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Exercise capacity independently predicts bone mineral density
and proximal femoral geometry in patients with acute
decompensated heart failure
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Abstract
Summary Heart failure is associated with increased risk of
osteoporosis. We evaluated the prevalence and predictors of
osteoporosis in hospitalized patients with ADHF using quan-
titative computed tomography. Osteoporosis and vertebral
fracture are prevalent in patients with ADHF and exercise
capacity independently predicts bone mass and femoral bone
geometry.
Introduction Heart failure is associated with reduced bone
mass and increased risk of osteoporotic fractures. However,
the prevalence and predictors of osteoporosis in hospitalized
patients with acute decompensated heart failure (ADHF) are
not well understood.

Methods Sixty-five patients (15 postmenopausal females and
50 males) with ADHF were prospectively and consecutively
enrolled. After stabilization of heart failure symptoms, quan-
titative computed tomography for bone mineral density
(BMD) and femoral geometry as well as biochemical, echo-
cardiographic, and cardiopulmonary exercise tests were
performed.
Results Fifteen postmenopausal female showed a high preva-
lence of osteoporosis (40 %) and vertebral fracture (53 %).
Among 50male patients, 12% had osteoporosis and 32% had
osteopenia, while vertebral fracture was found in 12 %. Lum-
bar volumetric BMD (vBMD) was significantly lower in is-
chemic patients than non-ischemic patients (107.9±47.5 vs.
145.4±40.9 mg/cm3, p=0.005) in male. Exercise capacity,
indicated by peak oxygen consumption (VO2), was signifi-
cantly associated with lumbar vBMD (r=0.576, p<0.001)
and total hip areal BMD (aBMD) (r=0.512, p=0.001) and
cortical thickness of the femur neck (r=0.544, p=0.001).
When controlled for age, body mass index, N-terminal
proBrain natriuretic protein (NT-proBNP), etiology of heart
failure, hemoglobin, and thigh circumference, multivariate re-
gression analysis revealed peak VO2 independently predicted
lumbar vBMD (β=0.448, p=0.031), total hip aBMD (β=
0.547, p=0.021), and cortical thickness of the femur neck
(β=0.590, p=0.011).
Conclusion In male patients with ADHF, osteoporosis and
vertebral fracture are prevalent, and exercise capacity inde-
pendently predicts bone mass and geometry. Given that heart
failure patients with reduced exercise capacity carry a substan-
tial increased risk of fracture, proper osteoporosis evaluation is
important in these patients.
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Introduction

Heart failure is associated with reduced bone mineral density
(BMD) and increased risk of osteoporotic fractures, especially
of the hip [1–3]. A population-based analysis of more than 16,
000 patients revealed that heart failure is associated with an
increased risk of subsequent fractures [1]. Another long term
follow-up cohort study over 11 years revealed that patients
with newly diagnosed heart failure are at a high risk for hip
fractures [2]. A recent population-based cohort study of more
than 45,500 adults showed that heart failure is associated with
a 30 % increase in major fractures that is independent of tra-
ditional risk factors [3]. Moreover, mortality following hip
fractures was markedly increased (~twofold) in both men
and women with heart failure and a hip fracture, compared
with those with heart failure who did not sustain a hip fracture
[2]. However, the exact prevalence or predictors of osteopo-
rosis in heart failure is not known. Furthermore, there has
never been a detailed analysis of bone health in patients with
heart failure evaluating parameters of bone quality and
strength including bone turnover markers and geometric anal-
ysis besides BMD.

Previous studies of BMDmeasurements were done mainly
in patients with chronic stable heart failure rather than in pa-
tients with acute decompensated heart failure (ADHF) [2–6].
Regarding ADHF patients, after proper decongestion and clin-
ical stabilization, it is necessary to evaluate and manage co-
morbidities before discharge. However, major heart failure
guidelines do not cover the screening method or patient edu-
cation in terms of osteoporosis or osteoporotic fracture, even
though heart failure portends a substantial increased risk of
fracture [7, 8]. Therefore, we evaluated the prevalence and
predictors of osteoporosis in prospectively and consecutively
enrolled ADHF patients. Dual-energy X-ray absorptiometry
(DXA) is a widely accepted method to measure BMD to di-
agnose the osteoporosis. However, DXA has the limitation in
that trabecular and cortical bone compartments are analyzed
without distinction. Because the anatomic composition ratio
of trabecular to cortical bone may be important for determin-
ing the resistance to fractures, we used quantitative computed
tomography (QCT), which can measure BMD of the trabecu-
lar and cortical bone compartments separately. In addition, the
use of QCT to calculate bone geometry parameters such as
cortical thickness and buckling ratio (BR) may reveal the ex-
planation for increased hip fractures in ADHF patients.

It is well known that physical fitness and exercise capacity
are important in maintaining bone mass in the general popu-
lation. In addition, exercise capacity already is associated with
bone mass in various disease states such as cystic fibrosis [9],
chronic obstructive pulmonary disease [10], rheumatoid ar-
thritis [11], and in survivors of childhood leukemia [12]. To
evaluate the relationship between exercise capacity and bone
mass in ADHF patients more precisely, we performed the

cardiopulmonary exercise test (CPET) in all subjects after
clinical stabilization with guideline-directed medical
treatment.

In this study, we evaluated the prevalence and predictors of
osteoporosis in patients with ADHF using QCT which can
measure bone mass and geometry exquisitely. We hypothe-
sized that exercise capacity measured by CPET would corre-
late with various bone parameters and proximal femoral ge-
ometry in these patients.

Materials and methods

Study population

Patients diagnosed with ADHF at Severance Cardiovascular
Hospital were prospectively and consecutively enrolled be-
tween May 2012 and February 2013. Stabilized, ambulatory
ADHF patients who had signs or symptoms of heart failure
and one of the following criteria were eligible for the study: (i)
lung congestion or (ii) objective findings of left ventricular
systolic dysfunction or structural heart disease. Lung conges-
tion was defined as Bcongestion^ on a chest X-ray or as rales
on physical examination. Patients with a history of pre-
existing osteoporosis or osteoporotic fracture and a history
of disorder that could possibly influence bone and mineral
metabolism, such as hyperparathyroidism and overt thyroid
functional disorder, were excluded from this study. In addi-
tion, patients were excluded if they had previously used drugs,
such as glucocorticoids, estrogen, selective estrogen receptor
modulators, and bisphosphonates that are known to impact
bone and mineral metabolism. Informed consent was obtained
from each patient, and the study protocol conforms to the
ethical guidelines of the 1975 Declaration of Helsinki as
reflected in a priori approval by the institutional review board
of Severance Hospital (4-2012-0027).

Anthropometric, biochemical, and echocardiographic
analysis

Height and weight were measured by standardized techniques
and equipment. Waist circumference was measured at the
midpoint between the lower margin of the least palpable rib
and the top of the iliac crest. Hip circumference was measured
around the widest portion of the buttocks. Thigh circumfer-
ence was measured directly below the gluteal fold of the right
thigh.

Blood samples were obtained after an 8-h overnight fast by
venipuncture into plain and EDTA tubes. Complete blood
count, serum sodium, serum calcium, uric acid, total choles-
terol, and serum creatinine were measured using standard au-
tomated laboratory techniques. We estimated glomerular fil-
tration rate (eGFR) using the Modification of Diet in Renal
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Disease formula. Plasma N-terminal probrain natriuretic pep-
t i d e ( N T - p r o B N P ) w a s m e a s u r e d b y
electrochemiluminescence immunoassay (Elecsys proBNP;
Roche Diagnostics, Basel, Switzerland); intra- and inter-
assay coefficients of variations (CVs) were <1.3 and <1.7 %,
respectively. NT-proBNP was drawn on the day of admission
or the day after admission, at about the same time as echocar-
diographic measurements. Plasma high sensitivity C-reactive
protein (hsCRP) levels were measured using an
immunonephelometric method on a BNII analyzer (Dade-
Behring, Germany) with the manufacturer’s reagents. The de-
tection limit for hsCRP was 0.2 mg/L; intra- and inter-assay
CVs were <5 %, respectively. Serum levels of osteocalcin
(CIS Bio International, Gif-sur-Yvette, France; intra- and
inter-assay CVs were <2.0 and <5.0 %, respectively) and se-
rum carboxy-terminal cross-linking telopeptide of type 1 col-
lagen (CTx) (Osteomark, Ostex International, Seattle, WA,
USA; intra- and inter-assay CVs were <5.8 and <5.9 %, re-
spectively) were measured by ELISA. Intact parathyroid hor-
mone (PTH, IRMA; Biosource, Nivelles, Belgium; intra- and
inter-assay CVs were <2.7 and <3.5 %, respectively) and 25-
OH-VitD (D3-RIA-CT, Biosource, Nivelles, Belgium; intra-
and inter-assay CVs were <11.0 and <12.5 %, respectively)
were analyzed by radioimmunoassay.

Almost all echocardiographic measurements were per-
formed at a relatively consistent time point for all of the co-
hort, that is, on the day of admission or the day after admission
(median time was 1 day). Left ventricular ejection fraction
(LVEF) was measured using the modified Quinones method
[13]. In patients with regional wall motion abnormalities, the
LVEF was calculated using Simpson’s biplane method with
apical four- and two-chamber views [14].

Analysis of bone density and geometry

Densitometrymeasurements were performed using QCT in all
subjects. BMD of the spine, femoral neck, and total hip were
calculated from single-energy CT scans at the lumbar spine
and proximal femur with a multidetector Light Speed QX-I
scanner (GE Medical Systems, Waukesha, WI, USA). Three-
dimensional CT images were analyzed by QCT PRO CTXA
software (Mindways Software, Austin, TX, USA) to measure
lumbar volumetric BMD (vBMD), areal BMD (aBMD) of the
total hip, and femoral geometry. For the spine scan, the subject
was placed in supine position on the scanner table and the L1
and L2 vertebrae were imaged after identifying their locations
on a lateral scout view. The average of the two vBMD values
was taken. After the spinal measurement, the calibration phan-
tom was centered between the subject’s left hip and the region
from just superior to the acetabulum to 3–5 mm inferior to the
lesser trochanter was imaged. Quality-control measures, in-
cluding weekly scanning of the calibration phantom and use
of scan protocols for all participants, were performed at

Severance Hospital. For the classification of osteoporosis
and osteopenia, we used lumbar vBMD (osteoporosis: lumbar
vBMD <80 mg/cm3; osteopenia: lumbar vBMD of 80–
120 mg/cm3).

The aBMD, cortical thickness, and BR of the femoral neck
and total hip also were analyzed. The total hip measurement
included all of the femoral neck, trochanter, and
intertrochanter region. The cortical thickness was calculated
as the cortical average depth, which was derived from the
following equations:

aBMD ¼ BMC=A
vBMD ¼ BMC=V

where A=area, BMC=bone mineral content, and V=volume.
The ratio of aBMD to vBMD is the average depth of the

region of interest (ROI), that is, Average depth=aBMD/
vBMD=(BMC/A)/(BMC/V)=V/ABR, known as the ratio of
radius over cortical thickness, was calculated by taking the
ratio of the volume of the femoral ROI over the volume of
cortical bone (Vc) in the femoral ROI:

BR ¼ radius=cortical thickness
¼ average integral depth=average cortical depth
¼ V=Að Þ= Vc=Að Þ ¼ V=Vc

A clinically significant vertebral compression fracture was
defined as grade 2 (moderate) or grade 3 (severe) [5, 15].

Assessment of exercise capacity

The CPETwas performed after Bclinical stabilization^ accord-
ing to current medical guidelines. Clinical stabilization was
defined as readiness for discharge from hospital. Congestion
was absent, and a stable, oral diuretic regimen was established
for at least 48 h. The median time from admission was 9 days
(3–42 days), and the CPETwas performed at a relatively con-
sistent time point, that is, on the day of discharge or on the day
before discharge. Symptom-limited CPET utilized a treadmill
according to the modified Bruce ramp protocol. Patients were
strongly encouraged to achieve a peak respiratory exchange
ratio (RER)>1.10. Expired gasses were collected continuous-
ly throughout exercise and analyzed for ventilator volume,
oxygen (O2) content, and carbon dioxide (CO2) content using
a calibrated metabolic cart (Quark CPET, COSMED, Chica-
go, IL, USA). Expired gasses were reported every 15 s. Dur-
ing the exercise test, monitoring consisted of continuous 12-
lead electrocardiography, manual blood pressure measure-
ments at every stage, and heart rate recordings at every stage
via electrocardiogram. CPETwas terminated according to the
following criteria; patient request, ventricular tachycardia, ng
to cago, IL, USA). Expired gasses were reported every 1, or a
drop in systolic blood pressure entricular tachycardia, ng to
cagofied exercise physiologist under the supervision of a

Osteoporos Int (2015) 26:2121–2129 2123



physician conducted each test. The following variables were
derived from the CPET results: peak oxygen consumption
(peak VO2); peak RER, defined by the ratio of CO2 produc-
tion to O2 consumption at peak effort; and VE/VCO2 slope,
defined as the slope of the increase in peak ventilation/
increase in CO2 production throughout exercise. Peak RER
was the highest 30 s averaged value during the last stage of the
test.

Statistical analysis

Continuous variables are presented as mean±standard devia-
tion. Categorical variables are presented as a percentage of the
total group. Discrete variables were compared using the chi-
squared method. ANOVA or independent t tests were used for
the continuous variables. Post-hoc Bonferroni analysis was
used after the ANOVA test for multiple comparisons.
Pearson’s correlation analysis was used for the simple corre-
lation between continuous variables. Univariate and multivar-
iate regression analyses were performed to identify indepen-
dent predictors for the bone mass and geometry in patients
with ADHF. All statistical analyses were performed with
SPSS version 20.0 (IBM Corporation, Armonk, NY, USA).

Results

High prevalence of osteoporosis in ADHF patients

Clinical characteristics, CPET, laboratory findings, and QCT
data of 65 ADHF patients according to gender are summarized
in Table 1. Fifteen postmenopausal females and 50 males were
analyzed; the average age of the patients was 62±16 years, and
the mean ejection fraction of the group was 29.8±13.1 %. The
15 postmenopausal females (69±13 years) with ADHF showed
a high prevalence of osteoporosis (40.0 %) and osteopenia
(33.3 %) according to lumbar vBMD. In addition, more than
half of these patients (53.3 %) had evidence of clinically signif-
icant vertebral compression fracture. Male ADHF patients
showed relatively high incidence of osteoporosis (12.0 %)
and osteopenia (32.0 %). When the male cohort was restricted
to those over the age of 50, the prevalence of osteoporosis and
osteopenia were even higher (osteoporosis: 15.8 %; osteopenia:
36.8 %). Six male ADHF patients (12.0 %) had incidental ver-
tebral compression fractures as well. Because of the limited
numbers of women, we analyzed the prevalence and predictors
of osteoporosis only in the male patients.

Factors affecting bone mass and geometry in male ADHF
patients

Bone mass showed significant differences according to the
etiology of heart failure and exercise capacity in male ADHF

patients. Lumbar vBMD was significantly lower in ischemic
patients than non-ischemic patients (107.9±47.5 mg/cm3 vs.
145.4±40.9 mg/cm3, p=0.005). However, there were no sig-
nificant differences in lumbar vBMD between the patients
with newly diagnosed ADHF and acute exacerbation of
chronic heart failure (142.0±40.3 mg/cm3 vs. 124.0±
50.6 mg/cm3, p=0.174). In terms of CPET parameters, not
only peak VO2, (r=0.576, p<0.001) but exercise duration
(r=0.627, p<0.001) and VE/VCO2 slope (r=−0.423, p=
0.010) were all correlated with lumbar vBMD in these pa-
tients. Peak VO2 also was significantly correlated with total
hip aBMD (r=0.512, p=0.001), femoral neck aBMD (r=
0.537, p=0.001), cortical thickness of the femoral neck (r=
0.544, p=0.001), total hip BR (r=−0.343, p=0.04), and fem-
oral neck BR (r=−0.343, p=0.05). LVEF was not correlated
with bone mass, while log transformed NT-proBNP showed
an increased tendency to be observed in patients with reduced
bone mass.

Clinical characteristics, CPET, laboratory findings, and
QCT data according to lumbar vBMD for male ADHF pa-
tients are summarized in Table 2. Representative QCT data
in two male patients are shown in Fig. 1. Male ADHF patients
with reduced bonemass were older, had a higher proportion of
ischemic etiology, and thinner thigh circumference. Markers
of bone turnover including osteocalcin and CTx showed no
significant differences among the three groups. Regarding
other laboratory findings, there were no significant differences
in other parameters except for hemoglobin. Not only lumbar
vBMD, but aBMD and cortical thickness of the femoral neck
and total hip were significantly lower, and BRwas significant-
ly higher in the osteoporosis group. The prevalence of verte-
bral compression fracture was 67 % in patients with
osteoporosis.

To determine factors relevant to decreased bone mass in
male ADHF patients, we performed univariate and multivar-
iate analyses for lumbar vBMD, total hip aBMD, and cortical
thickness of the femoral neck; these results are summarized in
Table 3. When controlled for age, body mass index, NT-
proBNP, etiology of heart failure, hemoglobin, and thigh cir-
cumference, multivariate regression analysis revealed peak
VO2 independently predicted not only lumbar vBMD, but
aBMD of the total hip, and cortical thickness of the femoral
neck. Peak VO2, which is a well-known prognostic marker of
ADHF, was the only factor that showed persistent statistical
significance for various BMD and geometric parameters.

Discussion

The results from this study demonstrated that osteoporosis and
vertebral fracture are prevalent in patients with ADHF, even in
male ADHF patients. Furthermore, exercise capacity indepen-
dently predicts lumbar vBMD, hip aBMD, and femoral
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cortical thickness even after the adjustment for age, BMI,
types of heart failure, NT-proBNP, hemoglobin, and thigh
circumference.

The pathophysiology of reduced bone mass in heart failure
is not well understood.While shared risk factors, such as older
age, smoking, diabetes, renal dysfunction, poor nutrition, low

25-OH-VitD levels, various cardiovascular medications, and
physical inactivity might contribute to reduced bone mass in
these patients, other factors, mainly those related to heart fail-
ure, might play a role. For example, reduced tissue perfusion
in patients with heart failure might block the proliferation and
differentiation of osteoblasts, while strongly stimulating

Table 1 Clinical characteristics,
cardiopulmonary exercise test,
laboratory findings, and QCT
data of ADHF patients according
to gender and menopausal status

Male

(N=50, 73.5 %)

Postmenopausal

(N=15, 22.1 %)

P value

Age (years) 60±16 69±13 0.041

Ischemic etiology (N, %) 17 (34 %) 3 (20 %) 0.243

EF (%) 28±12 36±16 0.048

Ln NT-proBNP (pg/mL) 8.0±1.2 8.4±1.3 0.355

Anthropometric parameters

BMI (kg/m2) 24.3±3.4 24.4±3.8 0.898

Waist hip ratio 0.88±0.05 0.92±0.04 0.032

Right thigh circumference (cm) 48.8±6.0 49.5±4.3 0.739

Exercise parameters

Peak VO2 (mL/kg/min) 18.6±6.2 14.0±6.3 0.036

Exercise duration (sec) 445±234 235±206 0.010

VE/VCO2 slope 41.4±11.7 44.2±10.5 0.483

6 min walking distance (m) 465±133 283±164 0.001

Biochemical parameters

WBC (cells/μL) 7370±2737 7275±3708 0.914

hsCRP (mg/L) 21.5±31.3 25.1±29.4 0.720

Hemoglobin (g/dL) 13.3±2.6 11.0±1.9 0.003

Sodium (mmol/L) 138.5±5.9 139.8±2.7 0.427

Calcium (mg/dL) 8.9±0.8 8.7±0.8 0.368

Uric acid (mg/dL) 7.6±2.5 7.0±2.6 0.460

Cholesterol (mg/dL) 146.9±39.0 154.1±33.0 0.533

eGFR (mL/min/1.73 m2) 69.5±23.9 62.4±29.0 0.349

Bone marker-related factors

CTx (ng/mL) 0.56±0.32 0.93±0.50 0.001

Osteocalcin (ng/mL) 15.6±7.4 37.0±25.9 0.007

25-OH-VitD (ng/mL) 13.8±7.0 9.7±4.1 0.010

PTH (pg/mL) 65.3±41.0 65.9±30.0 0.956

Bone parameters

Lumbar vBMD (mg/cm3) 132.7±46.4 93.9±35.8 0.004

Total hip aBMD (g/cm2) 0.89±0.16 0.64±0.12 <0.001

Femoral neck aBMD (g/cm2) 0.77±0.16 0.58±0.12 <0.001

Cortical thickness of femoral neck (mm) 2.41±1.10 1.31±0.71 0.001

Total hip BR 5.69±3.19 9.65±7.76 0.073

Femoral neck BR 6.63±4.92 16.10±19.76 0.086

Vertebral compression fracture 6 (12.0 %) 8 (53.3 %) 0.002

Values are mean±SD or number (%). Discrete variables were compared using the chi-squared method, and
independent t-tests were used for the continuous variables

QCT quantitative computed tomography, ADHF acute decompensated heart failure, EF ejection fraction, Ln NT-
proBNP log transformed N-Terminal proBrain Natriuretic Protein, BMI body mass index,WBCwhite blood cell,
hsCRP high sensitive C-reactive protein, eGFR estimated glomerular filtration rate, CTx carboxy-terminal cross-
linked telopeptide of type I collagen, PTH parathyroid hormone, vBMD volumetric bone mineral density, aBMD
areal bone mineral density, BR buckling ratio
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osteoclasts. However, the resorptive function of osteoclasts is
not impaired under hypoxic conditions [16]. The negative

impact of heart failure on bone metabolism might be associ-
ated with the direct impact of reduced pO2 and pH [16]. In

Table 2 Clinical characteristics,
cardiopulmonary exercise test,
laboratory findings and
quantitative computed
tomography data of male ADHF
patients according to lumbar
vBMD

Normal

(N=28, 56 %)

Osteopenia

(N=16, 32 %)

Osteoporosis

(N=6, 12 %)

P value

Age (years) 55±17 67±13 67±8 0.023

Ischemic etiology (N, %) 5 (18 %) 7 (44 %) 5 (83 %)c 0.005

EF (%) 27±11 28±13 30±14 0.829

Ln NT-proBNP (pg/mL) 7.8±1.3 8.0±1.0 9.0±0.7 0.087

Anthropometric parameters

BMI (kg/m2) 25.0±3.7 23.7±2.8 22.3±2.6 0.150

Waist hip ratio 0.89±0.05 0.87±0.05 0.83±0.06 0.071

Thigh circumference (cm) 50.8±6.4 48.1±3.2 43.0±3.9a 0.012

Exercise parameters

Peak VO2 (mL/kg/min) 21.5±6.1 16.7±4.3 12.3±1.3c 0.001

Exercise duration (sec) 564±207 359±183 192±117c <0.001

VE/VCO2 slope 38.7±12.0 41.2±10.4 50.6±9.4 0.008

6 min walking distance (m) 521±126 456±80 291±41c <0.001

Biochemical parameters

WBC (cells/μL) 7839±3132 7098±2237 5908±1183 0.265

hsCRP (mg/L) 19.0±32.0 21.0±30.0 37.7±35.6 0.555

Hemoglobin (g/dL) 14.1±2.3 13.0±2.9 10.5±1.5c 0.006

Sodium (mmol/L) 138.8±5.1 140.8±3.2 131.1±9.4c,d 0.002

Calcium (mg/dL) 9.1±0.5 8.6±1.2 8.8±0.6 0.137

Uric acid (mg/dL) 7.6±2.4 7.9±2.8 6.6±2.5 0.584

Cholesterol (mg/dL) 154.0±37.2 141.6±46.0 128.0±17.2 0.275

eGFR (mL/min/1.73 m2) 70.4±23.6 71.6±23.0 59.8±30.0 0.576

Bone marker-related factors

CTx (ng/mL) 0.55±0.29 0.55±0.35 0.69±0.41 0.611

Osteocalcin (ng/mL) 14.6±7.4 16.4±6.5 17.9±10.8 0.566

25-OH-VitD (ng/mL) 13.8±7.7 12.1±5.7 18.0±5.9 0.213

PTH (pg/mL) 60.9±32.8 69.8±39.2 72.5±74.4 0.718

Bone parameters

Total hip aBMD (g/cm2) 0.97±0.15 0.82±0.10 0.72±0.18c <0.001

Total hip cortical aBMD (g/cm2) 0.60±0.15 0.50±0.10 0.41±0.14c 0.002

Total hip trabecular aBMD (g/cm2) 0.36±0.03 0.33±0.04 0.31±0.10 0.015

Femoral neck aBMD (g/cm2) 0.84±0.15 0.70±0.10 0.62±0.14c <0.001

Femoral neck cortical aBMD (g/cm2) 0.50±0.17 0.39±0.12 0.35±0.13 0.025

Femoral neck trabecular aBMD (g/cm2) 0.32±0.05 0.30±0.07 0.27±0.13 0.219

Cortical thickness of femoral neck (mm) 2.8±1.1 2.0±0.8 1.6±0.9a 0.007

Total hip BR 4.6±1.4 5.8±1.4 10.6±6.9c,d <0.001

Femoral neck BR 4.9±1.8 7.7±6.0 11.7±7.8c 0.004

Vertebral compression fracture 2 (7.1 %) 0 (0 %) 4 (66.7 %)c,d <0.001

Values are mean±SD or number (%). Abbreviations are same as the Table 1. Discrete variables were compared
using the chi-squared method, and ANOVAwere used for the continuous variables. Post-hoc Bonferroni analysis
results are shown as follows
aP<0.05 for normal vs. osteoporosis
bP<0.05 for osteopenia vs. osteoporosis
cP<0.01 for normal vs. osteoporosis
dP<0.01 for osteopenia vs. osteoporosis
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addition, neurohormonal activation, manifested by elevated
aldosterone levels, has been demonstrated to play a crucial
role in the risk of orthopedic fracture in animal models [17].
Furthermore, the use of spironolactone is inversely associated
with fractures in men with heart failure [18], suggesting that
aldosterone may be important in fracture risk. Recently,
Leistner et al. showed a direct pathophysiological relationship
between heart failure and catabolic bone remodeling that was
associated with an increased osteoporotic fracture risk [19].

Beyond these mechanisms, poor exercise capacity might
be another important aggravating factor of osteoporosis in
patients with heart failure. To evaluate the relationship be-
tween exercise capacity and bone mass in ADHF patients
more precisely, we performed CPET in all subjects after clin-
ical stabilization. CPET is an important clinical tool used to
determine the severity and prognosis of heart failure. Among
the various CPET parameters, peak VO2, which reflects exer-
cise capacity, is a composite index parameter for cardiopul-
monary function, lower extremity muscle mass, and muscle
strength. In this study, peak VO2 independently and consis-
tently predicted not only lumbar vBMD but also aBMD of the
total hip and cortical thickness of the femoral neck, indicating
a significant relationship between exercise capacity and bone
health in ADHF patients. Skeletal unloading due to prolonged
bed rest or poor exercise capacity leads to bone loss via reduc-
tions in the mechanical forces applied to bones. The mecha-
nism of this bone loss appears to be due to a decrease in the
bone formation rate and a concurrent increase in the bone
resorption rate [20]. Trebacz et al. used rat models to show

that during even transient periods of immobilization, bone
resorption and formation were unbalanced [21]. In contrast
to inactivity, exercise appears to increase BMD. Greater phys-
ical activity is associated with a 9–17 % increase in BMD
dur ing ado lescence and young adu l thood [22] .
Michalopoulou et al. also examined habitual physical activity,
using peripheral QCT at the tibia, to gain a better understand-
ing of the structural changes that may underlie the response of
bone to exercise [23]. Habitual physical activity affects the
geometry of both cortical and trabecular areas of the long
bones of premenarchal girls in a dose-dependent manner. Spe-
cifically, physical activity increases not only the density of
trabecular bone but also the density and size of cortical bone.

To understand why hip fractures are relatively frequent in
patients with heart failure, knowledge about femoral geomet-
rical parameters, such as cortical thickness and BR in addition
to bone mass, might be helpful to further understand the path-
ogenesis of hip fractures [24]. Assuming that bone size is
similar, cortical thinning increases cortical instability under
compressive loads, and bending may lead to increased risk
of fractures. As expected, in male ADHF patients with osteo-
porosis, we found not only lower BMD in general, but also
lower femoral neck cortical aBMD and thinner cortical bone
as compared to the other groups.

Previous observational studies clearly and consistently
showed that heart failure is associated with reduced BMD
and increased risk of osteoporotic fractures [1–6]. However,
current major heart failure guidelines do not cover the proper
screening methods or patient education in terms of

Fig. 1 a 75-year-old ischemic heart failure patient with relatively pre-
served LVEF (45 %), but decreased exercise capacity (peak VO2=
12.2 mL/kg/min) showed decreased lumbar vBMD (58.4 mg/cm3). b
56-year-old non-ischemic heart failure patient with severely depressed

LVEF (20 %), but preserved exercise capacity (peak VO2=24.2 mL/kg/
min) showed normal lumbar vBMD (122.5 mg/cm3). LVEF left ventric-
ular ejection fraction, vBMD volumetric bone mineral density
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osteoporosis or osteoporotic fracture [7, 8]. Therefore, our
study as well as other studies may serve as a springboard to
discuss the necessities of bone health evaluation in patients
with heart failure.

The present study has several potential limitations. First,
due to the cross-sectional design of this study, we cannot de-
fine, but only suggest, a causal relationship between exercise
capacity and bone mass. While exercise capacity certainly
could be part of the causal pathway in the relationship be-
tween heart failure and osteoporosis, it could also be a marker
of disease severity or a confounding variable with sarcopenia
and impaired muscle-bone signaling. Second, our study pop-
ulation cannot represent chronic stable heart failure patients.
In particular, the effects of heart failure medication on bone
mass were not fully assessed because of the characteristics of
the study population. The study subjects were hospitalized
patients with ADHF, including newly diagnosed heart failure
patients. Third, further detailed assessment of biochemical or

inflammatory markers could have identified a possible link
between exercise intolerance and decreased bone mass. In this
study, we only measured markers of bone turnover, NT-
proBNP and hsCRP, which were not significantly associated
with osteoporosis. Lastly, our QCT data could not show intra-
cortical remodeling and porosity because of limited
resolution.

In conclusion, we evaluated the prevalence and predic-
tors of osteoporosis in hospitalized patients with ADHF
using QCT. Osteoporosis and vertebral fracture are preva-
lent in patients with ADHF, and exercise capacity inde-
pendently predicts bone mass and femoral bone geometry.
Given that heart failure diagnosis foreshadows a substan-
tially increased risk of fracture, patient education and
proper osteoporosis evaluation and treatment are necessary
for the prevention of osteoporotic fractures in this popula-
tion with decreased exercise capacity. Larger prospective
studies with a longer follow-up period are necessary to

Table 3 Peak VO2

independently predicts for lumbar
and total hip BMD, and cortical
thickness of the femoral neck

Lumbar vBMD (mg/cm3) Univariate Multivariate (R2=0.503)

ß (SE) P value ß (SE) P value

Age −0.498 (0.361) <0.001 0.295 (0.739) 0.246

BMI 0.325 (1.873) 0.023 −0.464 (3.398) 0.066

Types of HF −0.387 (12.899) 0.005 −0.079 (16.219) 0.622

LnNT-proBNP −0.205 (5.448) 0.157 0.096 (6.268) 0.579

Hemoglobin 0.303 (2.421) 0.032 0.109 (3.110) 0.528

Thigh circumference 0.553 (1.107) <0.001 0.865 (2.457) 0.009

Peak VO2 0.576 (1.081) <0.001 0.448 (1.520) 0.031

Total hip aBMD (g/cm2) Univariate Multivariate (R2=0.355)

ß (SE) P value ß (SE) P value

Age −0.472 (0.001) 0.001 0.238 (0.003) 0.408

BMI 0.257 (0.007) 0.075 −0.400 (0.013) 0.158

Types of HF −0.204 (0.048) 0.156 0.040 (0.064) 0.829

LnNT-proBNP −0.101 (0.019) 0.491 0.176 (0.025) 0.374

Hemoglobin 0.198 (0.009) 0.167 0.074 (0.012) 0.706

Thigh circumference 0.353 (0.004) 0.032 0.638 (0.010) 0.082

Peak VO2 0.512 (0.004) 0.001 0.547 (0.006) 0.021

Cortical thickness of femoral neck Univariate Multivariate (R2=0.399)

ß (SE) P value ß (SE) P value

Age −0.514 (0.008) <0.001 −0.016 (0.019) 0.953

BMI 0.113 (0.046) 0.438 −0.355 (0.088) 0.194

Types of HF −0.266 (0.320) 0.062 −0.035 (0.420) 0.842

LnNT-proBNP −0.041 (0.131) 0.779 0.238 (0.162) 0.214

Hemoglobin 0.138 (0.060) 0.338 −0.035 (0.080) 0.852

Thigh circumference 0.279 (0.030) 0.095 0.361 (0.064) 0.300

Peak VO2 0.544 (0.026) 0.001 0.590 (0.039) 0.011

vBMD volumetric bone mineral density, BMI body mass index,HF heart failure, Ln NT-proBNP log transformed
N-terminal probrain natriuretic protein, aBMD areal bone mineral density
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determine the actual risk of osteoporotic fracture and its
impact on clinical outcome in these patients.

Conflicts of interest None.
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