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Summary

Quantitative computed tomography (QCT) is an established
technique for measuring bone mineral density (BMD) in the axial
spine and appendicular skeleton (forearm, tibia). It preuides
cross-sectional images, so that it is uniquely ablé to provide
separate estimates of trabecular and cortical k one | 3MD /i1s well
as a true volumetric mineral densiby«ii graras\o 2r cubiew<Centime;
ter. However, because of theghijh resporis velizss of spingl tra-
becular bone and itssimportnc2 "or vertebral strength it has
been principayaer pleyeaitc deermine trabtculgr 3M2in the
vertebral bocy. ZCT has.been used £27 ist e« smen : ¢f vertebral
fracture risk, | neasurement of.age- elat!.d b ne'iess, and follow-
up 6 ostyoporosis and<Gthe - meiabdli: kene diseases. QCT has
a letier sensitiity to |radict ver! 2bral fracture than projectional
methods {'ke DXA, due to.iis ability to isolate and measure tra-
becilar boaeiin t'.e center of vertebral body. This mini-review
deals with the current capabilities of axial QCT and the recent
{echnical developments, including volumetric acquisition.
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QCT is a X-ray absorptiometric technique such as SXA, and
DXA (Single and Dual X-ray Absorptiometry), but it is different
from these methods of measurement because it provides sepa-
rate estimates of trabecular and cortical bone BMD as a true vol-
umetric mineral density in mg/cm3. It measures high-turnover
trabecular bone in consecutive vertebrae of the spine (usually
two to four vertebrae out of T12 to L4), using commercial CT
scanners and a bone mineral reference standard to calibrate
each scan. Beginning from an initial lateral localized image and
using a low-dose technique with the gantry angled parallel to the
vertebral end plate, single 8 to 10 mm-thick sections are ob-
tained through the midplane of each of these vertebrae (Fig. 1).
A region of interest (ROI) is manually positioned in the anterior
portion of trabecular bone of the vertebral body for analysis (1-
3). It is possible to automate the sagittal location of midvertebral
slices and the axial placement of ROIs to improve precision and
reduce acquisition and analysis time. A software automatically
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Figtre 1 - Lateral saout | iaw ¢f th €iunal ai spine used to determine ver-
tebral levelasiOr cxialocal's.

locates the vertebral body, maps its outer edges, and employs
anatomic landmarks, such as the spinous process and spinal
canal and it calculates in this way size and location of the ROls.
Either trabecular, cortical, or integral (cortical and trabecular)
bone ROIs are defined by these systems. The basivertebral vein
and sclerotic foci such as bone islands have to be excluded.
Hounsfield units (HU) (also known as CT number) are used to
measure the CT density of the selected area of interest within a
slice through a vertebral body. Then, comparing the CT number
of the trabecular bone to that of the compartments of the calibra-
tion standard, it is possible to achieve a conversion to mg/cm?.
The calculated densities for the vertebrae are averaged and
compared to those of a normal population (4). Normative data
are gender-and race-specific (5).

Women have a different bone density curve over age than men.
This difference is based on an accelerated bone loss in women
soon after the onset of menopause, superimposing the normal
physiologic bone loss that occurs in both men and women in ag-
ing. Moreover, absolute normal bone density values are race-de-
pendent. Some studies show that black-race has higher bone
density values than white-race (both in men and women) (6).

At present solid hydroxyapatite or calcium carbonate are used
as calibration materials (Fig. 2). They are quite different from
the first used liquid calibration reference phantoms. Infact,
these last contained varying concentrations of bipotassium hy-
drogen phosphate (K2HPO4), with the drawback of limited long-
term stability of the solutions. In this way scanning was difficult
and inaccurate: air bubbles developed in the solution because
of the transpiration of fluid from the solution into the plexiglas
shell of the phantom.

A study of the spine with QCT takes about 30 minutes. The skin
radiation dose is generally 100 to 300 mrem. Actually, only a
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Figure 2 - Axial slice, 10 mm thick, through L2 vertebral body, showing
the bone equivalent calibration phantom positioned under the patient
and an elliptical ROI in the vertebral trabecular bone. The solid refer-
ence phantom is based on calcium carbonate, which enables any
whole body CT scanner to perform accurate and reliable bone mineral
density measurements.

small portion of marrow is irradiated during a QC' stuily of | he
spine, so that the effective dose or wkaie-badl’ wquivalerittose
is generally in the range of only J risre »«G0 pSiv) (7). The lecal-
izer scan that precedesstie actual QCT_stady will add T alldi
tional 3 mrem tediic)el estive Gase. These value's are\quitew c-
ceptable.semparia«a a‘hataral backgrognd raciaion o approxi-
mately 20.54rem p2r month.

(QQCT car\be performed ingsingle-znerijy (S ZQCT) or dual-energy
(REQCT) modesgimiese tvio techinigues differ in accuracy, preci-
sion, andsredictic 1. Veriableharrow fat composition in the verte-
hrae, al:curacy ot the calibration standard and beam hardening
errois ard szatter, among other factors, contribute to the accura-
¢y 0f SEQCT for spinal bone mineral determination. Marrow fat is
the principal source of error, because it causes SEQCT measure-
ments to underestimate bone mineral density (BMD) and overes-
timate BMD loss. Marrow fat increases with age producing an in-
creasingly large error in the accuracy of spine QCT measure-
ments in older patients. The presence of marrow fat results in an
underestimation of bone density in the young of about 20 mg/cm?
and as much as 30 mg/cm? in the elderly, so that QCT has an ac-
curacy from 5 to 15%, depending on the percentage of marrow
fat and the age of the patient (8). However it is possible to use a
simple correction procedure that takes this into account reducing
the BMD accuracy errors to levels that are small compared with
the biological variation. Additionally, we can also reduce the er-
rors caused by marrow fat by using a kVp setting that minimizes
the fat sensitivity for a particular scanner. DEQCT too improves
accuracy, but this approach incurs poorer in vivo precision and
higher radiation dose, so that it is recommended only for research
studies that require higher accuracy.

The precision error of 2 to 4% coefficient of variation (CV) and
the accuracy errors of 5 to 15% CV reported in vivo for spinal
QCT are generally higher than those observed for posteroanteri-
or (PA) DXA of the spine and comparable with those of lateral
DXA. It has an excellent ability to predict vertebral fracture and
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to serially measure bone loss, generally with better sensitivity
than projectional methods such as DXA because it selectively
assesses the metabolically active and structurally trabecular
bone in the center of the vertebral body. The postmenopausal
trabecular bone loss measured by QCT is 2 to 3 times greater
than the integral bone loss measured by DXA (9-18). It has been
shown that low bone density increases fracture risk. Both biome-
chanical in vitro studies and clinical in vivo studies comparing
patients with and without osteoporotic fractures show that there
is a convincing risk gradient: the lower the bone density the high-
er the risk of bone fracture (19).

Some studies have examined BMD decrements between normal
subjects and those with vertebral fractures. These studies
showed that the decrement as measured by spinal QCT is signif-
icantly higher than that observed by PA-DXA and that QCT usu-
ally allows a superior vertebral fracture discrimination. Moreover,
QCT shows a comparatively good sensitivity for measurement of
age-related bone loss following menopause, because the meta-
bolic rate in the vertebral trabecular bone is substantially greater
than that of the surrounding cortical bone. In a cross-sectional
study of 108 postmenopausal women Guglielmi et al. measured
overall bone loss rates of 1.96%/year with QCT, compared with
0.97%/year and 0.45%l/year for lateral DXA and PA-DXA, re-
spectively (20). In a retrospective study Yu et al. found that
spinal trabecular BMD assessed by QCT showed a larger decre-
ment in age-matched populations, with and without veitekra!
fracture, than did DXA, in either the PA or lateralsgraie tan., ¢iid
they also found that low spinal trabeci!ar 3N D co)fers r.gner
reletiveisk for vertebral fracture (adds re.io £\6:\than did lateral
or PA=DXA (odds ratio respeciive y 200 ard '1.54) (21). In addi-
ion to i3 biomechgiiice! ilapariar ce, spinal trabecular bone has
a nigh metaiiolic_ac'ivigs, and this is evident in the relative rates
of bane Iiss ieasurzd by DXA and QCT (22). Most of the stud-
ieScempering“spinal QCT and DXA BMD measurements be-
tweeri‘subjects with vertebral fractures and age-matched con-
wols have found that spinal trabecular BMD demonstrates larger
percentage decrements in those with no fracture, and confers
higher risks for vertebral fractures, even if a published European
multicenter study found comparable results for the two tech-
niques (23).

While the use of standard QCT has been based on two-dimen-
sional characterization of vertebral trabecular bone, three-dimen-
sional, or volumetric QCT, are new techniques that allow to im-
prove spinal measurements and to extend QCT assessments to
the proximal femur. They encompass the entire object of interest
with stacked slices, or spiral CT scans, and can use anatomic
landmarks to automatically generate relevant projections. Volu-
metric QCT can not only determine BMD of the entire bone or
subregion, such as a vertebral body or femoral neck, it can also
provide separate analysis of the trabecular or cortical compo-
nents. Because a true and highly accurate volumetric rendering
is provided, important geometrical and biomechanically relevant
assessments can be derived, such as cross-sectional moment of
inertia and finite element analysis (24-27).

A lateral scout view covering T11-L5 is first employed to delin-
eate the lumbar spine vertebral levels. To relate the CT mea-
surements to BMD, patients are scanned simultaneously with a
bone mineral reference phantom containing calibration objects
with equivalent densities to those of calcium hydroxyapatite. A
computer program can identify and analyze the calibration ob-
jects of bone mineral reference phantom and it is used to de-
rive calibration equations relating the CT numbers to BMD for
each section. Three-dimensional ROlIs are based on combining
the boundaries of the vertebral body. The anatomic coordinate
system is defined interactively. Three volumetric ROls encom-
passing trabecular, cortical, and integral bone are defined on
the central 70% of the vertebral body, based on the user deter-
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Figure 3 - Volumetric QCT 3D reconstruction showing the entire verte-
bral body.

mined vertebral midplane and end plate location. The volumet-
ric ROIs are determined by stacking ROIs delineated orfiaaca
of these slices. Using spiral CT scanning, it is paSsible, th ae:
quire volumetric QCT scans of the L1-L.2 yerte bral hodie s i 30
to 40 seconds (Fig. 3). Because th€ volunie Wl interest Is deter
mined three-dimensionally irf softivaie, palient positioning.is of
lesser concern thaz#with cor ver tic rariwo-dimansic nal QCT or
with DXA. Tie sihol‘escani ng time mayire(,ult irhgeaw s eco-
nomic i zasikiiiyfo ST spina) trabectlas BMD measure-
el tegaot only becausestlizy would r2quire less time but also
be salse ine advent ¢t spira\ CT [sceniiing has made more time
available on LT scanrers, du€'to shortening of other diagnos-
tic searmiry rrocedure (24, 28-32).
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