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Abstract. In this study we analyzed the effect of variations 
in bone area size, baseline soft tissue composition repre- 
sented by the R-value, and bone region of interest position- 
ing on the precision in vivo of bone mineral density (BMD) 
and content (BMC) as measured by dual X-ray absorptiom- 
etry (DXA). The posterior-anterior (PA) spine, decubitus lat- 
eral, and femur modes were evaluated. Eleven (PA-spine), 9 
(dec-lat), and 14 (femur) postmenopausal women were 
scanned twice on a Norland XR-26 with repositioning to 
determine short-term precision of BMD, BMC, AREA, and 
the R-value. Phantom precisions (CV[%] of 10 consecutive 
scans) for BMD (BMC) were PA spine: 0.66% (0.57%), neck: 
1.1% (1.2%), and trochanter: 0.55% (1.0%). Precisions in 
vivo (CV[%]; two consecutive scans averaged over all pa- 
tients) were PA spine: 0.9% (1.0%), dec-lat: 7.1% (18%), 
neck: 1.3% (1.9%), and trochanter: 2.5% (4.9%). BMD pre- 
cision could be fully explained by BMC and AREA varia- 
tions. However, BMC alone was a particularly poor predic- 
tor of BMD in the dec-lat (r 2 = 0.05) and in the neck (r z = 
0.13) modes. AREA was a strong predictor for BMC preci- 
sion explaining between 41% and 88% of the BMC changes. 
Changes in soft tissue composition contributed significantly 
in explaining the BMC changes in the dec-lat projection. A 
higher dependence of BMC changes on AREA changes re- 
sulted in a larger difference between BMC and BMD preci- 
sion. Thus, particularly in the femur and in the decubitus 
lateral modes, the use of BMD is advantageous compared 
with BMC. 
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Dual X-ray absorptiometry (DXA) has become one of the 
standard methods in bone densitometry mainly because of 
its relative ease of use, high precision, the possibility of in- 
vestigating several different sites within the human body, 
low radiation dose, and low cost per scan. Newer develop- 
ments with this technique offer improved lateral measure- 
ments of the spine by scanning the patient in the supine 
instead of the decubitus position. Furthermore, enhance- 
ments of the X-ray source intensity and the replacement of 
pencil beam scanning by fan beam scanning using multiple 
detectors allow for shorter scan times and the use of solid 
state detectors like CCDs (charge coupled devices) promises 
better image quality. 

Despite all the technical refinements, the underlying 

physics of DXA has not changed. For an areal bone mineral 
density (BMD) determination, the X-ray absorption of two 
different energies must be measured at two different loca- 
tions each. One location contains the region of interest (ROI) 
where the BMD is to be determined, here bone and soft 
tissue are present. The other location contains just soft tis- 
sue that is mostly water-like and fat-equivalent tissue, and is 
usually referred to as the baseline measurement. In calcu- 
lating the BMD, one assumes that the X-ray absorption of 
the soft tissue at both regions is identical. This means in 
particular that the ratio of lean to fatty tissue is constant. 
Thus, usually the soft tissue region is in close proximity to 
the bone region. 

Factors influencing DXA precision include quantum 
noise, patient movement during the investigation, changes in 
soft tissue composition, patient repositioning between scans, 
and scan analysis. An increase in dose or the analysis of 
larger ROIs, e.g., L I-L4 instead of L2-L3 improves the pho- 
ton counting statistics and reduces quantum noise. Faster 
scanning reduces the effects of patient movement. Conse- 
quently, an increase in dose and faster scans has led to im- 
proved precision [1, 2]. However, the radiation dose should 
be kept as low as possible and an increase in scan speed is 
limited by the output power of the X-ray source. More pow- 
erful X-ray sources tend to be less stable, thus offsetting the 
gain in precision by faster scanning. Careful repositioning is 
particularly necessary in scanning the femur and has been 
subject to several publications [3, 4]. Patient movement and 
repositioning result in slight differences of the shape and size 
of the bone ROIs analyzed from scan to scan. This effect is 
minimized in consecutive phantom scans without reposition- 
ing. 

This article focuses on three factors potentially influenc- 
ing BMD and BMC short-term precision in the PA spine, 
femur, and the decubitus lateral scan modes: (1) changes in 
the soft tissue composition, (2) changes in the measured 
bone area size (denoted as AREA throughout the paper), and 
(3) the influence of bone ROI repositioning (spine in the PA 
and the decubitus lateral projections only). We will deter- 
mine whether part of the discrepancy between DXA short- 
term precision in vivo and in vitro, which amounts to 0.5-1% 
in the PA and even higher values in the other scan modes, 
can be attributed to these factors. As supine lateral measure- 
ments were not considered in this article, the terms decubi- 
tus lateral and lateral will be used synonymously. 

Materials and Methods 

DXA Analysis Using Base Materials 

Correspondence to: K. Engelke This study was carried out using a Nofland XR-26 DXA densitom- 
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eter (scan version 1.3.0, analysis version 2.3.Oh). The Norland anal- 
ysis algorithms use the so-called base material decomposition tech- 
nique developed by Lehmann and Alvarez [5, 6] who showed that 
within the X-ray energy range typically applied in medical imaging 
the absorption of human body materials can be simulated by the 
absorption of a set of any two so-called basis materials. A change 
from one set of basis materials to another one is called a bas i s  
ma te r ia l  t r a n s f o r m a t i o n .  

In Norland's case, 'equivalent area densities' of the two base 
materials, aluminum and polymethylmethacrylate (which will be re- 
felTed to as acrylic), are calculated for every location along the scan 
path with the help of a calibration standard. 'Equivalent area den- 
sities' means that the X-ray absorption of the acrylic-aluminum 
combination with these area densities is exactly equal at each energy 
to the patient absorption at that particular location. Equivalent area 
densities vary with the applied energy spectrum. The actual BMC is 
derived by a base material transformation from aluminum and 
acrylic to calcium hydroxyapatite and soft tissue. Let cr denote 
equivalent area densities and the indices b bone, s t  soft tissue, a 
aluminum, and p acrylic. The base material transformation is then 
described by the following set of linear equations: 

(~a = ClCYb q- C2(rst 

t ip = C3~Y b + C4~st 

eq. 1 

where ~r a and Crp are measured with the help of the calibration stan- 
dard for each location along the scan path and ca--c4 are constants. 
c~ and c 3 can be determined by calibrating cra and % against bone 
mineral or hydroxyapatite. The ratio R = c2/c4 can be directly mea- 
sured in the individual subject at a location where no bone is present 
(tr b = 0) which is the so-called baseline soft tissue composition 
measurement. Thus R = (% / Crp)b~sel~ne. The solution of eq. 1 is 
straightforward and results in the areal BMD used in DXA: 

Gr a - Rcrp 
B M D  = orb -- - -  eq. 2 

e l  -- R c 3  " 

Note that at the baseline location, that is in the soft tissue region 
adjacent to the bone, only the R-value and thus the ratio of equiv- 
alent aluminum and acrylic thicknesses enters eq. 2. Accordingly, 
this parameter will be used in this study. The R-value describes the 
soft tissue composition. Changes in R can have several reasons, one 
being a change in the lean/fat ratio. A higher fat content will de- 
crease the R value. The opposite effect will be observed in the 
presence of any calcium deposits. R is also influenced by the intes- 
tinal contents. The BMD calculation assumes that the R-value and 
thus the soft tissue composition in the baseline and in the bone ROIs 
are identical. From eq. 2 it is also obvious that a change in R be- 
tween subsequent scans changes %. Thus, the precision in BMD 
and BMC is theoretically influenced by the precision in the baseline 
soft tissue composition. 

Special software supplied by Norland permitted the analysis of 
the base material images which display the equivalent base material 
thicknesses, in this case aluminum and acrylic, separately. Thus, 
baseline soft tissue variations between multiple scans of the same 
patient or from location to locations within a scan could easily be 
measured. In several ROIs that are described below the equivalent 
thicknesses of aluminum and acrylic, ~r a and ~rp were measured and 
their ratio, R = cr~ / crp determined. 

P a t i e n t s  

Three different patient groups (G1-G3) were investigated. All pa- 
tients were postmenopausal women with low BMD (BMD values at 
least 2 SD below those of young normals). GI: 11 women (age 48-77, 
mean 64.6), double PA spine scans; G2:14 women (age 55-91, mean 
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68.1), double femur scans; G 3 : 9  women (age 60-79, mean 72.2), 
double decubitus lateral scans. 

P r e c ~ i o n  

The short-term machine precision in v i tro  was determined by 10 
consecutive scans of (1) the Hologic anthropomorphic spine phan- 
tom and (2) the Hologic anthropomorphic hip phantom. The phan- 
toms were not repositioned between scans. 

For precision in vivo,  all patients were measured twice with re- 
positioning between the two scans. BMD, BMC, and AREA were 
derived for the bone regions described below. The R-value was 
determined for several soft tissue regions, the location and size of 
which are also described below. The method for calculating the 
precision is outline below. 

P A  S p i n e  M e a s u r e m e n t s  

The operator confirmed or corrected the initial settings of the inter- 
vertebral markers (horizontal line separating the vertebrae) sug- 
gested by the software, and was guided by a histogram showing the 
integrated density along each scan line. The bone edges separating 
soft tissue and bone mineral were automatically found. The common 
parameters, AREA, BMC, and BMD, were calculated for L1-L4 
and separately for L2-L3. To obtain optimum precision between the 
two subsequent scans, the compare function, which displays both 
scans side by side allowing for a visual comparison of the interver- 
tebral marker placement, was used. The distance between the mark- 
ers was kept constant for both scans. 

In a second step, the influence of the marker placement on pre- 
cision was investigated. All vertebral markers of the second scan 
were shifted up or down one scan line from the optimum position. 
The operator decided whether to shift them up or down according to 
the criteria of a 'second best position'. Due to patient movement, 
repositioning, and noise, the two subsequent images were slightly 
different and visually the second choice in positioning the interver- 
tebral markers actually is often as good as the first one. 

The soft tissue composition was determined for vertebral levels 
L2 and L3 (Fig. 1). Four ROIs ( # l - # 4 )  positioned laterally to the 
spine were analyzed for each level: #1 and #2 were placed as close 
to the bone edges as possible and had a constant width of 12 mm for 
all patients and both vertebral levels. # 1 was placed on the right side 
of the spine and #2  on the left site. The height of these two ROIs 
was identical to the vertebral bodies. #3 and #4,  again placed on the 
right and left site of the spine, covered the total soft tissue region 
available in the particular scan. Their heights were identical to #1 
and #2  which were included in #3 and #4, respectively. However, 
the widths of #3 and #4  varied from scan to scan and from vertebral 
level to level as these widths were limited by the scan area. The 
nonoverlapping parts of ROIs #1 and #3 and of ROIs #2  and #4  are 
denoted as #5 and #6, respectively (see Fig. 1). 

D e c u b i t u s  L a t e r a l  M e a s u r e m e n t s  

Norland's lateral mode requires the operator to select a global re- 
gion of interest and then generates polygons surrounding the indi- 
vidual vertebrae within which the bone edges are determined. Usu- 
ally the polygons have to be corrected by the operator and generally 
two vertebrae--L2-L3 or L3-L4--are  analyzed. Exclusion criteria 
are fractured vertebrae and overlapping ribs or pelvic bones. In our 
case, only L3 was used. L4 almost always was overlapped by the 
iliac crest. Ribs overlapping bone or soft tissue at the L2 level can- 
not always be identified on the DXA scan, however, quantitative 
computer tomography (QCT) studies show that ribs overlapped the 
L2 vertebral body in almost 100% of the cases [7, 8]. As in the PA 
projection, the impact of the operator polygon placement was ana- 
lyzed. All lateral scans were independently reanalyzed by a second 
operator. 

Similar to the PA soft tissue analysis, two different ROIs were 
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Fig. 1. DXA PA spine image with intervertebral markers. Analyzed 
soft tissue regions laterally to the spine were analyzed for levels L2 
and L3. A total of six regions were analyzed for each level. Regions 
#3 and #4  are the combined regions #1 + #5 and #2  + #6, 
respectively. 

analyzed (Fig. 2): #1 was placed closely to the bone edges and had 
a constant bone width of 9 mm for all patients. #2  covered the total 
soft tissue region available in the scan and included #1.  The 
nonoverlapping area of ROIs #1 and #2  is denoted as ROI #3. 

Femur Measurements 

BMC, BMD, and AREA of the femoral neck and the trochanteric 
ROI were analyzed using Norland's standard femur analysis proto- 
col. The analysis is fully automated, however, the operator may 
interfere and reposition or vary the size of the neck box. The com- 
pare feature was used to optimize precision, Soft tissue composition 
was measured in three different ROIs (Fig. 3): #1 medial of the 
lesser trochanter, #2  cranial of the greater trochanter extending 
medially almost to the femoral head, and #3 cranial of the femoral 
neck; #2  and #3 were partly overlapping. The sizes and locations of 
these ROIs were kept constant between the two scans but varied a 
little from patient to patient. 

Analysis 

The precision results for the phantoms are expressed as coefficients 
of variation given in % (CV = SD/mean *100). The patient results 
are expressed as the mean coefficients of variation (CVr~) and their 
standard deviations (SD). CV M is calculated by averaging the indi- 
vidual CV values for all patients. SD is not the averaged SD of the 
individual patients but that of CVM which reflects the spread of the 
individual patient CVs around CVM. CVM values for BMD, BMC, 
and AREA were calculated for the two consecutive measurements 
of each patient. CV M values for R (R-CV M) values were calculated 
for all soft tissue ROIs analyzed. 

One-way analysis of variance (ANOVA) was used to analyze 
inter- and intravertebral level differences of R and R-CV M in the PA- 

Fig. 2. DXA decubitus lateral spine image. Only the L3 level was 
used. A total of three regions were analyzed. Region #2  is the com- 
bined region #1 + #3. 

spine and decubitus lateral scan modes. In the PA mode, intralevel 
analysis included soft tissue regions #1, #2, #5, and #6  and in the 
lateral mode #1 and #3. Interlevel differences were analyzed be- 
tween L2 and L3. In the femur, one-way ANOVA was used to 
analyze differences of R and R-CV u among the three soft tissue 
ROIs. 

In order to analyze the impact of bone AREA size changes on 
BMD and BMC changes, ANOVA of ABMD and ABMC versus 
AAREA was performed, where A denotes the relative difference 
between the two measurements of the corresponding parameter, 
e.g., ABMD = (BMDscan z - BMD~can0/BMD~w~ag~. Subsequently, 
AR was included in the models to analyze the impact of the varying 
soft tissue composition. 

Results 

BMD/BMC/AREA Precision 

The  resul t s  of  the  spine  and  hip p h a n t o m  m e a s u r e m e n t s  are  
s h o w n  in Table  1. A n  inc rease  of  the  b o n e  RO I  size us ing  the  
Hologic  spine p h a n t o m  ( L 1 - L 4  ins tead  of  L 2 - L 3 )  r e d u c e d  
the  B M D - C V  f rom 0.73% to 0 .66% and  the  B M C - C V  f rom 
0.63% to 0 .57% bu t  i nc reased  the  A R E A - C V  f rom 0 .39% to 
0.56%. The  pa t ien t  resul t s  are  s h o w n  in Tab le  2. F o r  the  P A  
spine mode ,  CV M is g iven  separa te ly  for  L 1 - L 4  and  L 2 - L 3 .  

Table  2 also shows  the  inf luence  of  shif t ing all in te rver -  
tebral  ma rk e r s  one  scan  line up  or  d o w n  (see Mate r i a l s  and  
Methods ) .  T h e  resul t s  show no  s ignif icant  effect  on  B M C -  
and  AREA-CVM.  H o w e v e r ,  the  s t anda rd  va r ia t ions  of  the  
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Soft Tissue Composition Precision 

The soft tissue precision in vivo analysis is summarized in 
Table 3. Compared with the BMD precision, the soft tissue 
precision is markedly reduced in the PA projection and in the 
femur but is comparable in the decubitus spine mode. In the 
PA projection, one-way ANOVA showed neither significant 
inter- nor intralevel soft tissue variations. The analysis was 
performed separately for R (intralevel: F < 0.4, P > 0.7, 
interlevel: F < 1.6, P > 0.2), and R-CVM (intralevel: F < 
0.75, P > 0.5, intedevel: F < 3.5, P > 0.07). However ,  the 
mean R value (averaged over all patients) at vertebral level 
L3 was approximately 20% lower and the R-CVu value two 
to three times higher compared with level L2. Thus, larger 
patient numbers will potentially result in significant inter- 
level differences. 

As in the PA projection, significant ROI soft tissue com- 
position differences were found neither in the lateral projec- 
tion nor in the femur scan mode. One-way ANOVA gave the 
following results: dec-lat R (F < 0.4, P > 0.8), dec-lat  
R-CV u (F = 0.3, P = 0.6); femur R (F = 0.4, P = 0.7), and 
femur R-CVM (F = 0.4, P = 0.7). 

Fig. 3. DXA PA femur image. Three soft tissue regions #1-#3 were 
used for the analysis. 

Table 1. Phantom precision for BMD, BMC, and AREA as %CVs 
for four different ROIs 

cv[%] 
Phantoms 
ROI BMD BMC AREA 

PA L1-L4 0.66 0.57 0.56 
PA L2-L3 0.73 0.63 0.39 
Neck 1.1 1.2 0.3 
Trochanter 0.55 1.0 1.0 

Values result from 10 consecutive scans using the Hologic anthro- 
pomorphic spine and hip phantoms 

BMC- and AREA-CVM, that is the spread of the precision 
data around the mean, is markedly increased. This explains 
why the differences of the CVM values for BMC and AREA 
between shifted and unshifted ROIs are statistically nonsig- 
nificant although the CVM values differ by approximately a 
factor of 2. The BMD values are even less affected by a 
slight shift of  the intervertebral spaces. There was a moder- 
ate increase in the SD of the mean CV from 0.4 to 0.9 but the 
CVM value was almost constant (0.9 for the unshifted and 1.0 
for the shifted ROI). 

In order to verify the rather poor precision results de- 
rived in the lateral projection, all scans were carefully rean- 
alyzed by a second operator.  This reanalysis changes the 
bone ROIs slightly as the polygons around the vertebral bod- 
ies are redefined. The results of this reanalysis confirmed the 
data given in Table 2. It should be kept in mind that only one 
vertebral level was analyzed. Thus, the precision cannot be 
as good as in the PA mode. Averaging over four vertebrae 
theoretically improves the precision by a factor of 2 com- 
pared with the analysis of one vertebra. But even taking this 
effect into consideration, the precision measured in the lat- 
eral projection is worse by approximately a factor of 3-4 
compared with the precision in the PA mode. 

Impact of AREA and Soft Tissue Composition on BMD 
and BMC Precision 

The results of the ANOVA for ABMD and ABMC are sum- 
marized in Tables 4 and 5. The overall significance of the 
corresponding models is given as the P-value. Further,  stan- 
dard errors of the estimate (SEE), and the squared regres- 
sion coefficients r E of the analysis and the levels of signifi- 
cance of the independent variables are given. 

As expected, BMD variations can be fully explained by 
BMC and AREA variations. In all scan modes the squared 
regression coefficients were rE > 0.996 and the models were 
highly significant. AR was not a significant predictor  for 
BMD in the PA spine and in the femur. In the lateral spine, 
however, variations of R in soft tissue ROI #1 that is in the 
ROI directly adjacent to the vertebra variation contributed 
significantly (P < 0.001) to ABMD. An inclusion of AR in the 
ANOVA decreased the SEE by a factor of 5 from 0.004 to 
0.0008 and increased r E from 0.999 to 1.0. Although signifi- 
cant, this effect is very small as more than 99.9% of the total 
BMD variation is already explained by BMC and AREA 
variations. Soft tissue variations from ROI #2  and 3 pro- 
duced no significant effect. 

ABMC was a poor predictor for ABMD in the lateral 
projection and in the neck region where less than 15% of the 
BMD variation could be explained by BMC variations alone. 
This value increased to 34% in the trochanter and to 43% in 
the PA projection including L1-L4.  In the L2-L3 vertebral 
levels, 79% of the BMD variation could be explained by 
BMC variations alone. 

The ABMC analysis gave the following results: Except  
for the L2-L3 region AAREA alone was a strong predictor 
explaining between 41% and 88% of the BMC changes. An 
additional inclusion of hR as predictor of ABMC had no 
effect in the PA projection. Also in the femur mode, AR was 
a nonsignificant (P > 0.05) predictor of  ABMC. In the lateral 
mode, an inclusion of AR from soft tissue ROI #2  was sig- 
nificant and improved the overall prediction of the model: rE 
increased from 0.88 to 0.95 and the SEE decreased from 0.11 
to 0.08. In the neck ROI, an inclusion of AR in the model 
increased r 2 slightly (average value of St-ROIs # 1 - # 3 :  rE = 
0.85), the SEE did not change, and the significance of the 
overall models remained high (P < 0.002). In the trochanter,  
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Table 2. Precision in vivo for BMD, BMC, and AREA as 
SD[%]) for five different ROIs 

average CV and their SDs (CV[%] +- 

PA-mode: ROI shifted one 
pixel up or down 
dec-lat mode: reanalysis by 
different operator 

CV[%] • SD[%] CV[%] --- SD[%] 
In vivo 
ROI BMD BMC AREA BMD BMC AREA 

PA LI-L4 0.9 -+ 0.4 1.0 - 0.8 0.9 -+ 0.5 1.0 • 0.7 1.9 _+ 3.3 2.1 - 3.2 
PA L2-L3 1.8 - 1.0 1.7 - 1.0 0.8 +-- 0.6 1.9 --+ 1.2 3.5 • 6.0 3.1 -+ 5.7 
dec-latL3 7 . 1 -  3 18 - 12 17 • 15 8 . 4 •  17 • 13 17 - 17 
Neck 1.3 -+ 1.1 1.9 - 2.2 2.0 • 1.8 
Trochanter 2.5 -+ 2.5 4.9 - 3.4 4.2 • 2.6 

The %CV values from two consecutive scans of postmenopausat women with repositioning 
were averaged over all women in each group (n =_._!11 for PA spine; n = 6 for dec-lat; n = 14 
for PA proximal femur). Also, for the spine, the CV values after repositioning are shown 
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Table 3. Soft tissue precision in vivo in the spine and the femur 

Projection CV[%] • SD[%] ROI CA 

PA L2 2.0 +- 1.2 3 + 4 
PA L3 7.0 --- 9.4 3 + 4 
dec-lat L3 5.4 --- 6.7 2 
Femur 4.5 -+ 6.2 I + 3 

The soft tissue regions used for the precision analysis are indicated 
in the ROI # row. See Figs. 1-3 for an exact location of the soft 
tissue regions 

an effect was only observed for St-ROI #4: (r e = 0.82, P - 
0.0002 and SEE = 0.0). 

Discussion 

The observed BMD precision values in Table 1 are in the 
range previously reported: around 0.5% for phantom mea- 
surements [4, 9-12, 13], 0.8-1.0% (young healthy normals) 
for L2-L4 PA-projection [11, 14-16], 0.6% (young healthy) 
to 3.3% (elderly osteoporotic  females) in the trochanteric 
region, 1.0% (young healthy) to 2.1% (postmenopausal fe- 
males) in the neck region [4, 15, 17-22], and 2.7-5.5% (anal- 
ysis of two vertebrae) and 6.4% (analysis of a single verte- 
bra) in the decubitus lateral projection [23-26]. 

Scanning larger areas markedly improved the precision in 
vivo, although little change was measured in vitro, indicating 
that photon noise is not the primary error source in vivo. A 
statistical analysis using a paired t-test comparing the mean 
coefficients of variations, that is, the precision of  BMD and 
BMC, showed no significant differences between BMD- and 
BMC-CV~ values. However ,  the SD of  the BMD-CV M is 
considerably lower than the BMC-CVr~. In addition, BMD 
shows higher power to predict  fractures than BMC. Thus, 
BMD is a more reliable predictor  for BMD differences in 
cross-sectional studies. 

The superiority of  BMD over BMC regarding precision 
was also demonstrated when we investigated the effect of 
repositioning all intervertebral  markers vertically by one 
pixel in the PA projection. Table 2 shows that the BMC and 
AREA precision values were decreased while the reposition- 
ing did not effect BMD precision. A reanalysis of the lateral 
scans did not significantly change the already poor precision 
values. Thus, the analysis software is relatively insensitive 
to small changes in the separation of the vertebral body from 

the spinal process. These results show that as long as the 
analysis is done in agreement with the manufacturers spec- 
ifications, the BMD precision does not change drastically 
and that in particular, the low precision in the lateral projec- 
tion cannot be attributed to operator interactions. 

BMD precision could be fully explained by BMC and 
bone AREA size variations. This is not a surprising result, as 
BMD is just  the ratio of BMC and AREA. Also of interest is 
the degree of BMD variation which can be explained by 
BMC variation alone. The results were particularly low for 
the lateral mode and the neck where less than 15% of the 
BMD variation could be explained by the BMC variation 
alone. The overall models for these ROIs were not signifi- 
cant. In the trochanter 34% and in the PA spine (LI -L4)  43% 
of the BMD variation could be explained and the overall 
models were borderline significant. It must be pointed out 
that BMC itself implicitly depends on AREA,  thus in the 
ABMD versus ABMC regression the AREA influence still 
exists. It is interesting to see that for those scan sites where 
the BMC precision error was higher than the BMD precision 
error like in the femur and in the lateral projections, the 
regression coefficients between ABMD and ABMC were 
poor (re < 0.4) but those between ABMC and AAREA were 
high (r 2 > 0.6). A higher dependence of ABMC on bone 
AREA size changes resulted in a lower dependence  of  
ABMD on ABMC and a larger difference between BMC and 
BMD precision. The influence of the AREA variations partly 
offset the BMC variations, i.e., in using BMD instead of 
BMC, a major error source cancels out. 

The influence of soft tissue composition was previously 
investigated by Valkema et al. [27] using dual photon ab- 
sorptiometry. They calculated that the baseline soft tissue 
variation caused a BMC-CV M of 0.7% in normals and 1.5% 
in osteoporotics and measured a total BMC-CVw of  1.6% in 
normals and 2.6% in osteoporotics. Because they did not 
publish phantom precision da ta  of  their  scanner  (Novo 
BMC-Lab22a) nor did they perform a regression analysis 
between soft tissue and BMC variations, it remains difficult 
to assess the influence of soft tissue on BMC variations 
based on their data. 

In our study, some of the BMC variations in the femur 
and in the lateral mode could be explained by soft tissue 
composition variations. Our analysis of the impact of  soft 
tissue composition on BMD precision gave nonsignificant or 
negligible results. These results do not encourage any further 
efforts to improve the patient individual short-term BMD or 
BMC precision by using soft tissue information. However ,  in 
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Table 4. ANOVA results for ABMD (independent variable) 

Independent Independent 
Projection variables ANOVA variables ANOVA 

PA L1-L4 Const-- P = 0.04 ConsP P < 0.00001 
ABMC a rE = 0.43 ABMD c rE = 1 

SEE = 0.01 AAREA c SEE < 0.0001 
PA L2-L3 Const- P = 0.0006 Const + P < 0.00001 

ABMC c r E = 0.79 ABMC c rE = 1 
SEE = 0.014 AAREA c SEE < 0.0001 

dec-lat Const + P = 0.99 Const + P < 0.00001 
L3 ABMC + rE = 0.01 ABMC c 1"2 = 0.999 

SEE = 0.03 AAREA c SEE < 0.004 
Neck Const" P = 0.22 ConsP P < 0.00001 

ABMC" rE = 0.13 ABMC c rE = 1 
SEE = 0.023 AAREA ~ SEE < 0.0001 

Trochanter Const" P = 0.036 ConsP P < 0.00001 
ABMC a r 2 = 0.34 ABMC c rE = 0.996 

SEE = 0.04 AAREA ~ SEE < 0.0033 

The overall significance of the models are given as the p-value. Further, SEE, squared regres- 
sion coefficients rE, and levels of significance of the independent variables of the specific model 
are shown (+ns; ap < 0.05, bp < 0.01, cp < 0.001). AR was only a significant contributor in the 
dec-lat mode (see text). 

Table 5. ANOVA results for ABMC (independent variable) 

Independent 
Projection variables ANOVA 

PA L1-L4 Const" P = 0.045 
AAREA a r 2 = 0.41 

SEE = 0.014 
PA L2-L3 Const + P = 0.47 

AAREA + rE = 0.07 
SEE = 0.03 

dec-lat Const + P = 0.0002 
Le AAREA b rE = 0.88 

SEE = 0.11 
Neck Const" P = 0.0005 

AAREA c r 2 = 0.68 
SEE = 0.024 

Trochanter Const" P = 0.0001 
AAREA ~ r 2 = 0.76 

SEE = 0.048 

Again, AR was only a significant contributor in the dec-lat mode (see 
text), a'b'~ Same as Table 4; "ns 

large cross-sect ional  studies or  longitudinal studies there 
may be some benefits  to looking at the soft t issue composi-  
tion more closely.  

In our  study, we  analyzed only short- term precision,  in- 
cluding reposi t ioning of  the patients.  We did not  investigate 
how the B M D / B M C  accuracy  or  longer- term precision is 
affected by soft t issue variat ions and in particular by the fat 
distribution. Severa l  o ther  publications cove r  this topic [28- 
31]. The  emphasis  of  our  study was to explain the difference 
be tween  short - term precis ion in vivo and in vitro. Apart  f rom 
machine instabilities and photon  noise, which account  for 
approximately  0 .5-1% of  the precis ion error,  the main con- 
tr ibutor seems to be reposit ioning of  the patient.  The reader  
should keep in mind that  our  A R E A  analysis involved  only 
its size, not  its location.  A change in the projec ted  area 
caused by reposi t ioning be tween  the two scans or  movemen t  
during the scan will result  in changes of  the contours  outlin- 
ing the bone  regions.  With regard to the BMD precision,  a 
change in A R E A  size will in part  be offset by a correspond-  
ing change in BMC.  A change in A R E A  shape without  a 

change of  its size will change the BMC but not  the A R E A  
value and thus have a greater  impact  on the B M D  value.  

Although we used a Nor land  XR26 scanner  in ou r  study, 
we do not expec t  that  the analysis of  similar data in the PA 
spine and femur  project ions using a different D X A  sys tem 
will result  in major  differences compared  with the data pre- 
sented here. The physical  principles of  all D X A  systems 
currently in use are very  similar, al though cer ta in  hardware  
and software implementat ions  like the X-ray de tec tor  con- 
figuration or  the bone edge detect ion may  vary  among the 
systems. In the lateral scan mode,  however ,  recent ly  intro- 
duced equipment  like the Hologic  2000 D X A  or the Lunar  
Exper t  systems allow supine instead of  decubi tus  posit ion- 
ing. In addition, the Hologic  system combines  a supine lat- 
eral analysis with a PA analysis which greatly improves  the 
short- term precis ion in vivo. Thus,  results for the decubi tus  
lateral scan mode presented  in this publication may change 
when supine lateral scan will be  analyzed instead. 

Conclusion 

Short- term precision in vivo and in vitro values  for AP spine, 
decubitus lateral, and AP  femur  project ions measured  in this 
study are in agreement  with earlier studies. Precis ion values  
for BMC and BMD values showed no significant differences 
but  the SD was considerably lower  for BMD-CVM, thus 
BMD is a more reliable predictor  for B M D  differences in 
cross-sect ional  studies. B M D  precision in the PA spine and 
lateral project ions precis ion showed no significant effect  af- 
ter  a slight reposit ioning of  the analyzed ROIs  in the follow- 
up scan, although the SD of the averaged CV was increased.  
BMC and A R E A  precis ion were  markedly (although statis- 
tically nonsignificant) increased after reposit ioning.  

BMD variations can be fully explained by B M C  and bone  
A R E A  size variat ions (r 2 > 0.996). B M C  precis ion alone is a 
poor  predictor  for B M D  precision,  in part icular  in the decu- 
bitus lateral (r 2 = 0.05) and in the femoral  neck  regions (r 2 = 
0.13). The relationship be tween  B M C  and A R E A  variat ions 
depends on the part icular  site. A A R E A  was a bad predic tor  
for L2-L3  (12 = 0.07) and a good predictor  for decubitus 
lateral (r 2 = 0.92). The  larger the difference be tween  B M D  
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and BMC variations the higher the predictive power of 
AAREA for ABMC. Soft tissue variations had an impact on 
BMD precision in the lateral mode by reducing the standard 
error of the estimate of the linear model. Also, soft tissue 
variations explain some BMC variations in the femur and in 
the lateral, that is, in those sites where the differences be- 
tween precision in vitro and in vivo is high; however, our 
results do not encourage efforts to improve individual pa- 
tient short-term BMD or BMC precision in vivo by a soft 
tissue variation analysis. The main effect explaining the dif- 
ference between precision in vivo and in vitro is patient re- 
positioning. 
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