JOURNAL OF BONE AND MINERAL RESEARCH
Volume 15, Number 8, 2000
© 2000 American Society for Bone and Mineral Research

Interpretation of Calcaneus Dual-Energy X-Ray
Absorptiometry Measurements in the Assessment of
Osteopenia and Fracture Risk

TISHYA A.L. WREN,“? SCOTT A. YERBY}? GARY S. BEAUPRE*? and DENNIS R. CARTER?

ABSTRACT

Dual-energy X-ray absorptiometry (DXA) of the calcaneus is useful in assessing bone mass and fracture risk
at other skeletal sites. However, DXA yields an areal bone mineral density (BMD) that depends on both bone
apparent density and bone size, potentially complicating interpretation of the DXA results. Information that

is more complete may be obtained from DXA exams by using a volumetric density in addition to BMD in
clinical applications. In this paper, we develop a simple methodology for determining a volumetric bone
mineral apparent density (BMAD) of the calcaneus. For the whole calcaneus, BMAB: (BMC)/Apxa>?, where
BMC and Apx, are, respectively, the bone mineral content and projected area measured by DXA. We found
that Apxs>'® was proportional to the calcaneus volume with a proportionality constant of 1.82+ 0.02 (mean+
SE). Consequently, consistent with theoretical predictions, BMAD was proportional to the true volumetric
apparent density (p) of the bone according to the relationshipp = 1.82 BMAD. Also consistent with theoretical
predictions, we found that BMD varied in proportion to pV'’® whereV is the bone volume. We propose that
the volumetric apparent density, estimated at the calcaneus, provides additional information that may aid in
the diagnosis of osteopenia. Areal BMD or BMB may allow estimation of the load required tofracture a bone.
Fracture risk depends on the loading applied to a bone in relation to the bone’s failure load. When DXA is used
to assess osteopenia and fracture risk in patients, it may be useful to recognize the separate and combined effects
of applied loading, bone apparent density, and bone size. (J Bone Miner Res 2000;15:1573-1578)
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INTRODUCTION distal radius. Similarly, Wasnich et &!. found calcaneal
BMC to be better than BMC of the lumbar spine, proximal

HE CALCANEUS has shown promise as a site for measufadius, and distal radius in predicting overall fracture inci-
Ting bone density and predicting fracture risk. Calcaneglence for all skeletal sites. Not only is BMD of the calca-
bone mineral density (BMD) correlates with the BMD ofneus a good predictor of overall fracture risk, it can predict
other skeletal sites including the lumbar sptrf@ and the fracture risk at specific sites almost as well as, and some-
proximal femur®# Calcaneal BMD and bone mineral con times better than, BMD measured at the potential fracture
tent (BMC) are also good predictors of fracture fsR>"  site*~367
Black et al®® found that calcaneal BMD predicts the-oc  Several densitometry techniques have been used on the
currence of nonspine fractures at least as well as BMD oélcaneus including single- and dual-photon absorptiometry
the proximal femur, lumbar spine, proximal radius, anfSPA and DPA, respectively), single- and dual-energy
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X-ray absorptiometry (SXA and DXA, respectively), quan-
titative computed tomography (QCT), and quantitative ul-
trasound (QUS). This study focuses on DXA, an established
technique that is widely used clinically. Although DXA has
many advantages including high precision and low radiation
exposure, it measures an areal BMD rather than a true
volumetric density. This may complicate the interpretation
of DXA results because low BMD may result from low
volumetric density, small bone size, or a combination of
the two. PR T N SR NI S EU !
To try to improve the interpretation of DXA measure- 60 70 80 90 100 110 120 130
ments, one must understand the difference between geomet- Volume (cm®)
ric, material, and structural properties. Geometric properties .
describe the size and shape of a structure. Material propEtG: 1. Theoretical dependence of BMD and BMAD on
ties describe the substance out of which a structure is magB&cimen volume for a homogeneous cube of bone.
Geometric and material properties are independent of each
other. Structural properties take into account both geometry
and material.
DXA normally gives a BMC measured in grams, a pro- MATERIALS AND METHODS
jected area ;) measured in centimeters squared, and an ) _
areal BMD (BMD = BMC/A,) measured in grams per For this study, we used 23 fresh frozen calcanei from 13
centimeter squared. The areal BMD is a structural propefyman cadavers aged 35-68 years (mez8D; 56.2+ 9.2
that depends on both the volumetric apparent density of thgars). We first determined the volume of each calcaneus
bony tissue and the size of the bone. When interpretitt§ing @ water displacement method. After determining the
DXA measurements, it may sometimes be useful to separ¥{gight Wy) of a beaker full of water, we allowed the
the effects of apparent density and size. This can be accofficaneus to displace water from the beaker and determined
plished by determining a volumetric density that eliminatéd'® Weight of the beaker and remaining watéb). Because
the effects of bone size. the density of water is 1 g/minthe calcaneus volume

Carter et al® introduced a general approach for calcu(Vaisp) In millimeters cubed is equal to the weight of the
isplaced water W, — W,) in grams. This method of

lating a volumetric bone mineral apparent density (BMAD ' i . o
asuring volume was determined to be accurate to within

based on densitometric measurements. In their approa b for fi red ts of umi block
Carter et al. assumed that a meastireould be identified ~7° 'Of 1V€ repeated measurements ot an aluminum bloc
with dimensions similar to the calcaneus X34 X 8 cm).

that was proportional to the average thicknegs)(of the d\lext, we used calipers (CD-6CS, Mitutoyo Corp..

bone |_n the _reglon scanned. The total volume of_the S(.;annFakatSU-KU, Kawasaki-Shi, Japan) to measure the thickness
bone including both marrow spaces and bony tissué is : ) . o
of each specimen in the medial-lateral direction. We re-

Aplave This volume is proportional to a reference voluifte corded one thickness measurement for each third of the

~ A 1 becauset® = Ly The*BMA.D was defined as posterior half of the calcaneus and one measurement for the
BMAD = BMC/V* = BMC/(A,"). This measure is pro o varior half. We used these measurements to estimate an
portional to 'Fhe _true _volumetnc apparent density of thgverage thickness for the borigf).
structure, which is defined gs= BMC/V. We then immersed each specimen in 15 cm of water and
To illustrate these relationships, consider a homoggzanned the whole calcaneus using the fast spine protocol
neous cube of bone with volume and volumetric AP on a QDR-4000 bone densitometer with Hologic scanner
parent density. ThESCUbe has projected arég = V=™ gotvare version V9.5 Rev A (Hologic, Waltham, MA,
and thickness = V™= In this case, the reference thick 5 A ). For these scans, the X-ray beam was aligned in the
ness is assumed to be equal to the known thickness of {i@ia|-lateral direction. The densitometer provided BMC,
specimen so that* = t. The BMC = pV. The areal projected area Apy,s), and areal BMD measurements,
BMD = BMC/A,, and the BMAD = BMC/(A,t*). The \yhere BMD = BMC/Apx. We calculated the volumetric
volumetric BMAD therefore is proportional t@ and bone apparent density as= BMC/VdiSp’
independent o¥ whereas the areal density (BMD) varies Because direct measurements of bone volume are not
in proportion topV*® (Fig. 1). available for in vivo studies, an alternative methodology for
In this paper, we develop a method for calculatingomputing the calcaneus volume is needed. One approach is
BMAD of the calcaneus by identifying an appropriateo calculate the volume of the calcaneus by multiplying the
reference thickness using standard noninvasive clinical projected area given by DXA with the average thickness of
measures. We also determine an equation for calculatitig calcaneus. The problem of determining calcaneus vol-
the apparent densityonce BMAD is known. Finally, we ume therefore reduces to the problem of estimating the
discuss the use of BMD, BMAD, angdin clinical appli- average thickness of the calcaneus. We measured the thick-
cations such as the diagnosis of osteopenia and the aess earlier using calipers, and we also can calculate the
sessment of fracture risk. thickness asisp = VaisdPAoxa- We used linear regression to
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TABLE 1. S.OPES OFLINEAR REGRESSIONS FORCALCANEUS

1.1 T T T T T T T T
THICKNESS VERSUS SCALING VARIABLES ASSUMING 1.0 - oo “
GEOMETRIC SIMILARITY 5 'g i i
< L e i
Measurement & :;ﬁ o o ° 1 @ BMD (g/em?)
Variable technique r? p value 2 sl ¢ ° | ® BMAD (g/cm?®)
S .4 BMD=.003 Volume +.462 (r? =.23) J
(Subject weighty? Caliper 0.15 0.0653 & 3| BMAD=.000Volume +.133 (r*<.01)
Displacement 0.08 0.1816 2 I - -
(Subject heighf) Caliper 0.55  <0.0001 o ininnini il -
Displacement 0.34 0.0038 50 60 70 80 90 100 110 120 130
(Calcaneus are¥ Caliper 0.65 <0.0001 Volume (cm?)
Displacement 0.44 0.0006

FIG. 2. Linear regressions of BMD and BMAD versus
calcaneus volume. The results show that BMD increases
with calcaneus size whereas BMAD is independent of cal-

compare these two methods of determining the calcanet'€Us Siz€
thickness.

The above thickness measurements, obtained using inva-
sive techniques, were used to develop a simple noninvasiveight)’® was the only poor predictor of calcaneus thick
method for estimating the average thickness of the caless with lowr? and highp values (Table )L The variable
caneus. This method employed scaling techniques as @ealcaneus areH} predicted calcaneus thickness slightly
scribed by Carter et & Geometric similarity dictates that better than (subject heightyith higherr? values and lower
areas are proportional to lengths squared, volumes are ppovalues. We therefore selected (calcaneus Hfea3 the
portional to lengths cubed, and weights are proportional tneasure* used to estimate calcaneus thickness. Given
volumes. Under geometric similarity, the calcaneus thickoxa™? and V¥ = Apya t = Apya®? we calculated the
ness therefore would be proportional to (subject weilght) BMAD as BMAD = BMC/V* = BMC/Apxa>2
(subject height) and (calcaneus aré&) We performed  Linear regressions of BMD and BMAD versus calcaneus
linear regressions of the measured calcaneus thicknesgelsime showed that BMAD is independent of bone volume
(teaip @nd tys) versus these variables to see which ongslope = 6.3E-5+ 2.3E-4) whereas BMD increases with
represented geometric similarity the best. The scaling vaiicreasing bone volume (slope 0.003 = 0.001; Fig. 2).
able giving the highest” and lowestp values was selected The slope of BMAD versusVys, was not significantly
as the thickness measure different from zero p = 0.79), whereas the slope of BMD

Having identified a measuit&, which is proportional to versusVys,Was significantly different from zerg(< 0.05).
the measured calcaneus thickness, we calculated the BMAB expected, BMAD eliminated the effects of bone size.
as BMAD = BMC/V* = BMC/(Apxat*). We performed  These results are consistent with the theoretical predic-
simple linear regressions of BMD and BMAD versus caltions shown in Fig. 1. The multiple regression gave-
caneus volume to investigate the dependence of BMD aAB88 = 0.057 andy = 0.347 = 0.040 for the power law
BMAD on calcaneus size. To compare the experimentBMD = p* (V). The theoretical prediction is BMB p*°
results for BMD with the theoretical prediction shown ir‘l(VdiSp)”3 (Fig. 1). The exponents predicted by theory fall
Fig. 1, we determined exponent values for the power relaithin the 95% confidence intervals determined by the
tionship BMD =« p* (Vg;sp)” Using a multiple regression of multiple regression (0.769-1.008 fr0.263—0.431 foy).
log(BMD) versus logg) and log¥/ysp). We also used simple  Linear regression ofApxa 2 versus Vgisp iNdicated a
linear regression to examine the relationship betwe&én significant linear relationship between the two variables
and Vg, The results of this regression were used to evabith p < 0.0001 andr? = 0.92. The constant of propor
uate the relationship = k BMAD because BMAD = tionality for this relationship ik = 1.82+ 0.02. The linear
BMC/Vv* and p = BMC/Vy,, Where appropriate, data arerelationship verifies thatis proportional to BMAD because
reported as meart SE. A value ofp < 0.05 is considered p = BMC/Vy;s, and BMAD = BMC/Apx>? yielding the
statistically significant. additional relationship = 1.82 BMAD (Fig. 3).

RESULTS DISCUSSION

We obtained similar thickness values for the calcaneusin this paper, we have developed a simple methodology
using the caliper and water displacement methods. Lingar determining the volumetric apparent density of the cal-
regression comparing the two methods gave the relationslegneus given standard DXA measurements. We showed that
taisp = 0.9861c4ip (r> = 0.72;p < 0.0001). We conclude the calcaneus scales according to geometric similarity with
that either method may be used to determine the averape average thickness of the calcaneus being proportional to
thickness of excised calcanei. t* = Apxal’? This relationship allows calculation of the

The linear regressions of both,;, and tys, versus volumetric BMAD as BMAD = BMC/Apxx 32 The volu
the geometrically scaled variables showed that (subjeuietric apparent density) is proportional to BMAD with
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34 ] A possible index for fracture risk assessment is Risk

% 32  $-1.82BMAD (2=.81) FappliedFrail & BW/BMD?, where BW represents body
S 30 weight. Higher values of the index indicate higher fracture
2 .28 risk. BW is used as a first approximation of the applied
> 26| loads because heavier individuals tend to generate larger
2 o4l loads during activities of daily living and during falls. Low

2 ol BMD caused by small bone size normally will be balanced
g 20 L by low BW. However, low BMD caused by low apparent

g '18 density will not be balanced by BW and will result in
< L L increased fracture risk. This method of assessing fracture

'16_09 10 A1 12 a3 _1'4 15 16 17 .18 risk is consistent with other studies that have identified bone

density and applied loading as the main determinants of
fracture risk*® Other factors such as bone geometry; tra
FIG. 3. Linear relationship betweem and BMAD. becular architecture, and propensity to fall also affect frac-
ture risk®** Our fracture risk index does not account for
these additional variables.

proportionality constarit = 1.82+ 0.02. Apparent density As an alternative to correcting for size by calculating
therefore can be estimated @s= 1.82 BMAD. By consid- BMAD and p, the standards against which BMD measure-
ering BMAD andp in addition to BMD, we may be able to ments are compared could be further adjusted for size.
improve the utility of DXA measurements in clinical appli-Currently, Hologic provides reference data from sex-
cations. matched young normals for the calculation of T scores and

For example, osteopenia is a condition characterized bgference data from sex- and age-matched controls for the
low bone density in comparison with controls. Osteopenidgetermination of Z scord$? Reference data reflecting ad
currently is assessed using BMD values. Consequentditional size differences also would be useful. BMD already
large individuals with low volumetric bone density are noincludes some size adjustment by factoring in projected
diagnosed as osteopenic if they have normal BMD becauseea. The remaining size bias can be removed by accounting
of large bone size. Conversely, small individuals with higlfor bone thickness. Because the calcaneus thickness scales
volumetric bone density are characterized as osteopenigédometrically with respect to subject height but not weight
they have low BMD because of small bone size. By exan{Table 1), reference data grouped by patient height might be
ining BMAD or p in addition to BMD, the physician would most useful.
be able to distinguish between patients with similar BMD The relationships presented in this paper apply to DXA
values but different volumetric bone densities. This addimeasurements performed on the calcaneus. Many studies
tional information could aid the physician in determininghave shown that the calcaneus is a good site for assessing
appropriate treatment options for individual patients. bone density and fracture ri§k:® With more careful inter

The load required to fracture a bone is a structural propretation of the DXA results using BMAD angin addition
erty that depends on both apparent density and bone site BMD, it may be possible to establish even better rela-
Because BMD includes both density and size effects, tibnships between properties of the calcaneus and properties
turns out that BMD is a useful predictor of whole bonef other sites such as the hip and spine. Because individuals
strength® The failure load of a whole bone should bewith large calcanei are likely to have correspondingly large
proportional to BMD (see Appendix for explanation). femurs and vertebrae, fracture risk assessed using, Risk
When BMD is used to predict whole bone strength, BMDthe calcaneus is likely to reflect fracture risk at the hip and
therefore should be considered instead of, or in addition tgpine. In cases of osteoporosis, decreased apparent density
BMD. Because structural strength varies as BB de is expected at multiple sites including the calcaneus, hip,
crease in BMD to 50% of normal implies a decrease iand spiné?*® BMAD and p of the calcaneus therefore
failure load to 25% of normal. If only BMD were examined,should be useful in diagnosing osteopenia of the hip and
the failure load would be overestimated. Therefore, it magpine.
be important to consider BMDas well as BMD when  The relationships derived in this study are specific to the
assessing the failure load of a bony structure. region examined, namely, the whole calcaneus. If other

Failure load is a useful measure of whole bone strengtiegions are examined, new equations for calculating BMAD
but it does not necessarily reflect fracture risk. The risk @indp must be formulated. Similar relationships (BMAB
fracturing a bone depends on the loading applied to the boB&C/Ax.*?) have been used for BMAD of vertebral
in relation to the bone’s failure load. For example, smabodies®'*~*®while other relationships have been used for
individuals with normal volumetric bone density may hav@MAD of other sites including the radius, femoral neck,
low BMD and low whole bone failure loads, but they shouldnd whole body***"*® However, even when the same
generate correspondingly low loads during normal activitieglationship is used BMAD is specific to a particular region
of daily living and during falls. Because low failure loadsbecause of differences in bone geometry between different
are offset by low applied loading, fracture risk should not biecations. For example, BMAD of the posterior half of the
increased in these individuals despite their low BMD. Bothalcaneus differs from BMAD of the whole calcaneus and
applied loading and failure loads should be considered whBMAD of the L2 vertebral body even if BM@pxa*? is
assessing fracture risk. used in all cases. However, once the apparent depsgy

BMAD (g/cm?®)
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determined, it can be compared across sites. If densit§. Black DM, Cummings SR, Genat HK, Nevitt MC, Palermo L,
measurements are always taken for the whole calcaneus,]?VO\;Vnefwl?(?Z Axial andjagpendli/cl_ular g%hg%gegg predict
BMAD and p are both appropriate parameters for examina- Tactures in oider women. J Sone Miner RES.53-05¢.
tion. Howevper if densit)?pr)negsurer?]ents are taken at differ/” CUmMmings SR, Nevitt MC, Browner WS, Stone K, Fox
. ’ . . KM, Ensrud KE, Cauley JC, Black D, Vogt TM 1995
ent axial and appendicular sites, omlyshould be used. Risk-factors for hip fracture in white women. N Engl J Med
BMAD and p offer the theoretical advantage of sepa- 332:767-773.
rating volumetric bone density from effects caused by8. Carter DR, Bouxsein ML, Marcus R 1992 New approaches for
bone size. Although previous studies have not shown interpreting projected bone densitometry data. J Bone Miner
BMAD Res7:137-145.
to be a better general predictor of fracture risk than’: Carter DR, van der Meulen MCH, BeaUp&s 1996 Skel-
BMD, 718 the theoretical advantages of BMAD apd Qtal develc_)pment. M_echanlcal consequences of growth, ag-
. . ing, and disease. In: Marcus R, Feldman D, Kelsey J (ed.)
suggest that they may be particularly useful in some oOsteoporosis. Academic Press, San Diego, CA, U.S.A., pp.
situations. BMAD andp should be most useful when  333-350.
large size differences exist such as in pediatrics and 10. Cooper C, Melton LJ Ill 1992 Epidemiology of osteoporosis.
cases involving very small or very large adults. The usel Eggg %gnli%cgigfém;tiﬁgzgfz ?F;Etlz,l?é risk 2: Other risk-factors
_of BMAD _and p in these clinical settings warrants furthert Am J Med Sci312260—269.
Investigation. 12. Hologic, Inc. 1998 QDR 4000 User Guide. Hologic, Inc.,
In summary, we have presented a methodology for \yajtham, MA.
calculating BMAD andp of the calcaneus based oni13. wasnich RD, Ross PD, Davis JW 1991 Osteoporosis: Current
standard DXA measurements. These volumetric densities practice and future perspectives. Trends Endocrinol Metab
eliminate the effects of bone size inherent in BMD, 2:59-62. o
allowing more accurate assessment of material propertits ;ﬁﬁ?ﬂrg&rﬁgﬁmﬁrtﬁ{tgﬁ?%ﬁh??ﬁ ?r‘:esr; 1;(’%%] iCS:iItIinOII’(:I:aiII’]
and possibly t_)eFter diagnosis of _osteopenla. .BMD IS healthy adolescent girls. J Clin Endocrinol Metaf38t1332—
useful for predicting the load at which a bone will frac- 1339
ture, but applied loading also should be taken into ags. Melton LJ Ill, Atkinson EJ, O’Connor MK, O'Fallon WM,
count to assess fracture risk. By considering the material Riggs BL 1998 Bone density and fracture risk in men. J Bone
properties BMAD andp in addition to the structural

Miner Res13:1915-1923.

property BMD, we may be able to better interpret DXAL6. Duan Y& Palrfitt AM, dSeer_nar_l E 1999 Ve_rrt]ebral klac;ne mass,

: L ot size, and volumetric density in women with spinal fractures.
measurements in clinical applications. J Bone Miner Red.4-1796-1802.
Cummings SR, Marcus R, Palermo L, Ensrud KE, Genant HK
1994 Does estimating volumetric bone density of the femoral
neck improve the prediction of hip fracture? A prospective
study. J Bone Miner Re8:1429-1432.
Hui SL, Slemenda CW, Carey MA, Johnston CC Jr 1995
Choosing between predictors of fractures. J Bone Miner Res
10:1816-1822.
Carter DR, Hayes WC 1977 The compressive behavior of
bone as a two-phase porous structure. J Bone Jt Surg
59A:954-962.
Courtney AC, Wachtel EF, Myers ER, Hayes WC 1994 Ef-
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APPENDIX

Carter and Hayé¥” showed that the material strengifi§,) of
human bone specimens is approximately proportional to the volu-
metric apparent density squargd)( The force required to fracture
a bone is therefor&.; = oy A = p?A, whereA is the cross-
sectional area of the bone. The areal BMD measured by DXA is
proportional to p?A)'? as noted by Carter et &. Therefore,
BMD? « p?A and Fy,;, « BMD?2. The load required to fracture a
whole bone thus should be proportional to BRID

Previous studies have shown significant linear correlations between
whole bone failure loads and BM®2%2Y However, these studies
have not examined the relationship between failure load and BMD
addition, regressions are often performed between failure load and
BMD without forcing the regression line through the origin. Because
the failure load theoretically should be zero when BMD is zero, it is
reasonable to look at regressions of failure load versus BMD or BMD
that pass through the origin.

In this Appendix, we reanalyze data from Bouxsein €faio
illustrate the relationships between whole bone failure load, BMD,
and BMD?. Bouxsein et al. previously showed a strong linear
correlation between femoral failure load and femoral neck BMD
(Fig. 4A, dashed line). However, as previously discussed, the
regression theoretically should pass through the origin (Fig. 4A,
solid line). Forcing the regression through the origin reduceshe
value from 0.79 to 0.75. A better regression is obtained using
BMD? instead of BMD, again forcing the regression line through

the origin (Fig. 4B). In this case, thé& value increases to 0.82. FIG. 4.
Because of the relatively small number of data points availablfemoral neck BMD and (B) femoral neck BMD squared. The

there are no statistically significant differences between the thréata shown is from Bouxsein et@.The solid lines indicate

regressions in Fig. 4. However, theoretical considerations dictaegressions forced through the origin. The dashed line repre-
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that the whole bone failure load should be proportional to BMDsents the regression presented by Bouxsein @ al.

with a failure load of zero when BMD is zero. This relationship
gave the highest? value for the data examined (Fig. 4).



