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Abstract
Summary We examined the effect of weight and weight
change on the long-term precision of spine and hip bone
mineral density (BMD) in a group of 64 postmenopausal
women studied over a 10-year period. Long-term precision
errors were 50% larger than short-term errors. Over the
range 50–90-kg weight was associated with a statistically
significantly larger precision error when precision was
expressed in BMD units, but not when expressed as the
coefficient of variation (CV). Weight changes up to 5 kg
had little effect on precision.
Introduction Reliable knowledge of the precision of bone
mineral density (BMD) measurements is important for the
interpretation of follow-up dual-energy X-ray absorptiom-
etry (DXA) scans. In this study, we examined the effect of
body weight and change in weight on the long-term
precision of spine and hip BMD.

Methods The study population was a group of 64 post-
menopausal women enrolled in a 16-year trial of tibolone.
We analyzed the spine, femoral neck, and total hip BMD
data acquired over a 10-year period on a Hologic
QDR4500A densitometer using linear regression to exam-
ine the trend of BMD with time for each subject. Precision
was expressed in BMD units (g cm−2) (standard error of the
estimate, SEE) and also as the coefficient of variation (CV).
Results The long-term precision errors were in BMD (CV)
units: 0.018 g cm−2 (1.9%) for spine, 0.017 g cm−2 (2.3%)
for femoral neck, and 0.016 g cm−2 (1.7%) for total hip
BMD. An inverse relationship between CV and BMD was
found for the spine (P=0.003) and total hip (P=0.043) sites,
but none between SEE and BMD. For spine BMD, there
were statistically significant correlations between SEE and
weight (P=0.025) and body thickness (P=0.027). For
femoral neck BMD, there were correlations between SEE
and weight (P=0.030), body mass index (BMI) (P=0.023)
and thickness (P=0.021), but no correlations for total hip
BMD or when precision was expressed as the CV. When
study subjects were grouped in quartiles according to weight,
the spine BMD SEE increased from 0.014 g cm−2 for
women in the lowest quartile (46–62 kg) to 0.018 g cm−2 for
women in the highest quartile (80–105 kg) (P=0.008). There
was a trend for SEE to be greater in individuals with larger
weight changes, although these tended to be the heavier
subjects.
Conclusions From the study, we were able to come up with
the following conclusions: (1) long-term precision errors
were 50% larger than short-term errors, (2) over the range
50 to 90 kg (BMI: 20–35 kg m−2), body weight had a small
but statistically significant effect on precision expressed in
BMD units, but not when expressed as the CV, and (3)
weight changes up to 5 kg had little effect on precision.
More studies of individuals >100 kg are required to fully
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investigate the dependence of DXA scan precision on
weight.

Keywords Body weight . Bone mineral density .
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Weight change

Introduction

Dual-energy X-ray absorptiometry (DXA) is widely used to
identify postmenopausal women at increased risk of fracture
who can be advised to take preventive treatment for
osteoporosis [1, 2]. Because DXA offers a safe, sensitive
and precise method of measuring changes in bone mineral
density (BMD), many patients treated for osteoporosis have
follow-up scans to assess their response to therapy [1, 3–5].

Knowledge of the precision error of DXA measurements
is required to decide whether a follow-up scan provides
evidence of a clinically relevant change in BMD [6]. It is
widely accepted that, given a single baseline measurement
and a single follow-up measurement, the smallest BMD
change that can be regarded as statistically significant at the
95% confidence level is 2.8 times the precision error [7].
Reliable knowledge of the precision error is therefore
important for the clinical interpretation of follow-up DXA
examinations in individual patients.

Although precision errors are important for interpreting
DXA scan findings, it is a topic that continues to cause
controversy [8–12]. One reason is that measuring precision
is an inherently noisy process that can involve significant
statistical errors, even for studies with quite large groups of
subjects. For example, a widely adopted protocol for
performing a precision study is to acquire duplicate
measurements in a group of 30 subjects [3, 7]. However,
based on this number, the 95% confidence interval in the
final precision figure is still a relative error of ±30%, and
studies of over 200 subjects are required to reduce this error
to less than ±10% [8].

Because little is known about the clinical factors that can
modify the precision error in an individual patient, the
general practice is to adopt a single figure for precision and
apply it to all subjects [3]. Body weight is one factor that
might be expected to influence precision [12, 13]. Patients
who are heavier or have a larger body mass index (BMI)
will, in general, have a greater thickness of soft tissue to
attenuate X-rays and, as weight increases, at some point the
signal reaching the detectors will become sufficiently
deficient in photons to result in a noisier and less precise
measurement. There is a second reason why obesity might
influence precision. DXA scans are affected by accuracy
errors that arise from the heterogeneous distribution of
adipose tissue external to bone and variations in marrow

composition within bone [14]. When patients with a normal
BMI lie on the scanning table for a follow-up scan, the
disposition of soft tissues will be similar to the baseline
scan, and the accuracy error arising from the heterogeneous
distribution of adipose tissue will be almost the same for
every scan. This explains why precision errors in DXA are
smaller than the accuracy errors [14]. However, in obese
patients, the soft tissues may be distributed differently on
follow-up examinations, causing scan-to-scan changes in
the accuracy error that will have an adverse effect on
precision [15]. Weight change is a second factor that might
influence precision. In patients showing a sufficiently large
weight change, the resulting change in the amount and
distribution of adipose tissue may cause a change in the
accuracy error that affects precision.

Although body weight and weight change are factors
that theoretically might affect the precision of spine and hip
DXA measurements, relatively little is known quantitative-
ly about what weight or weight change are required before
clinically significant changes in the precision error occur
[12, 13]. In the present study, we examined annual BMD
measurements made during the OD14 study [16–18], a
clinical trial of tibolone in postmenopausal women.
Tibolone is a synthetic compound with weak hormonal
properties that exerts beneficial effects on bone, as well as
on climacteric symptoms, but does not stimulate the
endometrium [19]. A retrospective analysis was performed
on spine and hip BMD data from the OD14 trial with the
aim of examining the effect of weight and weight change
on the long-term precision error.

Methods

Subjects

The subjects were healthy postmenopausal women enrolled
in an open-label study of tibolone. All were 6–36 months
since their last menstrual period. A detailed description of
the subjects and the entry criteria has been published
previously [16–18]. Subjects were given the choice of
receiving either oral tibolone 2.5 mg/day (Livial®; NV
Organon, Oss, The Netherlands) or no treatment (controls).
As far as possible, the women in the two treatment arms
were matched for age and time elapsed since menopause.
One hundred and ten subjects (59 tibolone, 51 controls)
were enrolled over an 18-month period starting in Novem-
ber 1988, of whom 41 (21 tibolone, 20 controls) completed
the study during 2005–2006. All the women gave written
consents to participate in the study. The protocol was
approved by Guy’s Hospital Ethics Committee, and the
study was carried out according to Good Clinical Practice
and in accordance with the declaration of Helsinki.
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DXA measurements

Spine and hip DXA scans were performed at baseline,
6 months, and then annually for up to 16 years. During the
course of the study, four different Hologic DXA scanners
were used (Hologic, Bedford, MA) [20]. Daily quality
control was performed using a Hologic spine phantom. Each
new densitometer was cross-calibrated in vitro with its
predecessor using the spine phantom, and the results checked
with an in vivo cross-calibration study [21–23]. To evaluate
the BMD changes over the full 16-year period of the study,
the BMD data were corrected using the relevant in vivo
cross-calibration factors. For the study of the effect of weight
and weight change on long-term precision, the analysis was
restricted to the data obtained on a single scanner, a QDR-
4500A, between 1995 and 2006. All scans were performed
in the array mode. Long-term precision of the daily scans of
the spine phantom was 0.49%.

The QDR-4500A BMD data used for the precision study
were taken from the original scan analyses performed by
the DXA technologist during the period 1995 to 2006. Scan
files were recovered from the archive, and patients’ height,
weight, lumbar spine (L1–L4), femoral neck, and total hip
BMD recorded for each visit, along with the DXA
measurements of body thickness for the spine and hip
regions of interest (ROI). Figures for body mass index
(BMI) were determined from height and weight (BMI =
Wt(kg)/Ht(m)2). Scan images were evaluated visually for
factors that might adversely affect precision, including the
presence of scoliosis and degenerative changes on spine
scans, and whether manual intervention by the technologist
to delete bone from the pelvis (ischium) in order to make
space for the femoral neck ROI was necessary on the hip
scans [24].

Phantom study of DXA measured body thickness

Scan printouts from Hologic DXA systems include an
estimate of the body thickness measured through the soft
tissue reference area that is derived from the X-ray
transmission factor and calibrated using the daily scan of
the spine phantom. The thickness measurements (labeled TH
on scan printouts) are given in units of inches, so all figures
were multiplied by 2.54 to convert them into centimeters. To
evaluate the reliability of this measurement, phantom scans
were made through a water bath with increasing depths of
water from 8–30 cm and the DXA measurements of
thickness compared with the known depths of water.

Evaluation of long-term precision

In precision studies based on repeated BMD measurements
obtained over a short-time period (<1 or 2 months), the

short-term precision error can be expressed either as the
standard deviation (SD) of the measurements (precision
expressed in BMD units of g cm−2), or as the coefficient of
variation (CV) obtained by writing the SD as a percentage
of the mean BMD (precision expressed in %) [7–9]. If for
one particular individual a series of N BMD measurements
are available for the evaluation of their precision error, the
statistical error in the precision is determined by the number
of degrees of freedom (df) given by df = N−1 [7, 8].

For precision studies made over longer time intervals,
true BMD changes may occur, and a different mathematical
approach is required [8, 20]. If it is assumed that the
changes approximate to a linear change in BMD with time,
then any random variations about the best fitting straight
line can be quantified using linear regression analysis.
When the BMD results for any one individual are plotted
against time, then the variability about the regression line is
given by the standard error of the estimate (SEE). The long-
term precision error can be expressed either as the SEE (in
BMD units), or as the CVobtained by writing the SEE as a
percentage of the mean BMD. If linear regression analysis
is performed, then two free parameters are fitted to the data
(the intercept and slope), and the number degrees of
freedom is reduced to df = N−2 [8].

The individual long-term precision error was evaluated
in all the women in the study who had at least three visits
for BMD measurements performed on the QDR4500A
instrument, so there were sufficient data points for linear
regression analysis. To preserve the maximum possible
overall number of degrees of freedom (and hence statistical
power), the statistical significance (P value) of the slope of
the linear regression line was used to determine whether the
SEE or SD was used to estimate precision. Slopes with a P
value<0.40 were judged to show a sufficient trend with
time that a linear regression fit was required, and in these
subjects, the SEE was used for the precision figure. Slopes
with a P value>0.40 were interpreted as consistent with no
trend of BMD with time, and the SD was used for the
precision figure. In this way, the maximum statistical power
was kept for the analysis of the effect of weight and weight
change on precision.

Data analysis

Overall values for long-term precision at the spine, femoral
neck, and total hip were obtained by taking the root mean
square (RMS) precision figure for the individual patients
weighted by their individual df figure [8]. Precision results
were expressed in both BMD units (based on the SEE or
SD figures, as appropriate in the individual; henceforth, we
shall refer to this as the SEE precision figure), and in
percentage units calculated from the RMS CV. For spine
BMD, the precision was also calculated separately for the
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subjects with and without scoliosis and/or degenerative
disease. Similarly, for femoral neck and total hip BMD,
precision was calculated separately for subjects in whom
the technologist did or did not have to paint out bone in the
pelvis to fit the femoral neck ROI. F-tests [25] were
performed to establish whether scoliosis and degenerative
disease, or painting out bone in the pelvis, were factors that
predicted poorer precision. The effect of the treatment arm
on precision (tibolone vs. controls) was similarly assessed.
Statistical significance of the F-test was evaluated using a P
value of less than 0.05.

In general, it is not clear whether precision is better
expressed in BMD units as the SEE, or by the CV [9]. To
examine this question, scatter plots were drawn of the
spine, femoral neck, and total hip precision figures for
individual subjects, expressed in both BMD units and as the
CV, against the mean BMD. Trends for precision to vary
with BMD were evaluated using the Spearman rank
correlation coefficient [25].

The question of whether larger body weight, BMI, or
DXA measured body thickness were associated with poorer
precision expressed either as the SEE or the CV was
examined by plotting the spine, femoral neck, and total hip
precision data for individual subjects against their weight,
BMI, and thickness, and evaluating the statistical signifi-
cance of the trends using the Spearman rank correlation
coefficient. Statistical significance was assessed using a
one-tailed test with a P value of less than 0.05 to evaluate
the hypothesis that larger body weight, BMI, or body
thickness had an adverse effect on precision.

For the spine BMD data, the variation of precision with
body weight was also examined by dividing women into
quartiles according to their weight, and calculating the
RMS SEE for the subjects in each quartile. A similar
analysis was performed by dividing subjects into quartiles
according to the SD of their change in weight during the
study. Finally, to separate the effects of weight and weight
change on precision, the women were divided into four

groups according to whether their body weight and body
weight SD were above or below the median figures for the
whole study.

Results

Figure 1 shows the mean percentage changes in lumbar
spine and femoral neck BMD over the entire 16-year period
of the study. The DXA data used for the assessment of
long-term precision were all obtained on a single densi-
tometer over the final 10 years of the study (years 7 to 16)
(Fig. 1). A total of 64 subjects (33 tibolone, 31 controls)
had at least three DXA visits during this 10-year period, and
between them had a total of 513 spine BMD examinations.
One subject had a hip replacement, leaving 63 subjects with
a total of 504 hip BMD examinations. The BMD data were
taken from the original scan analysis performed by the
DXA technologist during the period 1995 to 2006.
Demographic data for the 64 subjects, including age, body
weight, BMI, DXA measured body thicknesses at the spine
and hip, and spine and hip T-scores are listed in Table 1.

Body thickness figures obtained from the DXA scan
analysis ranged from 14.1–24.9 cm at the spine and 12.2–
19.9 cm at the hip (Table 1). Results of the phantom study
of DXA-measured thickness plotted against water depth are
shown in Fig. 2a. The DXA-derived thickness varied from
7.8 cm at 8.5-cm water depth to 26.6 cm at 29.4-cm water
depth. Figure 2b shows the scatter plots of DXA-measured
thickness at the spine and hip against body weight. Pearson
correlation coefficients between body weight, BMI, and
body thickness were all around r=0.9 (Table 2).

The RMS SEE (RMS CV) for the 64 subjects with spine
BMD data was 0.018 g cm−2 (1.9%). For the 63 subjects
with hip data, the figures were 0.017 g cm−2 (2.3%) for
femoral neck BMD and 0.016 g cm−2 (1.7%) for total hip
BMD. In four subjects with scoliosis and/or degenerative
changes, the spine BMD precision results were 0.031 g cm−2

Fig. 1 Percentage change
(mean ± SEM) from baseline
for a lumbar spine BMD (L1–
L4), b femoral neck BMD in
postmenopausal treated with
tibolone 2.5 mg daily for
16 years compared with an
untreated control group. The
BMD measurements from
years 7 to 16 were all made on
the same Hologic QDR4500A
densitometer
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(2.9%) compared with 0.017 g cm−2 (1.8%) in the other 60
subjects (F=3.34, P<0.0001). In 21 subjects with hip scans
that required the DXA technologist to paint out bone in
the pelvis during scan analysis, the femoral neck BMD
precision results were 0.018 g cm−2 (2.5%) compared with
0.017 g cm−2 (2.2%) in the other 42 subjects (F=1.19, P=
0.12). For total hip BMD, the corresponding figures were
0.015 g cm−2 (1.8%) compared with 0.016 g cm−2 (1.7%)
(F=1.03, P=0.42). For hip BMD data, the fact of having to
paint out bone in the pelvis did not significantly affect the
precision of the BMD results, and the subsequent analysis
was performed using the data for all 63 subjects. However,
scoliosis and degenerative changes in the spine were a
predictor of poor spine BMD precision and therefore, two
analyses were performed, the first for all 64 subjects, and the
second for the 60 subjects without scoliosis or degenerative
disease. When the effect of treatment arm (tibolone vs.
controls) on precision was examined, there was no signifi-
cant difference for the spine (F=1.08, P=0.30) or total hip
BMD SEE (F=1.05, P=0.38), but a possible small differ-
ence was found for femoral neck BMD (F=1.35; P=0.020).

When subjects’ individual precision was plotted against
BMD, the results for spine BMD showed no trend of SEE
with BMD (Fig. 3a) but there was an inverse relationship
between CV and BMD (Fig. 3b). The Spearman correlation
coefficient between individual subjects’ spine CV figure
and their spine BMD was statistically significant for both
the whole study group (N=64; R=−0.296; P=0.009) and
the selected group excluding the four subjects with scoliosis
and degenerative disease (N=60; R=−0.349; P=0.003)
(Table 3). In contrast, the spine precision data expressed
in BMD units showed no correlation with BMD (Table 3).
The choice between the SEE and CV descriptions of
precision was less clear cut for the hip sites (Table 3). For
femoral neck BMD, neither choice could be excluded,
while for total hip BMD, there was a marginally significant
trend for the CV to vary inversely with BMD (R=−0.218;
P=0.043) similar to the relationship found for the spine.

The scatter plots of precision against BMD (Fig. 3) show
a wide variation in the figures for individual subjects.
Given that the data points were derived from, on average,
eight annual BMD measurements, an important question is
to what extent this variation is explained by random
statistical fluctuations. For each BMD site, the individual
SEE figures were normalized to the RMS value and plotted
as a histogram to show the distribution with ratios that
typically varied between 0.2 and 1.8 (Fig. 4). The solid
curves in Fig. 4 are the predicted histograms based on the
number of subjects with different degrees of freedom (df
ranges between 1 and 9) and the assumption that there is a
single precision figure applicable to all subjects. The solid
curves therefore show the expected spread of data purely
due to statistical fluctuations assuming there were no real
differences in precision between subjects.

When the Spearman correlation coefficients between
body weight, BMI, and DXA-derived body thickness with
spine precision expressed in BMD units were examined in
the group of 60 subjects that excluded those with scoliosis,

Table 1 Demographic data for study subjects (N=64)

Mean Range

Age (y) a 58.8 50.9–65.4

Body Weight (kg) b 70.5 46.4–105.0

BMI (kg m−2) b 26.9 19.5–40.9

Spine ROI body thickness (cm) b 19.2 14.1–24.9

Hip ROI body thickness (cm) b 15.7 12.2–19.9

Spine T-Score (L1–L4) b −0.39 −3.48–3.87
Femoral neck T-score b −0.70 −2.44–1.87
Total hip T-score b −0.23 −2.29–2.62

BMI body mass index
a Age at first DXA examination on QDR4500 system in 1995
b Mean of all DXA examinations on QDR4500 system (1995–2006)

Fig. 2 a Results of a phantom
experiment in which DXA scan
measurements of body thickness
were compared with the mea-
sured depth of water in a water
bath. The broken line is the line
of identity. b Scatter plot of
DXA measurements of body
thicknesses for the spine and hip
regions of interest plotted
against body weight for the 64
subjects in the present study
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the relationships were statistically significant for body
weight (R=+0.254; P=0.025) and body thickness (R=
+0.249; P=0.027), but not BMI (R=+0.189; P=0.074)
(Table 4). For the femoral neck, the trend was statistically
significant for body weight, BMI, and thickness. However,
there was no relationship for the total hip (Table 4). When
precision data were expressed as the CV, none of the trends
were statistically significant (Table 4).

When subjects were divided into quartiles according to
their body weight, there was a trend for the spine BMD
RMS SEE precision error to increase with weight, with
statistically significant differences between the lowest
quartile (46–62 kg) and each of the three highest quartiles
(63–69 kg; 70–79 kg; 80–105 kg), as assessed by the F-test
(Fig. 5a). A second plot obtained by dividing subjects into
quartiles according to the standard deviation of their change
in weight during the study (SD quartiles: 0.8–1.5 kg; 1.7–
2.3 kg; 2.4–3.0 kg; 3.2–10.8 kg) was similar in appearance
to Fig. 5a, although the associated P values were all less
significant.

Inferring whether weight, or weight change SD, or both
affect precision is confused by the correlation between them
(Spearman rank correlation coefficient R=0.43; P=0.0004).
To resolve this issue, the subjects were divided into four
groups according to whether they were above or below the
median values for body weight and weight change SD

(Fig. 5b). The effect of weight change SD on the SEE
precision error (Group 2 vs. Group 1; Group 4 vs. Group 3)
was considerably smaller than the effect of body weight
(Group 3 vs. Group 1; Group 4 vs. Group 2). However,
none of the differences in RMS SEE in Fig. 5b were
statistically significant apart from that between Group 4 and
Group 1 (F=1.44; P=0.018). When subjects in Group 2
were pooled with those in Group 1, and those in Group 4
pooled with those in Group 3 to evaluate whether subjects
with body weight above the median (70 kg) had the same
SEE precision error as those below the median, a
statistically significant difference was found (F=1.39; P=
0.013). However, when subjects in Group 3 were pooled
with those in Group 1, and those in Group 4 pooled with
those in Group 2 to evaluate whether subjects with weight
change SD above the median (2.4 kg) had different SEE
precision error to those below the median, no significant
difference was found (F=1.23; P=0.082). A similar
analysis of the CV precision errors in Fig. 5b showed no
difference due to either weight (P=0.31) or weight change
(P=0.50).

Discussion

The data used for this precision study were the spine and
hip BMD measurements from years 7 to 16 of the OD14
study (Fig. 1). By year 7, the women had been postmen-
opausal for 7–10 years, so the phase of rapid bone loss
during the early years of menopause was over. During the
final 10 years of the OD14 study, mean BMD was either
constant over time (spine BMD in untreated women;
femoral neck BMD in tibolone group), or was increasing
or decreasing linearly with time (spine BMD in tibolone
group; femoral neck BMD in untreated women).

The overall long-term precision error evaluated over an
average period of 8 years was in BMD (percentage) units
0.018 g cm−2 (1.9%) for spine BMD, 0.017 g cm−2 (2.3%)

Table 2 Pearson correlation coefficients between subjects’ body
weight, BMI, and the soft tissue thicknesses at the lumbar spine and
proximal femur measured on the DXA scans (N=64)

BMI Spine ROI body
thickness

Hip ROI body
thickness

Body weight 0.924 0.925 0.930

BMI – 0.906 0.923

Spine ROI body
thickness

– – 0.888

BMI body mass index

Fig. 3 Scatter plots of the
individual spine BMD precision
measurements for 60 women in
the OD14 study plotted against
spine BMD for a precision
expressed in BMD units. The
horizontal line is the mean SEE
figure, b precision expressed as
the coefficient of variation (CV).
The curved line is the inverse
relationship between CV and
BMD corresponding to the
horizontal line in (A)
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for femoral neck BMD, and 0.016 g cm−2 (1.7%) for total
hip BMD. For the spine and total hip sites, these figures are
around 50% larger than the short-term precision errors of
1.2–1.3% reported for this generation of Hologic equipment
[26]. The evaluation of long-term precision is more difficult
than short-term precision because over a time period of
several years, real biological changes are likely to occur.
The assumption of a linear BMD change with time is an
idealized case, and if non-linear changes occurred, then the
long-term precision error will be overestimated. As far as
could be ascertained from the BMD plots of individual
subjects, the assumption of linear change was reasonable
for the majority of women [20].

Although there are difficulties with the accurate evalu-
ation of the long-term precision error, it should be
recognized that the reliable evaluation of short-term
precision is also problematic. As long ago as 1974, Holland
and Whitehead commented that: “too frequently precision
is determined under optimal conditions and produces an
unrealistically optimistic view of what is likely to be
achieved in routine practice” [27]. In recent years, a
number of studies have suggested that the widely adopted
practice of performing precision assessments with the same
technologist performing duplicate examinations with simple

repositioning of the patient between scans underestimates
the true precision error [11, 20, 28]. Our finding of a long-
term precision figure 50% greater than short-term precision
is consistent with the results of previous studies whenever
the scans being compared were performed on different days
[11, 12, 20].

Leslie drew attention to the fact that, despite advice from
organizations such as ISCD [3] that precision data are best
expressed in BMD units, in practice, many clinicians still
prefer to use the coefficient of variation, and to interpret
clinical BMD changes in terms of the percentage change
from baseline [9]. We examined this question by plotting
the precision data for individual OD14 subjects, expressed
in either BMD units or as the CV, against BMD (Fig. 3).
For spine BMD, there was a statistically significant inverse
relationship between CV and BMD, but no relationship
between SEE and BMD. For femoral neck BMD, it was not
possible to distinguish between the two alternative descrip-
tions of the precision error (Table 3), while for the total hip
site, the findings were similar to the spine, but were less
statistically significant. The present findings therefore tend
to support the conclusions of Leslie that precision should be
expressed in BMD units [9], although our ability to
discriminate between the two methods of reporting the

Table 3 Spearman correlation coefficients between subjects’ spine, femoral neck, and total hip BMD and their individual precision measurements
expressed as the standard error of the estimate (SEE) or coefficient of variation (CV)

N SEE (g cm−2) vs. BMD CV (%) vs. BMD

Spine BMD (all) 64 R=0.038 P=0.383 R=−0.296 P=0.009

Spine BMD (excluding scoliotics) 60 R=0.007 P=0.476 R=−0.349 P=0.003

Femoral neck BMD (all) 63 R=0.184 P=0.075 R=−0.188 P=0.071

Total hip BMD (all) 63 R=0.138 P=0.140 R=−0.218 P=0.043

Fig. 4 Histograms showing the distribution of individual precision
results for women in the OD14 study for a spine BMD, b: femoral
neck BMD, c total hip BMD. Solid curves show the predicted
distributions based on the number of degrees of freedom for each

subject and the assumption that each subject has the same true
precision. Figures on the horizontal axis show the ratio of individual
precision to the root mean square (RMS) figure for all the subjects
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precision error was limited by the scatter of the results for
individual subjects shown in Fig. 3. Given the limited
number of repeated BMD measurements per subject, the
scatter in individual results was consistent with the
expected random statistical variations (Fig. 4).

The effect of weight, BMI, and body thickness on
precision was examined for both SEE and CV (Table 4).
We considered the effect of body thickness, as well as
weight and BMI on precision, since a thickness figure is
routinely included on scan printouts from Hologic densi-
tometers. Although not intended as an accurate measure-
ment of true body thickness (for example, it is not corrected
for the effects of beam hardening on linearity), it does
provide a reliable measure of the attenuation of the X-ray
beam through the patient’s body. For this reason, we
hypothesized that it might provide a better predictor of the
effect of body size on precision than body weight or BMI.
Phantom studies made with a water bath showed that the
reported thickness figure was around 10% less than the
measured water depth (Fig. 2a). Correlation coefficients
between weight, BMI, and thickness measured at the spine
and hip were all around r=0.9 (Table 2).

Weight and body thickness were statistically significant-
ly correlated with the spine SEE precision error for the
group of 60 subjects that excluded four subjects with poor
individual figures due to scoliosis or degenerative disease
(Table 4). For femoral neck BMD, weight, BMI, and
thickness all correlated significantly with SEE. Only for the
total hip site was there no trend for the individual precision
figure to be poorer for larger subjects. Welsman et al.
reported similar findings, with subjects with higher BMI
having poorer precision at the spine and femoral neck sites,
but no effect at the total hip [13]. These findings can be
explained by the greater body thickness at the spine
compared with the hip (Table 1), making the spine BMD
precision error more susceptible to the influence of tissue
thickness. The greater effect of body size on the precision
of femoral neck BMD measurements compared with the
total hip site can be explained by the effect of a fat
panniculus on BMD measurements at the proximal femur in
overweight subjects [15]. DXA scan images often show the
edge of the fat panniculus lying over the femoral neck ROI,
leaving the majority of the total hip ROI unaffected.

In contrast to the SEE precision error, when precision
was expressed as the CV, none of the correlations with
body size were statistically significant, and in every instant,
the Spearman correlation coefficient was smaller (less
positive) than when precision was expressed in BMD units.
It is well established that patients’ individual BMD
measurements at the spine and hip correlate with their
body weight [29]. Hence, the findings in Table 4 can be
explained by the trend for heavier subjects to have a higher
BMD, which partly offsets the poorer precision in BMDT
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units in these individuals when precision was expressed as
the CV.

To better characterize the effect of body size on
precision, the OD14 study women were divided into four
quartiles according to their body weight, and the RMS SEE
for spine BMD plotted for each quartile (Fig. 5a). The
results showed an increase in the precision error from
0.014 g cm−2 for women in the lowest quartile (46–62 kg)
to 0.018 g cm−2 for women in the highest quartile (80–
105 kg). Weight change, as well as body weight itself, is
likely to be a factor influencing the precision of BMD
measurements. However, because the heavier women
tended to be the ones who experienced the greatest changes
in weight, it was difficult to separate the two effects. When
the OD14-study-women were divided into four groups
according to whether their body weight or weight change
were above or below the respective median values, the data
showed that weight, but not weight change had a significant
effect on the SEE.

The present study has a number of limitations. We have
already mentioned that the derivation of the long-term
precision error requires the assumption of a linear BMD
change with time, and that if non-linear changes occur, then
the true precision error will be overestimated. The statistical
power of the study was limited by the amount of BMD data
available. With an average of eight measurements for each
subject, the individual precision figures for each woman
were subject to significant statistical errors that limited our
ability to investigate the correlations with BMD and the
effect of weight and the other body-size variables on
precision. When individual precision data were pooled into

larger groups, the statistical power of the study was limited
by the total of 513 spine BMD and 504 hip BMD
examinations. After allowing for the degrees of freedom
lost in calculating precision, there remained a total of 398df
for the calculation of spine and femoral neck BMD
precision, and 389df for the total hip site. Thus, when
women were divided in quartiles according to body weight,
there were approximately 100df for each quartile, implying
a 95% confidence figure of ±15% for the relative error.
Finally, it is clear from the results shown in Fig. 5 that the
effects of weight and weight change on the precision error
expressed in BMD units were relatively modest over the
ranges studied, and there was no effect when precision was
expressed in terms of the coefficient of variation. These
modest effects may be because of a lack of severely
overweight subjects or individuals showing very large weight
changes. In the present study, there were only four women
with a body weight>90 kg or a BMI>35 kg m−2, and only
three women with a weight change SD of >5 kg. Therefore,
we were unable to examine the effect of body weight on
precision in more obese subjects (BMI>40 kg m−2), or the
effect of weight changes of 10 kg or more on BMD, when
there may be considerably larger effects. An important
strength of the present study was that we used the BMD
data from the original scan analysis performed during the
period 1995 to 2006, so our results reflect what was really
achieved at the time.

In conclusion, we found that long-term precision errors
were around 50% larger than short-term errors. For spine
and total hip BMD, it was more appropriate to express the
precision errors in BMD units rather than as the coefficient

Fig. 5 a Spine BMD RMS SEE precision results for OD14-study
women divided into quartiles according to their body weight. Figures
against each group show the range of body weights and the root mean
square (RMS) precision figure. Vertical error bars show the 95%
confidence intervals calculated from the number of degrees of freedom
(approximately 100) for each group. b Spine BMD precision results
for OD14-study women divided into four groups according to whether

their body weight and weight change standard deviation (SD) were
greater or less than the median values. For each group, the figure
shows the number of subjects N, the range of weights and weight
change SDs, the RMS SEE and the RMS CV precision figures, and
their 95% confidence intervals calculated from the number of degrees
of freedom
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of variation. When precision was expressed in BMD units,
weight had a small but statistically significant effect on the
precision of spine and femoral neck BMD over the range
50–90 kg (BMI: 20–35 kg m−2), but none for total hip
BMD. When precision was expressed as the coefficient of
variation, the relationships with weight were no longer
statistically significant, probably because of the correlation
between body weight and BMD at weight-bearing sites.
Weight changes up to 5 kg had little effect on precision, but
the relationship was difficult to investigate because subjects
with the biggest weight changes also tended to be the
heaviest. More studies of individuals >100 kg are required
to fully investigate the dependence of DXA scan precision
on body weight.

Conflicts of interest None.
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