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quantify and help understand the effects of
oedema and atrophy (Lennihan er al, 1973;
Fernie er al, 1978; Fernie et af, 1982;
Krouskop et al, 1988; Persson et al, 1989;
Bednarczyk ef al, 1992). Optical surface
scanners have been used in CAD CAM
prosthetic design (Saunders et al., 1989; Boone
et al., 1989; Oberg 1989; Boone et al., 1994),
but these reports do not include volumetric
analysis of patient stumps. These non-contact
methods have limited ability for atrophy and
oedema assessment. Surface measurement
methods (Lennthan er al., 1973; Persson er al.,
1989) where the stump is modelled as a
truncated cone, were shown (o be unreliable by
Fernie er al. (1978) and Bednarczyk ef al
(1992). Contact contour tracers (Krouskop et
al., 1988; Bednarczyk er al, 1992) suffer from
patient motion, skin deformation from contact,
and limited resolution. Fernie described and
used a water bath on an elevator platform to
measure cross-sectional area of the stump
{Fernie er al, 1978; Fernie ef al, 1982). All
measurements were rclated to the distal cnd,
and were inaccurate due to uncertainty
introduced by surface tension between the skin
and water as the water bath was lowered. A
stated benefit of this method was to enable
regional volume change assessment as volumes
could be estimated for slices of a given
thickness instead of a single volume
measurement for the whole stump. Krouskop et
al. (1988) attempted to compare the volumes of
the socket, unloaded stump, and plaster replica
on 5 subjects with contact contour tracer. The
volumes determined with this method are
basically an extension of the truncated cone
method, with a higher number of circumference
measurements. All methods described above are
limited for prosthetic fit assessment as Lmb
volumetry cannot be performed with the
prosthesis in situ. A method for visualization
and measurement of the stump, including its
internal composition of subcutaneous fat,
muscle, and bone with the prosthesis in situ is
sought to aid prosthesis fitting. Spiral X-ray
Computed Tomography (SXCT) has been
developed for this purpose (Fishman er al.
1993).

An  Optical Surface Scanner (OSS)
(Commean et al, 1994") which employs
structured light was developed to accommodate
lower limb trans-tibial amputees (Bhatia ef al.,

1994%) and to measure distances between
fiducial landmarks (Commean er al, 1994%).
While OSS does not allow discrimination of
sub-surface composition nor in situ evaluation
of prosthesis fit, it is a viable volumetry tool
when internal information is not required.

SXCT and 0SS volumetry methods define
the stump in three dimensions at very high
resolution. An  OSS scan  captures
approximately 30,000 x,vy,z  coordinates
defining the surface of the stump, over a fixed
range of approximately 30cm. For a comparable
30cm Z-axis range (cranial-caundal axis) SXCT
captures approximately three million volume
elements known as “voxels” that represent the
complete morphology of the stump. While the
O35 scan range and resolution is fixed, the
SXCT range and z resolution can be extended
by performing multiple scans, changing the
number of gantry rotations per table increment,
and/or x-ray collimation. Once captured and
processed into three dimensional data, computer
stump models can be analyzed repeatedly.
Regional volumes can be determined and SXCT
volume data analyzed in terms of tissue
composition, allowing registration of models by
skeletal structure for analysis of regional shape,
and determination of local or regional volume
differences between scans. Swface and
volumetric data from the OSS and SXCT are
ameqab]e to solid modelling (Bhatia er al,
1994; Piolo et «l, 1993) enabling finite
element analysis (Szabo et af., 1991).

This validation study extends an initial pilot
investigation performed on SXCT volumetry
using phantoms and a cadaver leg (Smith et al.,
1995) and includes comparison with optical
surface scanning as a volumetry tool in lower
limb prosthetics.

Materials and methods

Ten trans-tibial amputees were recruited to
participate in this study. Informed consent was
obtained from all subjects. Nine subjects
completed the entire protocol. Inclusion criteria
required the subjects to have been previously
fitted with a permanent prosthesis and io have at
least some independent or assisted ambulation.
One subject did not complete the study due to
personal reasons and another completed the
study, but was excluded from the analysis as he
had not yet been fitted with a4 permanent
prosthesis. The mean age of the sample was 50
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* P denotes permanent prosthesis
T denotes temporary prosthesis
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Hydrostatic Weighing
Method Error %

Optical Surface
Scanning (OSS)
Method Error%

Spiral CT (SXCT)
Method Error %

LEVEL n Subject | Cast Subject Cast Subject Cast
Segment 28 N/A N/A 0.5 0.5 0.8 0.8
[nstrument 14 1.1 0.3 22 0.5 0.5 0.9
Fiducial 7 10.0 10.8 9.8 10.5 109 | 12.3




Source of Variance df SS MS F-Ratio P
Casts (C) 13 1644092 126469 -
Methods (M) 2 13567 6784 10.11 p<.001
Error (C x M) 26 17442 671
Total 41 1675101
Source of Variance df S8 MS F-Ratio p
Subjects (S) 13 1619478 124575 -
Methods (M) 2 32671 16335 7.46 p<.01
Error (S x M) 26 56913 2189
Total 41
Tukey HSD Multiple Comparison Test (Casts)
Table of Mean Differences
0SS SXCT
Mean Min. Sig. Mean Min. Sig

Daff. (cc) Diff. (cc) p<.05 Diff. (cc) Diff. (cc) p<.05
Hydrostatic 43.07 24.61 Y 13.64 23.12 N
0SS - - - 2943 14.35 Y

Tukey HSD Multiple Comparison Test (Subjects)
Table of Mean Differences
0SS SXCT
Mean Min. Sig. Mean Min. Sig

Diff. (cc) Diff. (cc) p<.05 Diff. (cc) Diff. (cc) p<.05
Hydrostatic 58.21 44 61 Y 60.07 29.09 Y
0SS - E - 1.86 39.45 N
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