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Abstract. The objective of this study was to determine thenovel densitometric techniques and parameters that have

effect of fixation, soft tissues, and scan projection on boneyeen (and will most likely continue to be) developed, for

(rer}irr;e(rglxrx)e aliuggyeenn%fevs\ﬂhcgé‘g\llggergg’(;('é‘g r%bsv(ggigrgjnstance, ultrasound of the calcaneus, phalanges, and tibia
tained within 48 hours of death and after 10 months ofi4—6, 8-13], peripheral quantitative computed tomography

fixation with 5% formalin/95% ethanol. The measurements(PQCT) of the upper and lower extremity [14, 15], magnetic
showed a high linear relationshi ¢ 0.97; SEE% < 10%), resonance imaging of the wrist and heel [16, 17], and others,
with no significant deviation after fixation (except for total {here will be continuing interest in experimental investiga-

body BMD: -3.1%). In 14 specimens, the precision of . ith | f . hei .
femoral and spinal analyses was determined ufesitu tions with large numbers of specimens. Their advantage is

andex situconditions. There was no significant difference that they can be performed in a much shorter time frame
betweerex situandin situ reproducibility, the coefficient of than prospective clinical studies, and they do not involve the

variation being <3% for the BMC and <2% for the BMD groblem of cumulative X-ray exposure or limited compli-

(except at the greater trochanter). The effect of the sof S : : : :
tissues and scan projection was assessed in 83 cadav nce in living volunteers or patients. Biomechanical studies

aged 80.4 + 10.3 years. The soft tissues had only a smafi'® therefore ideally suited to select the most promising
effect on analyses of the total femur? (# 0.90; SEE% densitometric techniques and parameters, before they are
<9%), but led to more substantial deviations in regionalintroduced into large scale and more expensive clinical tri-
femoral analyses and in the spiné & 0.78-0.90; SEE% g|s.

= 8-22%). Comparing lateral with anterior-posterior (AP) ; : ; : ;
spinal scans, the vertebral bodies were found to occupy 40.2 Since Specimens avallaple fro”.‘ pathology. dissections
+ 7.2% of the BMC, and 62.0 + 11.2% of the BMD, the include high numbers of patients with severe disease, these

ranges being 26-58%, and 38-91%, respectively. Theréamples do not constitute representative samples. It would
were large deviations from linearity betwersitu AP and  therefore be advantageous if embalmed specimens from

ex situlateral spinal scans with’;rvalues Oof 0.63 and 0.73 courses of macroscopic dissection could be used, in which
chrg\él rglabngds)MgaégeEcﬁif;ysz %o and 27% relative to the 5 oy criteria of inclusion is the testamentary decree sev-
' ' eral years prior to death. However, if DXA-as a gold

Key words: DXA — Bone densitometry — Fixation — Standard—is compared to other densitometric techniques,
Soft tissue — Reproducibility the soft tissue cover should be left intact [9, 10] rather than
measurements being performed in excised bones [6-8, 11].
The reason is that relevant measurement errors have been
described to occur withn situ DXA, which may result from

Dyal energy X-ray absorptlomeltry' (DXA) is the most differences in tissue depth [18], soft-tissue inhomogeneity
widely accepted method for quantitative assessment of borﬁg_ﬂ] and extraskeletal calcification [22]

mineral statuin vivo, and currently serves as an operational” "y e of the quantitative effect of the soft tissues on
Ve\/g](l)lonlogosAean;?;?osrﬁ re):rose ec(i'r o are13 rosrg:cr:]tl'zi |01n DXA measurements have been carried out in only small
( ) [1-3]. Ap pectiv prospective [ ' numbers of specimens [19-21], and, although the influence

4, 5] clinical trials of the relationship between bone mlneralOllc fixation has been shown to yield no relevant effect on the

measurements and fracture risk, a number of experiment%One mineral content (BMC) in excised bone specimens
investigations have determined the correlation betwee 3-27], there have been no prior studies to show whether
DXA and mechanlcal failure Iqads using pmmechamcalDXA in fixed bodies deviates from that in fresh cadavers,
testing devices [e.g. 6-11]. In view of the high number OfWhen being performed with intact (formalin-fixed) soft tis-
sues. Comparingn situ with ex situmeasurements in the
- spine, we investigated which proportion of the spinal seg-
Correspondence tcE.-M. Lochmiiller ment is taken up by the vertebral body and by the posterior
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elements, respectively, and whether AP scans are linear
related to those of the vertebral bodies.

The specific questions to be answered by this stud
were: (1) How are total body, femoral, and spifalsitu
DXA measurements in fresh cadavers related to those i
embalmed bodies after 10 months of fixation in formalin-
alcohol solution? (2) What is the precision of the measure
ments in fixed cadavers compared with that in excised
bones? (3) How large are the deviationsiroiitu femoral
and spinal DXA (made in cadavers with intact surrounding
soft tissues) in relation tex situmeasurements of excised
bones? (4) What is the contribution of the posterior ele
ments (vertebral arch, costal and spinous process) onto Af
measurements of the lumbar spine, andiustu or ex situ
AP measurements linearly related to those in lateral sca
projection, including only the vertebral body?

Materials and Methods
Determination of the Effect of Fixation

In a first step, seven fresh cadavers aged 85.3 + 4.8 years (t
male, five female) were examined within 48 hours of death. Tota
body, femoral, and AP spinal measurements were performed wit
a DPX-L scanner (Lunar Corp., Madison, WI), the skin and soft
tissues of the cadavers being fully preserved. Lateral spinal med
surements could not be taken since it was not possible to bring al
hold the cadavers in the required decubitus position on the sca
ning table. Analysis of the DXA scans was made with Lunar
DPX-IQ 4.5 software, determining the bone mineral content
(BM/C)n,]zp))rojecﬁional alreba,dand arelal bone mineral l“den?(ity” (BMD
in glc of the total body, total femur, femoral neck, greater : i ; ; ~
trochanter, and the lumbar vertebral bodies 2 to 4 (L2-L4). aggé.hg)xuglgjnl\)/i)r(g\nnn:gr?furement of an excised femur in a ho
The cadavers were subsequently embalmed by a 10-15 liter ’
intraarterial injection of a conventional 5% formalin/95% ethanol
solution, including 1 kg polyethlylen-glycol 300, 1 kg polyethylen-
glycol 1500, 3.2 kg trichlor-acetaldehyd-hydrate, 0.8 kg alkyl-
benzyl-dimethyl-ammonium-chlorig | glycerine, and 0.8 | tet- sues. The DXA measurements were repeated in a homogeneous
rahydro-1,4-oxazin. Intraarterial application was approximatelyenvironment, and with the bones in a defined position. The femora
150 ml/minute. The cadavers were then stored in a 1% formalinivere placed on a plexiglas tray, 6 cm above the scanning table,
1% phenol solution and the measurements were repeated Within a plexiglas container filled with water to a level of 18 cm
months later, under identical imaging conditions. (Fig. 1). To simulate AP measurements, the spinal segments were
Systematic deviations were evaluated by determining the pairpositioned so that the spinous processes were 0.5 cm above the
wise differences, and tested for significance with the Wilcoxonscanning table, the measurements being repeated four times on
signed rank test. The linear relationship was determined by regresfifferent days as described above. To simulate lateral measure-
sion analysis, determining the coefficient of determinatihgnd  ments, the spinal segments were positioned on a plexiglas tray so
standard error of the estimate (SEE%). that their center was located 12 cm above the scanning table. The
pairedt-test was used to evaluate whether the precision was sig-
nificantly different underex situandin situ conditions.

Measurement Precision in Fixed Cadavers vs. Excised Bones

To compare the reproducibility (precision) of the measurements ifPetermination of the Effect of Soft Tissues and Scan Projection
fixed cadavers and excised bones, 14 specimens were randomly
selected from a course of macroscopic dissection (seven maldo determine the effect of (formalin-fixed) soft tissues on the
seven female, age 75.6 £ 12.0 years). Total body, femoral, and ABXA measurementsn situ measurements were performed in all
spinal (L2-L4) DXA measurements were first taken unigesitu cadavers from the course of macroscopic dissectiors (83, 31
conditions (with intact skin and soft tissues), repeating the meamale, 52 female; age 80.4 + 10.3 years, range 46-83 years) with
surements four times on different days (including recalibration ofintact skin and soft tissues. Only 77 femoral scans could be ob-
the system and new positioning of the cadavers). In each inditained because of the presence of hip prostheses. The femoral and
vidual, the coefficient of variation (CV%) was calculated for the spinal scans were repeated in the excised bones. Please note that,
various parameters, dividing the mean of the four measurement®r didactic reasons, the spinal canal was opened in 44 specimens
by their standard deviation. From the individual CV%s we deter-during the dissection course to expose the spinal darditu AP
mined the root-mean-square (RMS) average CV% (not the arithspinal scans were therefore compared to onl\e8$ituAP scans
metic mean), the protocol according to the recommendations obf L2—L4, but lateral scans could be obtained in all 83 specimens
Glier et al. [28]. underex situconditions.Ex situAP scans were compared to those
After the dissection course, the femora and lumbar vertebrain lateral projection, to assess the effect of the posterior elements.
columns were excised and dissected free of surrounding soft tign situ AP measurements were finally related to lateral measure-
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Table 1. Effect of 10-month formalin fixation o situ DXA

Systematic Level of
difference significance Correlation SEE
(%) (P) () (%)
Total body BMC -2.0% n.s. 0.98 5.3%
BMD -3.1% <0.05 0.99 1.0%
Total femur BMC -0.6% n.s. 0.97 9.7%
BMD +2.2% n.s. 0.98 3.8%
L2-L4 BMC +7.0% n.s. 0.97 7.6%
BMD +3.1% n.s. 0.99 3.3%

SEE = standard error of the estimate relative to the scans in fresh specimens;=-Bhiihe
mineral content; BMD= areal bone mineral “density” (g/cih L = lumbar vertebra; n.s=
nonsignificant

ments in order to assess the aggregate effect of soft tissues and 3900

posterior elements onto AP spinal DXA. Systematic deviations ]
were evaluated by computing the mean of the pairwise differences, r2 = 0.98; "
and tested for significance by the pairetest. B 2500 SEE=5.3% g

O 2000 - V a
Results = ®

=
The total body, femoral, and spinal DXA measurements® 1500 - Y
after 10 months of fixation were highly correlated ¢ //
0.97; SEE < 10%) with those in fresh cadavers (Table 1) ;400 - _
There was no significant deviation of the values except for //
the total body BMD that showed a small decrease of 3.1% 500
on average (Table 1, Fig. 2). The precision of the total body o T ‘

: 500 1000 1500 2000 2500 3000
scans was 1.6% for the BMC, and 0.8% for the BMD. With
Total Body BMC fixed (g)

the exception of the femoral neck, the precision was not
significantly different undein situ and ex situconditions  Fig. 2. Regression plot of DXA measurements (total body BMC)
(Table 2), the coefficients of variation ranging from 1.79 Pefore and after 10 months of fixation ¢ 7).
(L2-L4) to 6.9% (greater trochanter) for the BMC, and from
0.7% (L2-L4) to 3.0% (greater trochanter) for the BMD. o o ) -

The measurements attained higher BMC and BMD Va|_TabIe 2. Precision of DXA undetin situ vs ex situ conditions
uesin situcompared t@x situconditions (range= +0.2%— (

+12.7% - Table 3). The linear relationship was relatively _ _ Significance
high for analyses of the total femuf(® 0.92; SEE% < 9% In situ CV%  Ex situCV% of difference
— Table 3), but lower for the femoral neck, greater trochan-total femur BMC 2.9 28 P =044
ter, and spine &r= 0.78-0.90; SEE%= 8-22% — Table 3; BMD 1.5 2.2 P = 0.07
Figs. 3 a,b). Neck BMC 2.2 2.7 P = 0.06
The vertebral bodies (lateral scans) occupied 40.2 tochanter BSAMDC 0699 2548 Eio(')og’l
7.2% of the BMC and 62.0 + 11.2% of thex situBMD of BMD 3.0 18 P—018
the spinal segment in the AP scans (Table 4), the range2—L4 BMC 1.7 1.3 P = 0.33
being 26%-58% (BMC) and 38%—91% (BMD). The linear BMD 0.7 1.0 P =0.16

relationship between the values was relatively low, with agpc = bone mineral content, BMD- areal bone mineral “den-
coefficient of determination €y of 0.80 and 0.69, respec- sity” (g/cn?); L = lumbar vertebra XA undein situ vs ex situ

tively, and an SEE% of 41% and 26% (relative to the ver-conditions (n= 14)

tebral body values in the lateral scans). Relatmgitu AP

to ex situlateral spinal scans (Table 4, Fig. 4), there was an

increase in the error of estimating vertebral body BMC andijssues, and scan projection on bone mineral measurements
BMD, with r? values of 0.73 and 0.63, and an SEE% of 52\yith DXA. To our knowledge, this is the first study to
and 26%. evaluate the influence of embalment, including natural soft
tissues. The finding of only a negligible effect of fixation is
important in the context of experimental, biomechanical
studies of the relationship between bone mineral status ver-
In this study we have assessed the effect of fixation, sofsus mechanical strength.

Discussion
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Table 3. Effect of soft tissue on femoral (& 77) and spinal (n= 39) DXA

Level of
significance P)

Correlation SEE

Systematic
difference (%)
Total femur BMC +5.1
BMD +0.2
Neck BMC +11.4
BMD +4.3
Trochanter BMC +12.7
BMD +4.9
L2-L4 BMC +7.7
BMD +10.0

P < 0.001
P <0.05

P < 0.001
P < 0.001
P < 0.001
P < 0.001
P <0.01

P < 0.001

() %)

0.92 8.6
0.94 5.3
0.88 11.7
0.87 9.3
0.78 22.0
0.88 7.7
0.86 15.2
0.90 9.5

SEE = standard error of the estimate relative to thesituscans; BMC= bone mineral
content; BMD = areal bone mineral “density” (g/ct)) L = lumbar vertebra able 3. Effect
of soft tissue on femoral (&= 77) and spinal (n= 39) DXA

1,2
r2 = 0.87;
SEE = 9.3% o
a 1 s_/
g o
C)
2 87 &
= ..
£ .
% 16_ . M g
-]
i [ ]
[ ]
% »4 o ©
y/ar
’2 T o T T
,2 ’4 ’6 ,8
a) Neck BMD ex situ (g/cm2)
1,6
l‘2=0.90;
1,41 SEE=95%
El,z-
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Fig. 3. Regression plot of DXA measurements (BMD) with and
without soft tissues(a) Femoral neck BMD (n= 77); (b) AP

spinal BMD (L2-L4) (n= 39).

systematic. Edmondston et al. [27] observed that the corre-
lation between BMC and failure loads was not altered by
formalin in sheep vertebrae. We have shown previously [29]
that the speed of sound of calcaneal ultrasound showed a
substantial decrease during fixation, but that the measure-
ments in the embalmed state showed a high linear relation-
ship to those in fresh bones. These results suggest that a
comparative evaluation of the capacity of different densito-
metric techniques to predict mechanical bone strength can
be made with specimens from macroscopic dissection
courses. This is a substantial advantage because many speci-
mens are available for research purposes and because they
constitute a random selection of older people with an aver-
age status of underlying disease.

The deviations of the DXA measurements with and with-
out the presence of the surrounding soft tissues can have
several sources: Based on the two different energy levels in
DXA, only two of the three tissues in the beam path (bone,
lean tissue, and fat) can be separated. However, since the
composition (fat versus lean) of the soft tissues in front,
behind, and within the bone affects measurements of the
BMC within the region of interest, their composition must
be measured adjacent to the bone. This ratio is then assumed
to apply for all the surrounding soft tissue, but if the fat
tissue is distributed inhomogeneously throughout these re-
gions, the result is accuracy errors [1, 2, 19, 21]. Other
sources of artifacts include variations in tissue depth and
extraskeletal calcification, as from the aorta or femoral ar-
teries [1, 2, 18, 22]. Precision errors may contribute to the
deviations betweeim situ andex situmeasurements at the
greater trochanter, but are unlikely to play a significant role
at other sites, since the reproducibility was < 3% for the
BMC and < 2% for the BMD. Svendsen et al. [21] com-

Previous investigations in fixed versus fresh boneparedin situ DXA with ex situmeasurements of excised
samples (not including surrounding soft tissues) have alsgmechanically cleaned) as well as macerated and defatted
demonstrated that fixation has no significant effect on bonéones in a small sample of 14 cadavers. They reported
mineral measurements [23-26]. Our results demonstrataccuracy errors (SEE%) fam situ versus excised bones of
that this is also the case for situ measurements with DXA. 7.6/6.7% for femoral BMC/BMD, 7.6/6.2% for the femoral
Since very small increases in BMC and BMD were found inneck, 5.9/3.4% for the greater trochanter, 6.1/5.2% for lum-
some, and small decreases were observed in other regionslmdr vertebrae, and 3.0/2.9% for the forearm. Whereas the
interest, we believe that these changes are random, and ratcuracy error observed in our study was similar for the



144 E.-M. Lochmiller et al.: Fixation and Soft Tissue Effects on DXA

Table 4. Effect of posterior elements on spinal DXA

Systematic Correlation SEE* SEE"

difference (%) (&) (%) (%)
Ex situ(n = 39) BMC -59.8 0.80 40.9 16.3
BMD -38.0 0.69 26.0 16.1
In situ (n = 83) BMC -62.1 0.73 52.1 19.4
BMD -43.2 0.63 26.3 15.0

SEE* = standard error of the estimate relative to the lateral scan; SEBtandard error of
the estimate relative to the AP scan; BM€ bone mineral content; BMD= areal bone
mineral “density” (g/cm); all systematic difference were highly significantRik 0.001

& Comparison between AP scans of L2-lid §itu andex sit), with lateral scansex sity

40 young healthy women. In 22 patients with spinal osteopo-
35] r2=072; ° rosis, they reported a lateral BMD of 58% of the AP BMD.
SEE =52% (19%) . Grampp et al. [33] studied 47 premenopausal women (33

7 years) and 41 postmenopausal womed #69 years)
without, and 36 postmenopausal womef £76 years) with
vertebral fractures, and reported a correlation of 0.74 for
lateral versus AP spinal BMD. The lateral BMD values
amounted to 80% of AP measurements before menopause
and 72% after menopause [33]. We find a relatively low
correlation between both measurements also upgesitu
conditions (r= 0.69). This demonstrates that the deviations
are not caused by accuracy errors involved in an inhomo-
geneous fat distribution but from the variability in bone
mineral status of the predominantly trabecular vertebral
L2-4 BMC ap in situ (g) body and the mainly cortical posterior elements. On aver-
Fig. 4. Regression plot of spinal DXA measurements (BMC of age, the vertebral body contained 40% and the posterior
L2-14) obtalrledsén AP projectioim situ versusex situin lateral elements 60% of the total AP BMC in our study, the rela-
projection (n= 83). tionship varying between 26% and 58% between individu-
als. Both the low values of the vertebral body and the highly
total femur, it was higher for the femoral neck, trochanter,variable relationship with the posterior elements will most
and the lumbar spine. This discrepancy may have the follikely be due to the older age of individuals in our study.
lowing sources: Svendsen et al. [21] made two measureSome of them had severe trabecular bone loss in the verte-
mentsin situ and twoex situ,respectively, and used posi- bral body, some degenerative changes in the spine (with
tioning devices to ideally match the positions relative to theincreased calcification of the vertebral discs and apophyseal
scan table. In this way, precision errors were reducedjoints), and some both. This result demonstrates that in the
whereas we have determined the aggregate error (accuraelderly it is problematic to make accurate estimates of tra-
and precision) occurring when a single measurement i$ecular bone loss in the vertebral body from AP scans. This
taken. The second reason may be the different studynay, however, be less problematic in immediate postmeno-
samples. The 14 individuals investigated by Svendsen et ahause, where degenerative changes are less frequent.
[21] had an average age of 61 years, whereas our sample We conclude that for comparative densitometric/
was much larger and included older individuals with a mearbiomechanical studies, accurate DXA measurements can be
age of 80 years. In these individuals, the relative fat tissuénade in cadavers that have been fixed over substantial pe-
content varied widely (from 4.2% to 52.2% body weight), riods of time. The soft tissues cause a slight overestimation
and this larger variation may have also caused the fat tissuaf the DXA measurements (up to 13%), with accuracy er-
distribution to be more inhomogeneous throughout thegors (SEE%) of less than 9% in the total femur, but errors of
body, thus increasing the accuracy errors involved in DXA,8-22% for regional analyses of the femur and lumbar spine.
particularly in the spine. Relatively large deviations from linearity are observed be-
When comparing AP and lateral scans in the lumbatween AP measurements of vertebral segments and lateral
spine, we found only a moderate correlation between botimeasurements of the vertebral bodies under bo#itu and
types of measurements, this being in agreement with previex situconditions. These deviations are attributed to a high
ous clinical studies [30—33] that have compared both scawmariability of trabecular bone loss in the vertebral body as
projections. Duboeuf et al. [32] found a correlation coeffi- well as the presence of degenerative changes in the posterior
cient of 0.64 for lateral versus AP BMD of L2-L4 in 101 elements in elderly individuals.

L2-4 BMC lat ex situ (g)

0 10 20 30 40 50 60 70 80 90
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