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Abstract. Combined indices of ultrasound measure-
ments have been proposed, such as ‘‘stiffness index’’
(SI) for the Lunar Achilles+ and ‘quantitative ultrasound
index’ (QUI) for the Hologic Sahara ultrasound devices.
We used the Bland and Altman approach and the kappa
(k) score (classifying women by tertile, independent of
age) to compare these methods. We studied 105
postmenopausal women (ages 57 to 88 years). We
measured the heel (in duplicate) using both devices.
Single lumbar spine (LS) bone mineral density (BMD)
measurements were also made using the same two
manufacturers’ densitometers. QUI values were higher
than SI values with a mean difference of 2.4 units (95%
CI, 1.5–3.2). This difference in SI and QUI was most
marked at higher ultrasound values (r = 0.61,
p50.0001). The kappa score between SI and QUI was
0.69 (95% CI, 0.57–0.80). When we calculated the
kappa scores based on the mean of duplicate SI and QUI
measurements, the kappa score increased to 0.90 (95%
CI, 0.77–0.94). Lunar DPX LS-BMD values were higher
than Hologic QDR 1000/W LS-BMD values with a
mean difference of 0.18 g/cm2 (95% CI, 0.17–0.19). The
difference between the machines was most marked at
higher BMD values (r = 0.38, p50.001). The kappa
score between the DPX and QDR 1000/W was good (k =
0.79, 95% CI = 0.66–0.88), and was similar to the
agreement of SI and QUI. Based on a single
measurement, some women would be classified in
different tertiles using the two heel ultrasound machines
(about 20%). However, this is not significantly greater
than the misclassification rate using two machines to

measure spinal BMD (about 15%). Although there are
significant differences between SI and QUI measure-
ments, the misclassification rates are similar to those
observed measuring LS-BMD using two different
manufacturers’ DXA machines. The misclassification
rate using quantitative ultrasound improves when based
on duplicate measurements.
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Introduction

There has been a recent increase in the use of
quantitative ultrasound (QUS) devices for the assess-
ment of fracture risk. QUS technology has the potential
to meet the increased demand for bone densitometry
services due to the progressive ageing of the world’s
population. Despite this, the widespread clinical applica-
tion of QUS has been limited because dual-energy X-ray
absorptiometry (DXA) remains the accepted gold
standard for assessing skeletal status. However, DXA
devices are relatively expensive and require patients to
be referred to hospital-based facilities. QUS has several
advantages including no patient or operator exposure to
ionizing radiation, low cost and portability. It has been
proposed that one of the main uses of ultrasound is to
predict fracture risk. Large prospective fracture studies
have demonstrated that both broadband ultrasound
attenuation (BUA) and speed of sound (SOS) at the
calcaneus can predict osteoporotic fracture as well as
DXA at the spine and hip [1,2]. Recently the US Food
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and Drug Administration (FDA) approved a number of
commercial QUS systems, two of which are the Lunar
Achilles+ and the Hologic Sahara. In addition to
reporting SOS and BUA, both of these machines express
their results as an index that combines SOS and BUA.
The aim of these combined indices is to simplify the
interpretation of these tests. For the Lunar Achilles+ this
is called the ‘‘stiffness index’’ (SI) and for the Hologic
Sahara it is called the ‘‘quantitative ultrasound index’’
(QUI).

It has been established that the absolute bone mineral
density (BMD) at the lumbar spine (LS) differs
between different manufacturers’ densitometers by
approximately 15% due to differences in calibration,
correction for marrow fat, and edge detection algo-
rithms between the different systems [3–6]. The Lunar
Achilles+ and Hologic Sahara QUS machines also
differ in their design, measurement site, coupling
medium and calculation of measurement variables
[7,8] and therefore (as with DXA) it may not be
possible to make direct comparisons of results obtained
using different systems. As the number of QUS devices
in clinical use is set to increase it is important to know
if the results from different manufacturers’ devices are
comparable.

The aims of this study were (1) to determine the
relationship between combined heel indices (SI and
QUI) when measured using two different manufacturers’
heel QUS machines, (2) to determine the relationship
between LS-BMD measured using two different
manufacturers’ densitometers; and (3) to compare the
classification of individuals by tertile when measured by
heel QUS and LS-BMD.

Materials and Methods

Subjects

We studied 105 postmenopausal women ages 57 to 80
years (mean 67 years) recruited from a population-based
group. These women were randomly selected from
General Practice lists. None had evidence of vertebral
deformity on spinal radiographs. Biochemical screen
excluded diseases likely to affect bone metabolism
(thyroid function, serum calcium, phosphate, alkaline
phosphatase, parathyroid hormone (PTH), and creati-
nine, and 24-h urine calcium excretion). The study
protocol conformed to the Revised Helsinki Declaration
of 1983, and was approved by the North Sheffield Local
Research Ethics Committee. All subjects gave written
informed consent.

Methods

Single lumbar spine measurements were made using
the Lunar DPX (Lunar, Madison, WI; software version
3.6z) (L2–L4) and the Hologic QDR 1000/W (Hologic,

Bedford, MA; software version 4.47) (L1–L4) on 95 of
the 105 subjects. The short-term precision errors for
LS-BMD measured by DXA have previously been
reported by this group and were 1.02% for Lunar DPX
and 1.06% for Hologic QDR [6]. Duplicate ultrasound
measurements were made on all subjects (on the same
day) using the Lunar Achilles+ (software version 1.51)
and Hologic Sahara (software version 1.03) heel
ultrasound machines. The non-dominant heel was
measured in all subjects. Dominance was ascertained
by asking the subjects which foot they would use to
kick a ball. The short-term precision errors were
estimated from the duplicate measurements with
repositioning in between and were 1.5% for the
Lunar Achilles+ SI and 2.4% for Hologic Sahara
QUI. Measurements were performed on the Hologic
Sahara before the Lunar Achilles+, this was to avoid
any effects of wetting the heel during Lunar Achilles +
measurements on the subsequent Hologic Sahara
measurements.

Ultrasound Measurements

Hologic Sahara Clinical Bone Sonometer (HS): The
Sahara Clinical Bone Sonometer consists of two 19-mm-
diameter unfocused 0.5 MHz transducers mounted
coaxially on a motorized caliper. One of the transducers
acts as a transmitter the other as a receiver. The
transducers are acoustically coupled to the heel using
soft rubber angled pads and oil-based coupling gel. The
Sahara device measures both BUA and SOS at a fixed
region of interest in the mid-calcaneus and the results are
combined to provide a single output measurement, the
‘‘quantitative ultrasound index’’ (QUI) using the
following equation:

QUI = 0.41 6 (SOS + BUA) – 571

Lunar Achilles+ (LA+): The Lunar Achilles+ uses a
water bath maintained at 37 8C. Two 25-mm-diameter
0.5 MHz unfocused transducers are mounted coaxially at
a fixed separation of approximately 95 mm [9]. Water
contains air bubbles, which affect the QUS measure-
ment. Surfactant is added to disperse the air. The LA+
assumes a fixed heel width of 4 cm for the calculation of
SOS; in contrast, BUA values are not normalized for
heel width [10]. BUA and SOS are combined to provide
a single output measurement, the ‘‘stiffness index’’ (SI),
using the following equation:

SI = (0.28 6 SOS) + (0.67 6 BUA) – 420

Statistical Analysis

The precision error of QUS measurements was
calculated as the ratio of the global estimate of standard
deviation (root mean square error) of duplicate measure-
ments to mean SI or QUI, expressed as a percentage. The
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differences between the two QUS and DXA machines
were assessed using a method comparison approach
described by Bland and Altman [11]. This is where the
difference between two measurements is taken as the
dependent variable (as an estimate of the average bias of
one measurement relative to the other) and the mean of
the two measurements is taken as the independent
variable (as the best estimate of the unknown true value).
If two measurements are in close agreement, the
differences should lie around zero, with no systematic
relationship.
In order to apply the Bland and Altman approach

correctly, the precision estimates (CV) of the methods
being compared have to be similar. This is because the
mean (of the two methods) should be the best estimate of
the true value. In the current study, the data were of
unequal precision for the QUS measurements (LA+ SI,
1.531% (L) and HS QUI, 2.427% (H)). The mean was
therefore calculated after weighting the data statistically
according to the reciprocal of the precision variances
using the method described by Reeve and Lunt [12] and
Eastell and Peel [13] (this is shown below). The
weighting factor for the LA+ SI was 0.715 (CVH

2/
(CVH

2 + CVL
2) or 2.4272/(2.4272 + 1.5312). The

weighting factor for the HS QUI was 0.284 (CVL
2/

(CVL
2 + CVH

2) or 1.5312/(1.5312+2.4272). Mean bias
was then calculated as the mean of individual differences
measured by Lunar and Hologic QUS and DXA
machines. The 95% range of agreement was calculated
as the mean �2 SD of these individual differences.
Linear regression model was fitted to the relationship
between the difference and the mean level of the
measurements.
The subjects were then classified into low, middle and

upper tertiles. Kappa (k) scores were then calculated to
determine inter-rater agreement between the two QUS
and DXA machines. Kappa scores have a maximum of
1.00 when agreement is perfect; a value of zero indicates
no agreement better than chance, and negative values
show worse than chance agreement. The guidelines for
interpreting kappa scores are shown in Table 1.
Statistical analyses were performed using Statgraphics

Statistical Graphics System version 5.0 (Statistical
Graphics Corporation, Rockville, MD) and MedCalc
Software version 4.15d (MedCalc Software, Mariakerke,
Belgium).

Results

QUI values were slightly higher than SI values with a
mean difference of 2.4 units, (95% CI, 1.5–3.2) (Fig. 1.).
This difference was most marked at higher ultrasound
values (r = 0.46, p50.0001). When we performed the
Bland and Altman analysis using the mean of duplicate
SI and QUI values this difference was reduced to 2.0
units, (95% CI, 1.4–2.8).

There was good agreement between SI and QUI
values when examined by tertile (Fig. 2). For example,
there was agreement in 29 of 35 subjects in the lower
tertile, 24 of 35 middle tertile and 30 of 35 in the upper
tertile. There were no gross misclassifications (i.e.,
lowest tertile with one method and highest tertile with
the other). The kappa score between SI and QUI was
0.69 (95% CI, 0.57–0.80). There was even better
agreement using the kappa scores based on the mean
of duplicate SI and QUI measurements with a kappa
score of 0.90 (95% CI, 0.77–0.94).

LS-BMD values were on average higher when
measured by the Lunar DPX by 0.18 g/cm2 (95% CI,
0.17–0.19) compared with the Hologic QDR 1000/W
(Fig. 3). The difference between the machines was
greater at higher BMD values (r = 0.38, p50.001).

There was good agreement between DPX and QDR
values when examined by tertile (Fig. 4). For example,
there was agreement in 27 of 31 subjects in the lower
tertile, 24 of 32 middle tertile and 28 of 32 in the upper
tertile. The kappa score between DPX and QDR was
0.79 (95% CI, 0.66–0.88).

Table 1. Guidelines for the interpretation of kappa (k) scores.

Value of k Strength of agreement

Less than 0.20 Poor

0.21 to 0.40 Fair

0.41 to 0.60 Moderate

0.61 to 0.80 Good

0.81 to 1.00 Very good

Fig. 1. Bland and Altman plot for ‘‘stiffness index’’ (SI) and
‘‘quantitative ultrasound index’’ (QUI) measured using two manu-
facturers’ heel quantitative ultrasound (QUS) machines. Dotted lines
represent the 95% CI of the slope.
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Discussion

There is strong evidence from prospective studies that
calcaneal QUS measurements can predict fracture
among older postmenopausal women [12,14]. Although
there is little comparative data, it appears that both BUA
and SOS similarly predict fracture events [2]. Some
manufacturers report a combined index utilizing BUA
and SOS. This single output is used for a number of
reasons: (1) it is the combined indices of the LA+ SI and
HS QUI (and not BUA or SOS), which are approved by
the FDA for assessing fracture risk; (2) to simplify
interpretation of the BUA and SOS results; and (3), the
temperature effects on combined indices are less than on
BUA and SOS alone [15]. While it is generally accepted
that QUS predicts hip fractures as well as DXA, it is
important to know if there are differences between the
QUS machines.

In order to test for agreement of SI and QUI we used
the method of Bland and Altman [11] (Fig. 1). This
approach is preferable to correlation between two
variables because it determines how closely the two

Fig. 2. Agreement by tertile between QUI and SI. Each cell in the frequency table (right panel) represents the data in the corresponding section of
the scatter plot (left panel). The scatterplot is divided into low (L), middle (M) and upper (U) tertiles.

Fig. 3. Bland and Altman plot for lumbar spine bone mineral density
measured using the Hologic (QDR) and Lunar (DPX) densitometers.
Dotted lines represent the 95% CI of the slope.

Fig. 4. Agreement by tertile for lumbar spine bone mineral density measured on the Hologic (QDR) and Lunar (DPX) densitometers. Each cell in
the frequency table (right panel) represents the data in the corresponding section of the scatter plot (left panel). The scatter plot is divided into low
(L), middle (M) and upper (U) tertiles.
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machines are in agreement. The difference in absolute
measurement values between SI and QUI was 2.4 units.
The use of correlation coefficients demonstrated a
relationship between measurements made using the
two machines, indicating that at higher values there is
a bigger difference between SI and QUI. When we
repeated the Bland and Altman analysis based on the
mean of the duplicate SI and QUI the mean difference
was reduced slightly to 2.0 units. This difference
between SI and QUI is not surprising because the
Lunar Achilles+ and Hologic Sahara QUS machines
differ in their design, measurement site, coupling
medium and calculation of measurement variables
[7,8]. When assessing the agreement of individuals the
approach is slightly different. Assigning individuals to
tertiles of high, medium and low risk can assess fracture
risk. The best approach to comparing agreement of
classification is the kappa statistic. The kappa scores for
SI and QUI showed good agreement (Fig. 2) and this
improved when we calculated the kappa scores based on
the average of duplicate ultrasound measurements.
There are many sources of error for QUS measure-

ments in vivo; these include the surrounding soft tissue
and foot positioning. Inter-subject variability and
precision are influenced by soft tissue thickness [16],
temperature [15,17] and composition [18,19] as well as
the quality of the sound transmission from the coupling
medium into the skin. Duplicate QUS measurements
may have reduced some of these errors, consequently
resulting in the improved agreement of the machines and
classification of individuals.
The difference in absolute LS-BMD measurements

between DPX and QDR of 18 g/cm2 (18%) in this cohort
was slightly higher than those reported by other groups
[3–5]. The use of correlation coefficients demonstrated
an association between measurements made using the
two densitometers. The Bland and Altman plot showed
that for any individual the difference was greater with
the DPX than with the QDR (Fig. 3). The difference
between the densitometers results from differences in
calibration, correction for marrow fat and edge-detection
algorithms between the different systems [6].
This study has demonstrated that there are systematic

differences between heel QUS machines, resulting in
about 20% of women being classified into different
tertiles. However, this is not significantly greater than the
misclassification rate using two different manufacturers’
DXA machines to measure LS-BMD (about 15%). When
the classification is based on the mean of duplicate SI
and QUI measurements, it improved from 20% to 10%
making them superior to a single LS-BMD measure-
ment.
The differences between the two manufacturers’ DXA

machines have been well documented and are supported
by this study. Despite the systematic differences between
DXA machines it is considered reasonable practise to
use both the Lunar DPX and Hologic QDR 1000/W to
assess fracture risk. This study has established that
although there are differences between the LA+ SI and
HS QUI, the misclassification rate using SI and QUI is

similar to LS-BMD measured on different manufacturers
DXA machines. As prospective fracture studies have
verified that QUS at the calcaneus can predict
osteoporotic fracture as well as DXA at the spine and
hip [1,2] this data would suggest that it is feasible that
both the LA+ SI and HS QUI could be used in the same
way as DXA (to assess fracture risk) in clinical practise.
However, it is important to note that kappa scores
classify women by tertile and consequently T-scores for
the two machines may differ. T-scores are known to vary
between measurement technique and measurement site
[20,21]. This is a recognized weakness of the T-score
approach, which is currently being addressed.
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