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Abstract

Objective: To investigate the occurrence pattern of abnormal bone density in
male long-distance runners from several different regions of China, and pro-
vide a basis for elucidating the influences of geo-environmental differences
on bone density. Methods: We employed a set of well-designed exclusion-
inclusion criteria to recruit study subjects, in which compounding factors
were managed and regional environmental traits were fully incorporated.
WHO (World Health Organization) criteria for the diagnosis of osteoporosis
were then used to examine the subjects to determine occurrence of abnormal
bone density. The resulting data were analyzed using methods of spatial sta-
tistics, which included several approaches, such as spatial autocorrelation, hot
spot analysis, and Geodetector Software analysis, to depict and analyze the
spatial distribution of abnormal bone density in male athletes from different
regions in China, thereby investigating the influences of geo-environmental
factors (e.g., temperature, humidity, and altitude) on bone density. Results: A
total of 685 subjects were effectively examined in this study, including 486
with normal bone density, 185 with osteopenia, and 14 with osteoporosis.
Spatial distribution analysis revealed that the distribution of subjects with
abnormal bone density overall exhibited a pattern indicating that the level of
abnormal bone density in the eastern regions was higher than that in the
western regions and that the levels of abnormal bone density in the southern
and northern regions were higher than that in the middle regions. Spatial au-
tocorrelation analysis revealed a Moran’s 7 = 0.136, Z-score = 1.114, and P
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value = 0.265 and indicated that the athletes with abnormal bone density were
randomly distributed in each region. Hot spot analysis revealed that Tibet
and Qinghai displayed distributions of cold spots. Geodetector Software
analysis yielded a Q value for annual average temperature of 1.000 and a cor-
responding P value of 0.000, and the results revealed that temperature signif-
icantly affected bone density and that altitude, relative humidity, sunlight
hours, and temperature variations displayed synergistic effects on bone den-
sity and could diminish the influences of temperature on bone density. Con-
clusion: Our data revealed that different regions displayed different distribu-
tion patterns of abnormal bone density such that the level in the eastern re-
gions was higher than that in the western ones and that the levels in the
southern and northern regions were higher than that in the middle regions;
specifically, the provinces of Yunnan, Heilongjiang, Hainan, and Inner Mon-
golia had high rates of abnormal bone density, whereas Tibet and Qinghai
had relatively good conditions of bone density. Our data suggested that suita-
ble temperature changes and appropriate levels of temperature variations can
decrease the occurrence rates of osteopenia and osteoporosis.
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1. Introduction

Osteoporosis is a systemic bone disease characterized by bone loss, osteopenia,
and bone microstructural changes that result from multiple factors [1] [2] [3].
Osteoporosis causes body pain, spinal deformity, and severe fractures and, as
such, greatly affects people’s health and quality of life [4]. It is well known that
osteoporosis has a relatively high prevalence in menopausal women and elderly
people. However, in recent years, coinciding with increased public attention on
the bone disease, it has come to our attention that high-risk populations also in-
clude adolescents in exuberant development, athletes with intensive training,
and workers under high physical load [5] [6] [7] [8].

Currently, well-recognized risk factors of osteoporosis mainly include age,
race, gender, alteration of sexual function, abnormal body weight, nutritional ab-
normalities, and medication [9] [10]. However, few studies have been dedicated
to examining the correlations between osteoporosis and environmental factors,
such as temperature, humidity, and altitude [11] [12]. China has a vast territory
that harbors an extraordinary diversity of geo-environmental traits, which is
conducive for investigating the relationships between the natural environment
and diseases [13]. In addition, China has a large population that accommodates
a large pool of occupational individuals, which is convenient for recruiting study
subjects. Here, we investigated the influence of environmental factors on the
bone density of populations by analyzing athletes from different regions that
have distinct environmental traits and employing newly developed geological
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surveillance technologies, including Geographic Information Systems (GIS), Glob-
al Positioning Systems (GPS), and Remote Sensing (RS) [14]. The results enabled
us to examine the influences of environmental factors on the bone density of

populations.

2. Data and Methods

Data sources

Selection of Regions and Sources of Geological Information: We chose
provincial capitals that feature high temperatures, high humidity, high altitude,
and low temperature, specifically, the provincial seats of Sichuan, Tibet, Yunnan,
Hainan, Heilongjiang, Inner Mongolia, and Xinjiang. The provinces were classi-
fied based on the four aforementioned environmental traits. We then collected
geological and climate data, including altitude, sunlight hours, 1981-2010 annual
average temperature, and 1981-2010 annual average relative humidity. All data
were from the cloud data center of the Chinese Academy of Meteorological Sciences
(http://data.cma.cn/).

Recruitment Criteria of the Subjects: This study was conducted in accor-
dance with the Declaration of Helsinki. All study participants were fully aware of
the study content and signed the informed consent. The inclusion criteria were
as follows: 1) male, 2) aged 18 - 26 years old, 3) being in long-term (>2 years)
training with local sports schools or provincial sports teams, 4) long-distance
running over 5 km daily, 5) scientifically designed meals, 6) history of health,
with no severe bone disease in the last two years, and 7) no history of other
chronic disease. The exclusion criteria were as follows: 1) history of chronic dis-
ease and corresponding medication, 2) obesity, hypertension, or diabetes, 3) re-
tired athletes, and 4) disabled athletes.

Study methods

Examination Methods. Digital radiography-based uptake was employed to
determine the bone densities of the second, third, and fourth fingers of the do-
minant hand, which were measured using a Metriscan Bone Densitometer (Ala-
ra, U.S.A.). Diagnosis was conducted following the corresponding WHO criteria:
normal (7 value > —1), osteopenia (-1 > 7 value > —2.5), and osteoporosis (7'
value < -2.5).

Statistical Analyses. Exploratory Spatial Data Analysis (ESDA) and spatial
stratified heterogeneity were the major methods used in this study. Both me-
thods can quantitatively reveal the spatial relationship and aggregation of high-risk
factors by calculating the relevant traits. Correspondingly, they can elucidate
spatial stratified heterogeneity and explore dictating factors of disease, thereby
providing evidence to understand the trends of disease-influencing factors in
monitored regions. In this study, the methods, namely, Moran’s I and Getis-Ord
Gi*, were employed to analyze the traits of the participants and to elucidate their
spatial aggregation under a significance level of @ = 0.05. The resulting data were

visualized using the following equations [15] [16].
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in which n represents the count of observed traits, x; represents the observed
value at location 4 x;represents the observed value at location j, j# 4, X represents
the mean of all observed values at all 22 locations, and W represents the spatial
weight matrix that measures the mutual influences between locations 7and jand
has multiple forms.

ZW( )%,
_s\/ns“ W,?)/(n-1)

n

> (% -%) . szvv

i=1

w=Yw,,

j=1

DIH

in which G/ represents the level of correlation between observed values at lo-
cation 7 and observed values of all locations ; that are within a distance d from
location 7, Wi{d) represents the neighboring spatial weight matrix within dis-
tance d, and S represents the standard deviation of each observed value. In addi-
tion, expected values and variance could also be calculated based on G/, whe-
reby Z was derived for the comparison of threshold values and subsequent sta-
tistical analyses.

Analysis Software: Office Excel 2007, ArcGIS 10.0, and GeoDetector were

used for data analyses in this study.

3. Results

General data information

All participants were athletes from different provincial capitals. Background me-
teorological data were from the weather stations of the sampling cities. Non-station
observatory data were used to generate fitting results, which were straightfor-
ward. The geo-environmental data of different provinces, which were from
weather stations, are summarized in Table 1. The background meteorological
data of the sampling cities are shown in Figure 1. A total of 685 participants
were effectively examined in this study, including 486 subjects with normal bone
density, 185 subjects with osteopenia, and 14 subjects with osteoporosis. The
bone density test results for athletes from different provinces are compiled in
Table 2, and the compositions of the three bone density categories are shown in
Figure 2.

Spatial analysis results

In this study, we combined the participants with osteopenia and osteoporosis

into a single group of abnormal bone density to calculate the occurrence, which
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Table 1. Geo-environmental data derived from local weather stations in different prov-
inces.

Annual average Average Average  Sunlight

Province Altitude -
(sampling site, weather stations) tempuerature (m) humidity texjnp.eratunre hours
Q) (%) variation ("C) (h/day)
Sichuan (Chengdu, Wenjiang) 16 505.9 82 19.7 2.9
Tibet (Lhasa, Maizhokunggar) 6.3 3658.0 47 17.1 6.7
Yunnan (Kunming, Kunming) 15.5 1891.4 71 11.3 4.3
Hainan (Haikou, Haikou) 24.8 14.1 82 10.7 3.8
Heilongjiang (Harbin, Harbin) 4.9 171.7 64 40.7 4.4
Inner Mongolia (Hohhot, Hohhot) 7.3 1063.0 52 34.3 5.6
Xinjiang (Urumgi, Tianchi) 2.3 917.9 61 26.4 4.6
Qinghai (Xining, Xining) 6.1 2261.2 56 24.7 5.4
Qvalue 1.000 0.456 0.864 0.788 0.701
Pvalue 0.000 0.930 0.837 0.809 0.428

Note. All data were from the cloud data center of the Chinese Academy of Meteorological Sciences
(http://data.cma.cn/); Significance level of the GeoDetector analysis: a = 0.05.
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Figure 1. Background meteorological data for the sampling cities.
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The Composition of Bone Density of Athletes in Different Regions N
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Figure 2. Pie chart of different bone density categories of athletes from different provinc-
es.

Table 2. Bone density test results for athletes from different provinces.

Normal Osteopenia Osteoporosis
Province Subjects (n) Tvalue
n % n % n %

Sichuan 113 89 0.79 22 0.19 2 0.02 -0.35+0.94
Tibet 131 102 0.78 25 0.19 4 0.03 -0.08 +1.26
Yunnan 67 35 0.52 29 0.43 3 0.04 -0.92+1.03
Hainan 80 54 0.68 25 0.31 1 0.01 -0.48 £0.98
Heilongjiang 98 65 0.66 31 0.32 2 0.02 —-0.46 + 1.07
Inner Mongolia 55 38 0.69 17 0.31 0 0.00 -0.36 +0.99
Xinjiang 71 50 0.70 19 0.27 2 0.03 -0.46+1.11
Qinghai 70 53 0.76 17 0.24 0 0.00  -0.52+0.87
Sum 685 486  0.71 185 0.27 14 0.02  -0.42 +1.07

was then used for subsequent spatial analyses, with the detailed results shown in
Figure 3. Spatial trend analysis (Figure 3(a)) revealed that overall, the preva-
lence of abnormal bone density of athletes in eastern regions was higher than
that in western regions, and the prevalence in the southern and northern regions
was higher than that in the middle regions. Autocorrelation (Moran’s I) analysis
revealed Moran’s /= 0.136, Z-score = 1.114, and P value = 0.265 (Figure 3(b)),
indicating that there were no significant differences between the data distribu-
tion and the random model. In other words, the cases of abnormal bone density
in athletes were randomly distributed in each province, and there was no corre-
lation between the occurrence and any particular region. Cluster and outlier

analysis (Anselin Local Moran’s I) generated similar results (Figure 3(c)),
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Figure 3. Spatial statistical analysis results.

further corroborating the conclusion that the occurrence of abnormal bone den-
sity in athletes displayed no spatial clustering and was randomly distributed. Hot
spot analysis (Getis-Ord Gi*) revealed that Tibet and Qinghai belonged to cold
spots (Figure 3(d), Figure 3(e), Figure 3(f)), or that the occurrences of abnor-
mal bone density in the two regions were below the level of mathematical pre-

diction.
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GeoDetector analysis results

GeoDetector was then used to perform analyses of spatial stratified hetero-
geneity, whereby the influences of temperature, altitude, relative humidity, tem-
perature variation, and sunlight hours on abnormal bone density were investi-
gated. The results of factor detector analysis indicated that temperature dis-
played the most prominent effects on bone density (Table 1). The results of in-
teractive detector analysis indicated that altitude, relative humidity, sunlight
hours, and temperature variation could all diminish the influences of tempera-
ture on bone density and that there were synergistic effects among altitude, rela-

tive humidity, sunlight hours, and temperature variation (Figure 4).

4. Discussion

As living standards improve, increasingly more people have begun to pay close
attention to the influences of exercise on the body. Athletes are professional
sportsmen who have better physical fitness than general populations; they have
relatively stable physical indicators and are therefore good study subjects for
examining the relationships between the body and sports. Bone strength directly
affects an athlete’s career, and maintaining solid bones is the physical foundation
of most sportsmen. Bone density is the most simple and objective indicator to
measure bone strength. In recent years, rapid advancements in nutriology and
sports medicine have enabled scientists and physicians to identify many factors
affecting bone density, which can be organized into four categories: body factors,
nutrition factors, disease factors, and environmental factors. Currently, the body
factors that have been validated include gender, age, and hormone levels. Peak
bone density occurs when a person is between 20 and 30 years old and is slightly
different between men and women. This period also represents the golden phase
of most athletes [17]. With regard to nutrition factors, the most important ones
are calcium intake level and vitamin D intake level and biosynthesis activity, al-

though the absorption of other nutrients also affects the uptake and metabolism

Elevation N relative humidity
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Temperature (| Sunshine Duration Elevation N Sunshine Duration
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Figure 4. Analytic results of interactive detectors.
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of calcium [18]. Among disease factors, diabetes is a well-recognized illness that
can alter bone density [19]. It has been reported that sunlight exposure is a ma-
jor environmental factor affecting bone density, but thus far, the contributions
of other environmental factors have been overlooked [20].

In this study, we recruited male long-distance runners to examine the rela-
tionship between various geo-environmental factors and abnormal bone density.
We introduced a set of exclusion-inclusion criteria to minimize the interference
of compounding factors, such as gender, age, nutrition, and disease, and to en-
sure that the study subjects were well-matched for these factors. Corresponding-
ly, the participants were only differentiated by the geo-environmental factors;
therefore, our results were convincing. In this study, we discovered apparent
differences in occurrences of abnormal bone density between different regions
such that the occurrences in the eastern regions were higher than those in the
western ones, and the occurrences in the southern and northern regions were
higher than those in the middle ones; specifically, the provinces of Yunnan, Hei-
longjiang, Hainan, and Inner Mongolia had high rates of abnormal bone density,
which was reported by our group in a previous study [21]. In addition, spatial
autocorrelation analysis revealed that occurrences of abnormal bone density in
different regions showed no apparent spatial correlation, instead exhibiting a
random distribution. In other words, cases of abnormal bone density in different
regions were independent events, and there were interactions or influences
among the regions. Hot spot analysis revealed that there were cold spots in Tibet
and Qinghai, meaning that the actual occurrences of abnormal bone density
were below the theoretically predicted values; thus, the conditions were better
than those in the other regions. geodetector analysis was then conducted to ana-
lyze the relationship between environmental factors and abnormal bone density
and revealed that temperature variation had the most prominent influence on
this condition. Taking into account our clinical experience and previous reports
(citations), we argued that suitable temperature variations can stimulate calcium
intake, thereby augmenting bone structure and reducing the occurrence of ab-
normal bone density.

This study features the following advantages. First, we recruited athletes in
different regions with a set of well-designed exclusion-inclusion criteria using
appropriate tests, if applicable, thereby removing compounding factors such as
gender, age, nutrition, and disease. Correspondingly, the subjects were only dif-
ferentiated by the examined geo-environmental factors, thus ensuring the relia-
bility of our results. Second, we employed spatial statistical analyses and spatial
epidemiology approaches to investigate the influence of geo-environmental ele-
ments on a disease. In comparison with traditional statistical methods, this new
strategy takes full advantage of spatial factors, which is conducive for big da-
ta-based applications.

During the course of this study, we were confronted with some challenges.
Based on the results of statistical analyses, we considered that gender, nutrition,

and disease were the most significant factors affecting bone density; in particu-
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lar, differences in nutrition uptake may directly contribute to alterations in bone
density. Although competitive research based on spatial statistics revealed a
connection between temperature and bone density, no apparent association was
found for other geo-environmental factors, which might be due to some uncha-
racterized compounding factors that were present when enlisting the partici-
pants. In addition, it is also plausible that in all regions, the diet, daily life, and
training of athletes were properly arranged to be beneficial for the athletes’
health, which possibly mitigated the impacts of other geo-environmental factors.
Moreover, we were also faced with many restrictions in obtaining geological and
environmental data, with the major difficulty being that the data were neither
open to the public nor free. As a consequence, we could not fully utilize a large
amount of important data and resources. Another challenge during the analyses
was that our team lacked experienced researchers in spatial statistics, which
caused us extraordinary difficulties in running the software. Nevertheless, we
overcame the limitation and took full advantage of the newly developed tech-
nology of spatial statistical analysis to introduce crucial geo-environmental data
into our investigation, which is beneficial for the future development of medical
studies. As the era of big data approaches, we encourage scientists in the field to
employ similar strategies to pursue real questions. Although it is difficult to ob-
tain a clear cause-and-effect relationship in most cases, these approaches enable
us to fully exploit the data and to elucidate any connection between a disease and

environmental factors.

5. Conclusion

In summary, the abnormal bone density of athletes in this study is characterized
by the spatial distribution characteristics of the eastern region higher than the
western region, and the southern and northern regions higher than the central
region. Appropriate temperature changes and a certain temperature difference

can reduce the occurrence of abnormal bone density.
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