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Abstract
Summary We evaluated the correlation between central bone
mineral density (BMD) and peripheral bone attenuation using
lower extremity computed tomography (CT). A good correla-
tion was found between lower extremity CT and central BMD
suggesting that CT is useful for screening osteoporosis, and
that peripheral bone attenuation adequately reflects central
BMD.
Introduction This study aimed to evaluate the reliability and
validity of CT as a screening tool for osteoporosis and to
estimate the correlation between central BMD and peripheral
bone attenuation using lower extremity CT.
Methods In total, 292 patients who underwent a lower ex-
tremity, lumbar spine, or abdomen and pelvic CT scan within
a 3-month interval of a dual-energy X-ray absorptiometry
(DEXA) examination were included. Following reliability
testing, bone attenuation of the L1, L2, L3, L4, femoral head,
femoral neck, greater trochanter, distal femur, proximal tibia,
distal tibia, and talus was measured by placing a circular re-
gion of interest on the central part of each bony region on a
coronal CT image. Partial correlation was used to assess the

correlation between CTand DEXA after adjusting for age and
body mass index.
Results In terms of reliability, all bone attenuation measure-
ments, except the femoral neck, showed good to excellent
interobserver reliability (intraclass correlation coefficients,
0.691–0.941). In terms of validity, bone attenuation of the
L1 to L4, femoral neck, and greater trochanter on CT showed
significant correlations with BMD of each area on DEXA
(correlation coefficients, 0.399–0.613). Bone attenuation of
the distal tibia and talus on CTshowed significant correlations
with BMD of all parts on DEXA (correlation coefficients,
0.493–0.581 for distal tibia, 0.396–0.579 for talus).
Conclusion Lower extremity CT is a useful screening tool for
osteoporosis, and peripheral bone attenuation on lower ex-
tremity CT adequately reflects central BMD on DEXA.
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Introduction

Osteoporosis—often called “the silent disease”—is a serious
disease with high morbidity and mortality caused by fragility
fracture, especially of the hip and spine [1, 2]. Unfortunately,
the prevalence of osteoporosis has increased [3], and the inci-
dence is expected to increase further with the aging of society
[4]. Although several diagnostic and screening tools for
assessing bone mineral density (BMD) are currently available
[5], dual-energy X-ray absorptiometry (DEXA) of the central
skeleton is considered the gold standard. The World Health
Organization’s international reference standard for diagnosing
osteoporosis is assessment at the femoral neck; the lumbar
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spine also can be assessed in postmenopausal women and in
men aged 50 y and older [6].

DEXA for osteoporosis screening is generally per-
formed in older patients. Consequently, younger patients
with decreased BMD can be overlooked. In addition,
because the measurement area in DEXA is limited to
the central skeleton, peripheral BMD is not screened.
Recently, assessment of peripheral BMD has grown in
importance since peripheral bone fracture can have fea-
tures of osteoporotic fracture, which is characterized by
age- and sex-dependent low bone attenuation [2].

Computed tomography (CT) is performed for a variety of
reasons. Previous studies have shown a correlation in BMD
between CTand DEXA [7, 8]. These findings demonstrate the
potential of CT as a screening tool for osteoporosis. However,
the assessment correlation of BMD in those studies was per-
formed in only the spine. Therefore, we performed this study
to evaluate the reliability and validity of CTas a screening tool
for osteoporosis and to estimate the correlation between cen-
tral BMD and peripheral bone attenuation using lower extrem-
ity CT.

Materials and methods

This retrospective study was approved by the Institutional
Review Board of our hospital. Informed consent was waived
because of the retrospective nature of this study.

We reviewed the medical records of consecutive patients
who underwent BMD assessment by central DEXA at our
institution between May 2004 and February 2014. Patients
who also underwent a lower extremity, lumbar spine, or ab-
domen and pelvic CT scan within a 3-month interval of their
DEXA examination were included. The exclusion criteria
were as follows: (1) patients who suffered a fracture that pre-
cluded measurement; (2) inadequate CT scan available for
review, including previous surgery or other condition that af-
fected the measurement site; and (3) patients who underwent
CT at another institution. Demographic data, including age
and sex, and diagnosis, categorized by location of disease or
trauma, were collected by medical record and CT image re-
view. BMD studies were performed using Discovery W
(Hologic Inc., Bedford, MA, USA) with standard protocols.
CT studies were performed using Light-Speed VCT (GE
Healthcare, Milwaukee, WI, USA) with 120 kVp, and 1.25-
mm-slice thickness for the hip and pelvis, and 0.625-mm-slice
thickness for the ankle, tibia, knee, and spine. CT was
performed with patients in the supine position. All CT
images were digitally acquired using a picture archiving
and communication system (STARPACS; Infinitt, Seoul,
Korea), and measurements were subsequently carried
out using PACS software.

Reliability test and measurement of parameters

Five surgeons with 30, 11, 10, 5, and 4 years of orthopedic
experience, respectively, held a consensus-building session
before measuring the CT images. Since the literature did not
describe the measurement sites or the methods for assessing
bone attenuation of the lower extremity, the panel decided that
bone attenuation around the hip, knee, and ankle would be
measured on CT images. After consensus building, reliability
testing was conducted before the main measurements. Inter-
observer reliability was determined using intraclass correla-
tion coefficients (ICCs) for 3 surgeons (SYL, BCM, and
SJM) with 10, 5, and 4 y of orthopedic experience, respective-
ly. These 3 surgeons measured the CT images independently
without knowledge of the other surgeons’ measurements.
Four weeks after the measurements were taken by all 3 sur-
geons, 1 surgeon (BCM) repeated the measurements to assess
intraobserver reliability. After establishing inter- and
intraobserver reliability, the main measurements were
performed.

Bone attenuation of the L1, L2, L3, L4, femoral head,
femoral neck, greater trochanter, distal femur, proximal tibia,
distal tibia, and talus was measured by placing a circular re-
gion of interest (ROI) on the central part of each bony region
on a coronal CT image. Among a number of coronal images,
the image in which the measurement took place was selected
by using dynamic scout navigation to choose the central por-
tion of each bony region in the sagittal plane (Fig. 1). A cir-
cular ROI with an area ranging from 100 to 120 mm2 was
placed manually on the cancellous bone area, avoiding
subchondral sclerotic bone and fracture lines. Mean bone at-
tenuation of each desired region was measured using Houns-
field units (HU).

Measurement methods for each specific region with vari-
ous CT studies were as follows: bone attenuation of the L1,
L2, L3, and L4 was measured with L-spine CT and abdomen
and pelvic CT. The coronal image was selected in which each
measuring vertebral body was largest, meaning the central
portion of the vertebra. This could be confirmed by using
the dynamic navigation tool of the PACS software. Bone at-
tenuation of the femoral head, femoral neck, and greater tro-
chanter was measured with hip CT that included bilateral fe-
murs. For the purpose of statistical independence, except for
CT images showing a fracture or abnormal finding on the right
side, only data from the right femur were included for statis-
tical analysis [9]. Measurement of the femoral head, femoral
neck, and greater trochanter, similar to the lumbar spine, in-
volved placing the ROI in the center of each bony region on
the coronal image in which the head appeared largest, mean-
ing the central portion of the anatomic region. Bone attenua-
tion of the distal femur and proximal tibia was measured with
knee and tibia CT. The ROI on the metaphysis was placed as
close as possible to the epiphyseal line for reliability. Bone
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attenuation of the distal tibia and talus was measured with tibia
and ankle CT. Using dynamic navigation for a sagittal image
of the ankle, the coronal line passing through the center of the
articular surface of the distal tibia was identified and selected
(Fig. 2). The circular ROI was placed on the center of the
metaphysis, as close as possible to the epiphyseal line of the
distal tibia and body of the talus.

Statistical analysis

In this study, reliability was assessed using ICCs and a 2-way
random effect model, assuming a single measurement and
absolute agreement [10, 11]. Using an ICC target value of
0.8, Bonett’s approximation was used in setting 0.2 as the
width of 95 % confidence intervals. The minimal sample size

Fig. 1 The image in which the
region of interest measurement
took place on the coronal plane
was selected by using dynamic
scout navigation to choose the
central portion of each bony
region in the sagittal plane

Fig. 2 Image selection on the
coronal plane of an ankle
computed tomography scan. The
coronal line passing through the
center of the articular surface of
the distal tibia in the sagittal plane
was selected
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was calculated to be 36 [12]. ICC values of >0.8 were consid-
ered as excellent reliability.

Partial correlation represents the correlation betweenCT var-
iables and DEXA variables after common variance with other
predictors has been removed from both sets of variables. Partial
correlation measures the strength of a linear relationship be-
tween 2 variables while controlling for the effect of age.

Receiver operating characteristic (ROC) curves were plotted
as false-positive rate (i.e., 1 minus specificity) versus sensitivity
for all cutoff values for bone attenuation on CT. The area under
the ROC curve (AUC) was used to measure performance ac-
curacy of bone attenuation on CTas a predictor of osteoporosis
(T-score≤−2.5 as measured by DEXA [13]). An AUC of 1.0
represents error-free prediction of osteoporosis in all samples,
whereas an AUC of 0.50 represents a 50 % likelihood of a
correct prediction of osteoporosis, similar to a coin toss. This
ROC curve was useful in finding the optimal cutoff point for
correctly identifying osteoporosis or non-osteoporosis. HU

Fig. 3 Inclusion and exclusion
criteria

Table 1 Patient demographics

Parameter Value

No. subjects (male/female) 292 (80/212)

Age at DEXA examination (years) 73.2±11.5 (range, 44.5 to 97.3)

Normal BMD/osteopenia/osteoporosis 16/86/190

Diagnosis

Lumbar compression fracture 47

Femoral neck fracture 33

Femoral intertrochanter fracture 85

Avascular necrosis of the femoral head 2

Distal femur fracture 12

Patellar fracture 11

Proximal tibia fracture 15

Tibia shaft fracture 11

Ankle fracture 58

Foot fracture 1

Degenerative disease
(osteoarthritis, spondylosis)

17

Age at DEXA examination, mean±standard deviation (range)

Normal BMD, T-score>−1.0; Osteopenia, −1.0≥T-score>−2.5; Osteo-
porosis, T-score≤−2.5 CT; computed tomography

Table 2 Intra- and interobserver reliability of measurements

Measurements Intraobserver reliability Interobserver reliability

ICC 95 % CI ICC 95 % CI

Femur head 0.811 0.660–0.899 0.903 0.758–0.963

Femur neck 0.691 0.475–0.829 0.505 –0.099–0.835

Greater trochanter 0.736 0.483–0.866 0.902 0.732–0.963

Distal femur 0.824 0.682–0.906 0.919 0.796–0.969

Proximal tibia 0.884 0.786–0.939 0.807 0.571–0.921

Distal tibia 0.919 0.821–0.961 0.838 0.552–0.938

Talus 0.924 0.681–0.972 0.709 0.353–0.878

L1 0.904 0.774–0.961 0.867 0.695–0.945

L2 0.919 0.845–0.958 0.819 0.593–0.926

L3 0.941 0.885–0.970 0.911 0.715–0.968

L4 0.873 0.765–0.933 0.923 0.816–0.969

ICC intraclass correlation coefficient, CI confidence interval, L lumbar
spine
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thresholds that would yield high sensitivity (about 90 %) and
specificity (about 90 %) also were analyzed [14].

Statistical analyses were conducted using R version 2.15.2
software (R Foundation for Statistical Computing, Vienna,
Austria; ISBN 3-900051-07-0; http://www.r-project.org)
using PPCOR and pROC packages. All statistics were 2-
tailed and p values of <0.05 were considered significant.

Results

A total of 555 subjects met the inclusion criteria. After imple-
mentation of the exclusion criteria, 292 subjects were finally
included in this study (Fig. 3). The mean age of the patients at
the time of DEXA examination was 73.2±11.5 y (range,
44.5–97.3 y). Most patients included in this study underwent
CT due to trauma (Table 1).

In terms of reliability, all bone attenuation measurements,
except the femoral neck in interobserver reliability, showed
good to excellent reliability. Intraobserver reliability was
highest for the L3 (ICC, 0.941) followed by the talus (ICC,
0.924). Interobserver reliability was highest for the L4 (ICC,
0.923) followed by the distal femur (ICC, 0.919). Intra- and
interobserver reliability were lowest for the femoral neck (ICCs,
0.691 and 0.505, respectively) (Table 2). In terms of validity,

bone attenuation of the lumbar spine (L3 and L4), femoral neck,
and greater trochanter showed significant correlations with each
area on DEXA examination (Table 3, Appendix I).

Bone attenuation of the peripheral skeleton on CT ade-
quately reflected BMD of the central skeleton on DEXA.
Bone attenuation of the distal tibia and talus on CT showed
significant correlations with BMD of all parts on DEXA (cor-
relation coefficients, 0.493–0.581 for the distal tibia, 0.396–
0.579 for the talus). Bone attenuation of the femoral head on
CTalso showed a significant correlation with BMDof all parts
on DEXA (correlation coefficients, 0.301–0.425). Bone atten-
uation of the distal femur and proximal tibia on CT showed
significant correlations with BMD of only the femoral region
on DEXA (correlation coefficients, 0.360–0.418 for the distal
femur, 0.356–0.426 for the proximal tibia) (Table 4).

Cutoff values for bone attenuation on CT between osteo-
porosis and nonosteoporosis were significant for the L1
(136.15 HU), L2 (101.17 HU), L3 (105.49 HU), L4
(101.92 HU), femoral head (296.15 HU), femoral neck
(3.79 HU), greater trochanter (24.74 HU), distal tibia
(122.45 HU), and talus (311.37 HU) (Table 5). The ROC
curves for these areas showed that bone attenuation on CT
was useful in determining cutoff values (Fig. 4). On the con-
trary, cutoff values for bone attenuation of the distal femur and
proximal tibia on CTwere not significant between osteoporo-
sis and nonosteoporosis. HU thresholds are shown in Table 5.
Distal tibia CT attenuation threshold of 165.41 HU was ap-
proximately 90 % sensitive, while a threshold of 17.33 HU
was 90 % specific. Talus CT attenuation threshold of
340.29 HU was approximately 90 % sensitive while a thresh-
old of 233.75 HU was 90 % specific.

Discussion

Although previous studies have demonstrated the potential of
CT as a screening tool for osteoporosis, the assessment

Table 3 Correlations between bone attenuation on computed
tomography and bone mineral density on dual-energy X-ray absorptiom-
etry in the same anatomic region

Correlation coefficient p value

L1 0.399 0.002

L2 0.541 <0.001

L3 0.613 <0.001

L4 0.531 <0.001

Femoral neck 0.514 <0.001

Greater trochanter 0.481 <0.001

Table 4 Partial correlations between bone attenuation on computed tomography and bone mineral density on dual-energy X-ray absorptiometry after
adjusting age and BMI

CT DEXA

L1 L2 L3 L4 Femoral neck Trochanter Intertrochanter

r p value r p value r p value r p value r p value r p value r p value

Femoral head 0.301 0.006 0.395 <0.001 0.364 0.001 0.330 0.002 0.407 <0.001 0.425 <0.001 0.419 <0.001

Distal femur 0.225 0.208 0.183 0.307 0.104 0.563 0.172 0.339 0.360 0.040 0.410 0.018 0.418 0.016

Proximal tibia 0.298 0.082 0.243 0.160 0.288 0.093 0.302 0.078 0.413 0.014 0.356 0.036 0.426 0.011

Distal tibia 0.581 <0.001 0.493 <0.001 0.562 <0.001 0.575 <0.001 0.539 <0.001 0.576 <0.001 0.554 <0.001

talus 0.420 0.001 0.396 0.002 0.475 <0.001 0.542 <0.001 0.558 <0.001 0.579 <0.001 0.547 <0.001

CT computed tomography, BMD bone mineral density, DEXA dual-energy X-ray absorptiometry, r correlation coefficient, BMI body mass index
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correlation of BMD in those studies was limited to the spine.
Therefore, we performed this study to evaluate the reliability
and validity of CT as a screening tool for osteoporosis and to
estimate the correlation of BMD between central and periph-
eral skeletons. To our knowledge, this is the first investigation
to evaluate the correlation of BMD between lower extremity
CT and DEXA. In the present study, bone attenuation on CT
was found to be a reliable and valid method for assessing
BMD and screening osteoporosis. In addition, peripheral bone
attenuation on lower extremity CTcorrelated well with central
BMD on DEXA.

Some limitations of this study should be addressed before
discussing the findings in detail. First, this study was retro-
spective in nature and all subjects were patients who visited
our hospital to evaluate a skeletal problem. Thus, there could
be differences from the general population. Although we ex-
cluded all patients with any condition that could affect bone
attenuation of each anatomic region, further research, such as
a community-based study, is required. Second, there was a
difference in slice thickness between central bone CT (pelvis
and hip) and peripheral bone CT. However, we analyzed the
“correlation” of bone attenuation between CTscans according

to anatomic region. Thus, we believe the difference in exam-
ination condition had little influence on the results.

Since most DEXA examinations are performed to assess
BMD in elderly patients, osteoporosis screening can overlook
decreased BMD in younger patients. A screening tool in med-
icine should be easy to use and identify an unrecognized dis-
ease in all age groups. Therefore, we chose lower extremity
CT, which is widely used in patients with various skeletal
problems, as a screening tool. Although we focused on trabec-
ular bone on CT, unlike DEXA, which assesses both cortical
and trabecular bone, previous studies have shown that bone
attenuation of the spine measured on CT was correlated with
BMD of the hip and spine measured on DEXA [7, 8]. A
previous study used quantitative CT with asynchronous cali-
bration from CT colonography to screen osteoporosis [15].
This approach to CT calibration may provide for greatly ex-
panded osteoporosis screening. However, we believe that
screening tools should be easy to use. Therefore, we used
conventional CT, which adds no cost and requires no addi-
tional equipment or software [14]. In addition, in this study,
the age factor was controlled using partial correlation to apply
our results in all ages, unlike in previous studies.

Table 5 Cutoff values for bone attenuation on computed tomography between osteoporosis and nonosteoporosis

Area under the ROC curve 95 % CI p value Sensitivity Specificity Cutoff value HU threshold

≥90 % sensitivity ≥90 % specificity

L1 0.811 0.697–0.897 <0.001 84.6 64.3 136.15 144.10 87.42

L2 0.806 0.692–0.893 <0.001 75.0 77.8 101.17 139.08 46.38

L3 0.810 0.698–0.894 <0.001 82.9 72.4 105.49 121.81 54.51

L4 0.760 0.641–0.855 <0.001 77.5 71.4 101.92 141.13 46.15

Femoral head 0.745 0.655–0.823 <0.001 77.8 60.9 296.15 343.90 202.99

Femoral neck 0.762 0.673–0.837 <0.001 87.8 56.5 3.79 15.09 –45.93

Greater trochanter 0.710 0.608–0.783 0.002 86.7 47.8 24.74 40.26 –40.43

Distal tibia 0.711 0.588–0.815 <0.001 79.4 58.8 122.45 165.41 17.33

Talus 0.780 0.663–0.872 <0.001 76.5 70.6 311.37 340.29 233.75

ROC curve-receiver operating characteristic curve, CI confidence interval, HU Hounsfield units

Fig. 4 Receiver operating characteristic curves for bone attenuation on computed tomography between osteoporosis and nonosteoporosis. a Lumbar
area. b Hip area. c Ankle area
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Intra- and interobserver reliability of measurements were
lowest for the femoral neck. Although a previous study report-
ed that structural changes were not observed in the proximal
femur affected by osteoporosis [16], it has been generally
accepted that there is a pattern of bone loss in the proximal
femur [17]. We believe the value of bone attenuation of the
femoral neck on CT was greatly influenced by the area of
radiolucency and its heterogeneity. In addition, femoral neck
measurement is challenging because the hip joint can rotate,
and the degree of rotation differs by case and even by side of
the femur. Therefore, examiners can encounter difficulty when
selecting the coronal image of the central part of the femoral
neck.

Few studies have compared bone attenuation on CT with
BMD on DEXA in the same anatomic region. In terms of
validity, the present study showed that CT is useful as a
screening tool for osteoporosis. In addition, our results are
significant considering that peripheral bone attenuation on
CT also correlated with BMD on DEXA. Since it is well
known that use of bisphosphonates to prevent low-trauma
fracture is likely to be effective, BMD measurements are im-
portant in identifying patients at risk for fracture [18]. A pre-
vious study showed that ankle fracture had features of osteo-
porotic fracture [2]. In addition, fracture associated with low
BMD can be site-specific with BMD of each anatomic region
[19]. Although assessment of peripheral BMD has grown in
importance, the World Health Organization’s criterion for os-
teoporosis diagnosis is not applicable to the peripheral skele-
ton [13]. In this study, bone attenuation of the spine, hip, and
ankle on CT, except the distal femur and proximal tibia, had a
positive predictive value for osteoporosis. The cutoff values
on CT in those anatomic regions could help physicians predict
the need for further evaluation.

Sensitivity is a true positive rate and specificity is a 1-
false-positive rate of validity when BMD on DEXA re-
veals osteoporosis. Cutoff value is determined at the point
of trade-off between highest sensitivity and specificity
[20]. In addition to cutoff value, HU threshold values also
were suggested in this study. CT attenuation threshold of
90 % sensitivity may be suitable for high-risk cohorts
where the aim is to minimize false-negative results. Alter-
natively, CT attenuation threshold of 90 % specificity may
be used as a reference value for lower-risk cohorts to
minimize false-positive results [14].

CT is widely used in patients with various skeletal prob-
lems. Although several studies have reported a positive corre-
lation between bone attenuation of the spine on CT and BMD
on DEXA, there has been a lack of study regarding the reli-
ability and validity of CT for assessing BMD. Based on our
study, CT of the spine and lower extremity is a useful screen-
ing tool for osteoporosis. In addition, peripheral bone attenu-
ation on lower extremity CT adequately reflects central BMD
on DEXA. We believe that future research regarding the

predictive value of bone attenuation on CT for high risk of
osteoporotic fracture will be required.
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