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Study Objectives: Clinical studies have investigated whether obstructive sleep apnea (OSA) can modulate bone metabolism but data are conflicting. 
Bone mineral density (BMD) measured by dual-energy x-ray absorptiometry is the standard technique for quantifying bone strength but has limitations in 
overweight patients (body mass index [BMI] ≥ 25 kg/m2). The aim of this study was to examine the association between OSA and BMD by examining CT 
images that allow true volumetric measurements of the bone regardless of BMI.
Methods: Lumbar vertebrae BMD was evaluated in 234 persons (180 males and 54 females) by CT scan. The method was calibrated by a phantom 
containing a known concentration of hydroxyapatite.
Results: BMD was lower in male patients with severe OSA (apnea-hypopnea index [AHI] ≥ 30/h) than non OSA (AHI < 5; p < 0.05), while OSA and BMD had 
no association in females. Linear and multiple regression analyses revealed that age (p < 0.0001, β = −0.52), hypertension (p = 0.0068, β = −0.17), and the 
alveolar-arterial oxygen pressure difference (A-aDO2) (p = 0.012, β = −0.15) in males were associated with BMD, while only age (p < 0.0001, β = −0.68) was 
associated with BMD in females. 
Conclusion: Males with severe OSA had a significantly lower BMD than non OSA participants. Age, hypertension, and elevation of A-aDO2 were significant 
factors for BMD by CT imaging. The usefulness of measuring BMD in OSA patients by CT scanning should be studied in future.
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INTRODUCTION

Obstructive sleep apnea (OSA) is a disorder of growing health 
concern. Recent data have shown that the prevalence of mod-
erate to severe OSA in adult males is 10–20% in Western and 
Asian countries.1,2 OSA is a disorder characterized by repeti-
tive collapse and reopening of the upper airway during sleep, 
which can result in intermittent hypoxemia and sleep fragmen-
tation.3 Intermittent hypoxemia is known to be associated with 
increased levels of many mediators involved in inflammatory 
processes, oxidative stress, and thrombotic activity.4 These 
adverse effects may have many pathological consequences, in-
cluding cardiovascular diseases, neurocognitive deficits, and 
metabolic disorders.4

Hypoxemia is also known to directly stimulate the forma-
tion and activation of osteoclasts.5,6 Therefore, hypoxemia 
in OSA patients during sleep may become a risk factor for 
osteoporosis. Osteoporosis is a common skeletal disorder 
characterized by compromised bone strength and increased 
risk of fracture, and is associated with mortality, especially 
in males.7 Bone strength primarily reflects the integration of 
bone mineral density (BMD) and bone quality. Measurement 
of BMD by dual-energy x-ray absorptiometry (DEXA) is the 
standard technique for quantifying osteoporosis. Other tech-
niques to analyze BMD include quantitative CT scanning, 
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magnetic resonance spectroscopy and perfusion, and quanti-
tative ultrasonography.8

There have been a few reports about the relationships be-
tween OSA and osteoporosis.9–13 It was reported that OSA could 
impair,9–11 not affect,12 or stimulate bone metabolism.13 Thus, re-
ports on the associations between OSA and bone metabolism 
were conflicting. In these reports, DEXA was used for evaluat-
ing BMD. DEXA has a limitation in measuring BMD in over-
weight patients (body mass index [BMI] ≥ 25 kg/m2) because 
superimposed soft tissue can cause inaccurate measurements 
of BMD owing to attenuation of the x-ray beams and a beam 
hardening artifact.8,14 Therefore, DEXA might not accurately 

BRIEF SUMMARY
Current Knowledge/Study Rationale: Reports on the relationships 
between obstructive sleep apnea (OSA) and bone metabolism are 
conflicting. Bone mineral density (BMD) is usually quantified by 
dual-energy x-ray absorptiometry, which has limitations in overweight 
persons. In the present study, we used quantitative CT to examine 
the relationships between OSA and BMD.
Study Impact: This study showed that BMD in male patients with 
severe OSA determined by CT images was lower than that in non 
OSA participants. Also, age, hypertension, and elevation of the 
alveolar-arterial oxygen pressure difference were significant factors 
for BMD by CT imaging.
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evaluate BMD in patients with OSA, because the majority of 
persons with OSA are overweight or obese. Quantitative CT has 
important advantages over DEXA because it allows true volu-
metric measurements of the lumbar spine regardless of BMI.8 
Previously, we reported that BMD in thoracic and lumbar verte-
bral bones was assessed in patients with chronic obstructive pul-
monary disease (COPD) by CT scan.15,16 We usually performed 
abdominal CT scans to measure abdominal fat accumulation.17 
Therefore, these images could concurrently be used to evaluate 
BMD of lumbar vertebral bones. Vertebral fractures are among 
the most frequent complications of osteoporosis. Korean popu-
lation data showed that mortality after vertebral fracture was 
significantly higher than that in the normal population.18 We 
hypothesized that there were close associations between OSA 
and BMD that might be confirmed by CT scan images. We here 
evaluated images obtained by CT of lumbar vertebral bones to 
examine the association between OSA and BMD.

METHODS

Study Participants
Studied were 718 adults (age 20–80 years) who were admitted 
to the Sleep Unit of Kyoto University Hospital for overnight 

polysomnographic (PSG) evaluation between December 2008 
and July 2011. All had been referred to our sleep unit with 
symptoms such as snoring and/or daytime sleepiness. Figure 1 
is a flow chart summarizing patient selection. Among 718 indi-
viduals, we excluded 97 for the following reasons: treatment for 
OSA (n = 26), central sleep apnea (n = 5), and lack of clinical 
data (n = 66). We excluded 199 patients who had the following 
diseases that can affect bone metabolism: pulmonary disease 
including asthma or COPD treated by inhaled corticosteroid 
treatment and interstitial lung disease (n = 62), endocrine dis-
ease (n = 33), collagen disease (n = 32), chronic renal insuffi-
ciency (serum creatinine > 2.0 mg/dL) (n = 15), occurrence of 
malignancy within the previous 5 years (n = 33), history of gas-
trectomy (n = 6) and history of lumbar surgery (n = 3), chronic 
liver disease (n = 7), being wheelchair bound (n = 6), neurofibro-
matosis type I (n = 1), and having a gastrostomy (n = 1). Also, we 
excluded 118 individuals who received medicine that could influ-
ence bone metabolism as follows: osteoporosis therapy (n = 20), 
oral corticoid therapy (n = 17), hormone replacement therapy 
(n = 5), and other medications (n = 76) including proton pump 
inhibitors, anticoagulant drugs, and anticonvulsant drugs. Of 
the remaining 304 patients, 67 did not undergo an abdominal CT 
scan. There was no difference between participants who did or 
did not have a CT scan (see Table S1 in supplemental material). 

Figure 1—Flow chart of selection of study participants.

*Other medications included proton pump inhibitor, anticoagulant drug, and anticonvulsant drug.
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Then, we analyzed lumbar BMD in 237 subjects. Three of these 
participants were ineligible for analysis because of a compres-
sion fracture and/or an osteophyte. Finally, the study consisted 
of 234 participants (180 males and 54 females).

This study was approved by the Kyoto University Graduate 
School and Faculty of Medicine Ethics Committee (E-2061), 
and informed consent was obtained from all subjects.

BMI was calculated as weight in kilograms divided by the 
square of height in meters. Waist circumference was measured 
midway between the lower costal margin and iliac crest.

Laboratory Analysis of Blood and Blood Pressure 
Measurements
Samples of peripheral venous blood were collected in the 
morning with the patient fasting after one-night PSG. Routine 
blood examinations were performed as follows: Fasting plasma 
glucose and hemoglobin A1c were measured as markers of glu-
cose metabolism. Serum total cholesterol, serum triglycerides, 
and serum high-density lipoprotein cholesterol were measured 
as markers of lipid metabolism. The remaining blood samples 
were centrifuged immediately at 3,000 rpm at 4°C for 10 min. 
The separated samples were stored at −80°C until assay. Serum 
calcium, osteocalcin and 25-hydroxy vitamin D levels were 
measured by Chlorophosphonazo-III (Espa Ca, Nipro, Osaka, 
Japan), solid-phase sandwich enzyme-linked immunosorbent 
assay (BGP IRMA, LSI Medience, Tokyo, Japan) and competi-
tive protein binding assay (LSI Medience), respectively.

Arterial blood for the analysis of gas under room air breath-
ing was drawn just before PSG started at night with the par-
ticipants in the supine position. pH, bicarbonate concentration 
(HCO3

−), and arterial partial pressure of oxygen (PaO2) and 
carbon dioxide pressure (PaCO2) were measured in a blood 
gas analyzer (arterial blood gas analyzer RL 865; Chiron Cor-
poration, Emeryville, CA). The alveolar-arterial oxygen pres-
sure difference (A-aDO2) was obtained by subtracting the PaO2 
from the alveolar partial pressure of oxygen (PAO2). PAO2 was 
calculated according to the simplified alveolar air equation as 
follows: PAO2 = 150 − PaCO2 / 0.8.

Blood pressure was measured 5 times at 1-min intervals in 
the sitting position after resting for at least 5 min. The average 
of the latter 2 recordings was calculated.

Definitions of Hypertension, Diabetes Mellitus, and 
Hyperlipidemia
Hypertension was defined by the use of antihypertensive medica-
tions or a systolic blood pressure ≥ 135 mm Hg or a diastolic blood 
pressure ≥ 85 mm Hg.19 Diabetes mellitus was defined by the use 
of antidiabetic medications or a fasting plasma glucose level ≥ 126 
mg/dL or hemoglobin A1c level ≥ 6.5%.20 Hyperlipidemia was de-
termined if the individuals used antihyperlipidemic medications 
or had a serum level of total cholesterol ≥ 220 mg/dL, high density 
lipoprotein cholesterol < 40 mg/dL, low density lipoprotein cho-
lesterol ≥ 140 mg/dL or triglyceride ≥ 150 mg/dL.21

Physical Activity
We measured physical activity with a questionnaire on frequency 
of and time spent on three levels of physical activity (i.e., vigor-
ous: jogging, swimming, strenuous sports, bicycling on hills; 

moderate: housework, ballroom dancing, golf, bicycling on level 
ground, lawn mowing, regular walking; and light: office work, 
strolling, personal care).22 We set the average intensity of vigor-
ous activity at 2.15 metabolic equivalents (MET, kJ kg/h), and that 
of moderate and light activity were at 1.43 and 0.72, respectively, 
according to the compendium of physical activity.22 The amount 
of physical activity (kJ/week) was calculated by multiplying the 
corresponding MET values by frequency per week, hours spent at 
each session, and body weight, and summing up the values. This 
value was defined as the physical activity index (PAI).22

Epworth Sleepiness Scale
Daytime sleepiness was assessed by the Japanese version of the 
Epworth Sleepiness Scale (ESS).23 With the ESS, individuals 
score themselves on a scale of 0 (not at all likely to fall asleep) to 
3 (very likely to fall asleep) according to how easily they would 
fall asleep in 8 different situations, with possible overall scores 
of 0 to 24. The higher the score, the sleepier is the individual.

PSG
All participants underwent PSG (SomnoStar pro, Cardinal Health, 
Dublin, OH, USA or Alice 5, Healthdyne, Atlanta, GA, USA), 
the details of which were described elsewhere.24 Ventilation was 
monitored by inductive plethysmography (Respitrace QDC, Via-
sys Healthcare, Palm Springs, CA, USA). Airflow was monitored 
by a nasal pressure transducer (PTAFlite, Pro-Tech Services Inc., 
Mukilteo, WA, USA) and supplemented by an oronasal thermal 
sensor (Sleepmate Technologies, Midlothian, VA, USA). Arterial 
oxygen saturation was measured transcutaneously at the finger-
tip by pulse oximetry (Adult Flex System, Nonin Medical, Plym-
outh, MN, USA). Apnea was indicated by the complete cessation 
of airflow ≥ 10 s and hypopnea was indicated by a decrease in 
airflow ≥ 30% lasting ≥ 10 s, accompanied by oxygen desatura-
tion ≥ 4%.25 Obstructive and central sleep apnea/hypopnea were 
defined as the presence and absence of thoraco-abdominal ef-
fort, respectively. The apnea-hypopnea index (AHI) was calcu-
lated as the number of apnea and hypopnea episodes per hour 
of recording time in bed. OSA was defined as AHI ≥ 5 events/h, 
which were predominantly obstructive respiratory events (pres-
ence of thoraco-abdominal effort).25 Severity of OSA was also 
defined by the AHI as follows: non OSA (AHI < 5), mild OSA 
(5 ≥ AHI < 15), moderate OSA (15 ≥ AHI < 30), and severe OSA 
(AHI ≥ 30). The 4% oxygen desaturation index (4% ODI) indi-
cated the number of oxygen desaturation events ≥ 4% below the 
baseline level per hour during sleep. The percentage of time with 
SpO2 < 90% (TST90) was the percentage of time that arterial O2 
saturation was < 90% during sleep.

Measurement of BMD in Lumbar Vertebral Bone
To measure BMD, we used CT images obtained by Aquilion 
64 (Toshiba, Tokyo, Japan; slice thickness, 7 mm) that were 
taken to measure visceral fat accumulation. Our protocol for 
lumbar bone mineral analysis used an axial slice in the midsec-
tion of the three vertebral bodies from L1 to L3, using a modi-
fied method reported previously.6,15,16 On the horizontal images 
of the selected slice, the elliptical region of interest (ROI) was 
encompassed manually as the largest possible area at the an-
terior portion of each vertebral body. Finally, the mean CT 
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scan density of the ROI was measured. For the measurement 
of BMD, a CT scan calibration phantom (Kyoto Kagaku Co, 
Ltd; Kyoto, Japan) containing 8 tubes of known concentrations 
of hydroxyapatite (0, 50, 100, 150, 200, 250, 300, and 400 mg/
mL) was scanned with the same scanning parameters as those 
for the participants.15,16 BMD was expressed in milligrams per 
milliliter of hydroxyapatite using the following relationship: 
BMD (in milligrams per milliliter) = 0.68 × CT scan density 
(in HU) + 25.33 (correlation coefficient, 0.991). Measurements 
from all images were made twice by the same observer, who 
did not know the clinical status of the patient. The correlation 
coefficient for the measurements of CT scan density of each 
lumbar vertebral bone between two measurements was 0.975, 
0.992, and 0.991 for vertebrae L1, L2, and L3, respectively. Fi-
nal values were decided based on an average of 2 measurements.

Statistical Analysis
Data were expressed as the mean ± standard deviation (SD). 
Firstly, we compared differences based on the severity of OSA 
in both sexes by an analysis of variance. When a significant 
difference was observed, we used the Tukey-Kramer post hoc 
test to identify where the differences were significant. Categor-
ical variables were compared by the χ2 test. Next, relationships 

between the average BMD of lumbar vertebrae from L1 to L3 
and the other variables were analyzed by Pearson correlation 
coefficients or Spearman rank correlation coefficients. Then, 
to identify which variables could best determine the average 
BMD, stepwise linear regression analyses were performed. 
The variables entered in the multivariate analysis were those 
yielding a p value < 0.1 by univariate analysis. Also, when in-
dependent variables had very strong collinearity (r ≥ 0.7), the 
one that had the stronger correlation with the average BMD 
was selected. Cutoff values set in the stepwise analysis were 
p = 0.05 for both the forward and backward processes. A 
p value < 0.05 was considered to be significant. All statistical 
analyses were performed using a statistical software package 
(JMP 10 software; SAS Institute Inc; Cary, NC).

RESULTS

Baseline Characteristics
Clinical data on the study population are shown in Tables 1–3. 
Of the participants, 98, 74, and 40 patients took antihyperten-
sive, antihyperlipidemic, and antidiabetic medications, respec-
tively. Female patients with severe OSA were heavier (p < 0.05) 

Table 1—Clinical characteristics of study population.
Non OSA Mild OSA Moderate OSA Severe OSA p value

Number male 27 35 50 68
female  6 22 12 14

Age, y male 49.3 ± 16.2 50.5 ± 15.3 56.0 ± 11.5 55.6 ± 12.3 0.051
female 58.5 ± 10.6 62.8 ± 12.8 59.0 ± 7.5 61.5 ± 11.9 0.75

Weight, kg male 68.7 ± 9.9 74.9 ± 14.8 73.5 ± 13.5 82.2 ± 19.3 a,c 0.0007
female 65.9 ± 14.4 60.8 ± 15.9 70.0 ± 15.6 78.1 ± 24.6 0.060

Height, m male 1.68 ± 0.046 1.72 ± 0.060 1.69 ± 0.063 1.68 ± 0.071 b 0.027
female 1.54 ± 0.033 1.56 ± 0.063 1.57 ± 0.059 1.53 ± 0.057 0.29

BMI, kg/m2 male 24.5 ± 3.6 25.4 ± 4.3 25.7 ± 4.1 29.0 ± 5.5 a,b,c < 0.0001
female 27.7 ± 6.1 24.8 ± 5.6 28.4 ± 5.9 33.2 ± 9.5 b 0.010

WC, cm male 87.9 ± 8.7 94.0 ± 10.2 92.6 ± 9.6 100.1 ± 11.2 a,b,c < 0.0001
female 93.0 ± 15.8 87.6 ± 11.2 99.7 ± 15.3 102.7 ± 15.7 b 0.013

SBP, mm Hg male 122.6 ± 18.8 123.5 ± 16.6 126.7 ± 15.9 130.1 ± 16.2 0.13
female 123.7 ± 18.4 123.3 ± 14.0 129.8 ± 15.5 132.6 ± 15.0 0.28

DBP, mm Hg male 75.7 ± 12.0 79.2 ± 13.6 78.8 ± 9.7 81.7 ± 11.0 0.12
female 75.5 ± 11.2 71.7 ± 9.0 79.0 ± 10.5 75.0 ± 10.3 0.25

Smoking status, 
current/past/never, n

male 3/14/10 7/14/14 6/25/19 13/30/25 0.88
female 1/0/5 0/5/7 2/1/9 0/2/12 0.22

PAI*, kJ/week male 441.4 ± 508.8 419.4 ± 515.4 366.7 ± 450.8 361.1 ± 557.1 0.88
female 476.0 ± 717.4 335.2 ± 298.6 399.9 ± 284.4 294.6 ± 290.6 0.75

BMD †, mg/mL male 143.8 ± 30.5 133.1 ± 33.6 129.2 ± 24.6 124.7 ± 28.7 a 0.034
female 114.1 ± 39.8 115.1 ± 32.0 131.7 ± 36.5 118.7 ± 31.1 0.55

Values are given as mean ± SD. *PAI was measured in 218 participants (170 males and 48 females). †Average BMD of lumbar vertebrae from L1 to L3. 
ap < 0.05 versus non OSA; bp < 0.05 versus mild OSA; cp < 0.05 versus moderate OSA. OSA, obstructive sleep apnea; BMI, body mass index; WC, waist 
circumstance; SBP, systolic blood pressure; DBP, diastolic blood pressure; PAI, physical activity index; BMD, bone mineral density.
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and had a higher rate of diabetes mellitus (p < 0.05) than those 
with mild OSA. Male patients with severe OSA were the heavi-
est, as were female patients with severe OSA. Male participants 
with non OSA had higher ESS scores than those with moderate 
OSA (p < 0.05). Males with OSA regardless of severity had a 
higher rate of hypertension than those with non OSA (p < 0.05). 
Also, male patients with severe OSA had a lower PaO2 (p < 0.05) 
and a higher A-aDO2 (p < 0.05) than those with non OSA. The 
males with severe OSA had a significantly lower BMD level 
than those with non OSA (p < 0.05), while this difference was 
not noted in females. Data on PAI could be obtained from 218 of 
234 participants (170 males and 48 females), and there was no 
difference in PAI scores between the non OSA and OSA groups.

In this retrospective study, calcium, osteocalcin, and 25-hy-
droxy vitamin D levels were measured in 104 participants. 
There was no difference between subjects who did or did not 
undergo blood examinations (see Table S2 in supplemental 
material). In participants who underwent blood analyses, there 
was no difference between each OSA and non OSA group with 
regard to laboratory data of calcium, osteocalcin, and 25-hy-
droxy vitamin D levels (see Table S3 in supplemental material).

Factors of Predicting BMD
Correlations between the average BMD of lumbar vertebrae 
from L1 to L3 and clinical characteristics are shown in Table 4. 
In both sexes, the BMD was significantly correlated with age 

Table 2—Metabolic data of study population.
Non OSA Mild OSA Moderate OSA Severe OSA p value

Number male 27 35 50 68
female  6 22 12 14

Blood analysis data
TC, mg/dL male 194.0 ± 38.8 189.2 ± 33.0 197.2 ± 38.1 196.6 ± 36.6 0.75

female 223.2 ± 39.9 199.5 ± 36.7 203.9 ± 47.2 201.0 ± 32.3 0.61

TG, mg/dL male 137.6 ± 87.2 143.9 ± 82.9 139.2 ± 72.0 185.8 ± 150.1 0.073
female 173.8 ± 101.2 100.1 ± 41.0 a 104.4 ± 45.4 127.1 ± 67.1 0.045

HDL, mg/dL male 50.1 ± 12.2 46.6 ± 10.0 49.8 ± 12.0 46.5 ± 12.1 0.28
female 54.8 ± 10.4 60.7 ± 13.3 54.6 ± 17.0 51.3 ± 11.2 0.22

FPG, mg/dL male 97.1 ± 5.1 96.4 ± 4.4 107.1 ± 3.7 105.7 ± 3.2 0.14
female 125.3 ± 45.7 92.7 ± 7.5 146.3 ± 117.7 101.6 ± 20.2 0.075

HbA1c, % male 5.2 ± 0.7 5.5 ± 0.9 5.6 ± 1.0 5.9 ± 1.1 a 0.0075
female 6.3 ± 1.3 5.5 ± 0.3 6.1 ± 1.1 5.8 ± 1.0 0.10

CRP, mg/dL male 0.059 ± 0.10 0.12 ± 0.24 0.12 ± 0.18 0.11 ± 0.10 0.45
female 0.13 ± 0.10 0.10 ± 0.24 0.10 ± 0.13 0.33 ± 0.39 0.073

Comorbidities
HT, n (%) male 6 (22.2) 19 (54.3) a 28 (56)a 48 (70.6) a 0.0004

female 4 (66.7) 10 (45.5) 9 (75) 9 (64.3) 0.35

 HL, n (%) male 16 (59.3) 20 (57.1) 36 (72) 47 (69.1) 0.41
female 4 (66.7) 13 (59.1) 10 (83.3) 9 (64.3) 0.55

 DM, n (%) male 5 (18.5) 5 (14.3) 10 (20) 20 (29.4) 0.3
female 2 (33.3) 0 (0)a 4 (33.3)b 4 (28.6) b 0.036

 CVD, n (%) male 1 (3.7) 3 (8.6) 5 (10) 10 (14.7) 0.43
female 0 (0) 1 (4.6) 2 (16.7) 0 (0) 0.26

Medications
Antihypertensive, 
n (%)

male 3 (11.1) 12 (34.3) a 23 (46.0)a 36 (52.9) a 0.0017
female 3 (50.0) 8 (36.4) 7 (58.3) 6 (42.9) 0.66

Antihyperlipidemic, 
n (%)

male 5 (18.5) 9 (25.7) 14 (28.0) 25 (36.8) 0.31
female 3 (50.0) 8 (36.4) 6 (50.0) 4 (28.6) 0.65

 Antidiabetic, n (%) male 4 (14.8) 4 (11.4) 7 (14.0) 17 (25.0) 0.26
female 2 (33.3) 0 (0) 3 (25.0) 3 (21.4) 0.074

Values are given as mean ± SD. ap < 0.05 versus non OSA; bp < 0.05 versus mild OSA. OSA, obstructive sleep apnea; TC, total cholesterol; TG, 
triglyceride; HDL, high-density lipoprotein cholesterol; FPG, fasting plasma glucose; HbA1c, hemoglobin A1c; CRP, C-reactive protein; HT, hypertension; HL, 
hyperlipidemia; DM, diabetes mellitus; CVD, cardiovascular disease.
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(male: r = −0.61, p < 0.0001; female: r = −0.68, p < 0.0001) 
and A-aDO2 (male: r = −0.34, p < 0.0001; female: r = −0.28, 
p = 0.039). Figure 2 shows the relationship between A-aDO2 
and BMD. In males, the BMD was significantly correlated with 
hypertension (ρ = −0.39, p < 0.0001), pH (r = −0.25, p = 0.0009), 
PaO2 (r = 0.23, p = 0.0022), PaCO2 (r = 0.32, p < 0.0001), and 
arousal index (r = −0.27, p = 0.0003). Stepwise multiple regres-
sion analysis was performed to identify factors for predicting 
the average BMD of lumbar vertebrae from L1 to L3. In both 
sexes, PaO2 and A-aDO2 had strong collinearity (both sexes: 
r = −0.92). In males, PaCO2 and HCO3

− also had strong col-
linearity (r = 0.70). A-aDO2 (r = −0.34) and PaCO2 (r = 0.32) 
had stronger correlations with the average BMD than PaO2 
(r = 0.23) and HCO3

− (r = 0.14), respectively. Therefore, we per-
formed multiple regression analysis using A-aDO2 and PaCO2. 
In males, age (β = −0.52, p < 0.0001), hypertension (β = −0.17, 
p = 0.0068), and A-aDO2 (β = −0.15, p = 0.012) were indepen-
dent explanatory variables of BMD (Table 5). In females, age 

was an independent explanatory variable of BMD (β = −0.68, 
p < 0.0001) (Table 5).

DISCUSSION

The present study was designed to investigate the associations 
between OSA and BMD using abdominal CT scans. To our 
knowledge, this is the first report of a quantitative evaluation 
of BMD in individuals with OSA by this method. According 
to BMD determined by CT imaging, patients with severe OSA 
had lower BMD than those with non OSA. From the CT images 
obtained in one sleep center in Japan, there was a significant 
association between age, hypertension or elevation of A-aDO2 
and BMD in males; however, age was the only determinant of 
BMD in females.

Although bone density is usually measured by DEXA meth-
ods, it is said that DEXA has a limitation in measuring BMD 

Table 3—Laboratory data and sleep parameters of study population.
Non OSA Mild OSA Moderate OSA Severe OSA p value

Number male 27 35 50 68
female  6 22 12 14

Arterial blood gas
pH male 7.41 ± 0.021 7.41 ± 0.020 7.41 ± 0.022 7.41 ± 0.025 0.97

female 7.42 ± 0.021 7.42 ± 0.022 7.42 ± 0.037 7.41 ± 0.038 0.88

PaO2, mm Hg male 91.5 ± 10.3 84.8 ± 11.2 a 86.5 ± 8.6 80.3 ± 10.5 a,c < 0.0001
female 85.3 ± 13.3 82.9 ± 11.0 84.3 ± 11.7 77.8 ± 14.4 0.48

PaCO2, mm Hg male 41.9 ± 3.6 42.3 ± 3.9 41.9 ± 3.2 41.5 ± 3.7 0.69
female 40.6 ± 2.6 40.6 ± 3.3 42.3 ± 4.0 42.4 ± 5.2 0.42

HCO3
−, mmol/L male 25.9 ± 1.6 26.2 ± 1.8 25.9 ± 1.7 25.8 ± 2.0 0.79

female 25.6 ± 1.6 25.7 ± 1.8 26.7 ± 1.6 26.3 ± 2.0 0.40

A-aDO2, mm Hg male 6.1 ± 11.1 12.3 ± 12.5 11.2 ± 8.8 17.9 ± 10.6 a,c < 0.0001
female 14.0 ± 11.7 16.4 ± 10.3 12.7 ± 10.7 19.2 ± 14.1 0.54

Polysomnography
AHI, /h male 2.5 ± 1.6 9.7 ± 2.9 21.8 ± 4.7 a,b 51.1 ± 17.7 a,b,c < 0.0001

female 3.3 ± 1.3 10.4 ± 2.5 19.8 ± 4.1 a 52.4 ± 21.9 a,b,c < 0.0001

Arousal index, /h male 20.8 ± 10.6 24.3 ± 11.6 28.1 ± 10.6 46.3 ± 16.6 a,b,c < 0.0001
female 18.5 ± 6.7 19.0 ± 9.8 27.0 ± 12.3 37.6 ± 20.9 a,b 0.0019

Lowest SpO2, % male 89.8 ± 3.4 83.7 ± 4.7 a 79.1 ± 12.9 a 74.3 ± 8.2 a,b,c < 0.0001
female 88.0 ± 4.6 82.4 ± 13.0 76.2 ± 7.3 75.5 ± 6.1 0.025

TST90*, % male 0.3 ± 0.9 2.7 ± 3.3 7.1 ± 7.1 29.7 ± 24.8 a,b,c < 0.0001
female 0.6 ± 0.6 1.0 ± 1.4 5.1 ± 3.2 30.1 ± 27.5 a,b,c < 0.0001

4% ODI, /h male 1.9 ± 1.5 9.0 ± 2.8 19.5 ± 6.2 a,b 48.8 ± 18.7 a,b,c < 0.0001
female 3.2 ± 1.8 7.8 ± 3.0 18.1 ± 4.4 49.4 ± 22.3 a,b,c < 0.0001

ESS male 12.3 ± 4.2 11.1 ± 5.4 8.5 ± 4.6 a 10.0 ± 5.2 0.0087
female 8.8 ± 6.4 8.4 ± 5.9 8.2 ± 5.9 10.1 ± 5.6 0.80

Values are given as mean ± SD. *The percentage of time that arterial O2 saturation was < 90% during sleep. ap < 0.05 versus non OSA; bp < 0.05 versus 
mild OSA; cp < 0.05 versus moderate OSA. OSA, obstructive sleep apnea; PaO2, arterial partial pressure of oxygen; PaCO2, arterial partial pressure of 
carbon dioxide; HCO3

−, serum bicarbonate concentration; A-aDO2, alveolar-arterial oxygen difference; AHI, apnea-hypopnea index; TST90, % of time with 
SpO2 < 90%; ODI, oxygen desaturation index; ESS, Epworth Sleepiness Scale.
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in overweight patients (BMI ≥ 25 kg/m2) because the super-
imposed soft tissue can cause inaccuracies measurements of 
BMD owing to attenuation of the x-ray beams and a beam 
hardening artifact. Indeed, the BMI of many participants in 
this study was over 25 kg/m2 (Table 1). Therefore, in this study, 
BMD was measured by CT, which was validated as our previ-
ous study by a calibration phantom containing eight tubes of 
known concentrations of hydroxyapatite.15,16 From CT imaging, 
it was determined that BMD in male OSA patients decreased 
according to the severities of OSA with a significant difference 
in BMD between severe OSA and non OSA participants. In 
addition to this study and previous studies,15,16 quantitative CT 
measurements also have been done to evaluate early changes 
in skeletal BMD.26 Furthermore, previous studies showed the 
availability of CT images obtained for various clinical indica-
tions to identify osteoporosis without additional radiation or 
cost as well as this study.27,28

Our data showed that male participants with severe OSA 
had low BMD status while AHI was not correlated with BMD. 
A few available data on the association between OSA and 
bone metabolism are conflicting.9–13 It was reported that OSA 
could impair,9–11 not affect,12 or stimulate bone metabolism.13 
Tomiyama et al. reported an elevation of a bone absorption 
marker (urinary C-terminal telopeptide of type I collagen) in 
patients with OSA, which was reversed by continuous posi-
tive airway pressure therapy.10 Also, Uzkeser et al. revealed 
that BMD was decreased in patients with OSA.11 A popula-
tion-based cohort study in Taiwan showed that patients with 
OSA were found to be at 2.74 times the risk of osteoporosis 
than patients without OSA.9 These data were consistent with 
our data. In contrast, Sforza et al. revealed that the presence 
of OSA was associated with higher BMD in large sample of 
elderly subjects.13 The patients with OSA had a greater daily 
energy expenditure than those without OSA, while in this re-
port, there was no significant difference in physical activity as-
sessed by PAI between OSA and non OSA group (Table 1). It 
is said that physical activity is the most important factor in the 
BMD score.29,30 Therefore, the difference in associations be-
tween BMD and OSA between Sforza’s report and this report 
might be due to differences in physical activities. In addition, 
in the Sforza’s study, the degrees of intermittent hypoxemia in 
patients with OSA were mild. The mean 4% ODI in Sforza’s 
study was 9.4, while that in ours was 24.8; and TST90 was 2.0% 
in their study while ours was 12.8%. These differences might 
induce the opposite results. Recently, Cauley et al. showed that 
TST90 was associated with nonspinal fractures.31 In this study, 
BMD determined by CT scanning was only evaluated in the 
L1–3 vertebral bodies. Therefore, further prospective studies 
to understand the true effects of nocturnal/intermittent and/
or daytime/chronic hypoxemia on bone metabolism in various 
bone sites are needed.

In this study, an elevated A-aDO2 was correlated with re-
duced BMD. The A-aDO2 implies daytime oxygenation. 
Although previous studies showed that daytime hypoxemia de-
creased BMD and increased bone resorption markers in COPD 
patients,16,32 the significance of the elevated A-aDO2 found in 
the present work was not known because the daytime PaO2 
was not low among our study participants.

Table 4—Linear regression analysis of average bone 
mineral density of lumbar vertebrae from L1 to L3.

Male Female
r p value r p value

Age −0.61  < 0.0001 −0.68 < 0.0001
Weight 0.045 0.55 0.097 0.49
Height 0.099 0.19 0.24 0.079
BMI 0.024 0.75 0.038 0.78
WC −0.13 0.093 −0.065 0.64
CRP −0.06 0.43 −0.075 0.59
Current smoker* 0.16 0.037 0.20 0.14
Comorbidities

HT* −0.39  < 0.0001 −0.22 0.12
HL* −0.061 0.42 −0.20 0.15
DM* −0.13 0.078 0.11 0.44
CVD* −0.15 0.050 −0.11 0.42

Arterial blood gas
 pH −0.25 0.0009 −0.012 0.93
 PaO2 0.23 0.0022 0.25 0.063
 PaCO2 0.32  < 0.0001 0.021 0.88
 HCO3

− 0.14 0.058 0.0097 0.94
 A-aDO2 −0.34  < 0.0001 −0.28 0.039

Polysomnography
AHI −0.12 0.12 0.11 0.44
Arousal index −0.27 0.0003 0.21 0.12
Lowest SpO2 0.12 0.12 −0.14 0.31
TST90

† −0.096 0.20 0.048 0.73
4% ODI −0.12 0.10 0.086 0.54

*The correlation between these variables and bone mineral density are 
presented with Spearman rank correlation coefficient (ρ). The others are 
also presented with Pearson correlation coefficient (r). †The percentage 
of time that arterial O2 saturation was < 90% during sleep. BMI, body 
mass index; WC, waist circumstance; CRP, C-reactive protein; HL, 
hyperlipidemia; DM, diabetes mellitus; CVD, cardiovascular disease; 
PaCO2, arterial partial pressure of carbon dioxide; HCO3

−, serum 
bicarbonate concentration; A-aDO2, alveolar-arterial oxygen difference; 
AHI, apnea-hypopnea index; TST90, % of time with SpO2 < 90%; ODI, 
oxygen desaturation index.

Table 5—Stepwise multiple regression analysis to predict 
the average bone mineral density of lumbar vertebral bones 
from L1 to 3.

Males β p R2 (%)
Age −0.52  < 0.0001 31.7
Hypertension −0.17 0.0068 6.8
A-aDO2 −0.15 0.012 5.1
Cumulative R2 44

Females β p R2 (%)
Age −0.68  < 0.0001 46
Cumulative R2  46

A-aDO2, alveolar-arterial oxygen difference.
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Our results showed an association between hypertension 
and reduced BMD in male study participants. Bone metabo-
lism and hypertension share a similar etiopathology, that is, 
low calcium intake and vitamin D values and high consump-
tion of sodium salt.33,34 Recently, it has been recognized that 
OSA is a major factor in secondary hypertension. This is con-
sidered to be a result of high sympathetic activity induced by 
intermittent hypoxemia, sleep fragmentation and arousal.6 It is 
said that sympathetic stimulation could induce bone reabsorp-
tion by mediating osteoclast activation and osteoclastogenesis 
involving the receptor activator of the nuclear factor κ B ligand 
(RANKL)-RANK system.35 In this report, linear regression 
analysis of BMD showed that an elevation of the arousal in-
dex was correlated with reduced BMD (Table 4). Therefore, 
sympathetic stimulation (hypertension in this study) due to in-
termittent hypoxemia, arousals and sleep fragmentation have 
worsened bone metabolism in male patients in this study.

In this report, there was no association between factors other 
than OSA except for age and BMD in female study participants. 
Females experience a profound period of rapid bone resorption 
as they enter menopause, while males undergo a slow loss of 
bone with age.36 We did not investigate menopausal status, but 
we are aware that the menopausal status of the participants 
could have influenced our results. However, in our study, the 
mean age of the females was 61.5 years, and it was considered 
that the majority of females were postmenopausal. It is known 
that secondary causes for osteoporosis exist in 20% to 40% 
of females, while 65% of males who have osteoporosis have 
other contributory diseases.37 Therefore, there may be a differ-
ence in susceptibility to contributory factors influencing bone 
metabolism between the sexes. This background could have 
influenced our results.

This study has some limitations. First, our center is an expert 
sleep center so participants tend to have complaints about sleep 
and/or daytime sleepiness. Male participants with non OSA had 
high ESS scores (Table 3). Therefore, in this study, participants 
with non OSA might not be considered to be normal healthy 

controls, which could influence our results. Second, we can not 
know causality or the mechanism of our findings because this 
was a retrospective analysis. Third, there was a gender differ-
ence in the number of study participants. Indeed, the number of 
females was small, particularly those having non OSA. These 
differences in number could make a statistical bias. Future stud-
ies comprising a greater number of female patients are needed. 
Fourth, in this study, we could not analyze BMD in around half 
of the participants because of comorbidities and medications 
and did not perform all examinations in all participants. We 
measured biochemical markers of bone metabolism, includ-
ing calcium, osteocalcin, and 25-hydroxy vitamin D levels in 
around half of the participants. Other biochemical markers, for 
example phosphate, CTX and bone-specific alkaline phospha-
tase were not investigated. Future research is needed to identify 
the effect of some of the factors that were not fully examined 
in this study. Fifth, we did not measure BMD by DEXA at the 
same time as the abdominal CT scans were performed. There-
fore, we could not here detect the accuracy of quantitative CT 
in comparison with DEXA for evaluating BMD in overweight 
patients with OSA. In addition, we could not ascertain that the 
measurements of BMD in spinal bones were fully able to evalu-
ate BMD or osteoporosis in the whole body. We need further 
investigations to clarify the differences between DEXA and 
quantitative CT in patients with OSA.

We concluded that severe OSA had lower BMD determined 
by CT imaging of the L1–3 vertebrae than non OSA partici-
pants. Also, age, hypertension, and elevation of A-aDO2 were 
significant factors for BMD in males. Despite the several limi-
tations of this study, CT imaging to measure BMD in OSA 
patients as a marker of osteoporosis may be useful.

ABBRE VI ATIONS

A-aDO2, alveolar-arterial oxygen pressure difference
AHI, apnea-hypopnea index

Figure 2—Scatterplot of average bone mineral density of lumbar vertebrae from L1 to L3 vs. alveolar-arterial oxygen difference.

(A) Male, and (B) female participants. The average bone mineral density level was negatively correlated with alveolar-arterial oxygen difference level in 
both sexes. BMD, bone mineral density; A-aDO2, alveolar-arterial oxygen difference,

A	 B
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BMD, bone mineral density
BMI, body mass index
COPD, chronic obstructive pulmonary disease
DEXA, dual-energy x-ray absorptiometry
ESS, Epworth Sleepiness Scale
HCO3

−, bicarbonate concentration
MET, metabolic equivalents
OSA, obstructive sleep apnea
PaCO2, carbon dioxide pressure
PAO2, alveolar partial pressure of oxygen
PaO2, arterial partial pressure of oxygen
PAI, physical activity index
PSG, polysomnography
RANKL, receptor activator of the nuclear factor κ B ligand
ROI, region of interest
SD, standard deviation
TST90, percentage of time with SpO2 < 90% 
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