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A B S T R A C T   

Objectives: High altitude possesses a great challenge for human survival owing to low oxygen tension and has 
been reported to cause bone deterioration among sojourns of high altitude. The bone health of Ladakhi women is 
investigated for the first time in this study. 
Methods: Dual energy X-ray absorptiometry of Ladakhi women and sea level women was done at the radius and 
calcaneus using EXA-3000 (Osteosys, Korea), followed by colorimetric and Enzyme Linked Immunosorbent Assay 
analysis of parameters regulating bone health. 
Results: There was no statistically significant difference between bone mineral density of Ladakhi women and sea 
level women at radius (P = 0.287) or calcaneus (P = 0.839). Almost similar cases of osteopenia were reported at 
both sites measured in the study among both groups. Two post-menopausal Ladakhi women however, had 
osteoporosis at the radius while 4 had osteoporosis at calcaneus. Significant increase in calcium levels with a 
decrease in intact parathyroid hormone and an increase in calcitonin levels were observed in Ladakhi women as 
compared to sea level women. Though there was no significant difference in 25-hydroxy vitamin D levels of both 
groups, a higher percentage of 25-hydroxy vitamin D deficiency (77% vs 23%) was observed in Ladakhi women 
as compared to sea level women. Estradiol levels were similar in both groups. 
Conclusions: The present study suggest that there is no significant relationship between high altitude living and 
bone mineral density among Ladakhi women.   

1. Introduction 

Nearly 81.6 million people live permanently in high-altitude (HA) 
regions while others are visiting them for professional and recreational 
purposes [1]. Survival in extreme cold, high wind velocity, dehydration, 
solar radiation, malnutrition and especially hypobaric hypoxia of HA 
environment requires adjustments across various organ systems through 
acclimatization [2]. As reviewed extensively by Babu and Ghosh in 
“Looking at mountains: Role of Sustained Hypoxia in Regulating Bone 
Mineral Homeostasis in Relation to Wnt Pathway and Estrogen”. Hyp
oxia has also been associated with significant decline in bone mineral 
density (BMD) accompanied with changes in hormonal and biochemical 
indicators of bone remodeling in low landers exposed to high altitude 
(HA). Reduced BMD along with decline in both bone formation markers 
namely alkaline phosphatases (ALP), bone specific alkaline phospha
tases (BAP), calcitonin (CT) and bone resorption markers namely C- 

Telopeptide of Type I collagen, N-Terminal Telopeptide reflecting a 
lower bone turnover, contributing to significant amount of osteopenia 
and osteoporosis was reported in soldiers after stay at high and extreme 
altitude for 40 and 16 weeks, respectively. The bone strength parameters 
such as maximum load, stiffness, young’s modulus were significantly 
reduced at simulated altitudes in rat models as well. Low oxygen tension 
has been reported to inhibit the formation and activity of osteoblasts 
thereby limiting bone formation and stimulating bone resorption by 
accelerating formation and activity of osteoclasts in many reports but 
contradictory results have also been reported [3]. 

Early identification followed by appropriate intervention among 
subjects at high risk of osteoporosis and related morbidity can reduce 
considerable amount of economic and social burden of the condition. 
Identification of individuals at risk of osteoporosis requires accurate 
measurement of BMD and comparison to a young normal reference 
population [4]. Natives of HA may represent long term effects of 
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prolonged HA residency on bone mineral metabolism. To date, knowl
edge about effect of HA environment on bone health can be attributed to 
few studies reported mainly on male volunteers [5–8]. We have, 
therefore, performed cross sectional analysis of bone health indicators 
and regulators in Ladakhi women (LDK), native to 3500 m and 
compared it with age-matched sea level women (SLN), residing at nearly 
200 m. To our knowledge, this is the first study trying to establish bone 
health status of pre-menopausal women of HA region. The aim of this 
study is to compare BMD along with biochemical and endocrinal regu
lators of bone health in LDK to establish bone health status of Ladakhi 
women. 

2. Methods 

2.1. Ethical approval 

The proposed study protocol-EC/DIPAS/B-6/2/2015 was approved 
by the Institute’s Ethics Committee as per Helsinki declaration and its 
later amendments. The bone health indicator studies were carried out in 
LDK and SLN groups consisting of healthy pre-menopausal women of 
20–50 years of age. The experimental procedure was explained to all 
volunteers prior to experimentation and written consent was obtained. 
General information such as name, date of birth, ethnicity, address, 
education, occupation, lifestyle, dietary habits, exercise protocol, 
medication history, history of familial osteoporosis, and any occurrence 
of stress fracture was recorded. 

2.2. Study participants 

LDK group consisted of volunteers native to Leh, Ladakh (3500 m) 
and various study parameters were collected at Defence Institute for 
High Altitude Research (DIHAR), Leh, India. SLN group consisted of 
aged matched volunteers having similar socio-economic background, 
residing in Delhi and parameters were recorded at Defence Institute of 
Physiology and Allied Sciences, Delhi, India. Both groups comprised of 
research scholars, scientists, and other staffs from the institutes, and 
their lifestyle was mostly sedentary. A total of 47 SLN and 48 LDK vol
unteered for the study but only healthy pre-menopausal volunteers with 
no obvious signs and symptoms of metabolic bone disease and/or any 
other illness such as diabetes mellitus, parathyroidism, thyroidism, 
lactose intolerance, impaired renal, hepatic, or reproductive function, 
and were not taking any supplement affecting bone mineral metabolism 
were included in the study. Volunteers who had not been to HA for 
minimum of 1 year were only included in the SLN group. All volunteers 
followed normal daily routine and diet while being part of the study. 
Physical data was obtained with minimum clothing and without shoes. 
Height and weight were recorded using scales and body mass index 
(BMI) was calculated accordingly. 

2.3. BMD measurement 

BMD was assessed by measurements taken at the ultra-distal radius 
of non-dominant arm and left calcaneus using peripheral dual energy X- 
ray absorptiometry (DXA) using an “EXA-3000 (Osteosys, Seoul, Korea)” 
instrument, according to the protocol mentioned by the manufacturer. 
Quality control procedures were also carried out in accordance with the 
manufacturer’s guidance. T-score was obtained from software “Osteo
sys- EXA” provided with the machine. It was based on reference values 
of BMD forearm and BMD calcaneus of Asian database. Assessment of T- 
score was carried out using standards defined by World Health Orga
nization (WHO) for determining bone health status. The criteria are 
defined as ‘‘the T-score’’ between − 1 and − 2.5 termed as ‘‘osteopenia’’ 
and less than − 2.5 termed as ‘‘osteoporosis”. 

2.4. Biochemical and hormonal parameter analysis 

Fasting venous blood samples were drawn from each volunteer into 
Serum Separator Tubes (367956, SST_ II Advance; BD) in the morning. 
Whole blood in SST was centrifuged at 3000 rpm for 15 min at room 
temperature to obtain the serum which was then aliquoted and stored at 
− 80◦C for further analysis. All parameters were measured in duplicates 
using commercially available kits in accordance to manufacturer’s 
guidelines in a multi-plate reader (Tecan Infinite 200 Pro, Switzerland).  

1. Estimation of serum calcium 

The serum calcium levels were measured using Calcium colorimetry 
kit (D01377, Dilab, Austria) according to manufacturer’s instructions. 
The kit measured calcium up to 20 mg/dL with lower limit of detection 
up to 0.04 mg/dL. Briefly, 10 μL of standard (10 mg/dL) and each serum 
samples were mixed with 1000 μL of reagent and incubated at room 
temperature for 5 minutes. Absorbance was read at OD650 nm using 
micro-plate reader against reagent blank containing 10 μL distilled 
water. The results were analyzed against the concentration of standard.  

2. Estimation of serum phosphorus 

The serum phosphorus levels were measured using phosphorus 
colorimetry kit (D01377, Dilab, Austria) according to manufacturer’s 
instructions. The kit measured phosphorus up to 15 mg/dL with lower 
limit of detection up to 0.07 mg/dL. Briefly, 10 μL of standard (5 mg/dL) 
and each serum samples were mixed with 1000 μL of reagent and 
incubated at room temperature for 5 minutes. Absorbance was read at 
OD650 nm using micro-plate reader against reagent blank containing 
10 μL distilled water. The results were analyzed against the concentra
tion of standard.  

3. Estimation of serum BAP 

The serum BAP levels were measured using BAP EIA kit (MicroVue 
BAP EIA, Quidel, San Diego, CA, USA) as per manufacturer’s in
structions. The kit had an assay range of 2–140 U/L and sensitivity of 0.7 
U/L. Briefly, 20 μL of standards, controls and each serum sample were 
mixed with 125 μL of assay buffer and incubated at room temperature 
for 3 hours. The plate was washed and 150 μL of substrate was added to 
each well and incubated for 30 minutes at room temperature. Finally, 
100 μL of stop solution was added to each well and absorbance was read 
at OD405 nm using microplate reader. Results were analyzed using a 
quadratic curve fit.  

4. Estimation of serum 25-OH vitamin D 

The serum 25-OH vitamin D levels were measured using total 25-OH 
vitamin D EIA kit (KT715, EDI, USA) as per manufacturer’s instructions. 
The kit had an assay range of 0–115 ng/ml and sensitivity of 5 ng/ml. 20 
μL of standards, controls and each serum sample were mixed with 100 μL 
of vitamin D assay buffer and incubated at room temperature for 1 hour. 
25 μL Biotinylated vitamin D analogue was added to each well and 
incubated at room temperature for 30 minutes. The plate was washed 
and 100 μL of Streptavidin-HRP was added to each well and incubated at 
room temperature for 20 minutes. Plate was again washed and 100 μL 
HRP substrate was added to each well and incubated for 20 minutes at 
room temperature. Finally, 100 μL of stop solution was added to each 
well and absorbance was read at OD450 nm using microplate reader. 
Results were analyzed using four-parameter calibration curve fitting.  

5. Estimation of serum i-PTH 

The serum i-PTH levels were measured using i-PTH ELISA kit (EIA- 
3645, DRG International, Marburg, Germany) as per manufacturer’s 
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instructions. The kit had assay range of 1.57–210 pg/mL and sensitivity 
of 1.57 pg/mL. 25 μL of standards, controls and each serum sample were 
mixed with 50 μL each of biotinylated antibody and enzyme labeled 
antibody. The plate was incubated at room temperature for 3 hours. The 
plate was washed and 150 μL of TMB substrate was added to each well 
and incubated for 30 minutes at room temperature. Finally, 100 μL of 
stop solution was added to each well and absorbance was read at OD450 
nm using microplate reader. Results were analyzed using four- 
parameter calibration curve fitting.  

6 Estimation of serum calcitonin 

The serum calcitonin levels were measured using calcitonin ELISA kit 
(EIA-3648, DRG International, Germany) as per manufacturer’s in
structions. The kit had assay range of 1–1000 pg/mL and sensitivity of 1 
pg/mL. 100 μL of standards, controls and each serum sample were mixed 
with 50 μL each of biotinylated antibody and enzyme labeled antibody. 
The plate was incubated at room temperature for 4 hours. The plate was 
washed and 150 μL of TMB substrate was added to each well and 
incubated for 30 minutes at room temperature. Finally, 100 μL of stop 
solution was added to each well and absorbance was read at OD450 nm 
using microplate reader. Results were analyzed using four-parameter 
calibration curve fitting.  

7 Estimation of serum estradiol 

The serum estradiol levels were measured using estradiol ELISA kit 
(EIA-2693, DRG International, Germany) as per manufacturer’s in
structions. The kit had an assay range of 10.6–2000 pg/mL and sensi
tivity of 10.6 pg/mL. 25 μL of standards, controls and each serum sample 
were mixed with 100 μL of enzyme conjugate. The plate was incubated 
at room temperature for 1.5 hours. The plate was washed and 100 μL of 
substrate was added to each well and incubated for 30 minutes at room 
temperature. Finally, 50 μL of stop solution was added to each well and 
absorbance was read at OD450 nm within 10 minutes using microplate 
reader. Results were analyzed using four-parameter calibration curve 
fitting. 

2.5. Statistical analysis 

All data collected (physiological, bone densitometry, biochemical 
and hormonal parameters) was entered into Microsoft Excel file. Mean 
and Standard error of mean (SEM) were calculated for all sets of data 
and student’s t-test was used to compare the means of LDK and SLN 
group. Probability values equal to or less than 0.05 and 0.01 were 
considered statistically significant and highly significant difference be
tween the groups, respectively. 

3. Results 

Altogether 95 (47 SLN and 48 LDK) consenting women volunteered 
for the study among which 63 (34 SLN and 29 LDK) were found eligible 
for the study. Nineteen (4 SLN and 15 LDK) post-menopausal women 
were excluded from the study. However, BMD of 15 postmenopausal 
LDK women was analyzed separately. Twelve (8 SLN and 4 LDK vol
unteers) were removed for having metabolic conditions affecting bone 
mineral metabolism and 1 SLN subject visited HA during the study. No 
volunteers of both groups showed any sign of osteomalacia. Table 1 
shows the physiological features of the 2 groups. Mean age of SLN group 
was similar to LDK group. LDK had significantly reduced height (P <
0.001) and weight (P = 0.02) compared with their SLN counterparts. 
Mean height of LDK and SLN group were 152.40 ± 4.57 and 160.45 ±
6.24, respectively. Similarly, mean weight of LDK and SLN were 56.61 
± 8.52 and 62.24 ± 9.34, respectively. However, there was no change in 
BMI between the groups. LDK and SLN groups had BMI of 24.18 ± 2.56 
and 24.98 ± 4.03, respectively. 

Table 2 shows the mean BMD along with cases of osteopenia and 
osteoporosis at ultra-distal radius of non-dominant arm and left calca
neus in LDK and SLN groups. The mean BMD at radius in the LDK was 
0.49 ± 0.06 g/cm2 as compared to 0.47 ± 0.05 g/cm2 of SLN. Similarly, 
the mean BMD at calcaneus for both LDK and SLN subjects were 0.49 g/ 
cm2 each. No significant change in BMD was found at either site 
measured in this study. Five LDK were reported to have osteopenia at 
radius while 6 had osteopenia at calcaneus as compared to 4 SLN with 
osteopenia at radius and 5 with osteopenia at calcaneus. In summary, 
equal number of volunteers suffered from osteopenia in SLN and LDK at 
both sites measured in the study. The mean BMD of 15 post-menopausal 
Ladakhi women at radius and calcaneus were 0.41 ± 0.10 g/cm2 and 
0.44 ± 0.10 g/cm2, respectively. Four post-menopausal LDK volunteers 
suffered from osteoporosis in radius while 2 had osteoporosis at calca
neus. One subject was also reported to have osteopenia at the calcaneus. 

Table 4 depicts serum concentrations of biochemical and endocrinal 
parameters related to bone health. Calcium and phosphorus (P) together 
form hydroxyapatite, the most abundant and inorganic component of 
bone. There was a significant increase (P = 0.045) in mean serum Ca 
levels of LDK (9.87 ± 0.75 mg/dL) as compared to SLN (9.37 ± 0.98 
mg/dL). However, mean serum P levels were similar for LDK (3.34 ±
0.72 mg/dL) and SLN (3.55 ± 0.75 mg/dL groups. 

BAP and 25 vitamin D play important role in bone formation. There 
were no significant differences in levels of BAP and 25 vitamin D in LDK 
and SLN groups. The mean serum BAP levels for LDK and SLN groups 
were 23.37 ± 4.42 U/L and 20.40 ± 6.73 U/L, respectively. The mean 
serum 25 vitamin D levels for LDK and SLN groups were 14.64 ± 6.79 
ng/mL and 20.86 ± 8.38 ng/mL, respectively. Table 3 depicts the 25 
vitamin D deficiency statuses of the subjects. Only 23% of the SLN group 

Table 1 
Physiological features of subjects.  

Parameters Sea Level 
Women 
Mean ± SD 

Ladakhi 
Women 
Mean ± SD 

P-value Effect Size 
(Hedges’ G) 

Age, yr 34.29 ±
7.70 

35.72 ±
5.83 

0.423 0.207 

Height, cm 160.45 ±
6.24 

152.40 ±
4.57 

0.000** 1.530 

Weight, kg 62.24 ±
9.34 

56.61 ±
8.52 

0.02* 0.6628 

Body Mass Index, 
kg/m2 

24.98 ±
4.03 

24.18 ±
2.56 

0.380 0.233 

Values represented as mean ± SD unless stated otherwise. Significance of 
changes in the mean values of Ladakhi women and sea level women was 
determined by Student’s t-test (**P < 0.01; *P < 0.05); SD, standard deviation, 
years; centimeters; kg-kilogram; kg/m2-kilograms per square meter. 

Table 2 
Bone Mineral Density and bone heath status of subjects.  

Parameters Pre-Menopausal Post- 
Menopausal 

Sea Level 
Women 

Ladakhi Women Ladakhi 
Women 

BMD-ultra distal radius, 
g/cm2 

0.47 ± 0.05 0.49 ± 0.06 (P =
0.29; E.S = 0.276) 

0.41 ± 0.10 

Osteopenia-ultra distal 
radius (n) 

4 5 0 

Osteoporosis-ultra 
distal radius (n) 

0 0 4 

BMD- calcaneus, g/cm2 0.49 ± 0.08 0.49 ± 0.07 (P =
0.84; E.S = 0.528) 

0.44 ± 0.10 

Osteopenia- calcaneus 
(n) 

5 6 4 

Osteoporosis-calcaneus 
(n) 

0 0 2 

Values represented as Mean ± SD unless stated otherwise; SD, standard devia
tion; BMD, bone mineral density; E.S, effect size. 
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was sufficient in 25 vitamin D while no LDK volunteer was sufficient in 
25 vitamin D levels. Of these, 52% of SLN and 77% of LDK groups had 25 
vitamin D deficiencies. 

i-PTH and CT regulate bone resorption to maintain Ca levels in cir
culation. There was significant decrease (P = 0.051) in mean iPTH levels 
of LDK (37.99 ± 21.77 pg/mL) as compared to SLN volunteers (51.20 ±
21.78 pg/mL). CT levels also showed highly significant increase in LDK 
(P < 0.001) as compared to SLN. The mean CT levels were 6.89 ± 0.0.75 
pg/mL and 2.80 ± 0.55 pg/mL in LDK and SLN groups, respectively. A 
low level of estradiol is responsible for post-menopausal osteoporosis. 
However, there was no change in mean estradiol level of LDK (115.72 ±
76.27) as compared to SLN subjects (114.73 ± 57.78). 

4. Discussion 

Osteoporosis, characterized by low bone mass and bone deteriora
tion, is a major escalating health concern, with over 200 million people 
affected worldwide especially in developing countries due to increase in 
life expectancy and aging population [9]. In India, nearly 61 million 
people are suffering from osteoporosis of which 80% are women [10]. 
There are handful of studies on bone health of women from various parts 
of the country [11] but almost none from HA regions. Our study for the 
first-time reports bone health status in Ladakhi women by comparing 
them to age matched sea level counterparts. 

The mean body height and weight of LDK in our study was observed 
to be less than SLN. These could be results of ethnic variation, poor 
nutritional availability, high energy expenditure in tough terrains of the 
region [12]. However, the BMI of both groups were similar and fell in 
normal range representing healthy volunteers in the present study. 

Therefore, reduced height and weight with healthy BMI in LDK group 
could be part of adaptive response of this population for survival at HA. 

Reports including previous studies from our lab have consistently 
reported deteriorated bone density in low landers upon exposure to HA 
[5–8]. However, Bharadwaj et al [13] have reported higher bone min
eral content in Ladakhi soldiers as compared to Tamilian soldiers using 
Allen’s formula and reasoned it to wider bi-iliac, wrist, knee and ankle 
width of Ladakhi natives. But very recently, Zou et al [14] have reported 
high BMD, measured using DXA and low number of osteoporosis in the 
Tibetian population when compared to those from plains due to Ca rich 
diet comprising of meat and dairy products and sufficient light exposure, 
especially with routine outdoor pilgrimage. In the present study, we 
found similar BMD at both sites measured ie ultra-distal radius of 
non-dominant arm and left calcaneus in LDK and SLN. The mean BMD at 
the ultra-distal radius for Indian women as described by ICMR is 0.40 ±
0.04 which is lower than the mean BMD of both LDK and SLN subjects of 
our study [15]. These multi-centric studies throughout the country 
included women of all ages and socio-economic groups while our study 
groups mostly consisted of research fellows and staff at 2 institutes and 
therefore are having better BMD. Sudha et al. [16] have reported 
osteopenia and osteoporosis in the age group of 25–45 using quantita
tive ultrasound (QUS) at Jammu situated at 327 m and found 13% 
osteopenia and 7% osteoporosis at the calcaneus. In the present study, 
we found comparable cases of osteopenia in LDK and SLN groups at both 
sites measured in the study. 

Bone is a highly dynamic tissue undergoing continuous remodeling 
with bone resorbing osteoclasts digesting the bone matrix and providing 
site for bone forming osteoblasts to lay new bone matrix [17]. Studies 
have also reported changes in biochemical and hormonal markers of 
bone remodeling in low landers upon exposure to HA [3]. BAP is major 
regulator of bone mineralization and hence major bone formation 
marker [18]. Nakamaru et al. [3] reported similar BAP levels after 
10–20 years of mountaineering among male and female mountaineers. 
Our lab has previously shown decreased BAP levels in low lander sol
diers exposed to both extreme and HA [7]. However, ALP levels were 
increased on exposure to HA but decreased in those deinducted from 
extreme altitude [6]. Ranhotra and Sharma [3] have reported increased 
ALP in high-lander of 1495 m, at Mizoram India due to increased bone 
turnover among high-landers. Increased ALP was also reported by 
Ramirez et al [19] in natives residing at 3000 m of southern Colombian 
Andes to sea level population. In the present study, we found insignifi
cant changes in BAP levels of LDK and SLN subjects which indicate to
wards similar bone turnover in both groups. 

Vitamin D is another important parameter with respect to bone 
formation as vitamin D is primarily responsible for Ca absorption 
required in bone mineralization [20]. According to the definition of 
World Medical Association (WMA) - adopted by the 66th general as
sembly in October 2015, 25-vitamin D levels below 20 ng/mL is 
considered vitamin D deficiency and levels between 20 and 30 ng/mL is 
considered vitamin D insufficiency. As reviewed by Aparna et al. [21] 
nearly 50–94% of healthy controls in community based Indian studies 
have vitamin D deficiency. Despite increased ultraviolet radiation at HA, 
most studies have reported low vitamin D among HA dwellers and so
journs [3]. Vitamin D deficiency was reported in high and moderate 
altitudes of Indian subcontinent at the Lahaul and Spiti valley located 
above 4000 m and Kashmir valley located at 1615 m, respectively [22, 
23]. However, a recent study has reported natives of Tibet to have 
similar 25 vitamin D as compared to those from plains of China [14]. We 
did not find any difference in mean 25 vitamin D levels among LDK and 
SLN in our study but both groups presented prevalent vitamin D defi
ciency in the volunteers. Our study reports no LDK volunteers to be 
25-vitamin D sufficient, which deficiencies were not limited to the LDK 
group and were reported in SLN as well. Low 25 vitamin D levels in LDK 
group could be due to dietary deficiency and reduced exposure to sun
light due to fully covered clothing in long winters of this region similar 
to Tibet [24]. 

Table 3 
25 vitamin D status of Sea Level Women and Ladakhi Women.  

Group Sufficiency (25 
vitamin D > 30 ng/ 
mL) 

Insuffciency (25 
vitamin D = 20–30 
ng/mL) 

Deficiency (25 
vitamin D < 20 
ng/mL) 

Sea Level 
Women 
(%) 

23 25 52 

Ladakhi 
Women 
(%) 

0 23 77 

25 vitamin D levels were studied and classified according to the definition of 
World Medical Association (WMA)-adopted by the 66th general assembly in 
October 2015. 25 vitamin D, 25 hydroxy vitamin D. 

Table 4 
Serum concentrations of biochemical and endocrinal parameters.  

Parameters Sea Level 
Women 
Mean ± SD 

Ladakhi 
Women 
Mean ± SD 

P-value Effect Size 
(Hedges’ G) 

Calcium, mg/dL 9.37 ± 0.98 9.87 ± 0.75 0.045* 0.706 
Phosphorus, mg/ 

dL 
3.55 ± 0.75 3.34 ± 0.72 0.309 0.291 

BAP (U/L) 20.40 ±
6.73 

23.37 ±
4.42 

0.131 0.505 

25-OH vitamin D, 
ng/dL 

20.86 ±
14.38 

14.64 ±
6.79 

0.076 0.542 

iPTH, pg/mL 51.20 ±
21.78 

37.99 ±
21.77 

0.050* 0.607 

Cacitonin, pg/mL 2.80 ±
2.118 

6.89 ± 0.75 0.000** 2.505 

Estradiol, pg/mL 114.73 ±
57.68 

115.72 ±
76.27 

0.961 0.015 

Data presented as Mean ± SD unless stated otherwise. Significance of changes in 
mean values of Ladakhi and sea level women groups was determined by Stu
dent’s t-test (**P < 0.01; *P < 0.05). SD, standard deviation; BAP, bone specific 
alkaline phosphatases; iPTH, intact parathyroid hormone. 
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Ca and P are fundamental elements of bone architecture. They form 
the inorganic part of the bone matrix called hydroxyapatite which 
constitute about 90% of bone matrix. Transient decrease in plasma 
levels of Ca was observed at HA which returned to normal after few days 
post Kanchenjunga expedition [25]. Similarly, no change in serum Ca 
was observed by Kasprzak et al. in alpinist climbers at 3200–3600 m. 
However, a significant decrease in plasma ionized Ca and phosphate 
levels were reported on exposure to HA of 4424 m for 5 days as reported 
by Khan et al. [3]. Similarly Tanaka et al. [5] reported decreased serum 
Ca along with increased serum P, urinary P and urinary Ca levels during 
Himalayan expedition at HA of 3700 m for 60 days and extreme altitude 
of 5400 m for 37 days. Our lab previously reported increased serum Ca 
levels in soldiers posted to HA as compared to those at sea level [7]. 
There was, however, no change in serum Ca levels of soldiers 
de-inducted from extreme altitude [6]. In another study involving 8 
women exposed to 4300 m for 65 days, the authors reported increased 
serum Ca which did not recover even after 2 weeks stay at sea level. 
However, in the same study phosphate levels increased initially but 
reverted back to normal levels after a week [26]. Basu et al [6] found 
increased P levels in those de-inducted from extreme altitude. The var
ied results of Ca and P levels among HA sojourns could be due to dif
ference in diet followed during each expedition or stays at HA. Soldiers 
and mountaineers usually maintain their diet at HA through a ration 
system while natives depend upon local availability of food sources, 
affected by rocky terrain-leading to reduced agriculture and transport 
facilities in HA regions [27]. In our study, LDK had significantly 
increased serum Ca while non-significant decreased in serum P levels. 
High serum Ca levels are indicative of increased bone resorption, 
releasing Ca into circulation [28] but because we did not find any dif
ference in BMD or cases of osteopenia in the 2 groups, another plausible 
reason could be increased Ca in the diet of LDK population consisting of 
vegetation grown on rocky terrain, milk and meat products similar to 
Tibetans [14]. Ca and P have signaling and structural roles in the body; 
therefore, their levels need to be maintained within normal range for 
proper physiological functions. Both minerals were within normal range 
in SLN and LDK subjects of our study. 

i-PTH and CT hormones are involved in maintaining serum Ca and P 
levels in the body and have antagonistic roles [29]. Parathyroid hor
mone (PTH) is released from parathyroid gland and increases Ca by 
increasing bone resorption via increased osteoclastogenesis in response 
to low serum Ca. CT is released from the thyroid gland and reduces Ca 
levels by increasing bone mineralization in response to high serum Ca 
[30]. Kasprzak et al reported no change in serum PTH levels of alpinist 
climbers at 3200–3600 m. However, Khan et al.[3] reported increased 
PTH values in low landers exposed to altitude of 4424 m for 48 h which 
decreased after 96 h. Tanaka et al. [5] reported decreased PTH value 
after expedition at both high and extreme altitude for 60 and 37 days, 
respectively. Our lab previously reported increased PTH levels after 
de-induction from extreme altitude and decreased PTH values when 
soldiers posted at HA were compared with sea level counterparts [6,7]. 
There was significant decrease in i-PTH levels in LDK group as compared 
to SLN in our study which may have relation to increased Ca levels in 
this group. Apart from our lab only Tanaka et al. have reported CT levels 
after exposure to HA. All 3 studies have reported decrease in serum CT 
levels after exposure to high and extreme altitudes [5–7]. However, in 
the present study, CT levels were significantly high in LDK subjects 
which may again be due to increased serum Ca and may be playing a role 
in Ca homeostasis by functioning in opposition to PTH. 

Nitric oxide (NO) through nitrite levels has been implicated in 
various processes involved in adaptation of Tibetian highlanders 
compared to low landers ascending to HA [31]. Our laboratory has 
recently reported higher levels of nitrite and nitrate in Ladakhi women 
pointing towards higher endothelial NO production in this population 
[3]. NO in optimum range has been reported to avoid osteoclast medi
ated bone resorption by not allowing attachment of osteoclast to bone 
matrix [32] while promote osteoblast proliferation, differentiation and 

survival thus promoting bone formation [33]. Nascimento et al [33] 
have reviewed the role of NO in osteogenesis quite extensively in the 
article titled “How can nitric oxide help osteogenesis?”. 

Estrogen is reported to improve NO bioavailability by post trans
lational modification of eNOS [34]. Post-menopausal women have more 
osteoporosis and osteoporotic facture due to lack of estrogen and 
therefore, increase in iron accumulation [35]. Hormone replacement 
therapy for estrogen deficiency is widely used to treat postmenopausal 
osteoporosis [36]. In the present study, we also observed equivalent 
estradiol levels in LDK and SLN subjects. From the above observations it 
may be concluded that Ladakhi women have enough estrogen to prevent 
bone deterioration. Estrogen could also be aiding bone formation in 
Ladakhi women to maintain bone health by inhibiting sclerostin, an 
inhibitor of Wnt pathway involved in bone formation upon mechanical 
loading [37]. Post-menopausal LDK volunteers had reduced BMD and 
exhibited cases of osteoporosis further pointing the protective role of 
estrogen in premenopausal LDK volunteers. 

Challenges such as hypobaric hypoxia, cold and dehydration prev
alent at HA have been reported to exert its effect on bone health indi
vidually. Hypobaric hypoxia has been reported to deteriorate bone 
quality in animal models by several authors [3]. On the other hand the 
effect of cold and dehydration on bone density has been inconclusive 
[38–40]. Dietary habits and physical activity are other factors contrib
uting to bone density and may be affecting bone health of subjects in our 
study as well. Almost all subjects of our study had a sedentary lifestyle 
[41]. However, the tough terrain of Ladakh consisting of steep, rocky 
hills and lack of transport facility in HA areas [42] may result in 
increased physical activity and therefore increased bone formation due 
to mechanical loading through Wnt pathway [43]. 

The findings of this study must be considered in the context of several 
limitations. First, the sample size is very small. Second, only 2 sites were 
measured for bone density whereas whole body DXA such as in clinical 
settings would have been a better indicator of bone density status but a 
lighter machine for field studies was required for screening volunteers in 
tough terrains of HA. Despite these limitations, our study for the first 
time reports bone health status of Ladakhi women by accessing bone 
density measurement using DXA, biochemical and hormonal indicators. 
This pilot study sample therefore adds to sparse literature on bone health 
parameters of a specific ethnic group residing at HA. 

5. Conclusions 

The observations of this cross-sectional study suggest no significant 
relationship between high altitude living and BMD among Ladakhi 
women, staying above 3500 m for generations. These women seem to 
have maintained bone mineral health in-spite of harsh environment of 
high altitude as significant changes were not observed in BMD mea
surements among the 2 groups at either site measured in this study. Both 
groups of the study were reported to have equal prevalence of osteo
penia which could be related to sedentary lifestyle and nutritional 
deprivation. Except Ca, i-PTH and CT, all other biochemical and endo
crinal parameters were similar among the 2 groups studied. However, 
both groups also exhibited high prevalence of 25 vitamin D deficiencies 
which could be reason for osteopenia observed in both groups. NO and 
estrogen along with rocky terrain of the region influencing micro
nutrients and physical activity could play a role in maintaining bone 
health in Ladakhi women from hypobaric hypoxia mediated bone loss. 
Bone mineral metabolism is a complex process regulated by various 
pathways and factors which may be different for HA native and sojourns 
leading to different observations. Detailed studies elucidating cellular 
and molecular pathways can improve our understanding of HA adap
tation with respect to bone mineral metabolism. Both groups exhibited 
vitamin D deficiency and therefore appropriate preventive measures 
such as vitamin D supplementation may reduce the prevalence osteo
penia in the studied populations. 

L.K. Babu et al.                                                                                                                                                                                                                                 



Osteoporosis and Sarcopenia 9 (2023) 131–136

136

CRediT author statement 

Lijy K Babu: Investigation, Data curation, Formal analysis, Writing - 
Original Draft. Snigdha Shaw: Investigation. Dishari Ghosh: Concep
tualization, Methodology, Funding acquisition, Supervision, Writing - 
Review & Editing. 

Conflicts of interest 

The authors declare no competing interests. 

Acknowledgments 

We express our gratitude to Defence Research and Development 
Organization (DRDO) for funding of the project. Authors are highly 
obliged to all study participants from DIPAS, Delhi, and DIHAR, Leh, 
India. We are especially grateful to Dr. Bhuvnesh Kumar (former Di
rector, DIHAR and DIPAS) for his constant support. Finally, we appre
ciate the technical support of Dr. Niroj Sethy, Dr. Kaushik Ray and Mr. 
Mukesh Chandra. Without their assistance, the study would not have 
been possible. ORCID Lijy K Babu: 0009-0003-4818-4785. Snigdha 
Shaw: 0009-0000-1964-5253. Dishari Ghosh: 0000-0002-1300-6538. 

References 

[1] Tremblay JC, Ainslie PN. Global and country-level estimates of human population 
at high altitude. Proc Natl Acad Sci USA 2021;118:e2102463118. 

[2] Bouverot P. Adaptation to altitude-hypoxia in vertebrates. In: Heinrich B, 
Johansen K, Langer H, Neuwele G, Randall, editors. General introduction. 1st ed. 
New York: Springer-Verlag Berlin; 1985. p. 1–18. 

[3] Babu LK, Ghosh D. Looking at Mountains: role of sustained hypoxia in regulating 
bone mineral homeostasis in relation to Wnt pathway and estrogen. Clin Rev Bone 
Miner Metabol 2022;20:18–26. 

[4] Cummings SR, Bates D, Black DM. Clinical use of bone densitometry scientific 
review. Sci Rev Clin Appl 2002;288:1889–98. 

[5] Tanaka H, Minowa K, Satoh T, Koike T. Bone atrophy at high altitude. J Bone Miner 
Metabol 1992;10:31–6. 

[6] Basu M, Malhotra AS, Pal K, Chatterjee T, Ghosh D, Haldar K, et al. Determination 
of bone mass using multisite quantitative ultrasound and biochemical markers of 
bone turnover during residency at extreme altitude: a longitudinal study. High Alt 
Med Biol 2013;14:150–4. 

[7] Basu M, Malhotra AS, Pal K, Kumar R, Bajaj R, Verma SK, et al. Alterations in 
different indices of skeletal health after prolonged residency at high altitude. High 
Alt Med Biol 2014;15:170–5. 

[8] O’Brien KA, Pollock RD, Stroud M, Lambert RJ, Kumar A, Atkinson RA, et al. 
Human physiological and metabolic responses to an attempted winter crossing of 
Antarctica: the effects of prolonged hypobaric hypoxia. Phys Rep 2018;6: 
1361301–13. 

[9] Gheita TA, Hammam N. International journal of clinical rheumatology 
epidemiology and awareness of osteoporosis: a viewpoint from the Middle East and 
north africa. Int J Clin Rheumatol 2018;3:134–47. 

[10] Khinda R, Valecha S, Kumar N, Walia JPS, Singh K, Sethi S, et al. Prevalence and 
predictors of osteoporosis and osteopenia in post menopausal women of Punjab. Int 
J Environ Res Publ Health 2022;19:2999. 

[11] Khadilkar AV. Mandlik RM Epidemiology and treatment of osteoporosis in women: 
an Indian perspective. Int J Womens Health 2015;7:841–50. 

[12] Westerterp KR, Kayser B. Body mass regulation at altitude. Eur J Gastroenterol 
Hepatol 2006;18:1–3. 

[13] Bharadwaj H, Singh A, Malhotra M. Body composition of the high-altitude natives 
of Ladakh. A comparison with sea-level residents. Hum Biol 1973;45:423–34. 

[14] Zou Y, Liu Z, Li H, Jinrong H, Liu X, Liping Z, et al. Evaluation of bone metabolism- 
associated biomarkers in Tibet, China. J Clin Lab Anal 2021;35:e24068. 

[15] Shetty S, Kapoor N, Naik D, Asha HS, Thomas N, Paul TV. The impact of the 
Hologic vs the ICMR database in diagnosis of osteoporosis among south Indian 
subjects. Clin Endocrinol 2014;81:519–22. 

[16] Sharma S, Tandon V, Mahajan A, Kour A, Kumar D. Preliminary screening of 
osteoporosis and osteopenia in urban women from Jammu using calcaneus QUS. 
Indian J Med Sci 2006;60:1–4. 

[17] Hadjidakis DJ. Androulakis II. Bone remodeling. Ann NY Acad Sci 2006;396: 
385–96. 

[18] Szulc P, Seeman E, Delmas PD. International review article biochemical 
measurements of bone turnover in children and adolescents. Osteoporos Int 2000; 
11:281–94. 

[19] Ramirez G, Bittle PA, Colice GL, Foulis PR, Agosti SJ. Biochemical adaptations to 
moderately high altitude living. J Wilderness Med 1991;2:287–97. 

[20] Laird E, Ward M, Mcsorley E, Strain JJ, Wallace J. Vitamin D and bone health; 
potential mechanisms. Nutrients 2010;2:693–724. 

[21] Aparna P, Muthathal S, Nongkynrih B, Gupta SK. Vitamin D deficiency in India. 
J Fam Med Prim Care 2018;7:324–30. 

[22] Zargar AH, Ahmad S, Masoodi SR, Wani AI, Bashir MI, Laway BA, et al. Vitamin D 
status in apparently healthy adults in Kashmir Valley of Indian subcontinent. 
Postgrad Med 2007;83:713–6. 

[23] Sharma N, Sharma B, Singh G, Gupta A, Sharma R, Kapil U. Vitamin D status in 
cold trans-himalayan deserts at altitude of 4000 meter and above in India. Indian J 
Community Health 2018;30:400–2. 

[24] Gelsor N, Ma L, Duan J, Wangmu T. Human vitamin D deficiency in Tibet. Food 
Nutr Sci 2017;8:1127–36. 

[25] Rupp C, Zink RA, Brendel W. Electrolyte changes in the blood and urine of high 
altitude climbers. In: Brendel W, Zink RA, editors. High altitude Physiology and 
medicine. New York: Springer-Verlag; 1982. p183. –6. 

[26] Hannon JP, Harris CW, Shields JL. Alterations in the serum electrolyte levels of 
women during high altitude (4,300 m) acclimatization. Int J Biometeorol 1970;14: 
201–9. 

[27] Dame J. Food security and translocal livelihoods in high mountains: evidence from 
Ladakh, India. Mt Res Dev 2018;38:310–22. 

[28] Meng QH, Wagar EA. Laboratory approaches for the diagnosis and assessment of 
hypercalcemia. Crit Rev Clin Lab Sci 2015;52:107–19. 

[29] Taylor JG, Bushinsky DA. Calcium and phosphorus homeostasis. Blood Purif 2009; 
27:387–94. 

[30] Bhattarai HK, Shrestha S, Rokka K, Shakya R. Vitamin D, calcium, parathyroid 
hormone, and sex steroids in bone health and effects of aging. J Osteoporos 2020; 
9324505:1–10. 

[31] Beall CM, Laskowski D, Erzurum SC. Nitric oxide in adaptation to altitude. Free 
Radic Biol Med 2012;52:1123–34. 

[32] Brandi ML, Hukkanen M, Umeda T, Moradi-Bidhendi N, Bianchi S, Gross SS, et al. 
Bidirectional regulation of osteoclast function by nitric oxide synthase isoforms. 
Proc Natl Acad Sci USA 1995;92:2954–8. 

[33] Nascimento MHM, Pelegrino MT, Pieretti JC, Seabra AB. How can nitric oxide help 
osteogenesis? AIMS Mol Sci 2020;7:29–48. 

[34] Moreau KL, Hildreth KL. Vascular aging across the menopause transition in healthy 
women. Adv Vasc Med 2014:204390. 

[35] Balogh E, Paragh G, Jeney V. Influence of iron on bone homeostasis. 
Pharmaceuticals 2018;11:1–18. 

[36] Gambacciani M, Levancini M. Hormone replacement therapy and the prevention of 
postmenopausal osteoporosis. Prz Menopauzalny 2014;13:213–20. 

[37] Armstrong VJ, Muzylak M, Sunters A, Zaman G, Saxon LK, Price JS, et al. Wnt/ 
β-catenin signaling is a component of osteoblastic bone cell early responses to load- 
bearing and requires estrogen receptor α. J Biol Chem 2007;282:20715–27. 

[38] Du J, He Z, Cui J, Li H, Xu M, Zhang S, et al. Osteocyte apoptosis contributes to cold 
exposure-induced bone loss. Front Bioeng Biotechnol 2021;9:1–11. 

[39] Deng C, Wang P, Zhang X, Wang Y, Cancer W. Short-term, daily exposure to cold 
temperature may be an efficient way to prevent muscle atrophy and bone loss in a 
microgravity environment. Life Sci Space Res 2015;5:1–5. 

[40] Surowiec RK, Allen MR, Wallace JM. Bone hydration: how we can evaluate it, what 
can it tell us, and is it an effective therapeutic target? BoneKEy Rep 2022;16: 
101161. 

[41] Movassagh EZ, Vatanparast H. Current evidence on the association of dietary 
patterns and bone health: a Scoping Review 1–3. Am Soc Nutr 2017;8:1–16. 

[42] Hearn GJ, Shakya NM. Engineering challenges for sustainable road access in the 
Himalayas. Q J Eng Geol Hydrogeol 2017;50:69–80. 

[43] Regard JB, Zhong Z, Williams BO, Yang Y. Wnt signaling in bone development and 
disease : making stronger bone with Wnts. Cold Spring Harbor Perspect Biol 2012; 
4:1–17. 

L.K. Babu et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S2405-5255(23)00069-9/sref1
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref1
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref2
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref2
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref2
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref3
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref3
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref3
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref4
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref4
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref5
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref5
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref6
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref6
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref6
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref6
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref7
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref7
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref7
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref8
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref8
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref8
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref8
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref9
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref9
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref9
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref10
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref10
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref10
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref11
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref11
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref12
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref12
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref13
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref13
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref14
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref14
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref15
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref15
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref15
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref16
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref16
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref16
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref17
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref17
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref18
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref18
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref18
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref19
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref19
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref20
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref20
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref21
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref21
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref22
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref22
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref22
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref23
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref23
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref23
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref24
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref24
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref25
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref25
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref25
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref26
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref26
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref26
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref27
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref27
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref28
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref28
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref29
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref29
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref30
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref30
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref30
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref31
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref31
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref32
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref32
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref32
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref33
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref33
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref34
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref34
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref35
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref35
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref36
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref36
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref37
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref37
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref37
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref38
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref38
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref39
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref39
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref39
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref40
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref40
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref40
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref41
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref41
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref42
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref42
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref43
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref43
http://refhub.elsevier.com/S2405-5255(23)00069-9/sref43

	Bone mineral metabolism and different indices of skeletal health of Ladakhi women living at high altitude
	1 Introduction
	2 Methods
	2.1 Ethical approval
	2.2 Study participants
	2.3 BMD measurement
	2.4 Biochemical and hormonal parameter analysis
	2.5 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusions
	CRediT author statement
	Conflicts of interest
	Acknowledgments
	References


