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Abstract. Peripheral quantitative computed tomographyaged, and requires surgical treatment and hospitalization in
(pQCT) is able to evaluate trabecular and cortical bonemost cases [1, 2]. The incidence of femoral neck fracture
separately, and to determine geometric properties fronmas increased in recent years [3—6], therefore, it is important
cross-sectional images for noninvasive assessments of me predict osteoporotic fracture risk as an aid in taking pre-
chanical strength. In order to assess the diagnostic value ekntive measures. Fragility of the skeleton is mainly depen-
pQCT of the femoral neck, 60 healthy women were exam-dent on bone mineral density (BMD), but structural prop-
ined with a new pQCT machine, XCT-3000 (Norland- erties of both the cortical shell and the trabecular pattern
Stratec, Germany), which is suitable for direct measuremerindependent of BMD also greatly affect strength of the bone
of the hip. The region of interest chosen was the center of7-9].
the femoral neck. pQCT of the distal radius and dual energy Peripheral quantitative computed tomography (pQCT)
X-ray absorptiometry (DXA) of the lumbar spine and femo- has the advantage of measuring the volumetric, not areal,
ral neck were also performed. BMD. pQCT is also able to evaluate trabecular bone sepa-
The study demonstrated that total bone mineral densityately from cortical bone, so when compared with other
(BMD) (femoral MD) and trabecular BMD (femoral-TBD) densitometries it is more sensitive to changes in bone min-
decreased with advancing age. Percent cortical area showedal content (BMC) and BMD in the course of bone meta-
a small but significant decrease with advancing age and %olic disease or during the administration of drugs [10, 11].
trabecular area increased slightly. Both the endosteal periniMoreover, cross-sectional images can give a great deal of
eter and the periosteal perimeter were relatively constarinformation about geometrical parameters of bone for non-
with aging. Bone strength index (BSI) and stress-strain ininvasive assessments of mechanical strength.
dex (SSI), which reflect the mechanical strength of bone, Use of pQCT measurements at the distal radius have
declined with advancing age, especially after menopausdeen shown to be useful for the diagnosis of osteoporosis
Femoral TBD correlated strongly with femoral neck BMD and for predicting the risk of spinal and hip fractures [9, 12].
by DXA and L2-L4 BMD by DXA but femoral-CBD did However, in DXA studies, BMD measurements of the
not correlate with femoral neck BMD by DXA. Volumetric femoral neck were better predictors of the risk of hip frac-
BMD of the femoral neck and distal radius were closelytures than measurements of the distal radius, spine, anc
correlated. It is concluded that (1) cortical thinning occurscalcaneus [13]. Therefore, direct pQCT measurement of the
with aging by endocortical resorption and loss of femoral-femoral neck might help to evaluate the risk of fractures
TBD; (2) loss of femoral-CBD occurred at a slower rate there.
than radial CBD, perhaps due to the weight-bearing effect; This study evaluated pQCT of the femoral neck as a
(3) biomechanical parameters such as the BSI and SSI mayninvasive method for assessing the risk of osteoporotic
reflect increasing fragility of the femoral neck in pre- and hip fractures.
postmenopausal women; (4) pQCT of the femoral neck had
diagnostic value at least equivalent to that of DXA or pQCT
of the distal radius. Materials and Methods
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Osteoporotic fracture. A total of 60 healthy female volunteers, aged 23-81 years, were
studied: 27 were premenopausal and 33 were postmenopausal, an
the mean age at menopause was 50.9 + 2.7 years (Table 1). Thi
study protocol was approved by the hospital ethics committee.
0\{\[ritten informed consent was obtained prior to examination.

Increasing longevity has made osteoporosis and osteopor
ic fractures major health care and economic problems.
Femoral neck fracture is one of the most serious complic

tions of osteoporosis. It is sometimes life threatening for thd/€thods

pQCT of the Femoral NeckThe XCT-3000 machine (Norland-
_— Stratec, Pforzheim, Germany) is a pQCT that is a micocomputer-
Correspondence taN. Endo controlled translation-rotated tomographic scanner with an X-ray
*Present addressNiigata Bone Science Institute, 1-17-8 Nagata, souce and 12 semiconductor detectors and enables direct measurt
Niigata City 950-0932, Japan ments of the human hip region. CT scan was carried out with a
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Table 1. Characteristics of the study population

Total Premenopausal Postmenopausal

(n = 60) (n=27) (n = 33)
Age (years) 50.9 +16.9 354 +10.7 645 + 6.3
Body height (cm) 1551 + 6.5 1585 + 6.8 1521 + 45
Body weight (kg) 511 + 7.4 516 + 6.1 50.6 + 8.4
Body mass index 212 = 29 206 == 2.7 218 = 3.0
L2-4 BMD by DXA (g/cm®) 0.902 + 0.183 1.027 + 0.127 0.791+ 0.114
Femoral neck BMD by DXA (g/cri) 0.679+ 0.116 0.754 + 0.093 0.614 + 0.093
Radial-BD (mg/crm) 353.2 +78.6 3984 +65.7 306.4 +62.2
Radial-TBD (mg/crm) 158.1 +54.9 189.3 £51.2 125.8 %375
Radial-CBD (mg/crm) 1130.2 +90.8 1180.0 +55.8 1069.6 +88.9
Femoral-BD (mg/crf) 365.0 +77.3 4119 +69.6 323.8 =585
Femoral-TBD (mg/cr) 2125 +504 2451 +35.0 184.0 +44.3
Femoral-CBD (mg/cr) 875.1 +41.1 883.3 +36.3 867.9 +443

single slice of 70Qum in voxel size. It has a narrow 30 cm-wide
gantry, which facilitates positioning of the femoral neck. The ex-
aminee was placed in the sitting position on a chair in front of the
gantry with his/her thigh (femoral shaft) abducted and internally
rotated to keep the long axis of the femoral neck perpendicular tc
the gantry during the examination. The chair in front of the gantry
can be translated into a range of 100 cm in a horizontal direction
We used the manufacturer’s provided leg holder to keep the hip ¢
an angle of 45° of abduction and 15° of internal rotation to exclude
anterversion of the femoral neck. After obtaining a scout scan fron
the intertrochanteric region to the subcapital region, the CT scal
was carried out at the site of the center of the left femoral neck ir
all cases (Figs. 1, 2). Each CT scan was made perpendicular to tt
long axis of the femoral neck. The entire scanning time was ap
proximately 8 minutes.

Volumetric BMDs of the femoral neck, total BMD (femoral-
BD), trabecular BMD (femoral-TBD), and cortical BMD (femoral-
CBD) were determined separately. These parameters were derive
using the manufacturer’'s supplied analysis package.

Geometrical parameters such as the cross-sectional area,
trabecular area, % cortical area, average cortical thickness, per
osteal perimeter, and the endosteal perimeter were obtained aut
matically by cross-sectional image analysis.

The BSI and SSI were also calculated as noninvasive indicator
of the mechanical strength of bone. Both BSI and SSI have bee
proven to be directly proportional to the breaking force of long
bones in cadaveric or animal studies. BSI is regarded as an ind
cator of bending strength and SSI as an indicator of torsiona
strength [14-16].

Thein vitro precision of XCT-3000 was found by measuring a
manufacturer’s supplied QA phantom with four different densities . . ,
five times. Thein vivo precision was found by measuring volu- Fig. 1. The long axis of the examinee’s femoral neck was kept
metric BMD of the femoral neck three times in each of three perpendicular to the gantry, with a leg holding device that keeps
women after repositioning. Precisions were expressed as Coefﬂhe hlp atan angle of 45° of abduction and 15° of internal rotation.
cient of variation (% CV).

pQCT of the Distal RadiusTwo scans of different sites were

made at the distal radius by a XCT-960 machine (Norland-StratedBMD and pQCT values of the femoral neck were analyzed. These
Pforzheim, Germany) on the left forearm (nondominant) in 55 ofthree different densitometries were performed on the same day.
the 60 women. Scanning sites were located at the distal 4% and

20% of the length of the ulna from its distal end. Total and tra-
becular BMDs (radial-BD, radial-TBD, respectively) were ob- It
tained at the distal 4% site where the trabecular bone content igesu S

high and the cortex is thin. The scanning site of cortical bone

density of the distal radius (radial-CBD) was determined at thePrecision of the XCT-3000
distal 20% site where the cortical content is high, because the

gict)é“ff?I]?MD is affected by the partial volume effect at the distal The % CV referred to the phantom of the XCT-3000 was

less than 1.0% (0.02-0.36%, average 0.2B%)tro. Thein
Dual Energy X-ray AbsorptiometryAreal BMD of the left femoral ~ Vivo study with three examinees, % CV of femoral-BD,
neck and lumbar spine (L2-L4) was determined by DXA (QDR- femoral-TBD, and femoral-CBD were 1.40%, 2.45%,
2000: Hologic, Waltham, MA, USA). Relationships between thesel.43%, respectively.
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pQCT of the Femoral Neck

Volumetric bone mineral measurements were performed for
total, trabecular, and cortical bone. The mean values of
femoral-BD, femoral-TBD, and femoral-CBD were 365.0 £
77.3, 212.5 + 50.4, 875.1 + 41.1 mg/énrespectively.
Femoral-BD and femoral-TBD decreased significantly with
age (Fig. 3). Though neither body weight nor the body mass
index (BMI) predicted these BMDs, body height correlated
moderately with volumetric BMD (Table 2).

Percent cortical area at the femoral neck decreased sig
nificantly with age whereas % trabecular area increased
(Fig. 4). Both periosteal and endosteal perimeter of the cor-
tex showed no significant change with advancing age (Fig. 5).

BSI showed a linear age-related decline. SSI curved
downward at the perimenopausal age (Fig. 6 a,b).

Fig. 2. CT scan was made at the center of the neck. ScanningQCT of the Distal Radius

plane is illustrated. After obtaining a scout scan from the intertro-

chanteric region to the subcapital region, the level of the CT scamhe mean values of radial-BD, radial-TBD, and radial-CBD

was adjusted to the center of the left femoral neck. were 353.2 mg/cf 158.1 mg/crﬁ 1130.2 mg/cn’ﬁ respec-
tively. This volumetric BMD correlated well with those of
the femoral neck, except for CBD (Table 3).
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age (years) BMD of the femoral neck and the distal radius. Significant differences

o . Ao can be seen between the femoral-CBD and the radial-CBD. Symbols
Femoral-CBD (dotted hne) =908.548 - .657 age; R*2=.073 in (a) and (b) (O) femoral'BD; (A) I’adial-BD. Symb0|S |r(C) (O)
Radial-CBD (solid line) = 1288.055 - 3.238 * age; R"2 = .387 femoral-CBD; (\) radial-CBD.
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Table 2. Correlation among age, body height, body weight, body% cross-sectional area
mass index, and femoral-BD, femoral-TBD, and femoral-CBD  og-

801 o
Femoral-BD Femoral-TBD Femoral-CBD o] © ; 0 000 o(g% g o

Age -0.658 -0.648 -0.27? 601 W
Body height 0.262 0.25% 0.27P 50] o@ © o © . %
Body weight 0.153 0.060 0.096 401 °
Body mass index  0.026 -0.060 -0.096 50l o 72
r-values are %hown 20+ .A_‘?f__f_ an 2 aa
a . a PN- O~ A

P < 0.0001;°P < 0.05 0] 2 A . N“Eﬁ%ﬁ&---* _____

0 T T T T T T 1
20 30 40 50 60 70 80 90

Dual Energy X-ray Absorptiometry age(years)
% trabecular area(solid line) = 49.146 + .276 *age; RA\2 = .212

Femoral-BD and femoral-TBD correlated strongly with % cortical area(dotted line) = 24.108 - .208 *age; RA2 = .274
femoral neck BMD by DXA (r= 0.877, 0.812, respec- Fig. 4. Age-related changes in % trabecul@b)(and % cortical
tively) and moderately with lumbar spine BMD by DXA (r (A) area in cross-sectional image.

= 0.610, 0.569, respectively). However, femoral-CBD

showed only a weak correlation with BMD by DXA,

whereas radial-CBD correlated significantly (Table 3). Perimeter (mum)

100 7 °
Discussion % 1 o o ° 8

- . w{%ag o . 25 %08 °
It is important to evaluate the bone fragility of the femoral . 1—= O . RaB 2
neck, such as bone mass and the geometry and property oot e %7 o L ez o —
bone, to predict the risk of hip fracture [18-22]. The diag-8 7..... oo sogea8 - RAEEG A .
nostic reliability of various noninvasive measurements,s | &£, . A B 2% -
such as X-ray absorptiometry (SXA, DXA), quantitative ., ] s e a
ultrasound (QUS), quantitative computed tomography a a° a -
(QCT), have been reported [23—-26]. Cross-sectional image®
by QCT give much information about the geometry of tra- 0 +=

becular structure and the cortical shell. Trabecular bone, 20 30 40 50 60 70 80 90

which is much more sensitive to changes in bone metabo- age (vears)
lism than cortical bone, can be analyzed separately, which is Periosteal perimeter (solid line)= 88.427 - .059 * age; R*2 =027
advantageous for the early detection of quantitative and Endosteal perimeter (dotted line)=77.481 +.038 * age; R"2 =.008

qualitative changes. The validity of volumetric bone min- iy 5 Age-related changes in the periostedl)(and endosteal

eral measurement of the distal radius for the evaluation OfA) perimeter. The endosteal perimeter increases with age wherea
age-related bone loss and for the diagnosis of osteoporosiise periosteal perimeter was relatively constant.

has been proven [27]. Animal studies suggest that analysis

of trabecular bone by pQCT may be a reasonable noninva-

sive surrogate for measurements by histomorphometry [28].

Many cadaveric or animal pQCT analyses combined withvent or minimize such an age-related increase in intracor-
mechanical testing reveal that geometrical parameters of thigcal porosity?

cortical shell such as cortical thickness, cortical area, and Cross-sectional image analyses revealed an age-relate
cross-sectional second moment of inertia have close reldncrease in the % trabecular area and a decrease in the 9
tionships with the bending or torsional strength of intactcortical area without much change in total bone area. This
bones [9, 14-16]. suggests that trabecularization of the inner cortex compen-

The XCT-3000, which is a recently introduced pQCT sates in part for the loss of the trabecular bone. This idea is
machine, has a large gantry opening of 300 mm, whichconsistent with findings by histomorphometric analyses of
enables measurement of BMD and geometrical parametethe femoral neck and ilium [30].
in subjects with larger thighs (up to 300 mm in width); the  Though not significantly, the endosteal perimeter in-
machine also measures the hip, knee, and dental region. Tleeeased with age whereas the periosteal perimeter was rela
in vitro andin vivo precision studies show that reproduci- tively constant. These result support the idea that endocor-
bility of the measured BMDs by XCT-3000 is good enoughtical trabecularization by increased resorption caused some
for clinical use in analyses of the femoral neck comparedf the thinning of the cortex in postmenopausal elderly
with the reported value [29]. women [31, 32].

In the present study, femoral-BD and femoral-TBD de- Some long bones such as the radius, ulna, and femur
creased significantly with aging, but femoral-CBD showedshow an increase in their diaphyseal cross-sectional size an
no change. The findings in the femoral neck and distakross-sectional moment of inertia in the elderly by perios-
radius disagree on this point because age-related loss @fal deposition. This increase has been proposed as a mech:
radial-CBD is as fast as radial-BD and radial-TBD. Is thenism to maintain the mechanical strength of bones [33, 34].
femoral neck cortex less subject to an age-related increag®ut in the femoral neck, neither total bone area nor perios-
in intracortical porosity than the distal radius? Couldteal perimeter increased with age. Still, in our study, the
weight-bearing on the femoral neck, to some degree, preslder women were shorter, and the shorter women had the
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Fig. 6. Age-related changes in Bone-Strength Indakxand Stress-Strain Indgb). Dotted line indicates average age at menopause in
postmenopausal women. BS| 9693661.9-112812.1*age,=+ 0.695,P < 0.0001; SSI= 1384.7-12.7*age, = -0.683P < 0.0001.

narrower femoral necks. Therefore, this cross-sectiondiical area, taking into account the maximum strain and cor-
study could not reveal if this compensatory mechanism didical BMD. SSI of the human radius did not vary with age
or did not occur in the femoral neck. in healthy men but decreased in healthy women older than
Mechanically, the bending strength of a tubular structure52 years [14—16].
is proportional to the product of its cross-sectional moment In our study these biomechanical parameters of the
of inertia (CSMI) multiplied by its elastic modulus (E). In femoral neck showed an age-related decline (Fig. 6). The
long bones, cortical BMD is directly proportional to E, so it SSI especially declined after 50 years of age when most
could be substituted for E. Therefore, the strength of longvomen experience natural menopause. These results wer
bones such as the femoral neck, femoral shaft, and radiusmilar to a previous report about an age-related change in
can be expressed as an index, consisting of the produthe SSI of the distal radius. An increased fracture incidence
CSMI x CBD = Bone Strength Index (BSI), which pro- in postmenopausal women may be explained in part by a
vides an index of bending strength. Feretti et al. [14] founddecrease in BSI or SSI in addition to the loss of BMD.
that BSI of rat femora linearly correlated highly with the However, in order to validate the BSI or the SSI as indica-
measured breaking force in the 3-point bending test. tors of the risk of fractures, a long-term cohort study would
The SSI is also based on the theory of the stability ofbe needed.
mechanical structures in bending or torsion. It is calculated A close relationship was found between femoral neck
as a function of the polar moment of resistance of the corBMD by pQCT and BMD by DXA. Femoral-BD and femo-
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Table 3. Correlation among L2-4 BMD, femoral neck BMD, radial-BD
CBD, and femoral-BD, femoral-TBD, and femoral-CBD by pQCT

T. Horikoshi et al.: pQCT of the Femoral Neck

, radial-TBD, radial-

Femoral-BD Femoral-TBD Femoral-CBD
L2-4 BMD by DXA 0.61¢° 0.56% 0.26%
Femoral neck BMD by DXA 0.877 0.812 0.170
Radial-BD 0.639 — —
Radial-TBD — 0.517
Radial-CBD — — 0.35%

Radial-BD, -TBD, and -CBD were measured by a XCT-960. Femoral
were measured by XCT-3000

r-values are shown

2P < 0.0001;°P < 0.05

ral-TBD correlate strongly with femoral neck BMD by 4.
DXA, but moderately with lumbar spine BMD by DXA.
Femoral-CBD showed only a weak correlation with BMD 5.
by DXA. From these results it is speculated that age-related
bone loss in the femoral neck depends on the loss of femo-
ral-TBD and cortical thickness, and not on the loss of femo- 6.
ral-CBD. When compared with pQCT values of the distal
radius, the coefficients of correlation of femoral-BD and
femoral-TBD with lumbar spine BMD by DXA were
equivalent, and higher with femoral neck BMD by DXA.
However, unlike femoral-CBD, radial-CBD correlated sig-
nificantly with BMD by DXA. A possible reason for this
difference lies in the structure of the cortex. Compared with
the distal 20% of radius, the femoral neck cortex is less
parallel, and therefore is more susceptible to the partial
volume effect which might lead to incorrect estimation of its 9
cortical BMD.

This is the first clinical pQCT study of the femoral neck.
Total, trabecular, and cortical volumetric BMD were ob-
tained with high precision, and close relationships to pQCT1
of the distal radius and DXA of the femoral neck and lum-
bar spine were confirmed. Volumetric BMD and geometric
parameters of the trabecular structure and the cortex ob-
tained from cross-sectional image analyses have the poten2.
tial to provide a noninvasive surrogate for conventional
bone histomorphometry. Moreover, age-related and trans-
menopausal changes of BMD and geometric parameters of
the femoral neck may partly account for the increased in-13.
cidence of femoral neck fractures in elderly women. We
conclude that pQCT of the femoral neck will help in as-
sessing the risk of osteoporotic fractures.

8.

14.
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