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INTRODUCTION

Abstract—Accurate measurement of the pelvis is critical for
well-fitting and comfortable ischial containment sockets. The
“Skeletal Medial-Lateral (ML)” is intrusive and unreliable to
measure in vivo. This study aimed to determine how accurately
the Skeletal ML could be predicted and to identify which measurements were significant predictors. Computed tomography
scans were randomly sampled from a cadaveric database (n =
200). Inclusion criteria were age > 20 yr; lower-limb alignment
that replicated the anatomical position; and no evidence of
osteological trauma, implants, or bony growths. Multivariate
linear regression models were developed to predict the Skeletal
ML based on a suite of independent variables, including sex,
body mass, and distance between pelvic landmarks. The
regression model explained 76% of the variance in the Skeletal
ML (p < 0.001). Variables that contributed significantly to the
prediction of the Skeletal ML (p < 0.05) included body mass,
sex, inter-greater trochanter distance, pelvic depth, and age.
Significant predictors of the Skeletal ML dimension characterize variation in subcutaneous adipose tissue thickness and pelvic morphology. The Skeletal ML could be predicted with
relatively small errors (standard error of estimate = 7 mm) that
could be easily and reliably adjusted during socket fitting. Further research is needed to test the predictive tool in a real-world
setting.

More than two-thirds of people living with transfemoral amputation report that problems with the fit of their
prosthetic socket cause discomfort, impair mobility, and
restrict participation in everyday activities [1–3].
Accurate measurement of the transfemoral residuum
and pelvis is critical for a well-fitting and comfortable
ischial containment socket. One of the most important measurements is the “Skeletal Medial-Lateral (ML)” because it
defines the ML dimension of the socket brim that intimately encapsulates the pelvis and provides the necessary
coronal plane stability to the remnant femur and pelvis that
enables comfortable and effective gait [4–8]. Specifically,
the Skeletal ML describes the coronal plane distance

Abbreviations: ASIS = anterior superior iliac spine, BMI =
body mass index, CT = computed tomography, GT = greater trochanter, ICC = intraclass correlation coefficient, ML = mediallateral, PSIS = posterior superior iliac spine, SEE = standard
error of estimate, TEM = technical error of measurement.
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between the medial aspect of the ischium and lateral shaft
of the femur immediately inferior to the greater trochanter
(GT) and includes the subcutaneous adipose tissue and skin
[4–6]. Measurement of the Skeletal ML is difficult to obtain
in vivo because of the need to accurately palpate anatomical features of the medial ischium and simultaneously
locate a caliper in the intergluteal cleft. This is made more
difficult as body mass and the thickness of subcutaneous
adipose tissue increase.
Given an understanding of how the Skeletal ML is
measured, it is not surprising that the technique is considered intrusive and that large variations in measurements
are common [4]. We are not aware of any studies that
have established the accuracy or reliability of the Skeletal
ML measurement in vivo. Based on our clinical experience and teaching ischial containment to novice and
experienced clinicians, we suggest that it is not uncommon for repeated measures to vary between as much as 1/2
to 1 in. (12–25 mm). Similar variability (average range
12 mm) was observed in a laboratory-based study using
similar instrumentation, despite the relative simplicity of
measuring a rigid foam model mounted in a bench vice
[9]. A better technique is needed to improve the accuracy
of the Skeletal ML measure without recourse to intrusive
and unreliable measurement.
A pilot study on living subjects sought to determine
the accuracy with which the Skeletal ML could be predicted using noninvasive measurements typically recorded
by prosthetists during their everyday clinical practice,
including sex, stature, anterior-posterior dimension (i.e.,
distance between the adductor longus tendon near its origin and the ischial tuberosity in sitting), and iliofemoral
angle (i.e., soft tissue angle in the coronal plane between
the lateral femoral shaft and gluteus medius in standing)
[4]. While the regression model was able to explain
59 percent of the variance in the Skeletal ML, only sex
contributed significantly to the prediction [4]. The standard error associated with the prediction was 9 mm [4].
Errors of this magnitude may be difficult to reliably adjust
by packing (i.e., placing a foam piece inside the socket to
fill a void or increase tissue loading) or heating the socket
to alter its dimensions.
The error associated with predicting the Skeletal ML
could be reduced by developing a predictive model using
more precise input data from computed tomography (CT)
and identifying additional independent variables that
might explain a proportion of the variance not already
described by sex. Where possible, independent variables

should be bone-to-bone measurements given their
improved accuracy and reliably compared with soft-tissue
measures [10].
We sought to identify additional independent variables from the related gynecological and anthropological
literature because anthropometric measurements of the
pelvis have been widely used to identify women at risk
for complicated delivery or to identify human remains.
Any number of measures have been used to characterize
differences in pelvic morphology, including pubic arch
angle, diameter of the pelvic inlet, pelvic depth (i.e., anterior-posterior distance between the pubic tubercles and
posterior superior iliac spines [PSISs]), and distance
between the anterior superior iliac spine (ASIS) (Figure 1)
[11–13]. Whether these measurements are strongly correlated with the Skeletal ML or account for the unique variance not already described by sex is unknown. A more
pragmatic approach would be to look at measurements
that clinicians could easily and reliably record during
clinical practice and simply test these. To this end, the
following independent variables were tested: sex, age,
stature, body mass, and pelvic height and depth, as well
as the distance between the ASIS, PSIS, iliac crests, and
GT (Figure 1).
The aim of this study was to estimate the accuracy
with which the Skeletal ML could be predicted and identify which independent variables contributed significantly to the prediction.

METHODS
Selection of Computed Tomography Scans
Whole body CT scans were obtained from a database
of deceased persons at the Victorian Institute of Forensic
Medicine, Melbourne, Australia. Ethics approval was provided by the Victorian Institute of Forensic Medicine,
Research Advisory and Ethics Committee, as well as the
La Trobe University Human Ethics Committee. The dataset was thought to be representative of the general population in that all persons undergoing some form of
investigation following death (e.g., routine autopsy) were
included in the database.
CT scans were randomly sampled from the database
and subsequently vetted. Based on previous work [4],
200 cases were needed to detect a 0.13 change of slope for
various predictors in a regression model with 80 percent
power. Cases were defined using the following exclusion
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Apparatus
CT scans were measured using proprietary software,
Vitrea version 3.1 (Vital Images Inc; Minnetonka, Minnesota), where each frame/graduation corresponded to a
2 mm transverse slice thickness. The software included a
rendered three-dimensional image showing the CT section being simultaneously displayed in each anatomical
plane of reference.

Figure 1.
Schematic representation of pelvic measurements used as
independent variables in predictive model. ASIS = anterior
superior iliac spine, PSIS = posterior superior iliac spine.

criteria: younger than 20 yr of age given incomplete pelvic growth [14–15], body mass and stature outside the
Australian population norm [16], evidence of osteological
trauma, orthopedic implants or bony growths (e.g., osteophyte formation), and lower-limb alignment atypical of
the standing anatomical position (e.g., hip abduction).

Procedure
Details of sex, age, stature, and body mass were
extracted from the case demographics reported with each
CT scan. Anatomical planes of reference were subsequently established. The transverse plane was defined by
the most inferior aspect of the left and right ischial tuberosities. The sagittal plane was defined by a plane passing
through the most anterior part of the right and left ASIS
and the pubic tubercles [17]. The coronal plane was perpendicular to the sagittal plane. This made it possible to
pan through sequential slices of the CT scans in anatomical planes of reference and record measurements with
respect to these planes (e.g., the inter-ASIS distance was
measured in the coronal plane).
A variety of techniques was necessary to record measurements from the CT scans using the Vitrea ruler tool.
In many cases, measurements were recorded between anatomical landmarks on the same slice of the CT scan (e.g.,
distance between the most anterior part of the right and left
ASIS, Figure 1). Some measurements first required the
establishment of reference lines to define bilateral landmarks. For example, pelvic depth was measured in the sagittal plane between two reference lines—that is, a reference
line between the most anterior projection of the right and
left pubic tubercles and a reference line between the most
posterior projections of the right and left PSIS (Figure 1).
In terms of the Skeletal ML, the points of measurement
were not specifically defined by anatomical landmarks, and
as such it was necessary to define these. A point of measurement on the medial ischium was defined by the intersection of two reference lines. The first reference line was
midway between the most inferior part of the ischial tuberosity and most inferior part of the obturator foramen (Figure 2). The second reference line was at the midpoint
between the most posterior part of the ischium and the most
posterior part of the obturator foramen (Figure 2). These
reference lines not only defined the point of measurement
on the medial ischium but also the coronal and transverse
plane slice at which the Skeletal ML would be measured.
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The Skeletal ML was recorded in three parts to assess
concerns that the supine positioning of cadavers on the
CT scanner would deform the posterior-lateral subcutaneous adipose tissue and compromise the Skeletal ML
measurement. The three component parts of the Skeletal
ML were the coronal plane distances from the (1) medial
ischium to the lateral shaft of the femur; (2) lateral shaft
of femur to the lateral margin of the iliotibial tract; and
(3) iliotibial tract to the epidermis, encompassing the subcutaneous adipose tissue and skin (Figure 3).

Figure 2.
Posterior-medial view of left ischium showing intersection of reference lines defining point at which Skeletal Medial-Lateral was
measured. Horizontal reference line was midway between most
inferior portion of ischial tuberosity and most inferior portion of
obturator foramen (illustrated). Vertical reference line is midway
between most posterior part of ischium and most posterior part
of obturator foramen.

To determine whether the deformation of subcutaneous adipose tissue and skin would affect measurement of
the Skeletal ML, we randomly sampled 20 cases, thereby
ensuring that characteristics of sex, body mass index
(BMI), stature, and age were representative. Based on
this sample, we observed considerable deformation of the
subcutaneous adipose tissue in many cases (Figure 4).
Measures of subcutaneous adipose tissue and skin lateral
to the iliotibial tract were not well correlated with BMI
(r2 = 0.374, p = 0.10), as would be expected based on
related literature [18–19], and when used as part of the
Skeletal ML measure did not result in typical sex differentiation between males (0.149 ± 0.013 m) and females
(0.142 ± 0.026 m) [4]. The Skeletal ML was also considerably larger in females and disproportionately variable
compared with that previously reported [4].
Given our concern that deformation of the posteriorlateral subcutaneous adipose tissue and skin resulted in
erroneous measurements of the Skeletal ML, we tested

Figure 3.
Transverse plane computed tomography scan showing component parts of Skeletal Medial-Lateral measurement: (1) medial
ischium to lateral shaft of femur, (2) lateral shaft of femur to lateral margin of iliotibial tract, (3) subcutaneous adipose and skin
lateral to iliotibial tract.
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mencement of the study. CT scans were measured twice,
2 wk apart, without knowledge of the original measurements. The test-retest reliability was determined by intraclass correlation coefficients (ICCs) using a one-way
random effects model and absolute agreement definition.
All bone-to-bone (ICC > 0.9, p < 0.001) and soft tissue
(ICC > 0.8, p < 0.01) measurements were reliable.

Figure 4.
Alternative locations trailed for measuring subcutaneous adipose and skin thickness (1) anteriorly, along sagittal plane reference line bisecting midpoint between medial ischium and lateral
shaft of femur; (2) anterolaterally, along reference line 45° to
midsagittal and coronal plane; (3) posteriorly, along sagittal
plane reference line bisecting midpoint between medial ischium
and lateral shaft of femur.

additional locations for measuring the subcutaneous adipose tissue and skin thickness: (1) anteriorly, along the
sagittal plane reference line bisecting the midpoint between
the medial ischium and lateral shaft of femur; (2) anterolaterally, along a reference line 45° to the midsagittal and coronal planes; and (3) posteriorly, along a sagittal plane
reference line bisecting the midpoint between the medial
ischium and lateral shaft of the femur (Figure 4). Along
these reference lines, subcutaneous adipose tissue and skin
were measured from the epidermis to the most superficial
border of the musculature (Figure 4). Of these measures,
only the anterior subcutaneous adipose tissue and skin
thickness were correlated with BMI (r2 = 0.604, p = 0.005)
and resulted in typical sex differentiation and variability in
males (0.143 ± 0.013 m) and females (0.118 ± 0.013 m), in
keeping with previous literature [4,18]. As such, we used
the anterior measure of subcutaneous adipose tissue and
skin as an alternative to the lateral measure that was compromised by supine positioning of the cadavers.
The author (M.Q.) was trained to use Vitrea, and reliability of the measurements were subsequently assessed
using a random sample of CT scans prior to the com-

Data Reduction and Analysis
A hierarchical multivariate linear regression model
was developed, in accordance with the techniques
described by Pallant [20], to determine the accuracy of
the Skeletal ML prediction. Separate regression models
were developed to determine whether there were differences in the standard error and predictors of the Skeletal
ML based on sex.
Preliminary analyses were conducted to ensure that
the assumptions of normality and linearity were not violated so as to establish the validity of the linear regression
[20]. The preliminary analyses, sample descriptive statistics, and linear regressions were computed using SPSS
version 21 (IBM Corporation; Armonk, New York). The
results were presented as standardized coefficients (beta)
to allowed direct comparison of which independent variables had the greatest effect on the Skeletal ML.

RESULTS
Of the 200 cases measured, 111 were male (55%) and
89 were female (45%). Demographic data describe a
wide cross-section of the population as evidenced by the
range in age, stature, body mass, and BMI (Table 1). The
average Skeletal ML was larger in males (0.138 ± 0.011 m,
range: 0.106–0.167 m) than in females (0.120 ± 0.011 m,
range: 0.091–0.149 m), and variability was comparable
between sexes.
The regression model explained 76 percent of the
variance in the Skeletal ML (r2 = 0.762), which was statistically significant (F(10,189) = 60.524, p < 0.001). A
number of independent variables made a unique and statistically significant contribution to the regression model:
body mass, sex, inter-GT distance, pelvic depth, and age
(Table 2). The standard error associated with the prediction of the Skeletal ML was 0.07 m (standard error of
estimate [SEE] = 0.07).
Separate regression models were developed to determine whether there were differences in the predictors

258
JRRD, Volume 53, Number 2, 2016

Table 1.
Demographic characteristics of sample of computed tomography scans by sex.

Demographic
Age (yr)
Stature (m)
Mass (kg)
BMI (kg/m2)

Females (n = 89)
Mean
58
1.60
65.6
25.5

Median
57
1.61
66.0
24.7

SD
19
0.07
10.8
4.2

Min
24
1.44
44.0
18.2

Males (n = 111)
Max
94
1.76
92.0
38.3

Mean
59
1.71
77.4
26.4

Median
58
1.72
75.0
25.9

SD
17
0.07
12.5
4.2

Min
22
1.54
55.0
19.0

Max
93
1.87
106.0
38.0

BMI = body mass index, Max = maximum, Min = minimum, SD = standard deviation.

Table 2.
Estimated coefficients from multivariate linear regression of Skeletal
Medial-Lateral.

Standardized
Measure
Coefficient p-Value
(Beta)
Mass
0.549
<0.001
Sex
0.337
<0.001
Inter-GT Distance
0.303
<0.001
Pelvic Depth
0.182
<0.001
Age
0.110
0.02
Interiliac Crest
0.066
0.31
Pelvic Height
0.062
0.33
Inter-ASIS Distance
0.040
0.49
Inter-PSIS Distance
0.009
0.85
Stature
0.005
0.94

Semipartial
Correlation
Coefficient
0.460
0.199
0.213
0.126
0.086
0.036
0.035
0.024
0.007
0.003

ASIS = anterior superior iliac spine, GT = greater trochanter, PSIS = posterior
superior iliac spine.

between sexes. In the female cohort, the regression
model explained 60 percent of the variance in the Skeletal ML (r2 = 0.604), which was statistically significant
(F(9,79) = 13.387, p < 0.001). A number of variables contributed significantly to the prediction in the female
cohort, including mass (beta = 0.620, p < 0.001), interGT distance (beta = 0.468, p < 0.001), and pelvic depth
(beta = –0.210, p = 0.045). In the male cohort, the regression model explained a similar proportion of the variance
in the Skeletal ML (r2 = 0.635), which was also statistically significant (F(9,101) = 19.544, p < 0.001). The same
predictors were also significant contributors in the male
sample: mass (beta = 0.641, p < 0.001), inter-GT distance
(beta = 0.311, p < 0.001) and pelvic depth (beta = –0.242,
p = 0.007), with the addition of age (beta = 0.189, p =
0.02). These regression models were able to predict the
Skeletal ML with a standard error of 0.07 m in both the
females (SEE = 0.07) and males (SEE = 0.07).

DISCUSSION
This investigation sought to estimate how accurately
the Skeletal ML could be predicted and to identify which
variables contributed significantly to the prediction.
A number of independent variables—body mass, sex,
pelvic depth, inter-GT distance, and age—made a unique
and significant contribution to the regression model. The
standard error associated with the prediction was 7 mm,
with no differences between sexes.
Of the independent variables that explained significant variation in the Skeletal ML, we suggest that sex,
pelvic depth, and inter-GT distance characterize different
shapes of the pelvic outlet. For example, the inter-GT
distance may characterize the wide ML dimension of the
platypelloid pelvis, and a large pelvic depth measure may
typify the large anterior-posterior dimension of the
anthropoid pelvis (Figure 5).
Body mass had the largest influence on the Skeletal
ML, explaining 21 percent of the unique variance as
determined by the square of part correlation coefficients
reported in Table 2. It is logical that increased body mass
also increased the Skeletal ML given that body mass was
positively correlated with the subcutaneous adipose tissue and skin thickness component of the Skeletal ML in
both males (r2 = 0.64, p < 0.001) and females (r2 = 0.65,
p < 0.001) and that subcutaneous adipose tissue and skin
thickness was a large proportion of the Skeletal ML
(mean: 11%, range: 4%–35%).
We were surprised that age explained a unique and significant part of the variation in Skeletal ML in males, particularly given that our sample only included cases that
were skeletally mature. The observed relationship between
increased age and pelvic width has been reported in just one
other investigation, in which increased width between the
GT and iliac wings was correlated with increasing age in
both sexes [21]. Investigators have rejected the hypothesis
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Figure 5.
Schematic of (a) platypelloid and (b) anthropoid pelvis types.
Platypelloid pelvis shows wider mediolateral dimension, while
anthropoid pelvis shows greater pelvic depth, as seen in anteriorposterior dimension.

that increased width between pelvic landmarks was due to
periosteal apposition secondary to age-related decline in
muscle mass and strength or endocortical resorption in
postmenopausal women [21–22]. We tested whether inadvertent selection of older individuals with larger body mass
had biased the sample, but the relationship between age and
body mass in both the males (r2 = 0.014, p = 0.15) and
females (r2 = 0.115, p = 0.28) was weak and not significant.
As such, we are unable to explain the influence of age on
the Skeletal ML.
Comparison with other studies was limited because
only one other investigation has predicted the Skeletal ML

[4]. The average Skeletal ML measurements reported in
this study (males: 0.138 ± 0.011 m, females: 0.120 ±
0.011 m) were comparable with previous in vivo measurement [4] (males: 0.140 ± 0.090 m, females: 0.119 ±
0.080 m), which engenders confidence that measurements recorded using CT scans provide similar outcomes.
The regression model developed in this study explained an
additional 17 percent of the variance in the Skeletal ML
(r2 = 0.76) compared with previous work (r2 = 0.59) [4].
This could be attributed to more accurate input data from
CT scans (compared with in vivo measurement), inclusion
of additional independent variables that explain the variance in the Skeletal ML not previously described by sex,
and a more appropriately powered study. In combination,
these methodological differences explain the reduction of
the standard error in this study (SEE = 0.07 m) compared
with previous work (SEE = 0.09 m) [4]. Difference in the
standard error between these studies was modest despite
the fact that we were able to explain a very high proportion
of the variance in the Skeletal ML. While there will be
other independent variables that explain part of the variance in the Skeletal ML, it is doubtful whether incremental
increases in the coefficient of determination will dramatically reduce the standard error and further improve the
accuracy of the prediction.
It could be argued that the real value of being able to
predict the Skeletal ML lies not in its millimeter precision,
but as an alternative to in vivo measurement where
repeated palpation of the medial ischium and caliper
placement in the intergluteal cleft near the anus is uncomfortable and intrusive.
Further work is necessary to demonstrate if the Skeletal ML prediction is sufficiently accurate for clinical use
and that errors can be easily and reliably adjusted during
check socket fitting.
Limitations
At the outset of the investigation, we expected that
CT scans would be far more accurate and reliable than in
vivo measurement. We had not anticipated the extent to
which CT scans in supine would result in deformation of
posterior-lateral subcutaneous adipose tissue and compromise measurement of the Skeletal ML. To address this, we
measured the thickness of the subcutaneous adipose tissue
and skin on the anterior thigh as a component of our Skeletal ML measurement as an alternative. We hope to have
been clear about the rationale and careful to demonstrate
the reasonableness of this alternative approach. As we
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have observed in this study, obtaining measurements from
CT scans and in living subjects have inherent limitations
and we can only expect similarity in measurements
between different methods given there is no gold standard. The fact that the Skeletal ML measures reported in
this study were comparable to those reported from the
only in vivo study [4] helps engender confidence in the
reasonableness of the approach.
Cadaver placement on the bed of the CT scanner was
highly variable because of the presentation of deceased
persons to the Victorian Institute of Forensic Medicine.
While we were careful to address this through vetting of
cases and our method of establishing anatomical planes
of references for each scan, we did not control for variation in the femoral adduction/abduction angle or the
degree of hip internal/external rotation beyond visually
observing that the lower limbs were in a normal anatomical alignment. Theoretically, large changes in the femoral
adduction/abduction angles or hip internal/external rotation would be needed to influence the Skeletal ML, and
some variation is to be expected given that persons with
limb loss, like the general population, present with a variety of lower-limb alignments. We acknowledge this as a
source of uncontrolled variation in our measurement of
the dependent variable, and future studies may determine
that controlling for this variation is important.
While our sample included a wide cross-section of
the population, there is no evidence to suggest the results
would be applicable to children or adolescents given differences in pelvic morphology compared with the skeletally mature adults included in this sample.
Clinical Implications
Further work is necessary to put this predictive tool
in the hands of clinicians and demonstrate its usefulness
in a real-world setting. To this end, we are developing an
application (iPhone app) that will allow clinicians to
enter patient details (body mass, sex, age, width between
the GT, and pelvic depth) to estimate the Skeletal ML.
Clinicians can then use the estimated Skeletal ML as an
alternative to in vivo measurement in their casting, cast
evaluation, cast rectification, and socket fitting.
It will be important to evaluate the reliability with
which clinicians can measure the input parameters and
the effect of these variations on the accuracy of the Skeletal ML prediction. The first step in this process would
be to develop a protocol to ensure that prosthetists adopt
reliable practices for the measurement of the anthropo-

metric input data. When such protocols have been utilized, measurement of body mass and inter-GT distances
have been shown to be reliable and have a small technical
error of measurement (TEM) [23–24]. As an illustrative
example, the intrarater TEM associated with the inter-GT
distance is 0.5 cm [23]. Given that we were unable to find
evidence of the TEM associated with pelvic depth and
that measurement error varies based on the population
and instrumentation, a specific protocol would need to be
developed and tested as part of any further work. It will
also be important to determine whether ischial containment sockets made using the predictive technique result
in fewer or less significant errors in the Skeletal ML that
require adjustment or new sockets.

CONCLUSIONS
This investigation shows that the Skeletal ML can be
predicted with a small standard error using body mass,
sex, inter-GT distance, pelvic depth, and age. These predictors characterize differences in subcutaneous adipose
tissue thickness and pelvic morphology that underlie variation in the Skeletal ML. The relatively small errors associated with the prediction could be easily and reliably
adjusted during fitting of the socket. Further research is
needed to demonstrate the usefulness of the predictive
tool in a real-world setting and evaluate whether ischial
containment sockets made using the predictive tool result
in fewer or less significant errors in the Skeletal ML compared with in vivo measurement.
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