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SUMMARY 

We tested a dual-energy bone deusitometer (LUNAR 
DPX) that uses a stable x-ray generator and a K-edge fil- 
ter to achieve the two energy levels. A conventional scin- 
tillation detector in pulse-counting mode was used 
together with a gain stabiliTer. The densitometer normal- 
ly performs spine and femur scans in about 6 minutes and 
3 minutes, respectively, with adequate spatial resolution 
(1.2xl.2mm). Total body scans take either 10 minutes or 
20 minutes. The long-term (6 months, n = 195) precision 
of repeat measurement on an 18-cm thick spine phantom 
was 0.6% at the medium speed. Precision error in vivo was 
about 0.6, 0.9 and 1.5% for spine scans (L2-L4) at slow, 
medium and fast speeds, while the error was 1.2 and 1.5 to 
2.0%, respectively, for femur scans at slow and medium 
speed. The precision of total body bone density was 0.5% 
in vitro and in vivo. The response to increasing amounts of 
calcium hydroxyapatite was linear (r ffi 0.99). The den- 
sitometer accurately indicated (within 1%) the actual 
amount of hydroxyapatite after correction for physiologi- 
cal amounts of marrow fat. The measured area cor- 
responded exactly (within 0.5%) to that of known annuli 
and to the radiographic area of spine phantoms. There was 
no significant effect of tissue thickness on mass, area, or 
areal density (BMD) between 10 and 24cm of water. The 
BMD values for both spine and femur in vivo correlated 
highly (r--0.98, SEE =.03 g/cm 2) with those obtained 
using conventional 153Gd DPA. Similarly, tot~ body 
BMD correlated highly (r=0.96, SEE=.02g/cm ) with 
DPA results. 
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INTRODUCTION 

153 Conventional dual-photon absorptiometry (DPA) with 
Gd has been widely accepted in biomedical research 

Send reprint requests to Richard B. Mazess, Ph.D., LUNAR 
Radiation Corporation, 313 W. Beltline Highway, Madison, WI 
53713, USA. 

and clinical practice. By replacing the 153Gd source with 
an x-ray source the precision error of measurements in vivo 
can be halved, while at the same time scans are rapid, (5 vs 
20 minutes for regional areas), and have better spatial 
resolution (2mm vs 4ram). This x-ray method, dual-ener- 
gy x-ray absorptiometry (DEXA), was initially developed 
using rapid switching between two energies coupled with 
interspersion of reference materials in the beam (1-3). 
That approach has been incorporated recently in a bone 
densitometer (4-6). We report here on a different ap- 
proach in which a stable x-ray source coupled with a K-edge 
filter is used to generate the two requisite energies. 

METHODS 
We tested a commercial x-ray bone densitometer 

(LUNAR DPX TM) that uses an x-ray tube operating at 8~ 
kVp (0.75 mA) coupled with a K-edge filter (350 mg/cm 
of cerium). This gave effective energies of 40 and 70 keV, 
which are close to optimal for bone measurement. Most 
regional determinations were made at the standard scan 
speed and step interval giving a pixel-size of 1.2xl.2mm. 
Total body scans have a pixel-size of 4.8x9.6mm. Standard 
spine and femur seam take about 350 and 200 seconds, 
respectively, while total body scans take about 600 or 1200 
seconds at fast and medium speeds. The measured radia- 
tion dose by thermoluminescenee was < 1 torero. Addi- 
tional evaluations were made of fast and slow spine scans, 
taking about 100 and 700 seconds respectively; and of slow 
femur scans (400 seconds) but no determinations were 
done in the high-resolution mode (0.6x0.6mm pixels). 
Version 1.7 software was used for spine and femur scans 
and Version 2.0 software for total body scans. 

Accuracy errors were evaluated by measuring the bone 
mineral content (BMC) of known quantities of calcium 
hydroxyapatite (HDA) i~ flat plastic bags; the BMD 
ranged from 0.6 to 1.3 g/cm. The HDA also was measured 
together with lard to simulate the effect of marrow fat. 

Bone phantoms were measured in different amounts of 
water to assess the influence of thickness on results. 
Repeated measurements were made over 6 months on a 
spine phantom 18 cm thick to assess precision error. The 
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precision error in vivo was obtained by doing repeated 
measurements on normal subjects with repositioning. 

The results on humans (n = 53)lusing the DPX were 
compared to those obtained using 53Gd DPA (LUNAR 
DP3, version 8C software). Spine and femur measure- 
ments were made using DPX and DPA instruments at the 
University of Wisconsin (n =33) and the University of 
Texas, Dallas (n = 20). In addition, total body scans were 
done at the University of Wisconsin (n = 11) on both the 
DPX and DP4 scanners. 

RESULTS 

Accuracy for BMC: There was a linear increase of 
measured bone mineral content (BMC in g) as the amount 
of HDA increased (Figure 1). The standard error of es- 
timate was 0.5g or about 0.8%. Note that the regression 
line for H D A  alone was about 6% above the identity line. 
This is because the DPX system makes use of the original 
University of Wisconsin calibration that was based on 
bones impregnated with paraffin. We added progressive 
amounts of lard (50, 120,185,250g) to the H D A  to examine 
the extent of change induced by fat. There was a decrease 
of about 4.5g for every 100g of lard added, or about an 9% 
decrease at 180g (Figure 2); the indicated BMC cor- 
responded closely to the actual mass of H D A  at this level. 

The ability to obtain accuracy in vivo depends on the 
stability of results with varying thicknesses. We measured 
changes of BMD from 10 to 24cm of water on spine and 
femur phantoms using the appropriate software for each 
site. There was no systematic effect of thickness on either 
the spine or femur (Figure 3). The SD among all measure- 
ments at all thicknesses was +_ .02 g/cm 2. 

Accuracy for Area: We examined accuracy of area 
determination on a series of three aimuli with diameters of 
4.0, 4.5 and 5.0era and a length of 6cm. There was almost 
exact correspondence of measured and actual area. The 

2 actual areas were 24.0, 27.0, and 30.0 cm while the ob- 
served areas were 24.0, 27.1 and 30.1 r 2. In addition, 10 
annuli were prepared from polyvinyl chloride tu~ing 
having an actual projected area of 38.55 _.+ 0.13 c m ,  as 
determined with vernier calipers; the area measured with 
the DPX was 38.33 -+0.21 cm 2. 

The area of the L2-L4 region was measured on nine 
spine phantoms, each containing three human vertebrae, 
using the DPX. The correlation with the actual area, 
measured by digitization of radiographs of the same phan- 
toms, was 0.97. The measured and actual areas cor- 
responded closely (Figure 4). 

Precision: The long-term precision error was deter- 
mined on a spine phantom 18 cm thick over six months 
using medium speed (n = 195). The precision error was 
0.6%. Long-term precision (nffi50) for medium speed 
spine scans in one male subject was about 0.7% (Figure 5). 
The precision error for spine scans over 1 week was under 
1% at slow and medium speeds, and 1.5% at fast speed in 
young subjects. A femur phantom was scanned 22 times 
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Figure  1. BMC was l inear ly  re la ted  to ac tua l  mass of HDA (r  ffi 0.99). 
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Figure 2. BMC decreased with increas ing fat  content;  the measured  
BMC corresponded to the actual  mass  when the fat  content  was 
twice the hydroxyapati te  mass. 
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Figure  3. There was no signif icant  change of values �9  spine or 
femur software with water  thickness.  

over 1 month at medium speed with a precision error of 
1.28%. In one male subject, precision at medium speed for 
femoral neck BMD was 1.9% over one month (n = 25). 
The precision error of femur scans in young normal sub- 
jects over 1 week was about 1.6% and 1.2% for medium 
and slow speed, respectively (Table 1). 
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Figure 4. The relation between radiographic and DPX area on 9 
spine phantoms; r = 0.97, SEE = 1.5 cm 2. 
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Figure 5. Precision of BMD measured on 1 young male subject twice 
daily (morning, aRernoon) for 25 days. 

Time (sex) Obs Cases ObslCases Precision (%) 
Spine 100 40 8 5.0 1.53 
Spine 350 40 6 6.7 0.90 
Spine 700 15 3 5.0 0.64 
Femur 200 45 9 5.0 1.65 
Femur 400 30 6 5.0 1.22 

Total 600 10 2 5.0 0.35 
Total 1200 20 4 5.0 0.49 

TABLE 1. Short-term precision (1 week) of DPX measurements in 
vivo on the lumbar spine (L2.L4), the femoral neck, and total body. 

The precision of total body scans was assessed over 20 
days (n=46) on the excised skeleton of an osteoporotic 
woman with atotal body calcium of about 500 g. The error 
was.004 g/cm (0.50%) for total body BMD and 1.0 to 1.5% 
for major subregions (arms, legs, spine). The precision 
error of total body calcium in four subjects at normal speed 
averaged 12g or 1.08%, but normalizing for area to ~ive 
total body BMD gave a precision error of .005 g/cm or 
0.49%. Preliminary results showed faster scans did not 
compromise precision. 

Comparison to DPA: Spine BMD in vivo (n = 50) using 
the DEXA was closely correlated to prior DPA scans 
(Figure 6). Similarly, femoral neck BMD (n = 14) was 
closely correlated using DEXA and DPA (Figure 7). 
There was almost exact correspondence of DEXA and 
DPA values. Only 11 subjects had total body BMD 
measured by both DPA and DEXA; again, the correlation 
was very high (Figure 8). 

DISCUSSION: The DPX scanner showed the linearity 
of response for both BMC and area measurements that is 
conventional with absorptiometric instruments (7-9). The 
system is initially calibrated to provide accurate BMC 
measurements in vivo, including (a) a calibration adjusted 
for moderate marrow fat, and (b) an insensitivity to thick- 
ness differences. The indicated BMC corresponded exact- 
ly to the mass of HDA when the fat content was 
approximately twice that of the I-IDA. This is the normal 
ratio of fat to bone ash in vivo (10). Based on the observed 
relationship, the HDA would be overestimated by about 
5% at the lowest levels of fat while at higher levels (300 
mg/cm ) the HDA would be underestimated by 5%. A 
calibration for any device (QCI', DPA, or DEXA) used to 
measure the spine that does not take into account the 
average offset induced by marrow fat will have an average 
systematic inaccuracy (14). For DPA and DEXA, this 
would be about a 10% error at normal fat levels and a 15% 
error in the elderly and osteoporotic patients. However, a 
calibration that includes compensation for the average 
amount of fat will not correct for individual variations, in- 
cluding the large variations that may be associated with 
aging, osteoporosis, or corticosteroid use. The cor- 
responding uncertainty for single-energy (~CI" at 120 kVp 
is about 10% for a change of 100 mg/cm in fat (11-14). 
This is double the magnitude of the effect seen with 
DEXA. 

There was little effect of tissue thickness on accuracy 
results up to 24cm of water. This level of water is 
equivalent to a patient thickness of about 27cm given that 
patients of this thickness contain fat, which is less attenuat- 
ing than muscle, and are not 100% "lean" as is water. 
Above this thickness level, both accuracy and precision are 
compromised. It remains to be demonstrated if the slower 
scans available with the DPX can produce accurate and 
precise results above this level of thickness. 

The observed precision error in vitro was close to that 
expected based on quantum statistics (15). The precision 
in vivo for total body BMD (0.5%) and for spinal BMD 
(0.9 %) were only slightly higher than both expected results 
and those observed in vitro. However, it must be recog- 
nized that precision results in vivo are not always directly 
reflected by precision in vitro. While the latter is deter- 
mined by quantum statistics, i.e. radiation flux or dose, the 
former can be affected by patient positioning and by the 
ability of software algorithms to accurately relocate 
regions-of-interest. One DEXA scanner that has 3X the 
radiation dose of the DPX instrument does give com- 
parable 0.5% precision on spine phantoms at equivalent 
18-cm thickness (4-6), yet has a precision on normal sub- 
jects of 1.4% on the spine and 2.3% on the femur (5). The 
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Figure 6. Relationship of spine BMD between DPX and DP3 in vivo 
(n = 50).The regression was congruent with the identity line (r = 0.98, 
SEE = .026 g/cruZ). Three cases with errant Dlr3 densities (X) were 
excluded due to abnormally small bone areas. 
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Figure 7. Relationship of femur BMD between DPX and DP3 in vivo 
(n = 14). The regression line coincided with the identity line 
(r = 0.98, SEE = .030 g/cm2). 
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Figure 8. Relationship of total body BMD between DPX and DP4 in 
vivo (n = 11). The regression line coincided with the identity line 
(r = 0.96, SEE = .02 g/cm2). 

precision we observed in vivo with the DPX scanner con- 
stitutes a halving of the conventional precision error for 
DPA ( < 1% vs 2% for spine and about 1.5% vs 3% for 
femur). It should be noted, that we use precision for the 

L2-L4 region of the spine and the neck region of the femur 
to characterize performance since these are the diagnosti- 
cally significant sites. Precision for larger regions (L1-L4; 
neck plus trochanter) will be smaller. On the other hand, 
most of our studies were done on normal y o u n g  subjec t s .  
Since the precision error in g/cm 2 is fairly constant with 
density, the coefficient of variation (%) can be expected to 
be higher in patients with lower BMD values. 

Our preliminary results with DEXA (16, 1~) showed a 
high correlation (r = 0.94, SEE = .04 g/cm ) b e t w e e n  
results on individual vertebrae versus BMD values o b -  
t a i n e d  with DPA. However, the precision error for an in- 
dividual ve r tebra  was high a n d  c o m p r o m i s e d  t h e  
assessment. The present spine results show an even higher 
correlation (r = 0.98) and a lower SEE (about .03 g/cm 2) 
because a series of three vertebrae (L2-L4) was measured 
rather than individual vertebrae. Still, part of this smaller 
error is due to the contribution of precision errors in DPA; 
the SEE might be even lower if the average from a series 
of DPA scans were used in regression analysis. On the 
other hand, most of our spine data were collected in nor- 
mal subjects and the correlation in osteoporotic patients 
could be worse. The DPX scanner seems to give better 
spine values in low density patients than does DPA so there 
may be a departure from direct BMD correspondence and 
a poorer correlation in such subjects. Additional data are 
needed on the femur and for total body BMD over a large 
range of densities to confirm the relationship we observed 
in our small samples. Confirmation of these results is 
needed. Our results suggested that data collected with the 
DPX scanner should correspond well to published data 
using LUNAR DPA scanners allowing previous studies (at 
least of normal subjects) to be directly applicable to this 
new instrument. This is not unexpected since very similar 
algorithms have been used in both types of scanners. 
Results with DPA and DEXA scanners from other 
manufacturers seem to produce results that average about 
15-20% lower for spine BMD due to differing calibration 
and/or algorithms (4-6). Results from such scanners may 
not be able to be clinically cross-calibrated, despite the 
high correlation of results, since the SEE may be more than 
.06 g/cm 2 (4, 5). 

REFERENCES 

1. Jacobson B. X-ray spectrophotometry in vivo. A m J  
Roentgen. 91:202-210; 1964. 

2. Gustafsson L, Jacobson B, Kusoffsky L. X-ray 
spectrophotometry for bone-mineral determinations. Med 

12:113-118; 1974. 

3. Reiss KH, Killig K, Schuster W. Dual photon x-ray beam 
applications. In: International Conference on Bone 
Mineral Measurement. RB Mazess (ed), Chicago, I1, Oct. 
12-13, 1973, pp.80-87. 

4. Pacifici R, Rupich R, Vered I, Fischer KC, Griffin M, 
Susman N, Avioli LV. Dual energy radiography (DER): A 
preliminary comparative study. Calcif Tissue Int 43:189- 
191; 1988. 

5. Wahner HW, Dunn ML, Brown M L  Hauser MF, Morin 
R. Comparison of Quantitative digital radiography 



232 R. Mazess et al.: Performance Evaluation of a Dual-Energy X-Ray Bone Densitometer 

(QDR) and dual-photon absorptiometry (DPA) for bone 
mineral measurements of the L-spine. In: Bone Mineral 
Measurement by Photon Absorptiometry., J Dequeker, P 
Geusens, H Wahner (ed), Leuven University Press, pp 
419-426, 1988. 

6. Kelly TL, Slovik DM, Schoenfeld DA, Neer RM. Quan- 
titative digital radiography versus dual photon ab- 
sorptiometry of the lumbar spine. 
Metab 67:839-844; 1988. 

7. Schaadt O, Bohr H. Bone mineral by dual photon ab- 
sorptiometry. Accuracy precision sites of measurements. 
In: Non-Invasive Bone Measurements Methodoloeical 

w 

Problems, J Dequeker and CC Johnston (eds), IRL Press, 
Oxford, 1981, pp.59-72. 

8. Mazess RB, Hanson J, Sorenson J and Barden HS. Ac- 
curacy and precision of dual-photon absorptiometry. In: 
Proceedines of the Second International Workshoo on 
Non-Inva~ve Bone Measurements. J Dequeker "(ed), 
1988, Leuven Press. 

9. Wahner HW, Dunn WL, Mazess RB, Towsley M, 
Lindsay R, Markhard L, Dempster D. Dual-photon Gd- 
153 absorptiometry of bone. Radiolo~ 156:203-206; 1985. 

10. Burgess AE, Colborne B, Zoffmann E. Vertebral 
trabecular bone: Comparison of single and dual-energy 
CT measurements with chemical analysis. J.._C, flmp.llL2~ 
sist Tomo~r. 11:506-515; 1987. 

11. Gluer CC, Reiser UJ, Davis CA, Rutt BK, Genant HK. 
Vertebral mineral determination by quantitative com- 

puted tomography (QCT): Accuracy of single and dual 
energy measurements. J Comnut Assist Tomogr 12:242- 
258; 1988. 

12. Laval-Jeantet AM, Roger B, Bouysse, Ing S, Bergot C, 
Mazess RB. Influence of vertebral fat content on quantita- 
tive C-*F density. Radiology. 159:463-466; 1986. 

13. Vetter JR, Perman WH, Kalender WA, Mazess RB, 
Holden JE. Evaluation of a prototype dual-energy com- 
puted tomographic apparatus. II. Determination of ver- 
tebral bone mineral content. Med Phvs 13:340-343; 1986. 

14. Ran GU, Yaghmai I, Wist AO, Arora G. Systematic 
errors in bone-mineral measurements by quantitative 
computed tomography. Med Phvs 14:62-69; 1987. 

15. Sorenson JA, Hanson JA, Mazess RB. Precision and 
accuracy of dual-energy x-ray absorptiometry. J B o n e  
Miner Res 3:$126; 1988. 

16. Mazess RB, Sorenson JA, Hanson JA, Collick BD, 
Smith SW. Dual-energy x-ray absorptiometry (DEXA). 
From: EFJ Ring (ed) Osteoporosis: Bone Mineral 
Measurement, Bath, UK, 1988. 

17. Mazess RB, Sorenson JA, Hanson JA. Performance 
of an x-ray dual-photon scanner. In: 
Measurement bv Photon Absorptiometry., J Dequeker, P 
Geusen, H Wahner (ed), Leuven University Press, pp 415- 
418, 1988. 

Received September 14, 1988, and in revised form November 7, 
1988. 


