14

12

Age (yrs)

Age (yrs)





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Nutrition

Anthropometric indices, body
function, and physical fitness
reference values for Tibetan

ethnic children aged 6-17
residing at 3,650 meters above
sea level











OPS/images/fnut-09-1036470-t003.jpg
Object

Height

Weight

Body mass index

Heart rate

Systolic blood pressure
Diastolic blood pressure
Forced vital capacity

Sit and reach test

Standing long jump test

E female; M, male.

&
2

= £ g9 EgmEm " E

Q

0.320
0.226
0.548
0.262
0.705
0.290
0.504
0.321
0.357
0.557
0.679
0.077
0.345
0.751
0.144
0.087
0.261
0.361

Q

0.754
0.132
0.291
0.310
0.271
0.290
0.203
0.402
0.830
0.973
0.530
0.497
0.211
0.093
0.366
0.183
0.621
0.255

Qs

0.363
0.200
0.919
0.079
0.443
0.592
0.469
0.737
0.524
0.752
0.694
0.704
0.398
0.014
0.845
0.393
0.078
0.608

Q4

0.000
0.807
0.155
0.555
0.953
0.418
0.707
0.983
0.983
0.933
0.729
0.956
0.622
0.333
0.066
0.038
0.109
0.023






OPS/images/fnut-09-1036470-t002.jpg
Age (years) Sex Anthropometric indices Body function Physical fitness

Height Weight BMI HR SBP DBP FVC S&R SLJ
(cm) (kg) (kg/m?) (bpm) (mmHg) (mmHg) (mL) (cm) (cm)
6 M 11848 216439 154410 89 + 20 101+ 19 66 + 15 967 + 683* 247 96 + 19*
F 116 £7¢  208£35 154+13* 80 + 21 101 + 26* 72418 750 £ 428* 348 92417+
7 M 120£6 230435 159+ 1.7* 90 + 21 104 + 16* 70+£19* 1012 +314 4+6* 110 £17
F 120+7 222434 152+ 13* 92417 100 = 14* 67 £15* 898 £ 290* 547+ 101 + 14
8 M 12447 244441 159416 89417 103 & 14* 67 +£15¢ 1108 + 365 3+7* 117 +£18
F 1247 239445 156+ 18* 92418 100 + 14* 67 £14* 986 + 385 54 5 108 + 14
9 M 130 £8° 274457 162+20*  92+16* 105+ 13* 67 £13* 1249 £ 467* 4+6* 127 +£19
F 130 £8  272+454* 159418 91417 103 + 13* 67 £14* 1125+ 349* 54 5¢ 115 4+ 19*
10 M 13448 297458 164+ 18" 90 + 18 107 £ 13* 69+ 15* 1386 =+ 429* 545¢ 137 £ 18*
F 13549 291+61* 159+ 18" 924 18 106 = 13* 70 £15% 1244 + 434* 6+ 5¢ 122 +18*
11 M 1394£9%  319+£63* 16.5£20* 88+ 17 106 + 12 66+ 12 1586 % 476 4+6* 144 £ 20
F 140 £9¢ 325476 165+23* 88+ 15 106 = 12* 67 £12% 1404 = 450* 6+ 5¢ 128 +£17
12 M 141 £10¢  339+81%  169+23* 83415 106 + 12 66+ 12 1585 & 527* 4+6* 148 + 23*
F 14349 343471  16.6+ 2.0 90+ 18 108 £ 13* 69+ 15* 1515+ 445 745¢ 130 £ 16
13 M 145410  366+7.4* 172420 85+ 15 109 + 12 68+ 15* 1757 £ 546* 546 155 +23
F 147 4 9* 380 4+ 8.1 175424 90+ 17 109 + 12 66 + 10 1552 = 500 6+6 128 + 18*
14 M 150410  387+7.5%  17.0+20* 85+ 13 108 £ 11 66+ 11* 1970 + 600 346 162 +£23
F 150 +8 411486  18.1+27* 88+ 16 107 £ 11 65+9 1698 =+ 520* 746 130 £ 15
15 M 157410 448 4+10.1*  18.0 4 2.4 84414 115+ 16 67 +10 2068 =+ 689 4+7 174 +28
F 150 & 10 427491 18.6 £2.6 83+ 15 108 + 10 68+ 13* 1986 + 584 8+6 137+ 14
16 M 155413 4434141  18.1+38* 89+ 21 111+ 14 6812 1944 4 754* 545 170 £28
F 154 £ 7* 431479  181£25 87415 110+ 15 65+ 10 1758 + 558 7+6 137 £ 16
17 M 163 £11*  4894+9.0¢ 182+ 1.1*  80=+21* 105 + 7* 53+ 7% 1891 =+ 300* 18 203 4 31%
F 15249 452498 1954 24* 90 + 13 112+11 66 + 10 1951 £ 718 7+4 137 +18*

BMI, body mass index; DBP, diastolic blood pressure; E female; FVC, forced vital capacity; HR, heart rate; M, male; SBP, systolic blood pressure; SLJ, standing long jump test; S&R,
sit and reach test.

*Denotes data for age are non-Gaussian.
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Age Sex Sampled Overall Ratio (%)

(years) population population

5-9 M 974 14,203 6.86
F 1,000 13,856 7.22

10-14 M 909 12,299 7.39
F 963 11,867 8.11

15-19 M 49 11,794 0.42
F 60 11,265 0.53

E female; M, male.
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Diastolic blood pressure
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Sex

mE&m ™M mZmm L

1,919
2,015
1,918
2,015
1,916
2,012
1,422
1,496
1,379
1,450
1,379
1,449
1,903
1,986
1,889
1,977
1,916
2,004

Distribution

BCT
BCPE
BCPE
BCPE

BCT

BCT
BCCG
BCCG
BCPE

BCT
BCPE
BCPE

BCT
BCT*

SHASHo
SHASHo
BCT
BCT

Pb() method

ML
GAIC
ML
ML
GAIC
GAIC
ML
GAIC
GAIC
GAIC
ML
GAIC
ML
ML
GAIC
GAIC
GAIC
GAIC

edf
n c v T
2.68 2,00 3.90 2.00
4.69 435 521 2.00
3.84 2,00 2,00 2.00
5.45 407 2,00 2.00
2.79 2.93 2,00 2.00
3.70 221 2,00 2.00
5.14 2.66 2,00 N/A
2.00 2,00 2,00 N/A
2.00 3.05 2.00 2.69
323 213 2,00 2.00
2.00 291 2,00 4.02
2.00 2,00 2,00 2.80
2.00 2,00 2.00 2.00
426 2,00 2,00 2.00
2.00 2,99 2.53 2.00
2.00 401 224 2.00
3.88 331 2,00 2.00
5.84 2,00 281 2.00

SBC

13,328.80
14,183.48
11,488.57
12,342.00
7,275.196
7,822.246
12,084.82
12,801.29
10,967.22
11,519.72
10,860.57
11,354.36
28,338.91
29,289.65
12,124.81
12,398.50
16,830.35
16,914.78

BCCG, Box-Cox Cole and Green; BCPE, Box-Cox power exponential; edf, effective degrees of freedom; F, female; GAIC, generalized Akaike information criterion; M, male; ML, maximum

likelihood; 7, the number of observations in the fit; pb(), P-splines smoothing function in gamlss; SBC, Schwarz Bayesian criterion; SHASHo, original Sinh-Arcsinh; p, mu; o, sigma; v, nu;

T, tau.

*The default link function for the shape hyper-parameter nu has been changed from identity to log.
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