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Objective : Use of quantitative computed tomography (CT) to evaluate bone mineral density was suggested in the 1970s. Despite its reliability and
accuracy, technical shortcomings restricted its usage, and dual-energy X-ray absorptiometry (DXA) became the gold standard evaluation method.
Advances in CT technology have reduced its previous limitations, and CT evaluation of bone quality may now be applicable in clinical practice. The
aim of this study was to determine if the Hounsfield unit (HU) values obtained from CT correlate with patient age and bone mineral density.
Methods : A total of 128 female patients who underwent lumbar CT for back pain were enrolled in the study. Their mean age was 66.4 years.
Among them, 70 patients also underwent DXA. The patients were stratified by decade of life, forming five age groups. Lumbar vertebrae L1-4 were
analyzed. The HU value of each vertebra was determined by averaging three measurements of the vertebra’s trabecular portion, as shown in con-
secutive axial CT images. The HU values were compared between age groups, and correlations of HU value with bone mineral density and T-scores
were determined.

Results : The HU values consistently decreased with increasing age with significant differences between age groups (p<0.001). There were signifi-
cant positive correlations (p<0.001) of HU value with bone mineral density and T-score.

Conclusion : The trabecular area HU value consistently decreases with age. Based on the strong positive correlation between HU value and bone
mineral density, CT-based HU values might be useful in detecting bone mineral diseases, such as osteoporosis.
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INTRODUCTION

Osteoporosis is a systemic skeletal disease characterized by
low bone density and microarchitectural bone tissue deteriora-
tion with a consequent increase in bone fragility'?. Approxi-
mately 100 million people are affected by osteoporosis world-
wide, mostly women in menopause®. In 2008, about 40% of
women in Korea were reported to have osteoporosis”. As the
older age groups in population increase due to an increase of life
expectancy, the socioeconomic burden of this disease increases,
particularly as bone fracture risk increases four- to six-fold
among those with osteoporosis'?. Dual-energy X-ray absorpti-

ometry (DXA), the gold standard for bone mineral density quan-
tification, has become a routine screening in modern medical
practice.

Measuring bone mineral density by using quantitative com-
puted tomography (CT) was suggested in the 1970s". However,
shortcomings such as the requirements for a high dose of ioniz-
ing radiation and a relatively long scanning time and introduc-
tion of DXA, resulted in quantitative CT usage being confined
to musculoskeletal research fields despite its early introduction
and accuracy. Recently, diagnostic imaging technology has been
advancing rapidly, and the use of CT has been remarkably in-
creasing in clinical fields, both in extent and numbers®. With
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technical developments in CT systems, the advantages of CT
over DXA have drawn attention for the second time.

Recent studies have raised the possibilities to estimate bone
mineral density using diagnostic CT images®!"'*). It is very ear-
ly to say but Hounsfield unit (HU) values might be a surrogate
marker for bone mineral density. In this study, we investigated
whether there was a correlation between the bone mineral den-
sity and T-scores measured by DXA and the HU values ob-
tained from diagnostic CT scanners equipped with automatic
exposure control technology. Based on this work, we might find
a way to use diagnostic CT images to screen the patients with
bone mineral disease and to evaluate their risks of fractures.

MATERIALS AND METHODS

Patients

After obtaining approval from our institutional review board,
we retrospectively reviewed female patients with low back pain
who had undergone lumbar CT with thin slice sections at our
institution between 2010 and 2011. All reviewed patients were
over 40 years old. DXA scan within twelve months from CT
scan were used for correlation analysis. Patients who underwent
previous spine surgeries with spinal instrument implantation or
vertebroplasty, or invalid DXA results due to spinal degenera-
tion, fracture, or deformity (as evaluated by authors) were ex-
cluded from the study. Of the approximately 2000 subjects re-
viewed, 128 patients were enrolled in this study.

Imaging

All DXA scans were performed with use of a Lunar Prodigy
Advance densitometer (General Electric, Milwaukee, WI, USA).
Information from DXA scans, including T-scores and bone
mineral density (measured in g/cm?), were obtained for the first
through fourth lumbar vertebrae.

For CT scans, a helical 128-channel CT scanner (Ingenuity;
Phillips Healthcare, Best, the Netherlands) was utilized for all pa-
tients. The CT parameters included a slice thickness of 1.0 mm, a
tube voltage of 120 kVp, a tube current of 330 mA (DoseRight
automated exposure control system; Phillips), and a bone recon-

struction algorithm (window width/window level, 2050/250).
Two-dimensional reconstructions were obtained in the coronal
and sagittal planes. Phantoms were not used during CT scan.

A picture archiving and communication system (PACS; Ma-
roview, Infinitt Healthcare), which operated in a Microsoft Win-
dows environment, was used to calculate an average HU value
for an elliptical region of interest that was confined to the trabec-
ular area of the vertebral body. The HU measurement for each
vertebra was obtained by using a protocol described by Sch-
reiber et al.'. Regions of interest were measured on the axial
images at L1 through L4 at three separate locations : immedi-
ately inferior to the superior end plate, in the middle of the ver-
tebral body, and superior to the inferior end plate (Fig. 1). For
each measurement, the largest possible elliptical region of inter-
est was drawn, excluding the cortical margins to prevent vol-
ume averaging. The HU values from the three axial slices were
averaged to give a mean HU value for each lumbar vertebra.
Measurements were obtained twice by one observer indepen-
dently and with one week separating observations. During the
measures, the observer was blinded to the patients’ DXA scores.
The average of the two independent measures was used during
analysis.

Statistical analysis

An intraobserver reliability calculation was performed with
the use of the interclass correlation coefficient and was reported
as a score between 0 and 1 (with 0 representing no agreement
and 1 representing perfect agreement). The difference in HU
values between age groups was evaluated with the use of one-
way analysis of variance (ANOVA). Fisher’s least significant dif-
ference multiple t-tests were used for post hoc analysis. The
correlations of HU value with age group and with DXA bone
mineral density and T-score were determined with the use of
the Pearson correlation coefficient.

RESULTS

Reliability
Measurement of the HU value was reliable, with an intraob-

L .'i 1
Fig. 1. Computed tomography (CT) scans of lumbar vertebra L3 illustrating the method of determining Hounsfield unit (HU) values by using a picture

archiving and communication system (PACS). From a reconstructed sagittal image, we select three axial planes of interest : slice (A) is taken just infe-
rior to the superior endplate, slice (B) is from the middle of the vertebral body, and slice (C) is taken just superior to the inferior endplate. The PACS
program automatically calculates the mean HU value of the regions of interest which are marked with ellipses in the figure. The average of HU values
from three axial cuts, which is 89 HU in this case, was used for the analysis.
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server reliability of 0.991.

Hounsfield unit values and age

The HU values obtained from CT for the 128 patients includ-
ed in this study were stratified by decade of life, forming five
age groups. The HU values for each vertebral level were com-
pared between the groups. Mean HU values decreased consis-
tently by decade at all compared vertebral levels, ranging from a
mean of 175.0 HU in the 5th decade of life to 51.8 HU in the
9th decade of life (Table 1). The differences were significant
(one-way ANOVA, p<0.05). Subgroup analysis was also per-
formed. In the L1-3 vertebrae, there were no significant differ-
ences between the 40s and 50s or 60s and 70s age groups; how-
ever, there were significant differences between the 50s and 60s
groups and the 70s and 80s groups (p<0.05) (Fig. 2). Moreover,
there was a significant HU decrease between the 60s and 70s
age groups in the L4 vertebra (p<0.05).

Correlation of dual X-ray absorptiometry and Hounsfield
units value

Among the enrolled patients, 70 patients underwent DXA
within one year of their CT scan. Mean age of those 70 patients
was 71.2 years (range, 53-87 years). The average L1-4 HU values
for the 70 patients ranged from 11.4 HU to 226.2 HU (mean
with standard deviation, 84.7+40.1) while their T-scores ranged
from -4.4 to +1.6 (mean, -1.7+1.49), and their bone mineral den-
sity ranged from 0.616 to 1.33 g/cm?* (mean, 0.925+0.183 g/cm?).
The correlations of HU value with bone mineral density and T-
score were evaluated for each lumbar vertebra separately. The
correlation coefficients (r?) between the HU value and T-score
were for the L1-4 vertebrae were 0.673, 0.794, 0.766, and 0.713,
respectively (Fig. 3), while the r* between the HU value and
bone mineral density for the L1-4 vertebrae were 0.657, 0.774,
0.737, and 0.673, respectively (Fig. 4). All obtained correlations
were significant (p<0.001).

Table 1. Data of Hounsfield unit values obtained from lumbar computed tomography scans, stratified by decade of life

Age (years) Patient no.

Hounsfield units (means+standard deviation)

L1 L2 ILS} L4 Average
40to 49 12 178.9+10.8 174.3+49.5 171.4449.7 175.6£52.9 175.0+48.0
50 to 59 22 155.348.0 150.0+40.8 145.24+40.6 150.4+38.4 150.2+40.4
60 to 69 37 102.446.2 96.4+38.5 93.3+39.4 98.0+43.8 97.5+39.7
70to 79 45 86.6+5.6 83.4+£33.5 78.6£31.6 75.3£30.2 81.0£32.0
Over 80 12 56.8+10.8 54.3+32.9 47.4+34.7 48.7+£34.9 51.8+32.7
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Fig. 2. Mean Hounsfield unit values among five decadal age groups show consistent decreases as age increases. *Groups which showed significant

difference (p<0.05).
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Fig. 3. Scatter plots showing correlations between Hounsfield unit values obtained from CT and T-scores obtained from dual-energy X-ray absorpti-
ometry for lumbar vertebrae L1-L4. All had showed significant correlation coefficients (p<0.001).

Based on the World Health Organizations guideline'?, the 70
patients’ lumbar vertebrae T-scores were stratified into three
groups : normal (-1.0 or greater), osteopenic (less than -1.0 and
greater than -2.5), and osteoporotic (-2.5 or less). The mean
HU values for the subjects in the normal, osteopenic, and os-
teoporotic groups were 120.8 HU (95% confidence interval,
111.7-130.0), 78.8 HU (95% confidence interval, 74.5-83.2),
and 54.7 HU (95% confidence interval, 49.4-60.1), respectively
(Table 2). The differences in mean HU values between groups
were all significant (p<0.001).

DISCUSSION

Through this study, we have determined that the bone miner-
al density measurement provided by DXA has a strong correla-
tion with the HU value obtained by using CT with automatic
exposure control. The HU scale is a linear transformation of the
original linear attenuation coefficient measurement into one in
which the radiodensity of distilled water at a standard pressure
and temperature is defined as zero HU. With pwaer and px repre-
senting the total linear X-ray attenuation coefficient of distilled
water and a selected voxel, respectively, the corresponding stan-

dardized HU value of the voxel is generated by : CT value (HU)
=1000X [ (ptx-pwater)/ pwater]. On that basis, and in all appropriately
calibrated CT scanners, particular portion of a CT image can
be assigned a specific HU value with validity and reproducibili-
ty®. Previous biomechanical study has shown that an increase
in HU value is correlated linearly with an increase in material
density'. In our study, HU values followed a similar trend. In
addition, HU values showed a decreasing trend with increasing
age and with a decrease in bone mineral density.

Quantitative CT requires the use of a calibration phantom for
which the density is known. The phantom scanned with the pa-
tient in order to convert HU values into bone mineral units and
to permit calibration of other factors that may result errors".
Recent progress in CT technology has developed an auto-mod-
ulation technique, also known as automatic exposure control,
which limits the amount of radiation to that required for image
acquisition. The CT scanner utilizes data from the scout view as
well as real-time feedback from the detectors to determine the
necessary exposure time and tube current. Based on those data,
a specific amount of X-rays will accumulate to a pre-set thresh-
old, after which X-ray exposure terminates. The amount of ra-
diation exposure decreases for less dense regions of the body,
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Fig. 4. Scatter plots showing correlations between Hounsfield unit values obtained from CT scans and bone marrow density obtained from dual-ener-
gy X-ray absorptiometry for lumbar vertebrae L1-4. All had significant correlation coefficients (p<0.001).

Table 2. Mean and 95% confidence intervals of normal, osteopenic, and osteoporotic subjects

and may encourage the physician to un-

Hounsfield units dertake further studies including DXA

T-score Mz andl sk and proper patient management. In this

deviation SESCT T e type of CT-based screening, it would be

Normal >1.0 120.8+41.8 111.7-130.0 helpful to know the range of HU values
Osteopenic ~ -1.0<T-score<-2.5 78.8423.0 74.5-83.2 that match with the presence of osteopo-
Osteoporotic ~ -2.5< 547425 49.4-60.1 rosis. In the present study, subjects with

and increases for denser portions of the body. This results in a
more homogenous X-ray beam energy spectrum encountered
by the spine, thus making the obtained HU values primarily de-
pendent on the composition of the targeted tissue. As a patient’s
body-mass index accounts for a large portion of the attenuation
differences, the use of an automatic exposure control technique
theoretically could eliminate the use of phantoms during CT
calibration'.

To establish a diagnosis of osteoporosis, DXA-based T-scores,
defined by the number of standard deviations below the mean
peak bone mass (average mass of young, healthy adults), are used
by physicians. In present study, HU values were found to be sig-
nificantly correlated to T-scores. Thus, a patients HU values may
provide a physician with an indication of osteoporosis presence,

a normal bone density had a mean lum-
bar HU value of 120.8, those with osteopenia had a mean lum-
bar HU value of 78.8, and those with osteoporosis had a mean
lumbar HU value of 54.7. Such values could be used as refer-
ence points about which suitable ranges could be established.
CT scans are one of the most popular diagnostic tools in mod-
ern medical practice. A fairly large number of spine CT scans is
being performed at many institutes. In addition to the imaging
protocol of the spine itself, there are a number of other protocols
that cover the spine, such as chest, abdomen, pelvis and genito-
urinary and angiography covering the thoracoabdominal area,
etc. Thus, compared to DXA, which is performed only on high
risk patients such as post-menopausal women, CT provides
much more data that can be used in the evaluation of the bone
mineral density of the spine. Patients in various age groups re-

388



Correlation between BMD Measured by DXA and HU Measured by dCT | S Lee, et al.

gardless of sex can be evaluated without any additive cost. Ac-
cording to the data provided in this study, a patient with an av-
erage HU value below 60 has a high probability of osteoporosis.
A confirmatory diagnosis is not yet possible due to the lack of
data that correlates fracture risks and HU values in the general
population. HU values could be very practical and useful for
screening purposes.

However, the reference data of our study came from one CT
scanner with one automated exposure control technique and
one DXA, there may be a question about the reproducibility of
HU values obtained from different CT and DXA systems. Un-
like their use in quantitative CT for bone mineral density mea-
surement, phantoms were not used in this study. In general, the
zero HU value was set to the radiodensity of distilled water at
standard pressure and temperature and the CT system’s auto-
mated exposure control delivered the same amount of radiation
dose to the lumbar spine regions of interest. Theoretically, these
settings allow us to acquire a constant HU value for a certain
vertebra regardless of the CT device used or the patient’s body
mass'?. But still, this study has certain limitation since it has no
specific data from other CT and DXA system to prove our
premise.

Moreover, our study has several limitations. First, the data ob-
tained for correlations between the HU value and the age groups
were only from female patients aged over 40 years. This may
bias the results so they may not accurately extrapolate to other
population groups. Second, the maximum one year interval be-
tween CT and DXA may have influenced the results. However,
we suggest this is unlikely unless the patients are under medical
treatment for osteoporosis or suffering from an endocrine dis-
order that affects bone mineral density. Third, cancellous bone
is heterogeneous; therefore three axial sections may not accu-
rately summarize bone quality®. Fourth, only trabeculated bone
density was included in the HU values obtained from CT while
DXA assesses both cancellous and cortical bone. Although can-
cellous bone has been shown to be more important than cortical
bone for vertebral load sharing and fracture risk?, this difference
in bone types may have resulted in errors in the correlation be-
tween DXA the bone mineral density and CT HU value.

CONCLUSION

The diagnostic CT-based HU value and DXA-based bone
mineral density showed strong positive correlation. By measur-

ing HU value from CT scanners with automated exposure con-
trol, we may be able to estimate bone mineral density. Consid-
ering the abundance of data, and the simplicity, reliability and
reproducibility of the measurement, the diagnostic CT-based
HU value could be helpful in the screening of bone metabolic
diseases.
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