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Abstract—The quality of lower-limb prosthetic socket fit is
influenced by shape and volume consistency during the residual
limb shape-capturing process (i.e., casting). Casting can be
quantified with magnetic resonance imaging (MRI) technology.
However, chemical shift artifact and image distortion may influ-
ence the accuracy of MRI when common socket/casting materi-
als are used. We used a purpose-designed rig to examine seven
different materials commonly used in socket fabrication during
exposure to MRI. The rig incorporated glass marker tubes filled
with water doped with 1 g/L copper sulfate (CS) and 9 plastic
sample vials (film containers) to hold the specific material speci-
mens. The specimens were scanned 9 times in different configu-
rations. The absolute mean difference of the glass marker tube
length was 1.39 mm (2.98%) (minimum = 0.13 mm [0.30%],
maximum = 5.47 mm [14.03%], standard deviation = 0.89 mm).
The absolute shift for all materials was <1.7 mm. This was less
than the measurement tolerance of +/–2.18 mm based on voxel
(three-dimensional pixel) dimensions. The results show that
MRI is an accurate and repeatable method for dimensional mea-
surement when using matter containing water. Additionally, sili-
cone and plaster of paris plus 1 g/L CS do not show a significant
shape distortion nor do they interfere with the MRI image of the
residual limb.

Key words: accuracy, casting, chemical shift, MRI, prosthesis,
prosthetic socket, residual limb, residual limb volume, shape
distortion, socket material.

INTRODUCTION

The purpose of the prosthetic socket is to provide a
mechanical coupling between a residual limb and a pros-
thesis. The overall success of the prosthesis is influenced
by the quality of this coupling. Socket fit is the most
important characteristic of a prosthesis as indicated by
users [1–3]. State of the art prosthetic sockets are
designed and hand-crafted for the individual, and the
socket is usually made through the process of shape cap-
turing, rectification, and alignment.

Depending on the socket concept, a plaster of paris
(POP) wrap cast is manually applied over the residual
limb (residuum) or over the elastomeric liner covering

Abbreviations: 3-D = three-dimensional, ANOVA = analysis of
variance, CI = confidence interval, CS = copper sulfate, CT =
computed tomography, MRI = magnetic resonance imaging,
POP = plaster of paris, RF = resonance frequency, SD = standard
deviation, SXCT = spiral X-ray computer tomography, TI = toler-
ance interval.
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the residual limb with the aim of capturing a modified
shape of the soft tissues. This shape is used to produce a
positive model, which is afterward adapted (rectified)
according to one of a number of design paradigms. The
performance of an individual prosthetist is strongly influ-
enced by personal experience, skill, and beliefs [4–5];
hence these procedures are often inconsistent.

The shape-capturing consistency of hands-on (patellar
tendon bearing) and hands-off (ICECAST Compact®,
Össur; Reykjavik, Iceland) sockets has been compared
using a manikin model [4]. It was shown that the hands-off
concept has more consistent results than the hands-on
socket for shape capturing. The hands-on concept had a
maximum radius variation of approximately 2.4 mm in the
distal part and 5 mm in the proximal part of the residual
limb, whereas the hands-off concept revealed a constant
pattern of maximum radius variation of 1.4 mm along the
length of the model in both distal and proximal parts.

Quantification of inter- and intrasocket shape and vol-
ume differences requires accurately aligning a three-
dimensional (3-D) model of the residual limb in a common
coordinate system. Optical scanning, including laser scan-
ning, is the most commonly used method to construct the
3-D model of the residual limb. Attempts have been made
to align the 3-D model using minimized volume difference
[5], anatomical landmarks [6], feature-extraction tech-
niques [7], line of best fit through the centroids of the
cross-sections [8], and weighted mean absolute difference
in combination with the alignment of surface normals [9].

In surface scanning methods, the morphological infor-
mation about the bone and its relation to the surface of the
socket, which could be useful in better understanding of
the socket fit, is missing. Spiral X-ray computer tomogra-
phy (SXCT), magnetic resonance imaging (MRI), and
ultrasound provide both internal and external limb infor-
mation. Therefore, the rigid internal limb structure (e.g.,
tibia) can be used as a reference to align multiple 3-D mod-
els of a residual limb [10–11]. These methods can be used
to scan the residual limb while the socket/prosthesis is
manufactured [12]. Smith et al. obtained two SXCT scans
of seven transtibial residual limbs for each of two sessions
[11]. The tibia was segmented from the SXCT scans with
Analyze® software (AnalyzeDirect, Inc; Overland Park,
Kansas) and then used to register all inter- and intrasession
scans to a common coordinate system. The results of their
study showed that this registration technique has an error
of approximately 1 percent relative to the mean volume of
the residual limb [11].

From a two-dimensional transverse slice sequence,
computed tomography (CT) can provide a 3-D model of
the residual limb. Data from CT have been used in com-
puter-assisted design systems [13] as well as in finite ele-
ment studies [14–16]. Soft tissue and bone can be
extracted from SXCT with a resolution better than 1 mm
and accuracy of 2.2 mm [17–18]. However, CT technology
should be used with caution because of ionizing radiation,
which is of special concern after repeated measurements.

MRI is a nonionizing, high-resolution imaging tech-
nique that can provide a clear distinction between tissues.
Studies have shown that MRI is an accurate method of
soft tissue and bone dimension measurement and volume
assessment, and it has been used to estimate accurate mor-
phological information of different tissues, e.g., bone,
muscle, and articular cartilage [19–26].

The so-called chemical and mechanical shifts are the
main issues that may influence the accuracy and validity
of a scanned MRI image of a residual limb. Mechanical
shift is caused by a physical disturbance, such as the
movement of the segment of interest during the scanning
procedure. Chemical shift is a result of the chemical prop-
erties of materials inside the magnetic field. The spin of a
nucleus in a magnetic field depends on the magnetic field
of the molecular environment. The total magnetic field
experienced by a nucleus is the sum of the magnetic fields
of the scanner and the local magnetic fields resulting from
electron movement around the nucleus in its orbit. There-
fore, different numbers of electrons cause different
amounts of local magnetic fields at each nucleus, which is
reflected in the resonance frequency (RF). This variation
in RF causes spatial misregistration of material in the
frequency-encoding direction. In the human body, water
and fat are the source of hydrogen nuclei. Since each of
these materials has a different molecular composition,
their manifestation in the image is dissimilar. Buis et al.
showed in a pilot study that POP and silicone did not dis-
tort or interfere with the MRI image [10]. The chemical
shift artifact of a particular material is always in one direc-
tion relative to the field and with the same magnitude. It
can therefore, in principle, be compensated for [10].

Subcutaneous fat is a major part of the lower limb.
The accuracy of soft tissue dimensional measurement can
be affected by chemical shift resulting from fat and adi-
pose tissue. The residual limb is normally wrapped with
casting material in order to prevent soft tissue distortion
due to gravitational forces during scanning. However, the
shape can be distorted when common casting materials
are used if they produce a chemical shift in MRI images.
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The shifted image of the skin can, for example, end up
superimposed on adjacent casting materials, influencing
the accuracy of the soft tissue boundary detection. Prior
to use of MRI in volume and shape quantification of the
residual limb, the question of whether there are any arti-
facts as a direct result of commonly used casting materi-
als needs to be answered.

In addition, the accuracy and repeatability of MRI geo-
metric measurements can be affected by factors such as sub-
ject positioning and movement inside the scanner
(mechanical shift) and operator-dependent interactions dur-
ing acquisition and image processing. Therefore, prior to
examining possible image artifacts caused by chemical shift,
we examined the spatial accuracy and repeatability of MRI.

METHODS

Specimens of seven different common prosthetic cast-
ing materials used in transtibial socket fabrication, includ-
ing silicone, silicone gel, polyurethane, polypropylene,
Pe-lite (closed cell foam), laminate, and POP, were
assessed for possible shape distortion and chemical shift.

Relevant materials were fitted in plastic film contain-
ers (diameter 30 mm) and then labeled from 1 to 9, creat-
ing 3 rows and 3 columns. We filled 3 containers with wet
POP bandage, each doped with different concentrations of
copper sulfate (CS), namely 1 g/L, 2 g/L, and 3 g/L, to
investigate differences in signal intensity. The POP was
placed inside the containers. Excess water was drained
and the sample was left to cure. The laminate specimens
were made out of acrylic resin (matrix) and layers of per-
lon stockinette, carbon fiber, and glass fibers. The materi-
als were prepared and filled in the containers a few days
before scanning, except for the POP, which was prepared
and placed inside the containers just 10 min before scan-
ning so that it was cured but remained wet.

An acrylic glass (Perspex™, Lucite International;
Hampshire, United Kingdom) rig (300 × 160 mm) was
purpose-designed and produced to hold the containers
within the bore of the MRI scanner (Figure 1). Perspex is
a material that has the same magnetic susceptibility as
water, which eliminates the susceptibility artifact [27] and
so does not distort the image. Three rows of three holes
were made on the plate with the same diameter as the exte-
rior diameter of the containers. Containers passed through
the holes and were suspended using the larger diameter of
the cap and without any movement of relevance.

Three sets of glass tubes (length 100 mm × diameter
5 mm) filled with water (doped with 1 g/L CS) were
placed on the plate perpendicular to each other next to
each row of containers. Six recesses were made so that
the marker tubes could be positioned accurately. Addi-
tionally, three holes were made to fit marker tubes per-
pendicular to the plate. The marker tubes were placed in
the holes and recesses and secured with a drop of super-
glue. These markers were used to evaluate the accuracy
and repeatability of MRI dimension measurement in
three orthogonal directions and as reference markers for
examining possible image distortion of socket materials.

All the holes and recesses were made using a validated
computer numerical control milling machine (model
FP4NC, Deckel; Pfronten, Germany). The accuracy and
validity of the machine was tested [28], and it was reported
to have an accuracy of 0.005 mm. In order to keep the plate
steady inside the bore of the MRI machine during scanning,
a Perspex cylinder (length 326 mm × diameter 172 mm)
was used (Figure 1). This also helped with locating the
plate inside the scanner. Specimens were subsequently
scanned 9 times. After each scan, the cylinder was removed
from the bore of the machine and all containers (containing
the socket materials) were shuffled around so that all mate-
rials were scanned in all 9 locations, giving data across the
field of view of the MRI. To be consistent, we placed the
Perspex cylinder into the scanner the same way each time,
with position 1 entered first into the bore of the scanner
(Figure 1). This also made it possible to consistently match
the coordinate system in the image volumes to that of the
scanner. A fast-spoiled gradient-recalled-echo (FSPGR)
pulse sequence with the following parameters was
adopted: field intensity 3T, repetition time 6.9 s, time of
echo 1.5 s, inversion time 500 ms, bandwidth 31.25 KHz,
flip angle 12°, matrix 256 × 256, slice thickness 1.8 mm,
voxel dimensions 1.8 × 1.09 × 1.09 mm, and signal
average 1.

Data were exported to state-of-the-art visualization
software (Analyze®) developed at the Mayo Clinic Bio-
medical Imaging Resource in Rochester, Minnesota. All
files were downloaded as a separate volume in the main
workspace of the software. The voxel dimensions were
resized to an isotropic dimension (voxels 1.09 × 1.09 ×
1.09 mm) so that the volume was the same size as the
real-life specimen. Additionally, using the reference
marker tubes, we aligned the coordinate system of all the
images and matched it to the coordinate system of the
scanner. To do this, we downloaded each image to the



34

JRRD, Volume 50, Number 1, 2013

software workspace and aligned it three times, once for
each orthogonal direction. This enabled us to compensate
for the effect of possible tilting of the containers during
imaging. It was found that three material specimens,
polypropylene, Pe-lite, and laminate, were not visible in
the images (Figure 2).

The lengths of all the marker tubes in all 3 orthogo-
nal planes in 3 consecutive slices were measured in all 9
scans. Then, distances from the center of the materials to
the coordinate system origin, defined by the perpendicu-
lar reference markers, were measured in 3 slices: first,
middle, and last slice, to check for the possible shift in
the location of materials in each x, y, and z direction. The
coordinate system was set in each slice according to the
image direction in the MRI bore (Figure 1 and Figure 2).
Additionally, diameters of the materials were calculated
from measurements to examine possible image distor-
tion. Finally, the difference between MRI-derived mea-

surements and actual values for all variables was
calculated for the statistical analysis.

The alpha level was set at 0.05. The factorial analysis
of variance (ANOVA) test was used to test the effect of
scan, slice, direction, and position factors on means of
measurement differences. We created interaction plots
and performed post hoc comparisons with Bonferroni
honest significant difference correction to determine
which pairs of the population mean differed once a sig-
nificant difference was detected. The confidence interval
(CI) and tolerance interval (TI) were also calculated. Due
to voxel size and a phenomenon called “partial volume
effect,” the tolerance of measurements in each of the x, y,
and z directions was measured to be ±2.18 mm. The TI
was calculated as the actual value plus/minus the toler-
ance of measurement. The CI produces a range of values
within which the sample mean lies in 95 percent of sam-
ples. If the CI of the MRI measurements falls within the
TI, the MRI measurements and the actual values are stat-
ically significant equivalent [29–30]. The Bland and Alt-
man plot was also created when appropriate [31]. For all
tests and plots, we used SPSS version 17.0 (IBM;
Armonk, New York).

RESULTS

Results show that the mean absolute difference of the
reference tube length was 1.39 mm (2.98%) (minimum =
0.13 mm [0.30%], maximum = 5.47 mm [14.03%], standard

Figure 1.
Experimental scanning setup. Perspex tube enclosing Perspex

plate that holds glass tubes and materials containers during

scanning.

Figure 2.
Three-dimensional chromo-depth volume render of materials.
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deviation [SD] = 0.89). There was no significant effect of
the aforementioned factors on the mean difference of tube
length measurements. However, a significant result was
found for slice-position interaction (p < 0.02). The three
positions are shown in Figure 1. The slice-position interac-
tion plot shows that the mean difference is slightly higher in
position 1 and stays fairly constant in positions 2 and 3 for
slices 1 and 2. Slice 3 follows the reverse pattern, which has
a higher mean value in position 3. In the plots, the mean and
upper and lower tolerance limit lines were plotted to show
visually whether the means of variables lie within the toler-
ance limit. It shows that all means lie within the tolerance
limit of measurements (Figure 3).

Differences between MRI values and actual values for
the distance from the center of each material to the origin
of measurement (x, y, and z reference axis) were calcu-
lated. The statistical significance of the possible effect of
the factors on the mean difference of material distance
shows a significant effect of direction factor on the dis-
tance measurement (p < 0.001). The post hoc test shows
that there is no significant difference between mean differ-
ence in the x and z directions (mean difference 0.15 mm,
95% CI, 0.43 to 0.13), whereas mean difference in the y
direction is significantly different from that of both x
(mean difference 1.5 mm, 95% CI, 1.78 to 1.22) and z
(mean difference 1.34 mm, 95% CI, 1.62 to 1.06)
directions.

The material-direction interaction plot shows that
materials were shifted on average 1.34 mm in the posi-
tive y direction. Furthermore, it shows that all POP mate-
rial has similar variability in mean difference and differs
from elastomeric materials. Polyurethane has a constant
mean difference for both the x and z directions and
increases in the y direction. However, mean differences
for all materials lie within the tolerance limit of measure-
ments (Figure 4).

The statistical significance of the possible effect of
different levels of factors on mean diameter from facto-
rial ANOVA shows that no significant effect exists of
scan, slice, direction, or position factors on the mean of
diameter measurements.

All CI values for the length of the reference markers
fall within the TI (Table). The Bland and Altman plots
were created for the distance of the materials (Appendix,
available online only). Additionally, CIs of the diameter
of all the materials in both the x and z directions versus
the TI (Table) show that the diameter of silicone and
POP +1 g/L CS do not differ from the actual value in the
z direction, and in the x direction, the CI of silicone and

all three different CS-concentrated POP samples remain
within the TI (Table).

DISCUSSION

The purpose of this study was to examine the antici-
pated chemical shift artifact and shape distortion of common

Figure 3.
Slice-position interaction plot for mean difference of tube length.

Dotted horizontal lines represent tolerance interval.

Figure 4.
Direction-material interaction plot for mean distance difference.

Dotted horizontal lines represent tolerance interval. CS = cop-

per sulfate, POP = plaster of paris.
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prosthetic materials and their effect on MRI images. A pur-
pose-designed Perspex rig incorporating a reference coordi-
nate system using glass marker tubes filled with water
doped with 1 g/L CS was validated prior to material speci-
men scans.

Mitsiopoulos et al. examined the validity of volume
estimates by MRI using two phantoms filled with para-
magnetic solution [24]. MRI scanning included 16
images of 10 mm spacing and 7 images of 40 mm spac-
ing. MRI and actual value (derived from a volumetric
flask) difference was about 3.0 percent for phantom one
and <2.6 percent for phantom two [24]. They indicated
that when spacing between slices was between 10 and
40 mm, volume can be measured with an error <1 per-
cent. The mean absolute difference in the current study is

similar to the percentage difference in the study by
Mitsiopoulos et al. [24]. However, in the phantom study
by Mitsiopoulos et al., the slice spacing was bigger than
in our experiment: 10 and 40 mm compared with 1.8 mm.
The measurement error, one would imagine, should
increase as a result of larger slice spacing. However, this
could not be confirmed by comparing the results of our
study with those of Mitsiopoulos et al. [24]. In our study,
just the lengths of the tubes were measured, whereas in
Mitsiopolous et al.’s, study volume measurements were
performed because the accuracy of volume measure-
ments of their phantoms could be influenced by other
factors (e.g., the cross-sectional area of the slices or
shape of the phantom) [24].

Table.
Confidence interval (CI) and tolerance interval (TI) for length of reference markers and diameter of materials in x, z, and y directions. Diameter of
materials measurement in y direction was not applicable.

Direction Material CI/TI Mean (mm) Upper Limit Lower Limit SD/Tolerance
x Tube Length CI 93.21 93.52 93.04 1.23

TI 93.42 95.60 91.24 2.18
Silicone CI 28.83 29.23 28.42 1.01

TI 30.00 32.18 27.82 2.18
Silicone Gel CI 28.07 29.04 27.09 2.46

TI 30.00 32.18 27.82 2.18
Polyurethane CI 31.15 31.86 30.44 1.8

TI 30.00 32.18 27.82 2.18
POP +1 g/L CS CI 30.18 30.69 29.67 1.28

TI 30.00 32.18 27.82 2.18
POP +2 g/L CS CI 30.66 31.28 30.05 1.56

TI 30.00 32.18 27.82 2.18
POP +3 g/L CS CI 30.70 31.18 30.22 1.21

TI 30.00 32.18 27.82 2.18
z Tube Length CI 43.36 43.78 43.10 1.90

TI 43.42 45.60 41.24 2.18
Silicone CI 30.06 30.48 29.64 1.06

TI 30.00 32.18 27.82 2.18
Silicone Gel CI 28.15 28.72 27.57 2.46

TI 30.00 32.18 27.82 2.18
Polyurethane CI 29.32 29.96 28.69 1.6

TI 30.00 32.18 27.82 2.18
POP +1 g/L CS CI 30.42 30.97 29.88 1.35

TI 30.00 32.18 27.82 2.18
POP +2 g/L CS CI 31.11 31.64 30.58 1.33

TI 30.00 32.18 27.82 2.18
POP +3 g/L CS CI 30.99 31.65 30.34 1.65

TI 30.00 32.18 27.82 2.18
y Tube Length CI 38.97 39.28 38.77 1.26

TI 39.00 41.18 36.82 2.18
CS = copper sulfate, POP = plaster of paris, SD = standard deviation.
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Ross et al. measured mean cross-sectional areas of
polyvinyl tubes filled with peanut oil in MRI images and
then compared them with the actual values [32]. They
reported an error of 0.6 percent, with a range from 0.1 to
1.5 percent. The mean error in their study was less than
that found in the current study (0.6% vs 2.98%). How-
ever, in their study, the cross-sectional area was measured
as opposed to the length measurement in our study.

In the study by Byrum et al., the accuracy of MRI volu-
metric measurement was examined using a 17 cm spheri-
cal phantom filled with water that was doped with a
gadolinium-based contrast agent as well as a complex
anatomically realistic phantom. The complex phantom,
made of layers of plastic, was filled with fluid to produce
contrast [33]. They reported an error of 3 percent for the
spherical phantom and 2.5 to 5 percent error for the com-
plex phantom volume measurement. The relatively higher
error in their study for the complex phantom compared
with our study (2.98%) is possibly due to a greater seg-
mentation process error in their data. In all the aforemen-
tioned studies, the MRI volume and/or surface area
measurements of the phantoms were compared with
actual values, whereas in the current study, the distance
measurement was validated. One would expect the MRI
error would be different for surface area and volume mea-
surement because of the partial volume effect and the
employed segmentation method.

The measurement error on repeated scanning could
result from variability in scanner image acquisition or
intrarater inconsistency. The results suggest that the scan-
rescan reproducibility is high. The effect of different lev-
els of scan factor (9 scans) on the mean difference of tube
length measurement was not significant (p > 0.05). In
examining the interscan reproducibility of carotid mor-
phology measurement in 18 individuals, Li et al. found
no significant difference between repeated scans (p >
0.05) [34]. Furthermore, for the total body adipose tissue
measurement of three rats, researchers found 0.02 cm2 ±
0.9 cm2 (mean ± SD) difference in two consecutive MRI
scans when the animals were not removed between trials
[32]. In our study, scan 4 had the minimum absolute
mean difference (mean ± SD = 0.004 mm ± 1.864 mm),
and the maximum absolute mean difference was for scan
7 (mean ± SD = 0.512 mm ± 1.620 mm).

This experiment was conducted because of concerns
about MRI artifacts, namely chemical shift, resulting
from common socket materials. This shift can occur as a
result of differences in RF of the nuclei in different

molecular environments because they are exposed to dif-
ferent amounts of magnetic field. This variation in RF
causes spatial misregistration of material in the frequency
encoding direction. The processing frequencies of sili-
cone (breast implant), water, and fat have been measured
using proton MRI spectroscopy as 2,175, 2,550, and
2,250 Hz, respectively [35]. Almost the same results
were found for spectroscopic analysis of frequency dif-
ference between water, lard, and silicone vitreous ocular
implant [36]. The results showed 220 Hz frequency dif-
ference between water and lard and 80 Hz frequency dif-
ference between lard and silicone.

Previous research has reported a chemical shift arti-
fact on T1-weighted, T2-weighted, and proton-density
MRI images of breast silicone implant phantoms [35]. It
was shown that the chemical shift artifact on T1-
weighted MRI images was minimal relative to the T2-
weighted images. In a phantom study of silicone fluid
polymer and silicone lubrication oil, Bash et al. found
chemical shift on both T1-weighted and T2-weighted
images, with more prominence on the T2-weighted
image [36]. The amount of chemical shift depends on the
magnetic field strength and the selection of pulse
sequence bandwidth [36–37]. Chemical shift may
increase by increasing the magnetic field strength and
decreasing the sequence bandwidth.

In this study, the measured chemical shift of silicone
was 1.010, 0.197, and 1.015 mm in the x, z, and y direc-
tions, respectively. The silicone gel showed x = 0.214,
z = 0.210, and y = 1.060 mm chemical shift, and for poly-
urethane, the shift was 0.850, 0.809, and 1.531 mm in
the x, z, and y directions, respectively. The absolute shift-
ing for all material including different CS-concentrated
POP was <1.7 mm. This was not significant considering
the measurement tolerance of ±2.18 mm. This is in agree-
ment with a pilot study by Buis et al. in which no detect-
able chemical shift of silicone (used for prosthetic liners)
was reported [10].

Diameter of POP with all three different concentra-
tions of CS was slightly overestimated by MRI in both
the x and z directions. The overestimation was worse for
POP with higher amounts of CS (2 g/L and 3 g/L)
because the signal intensity increases as more contrast
agent is used. This results in overprojection of the section
thickness, i.e., more voxels light up at the boundary of
the object [38]. Silicone gel diameter was underestimated
in MRI in both the x and y directions, and polyurethane
diameter was underestimated in the y direction but
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overestimated in the x direction. The silicone showed an
underestimated diameter measurement in the x direction;
however, the diameter measurement was within the toler-
ance limit with a relatively small SD. This shows there is
no significant over- or underprojection of the silicone
(Table). The residual limb is normally surrounded with
casting materials (e.g., POP or silicone) during MRI
scanning. The measured chemical shift artifact from cast-
ing materials could jeopardize residual limb boundary
detection when constructing the 3-D model; the image of
the casting material could superimpose onto the image of
underlying soft tissue. However, knowing the amount of
chemical shift resulting from a casting material, one can
compensate for the artifact. A possible solution would be
to prevent images of casting material from superimpos-
ing onto images of the residual limb by increasing the
gap between the residual limb and the surrounding mate-
rial with some form of MRI-opaque material.

In order to identify the proper time for permanent
prosthetic fitting, Lilja and Oberg measured postamputa-
tion volume fluctuation of the residual limb with laser
scanning. Based on experiences of amputees, they
assumed “bad fit” criteria to be one or two layers of socks
required over the residual limb; i.e., if use of one or two
socks was required by the amputee, then a new socket
must be made. They measured the percentage volume of
one and two socks over the residual limb as 5.2 percent
and 9.4 percent, respectively [39]. Their results for sock
volume percentage are in agreement with those of Fernie
and Holliday [40]. Additionally, postoperative residual
limb volume change has been reported to be up to 35 per-
cent [12], and diurnal volume change is on the order of
2 percent [41]. Sanders et al. calculated a uniform vol-
ume change of 5 percent in a limb with 90 mm diameter
would be 1 mm change in diameter [42]. Because of the
CI of 2.18 mm for diameter measurements, the scanning
method presented in this study would possibly be best for
postoperative application. However, Sanders et al. noted
that for devices used for scanning the residual limb, the
volume resolution (in percentage) is different from the
dimensional resolution (in millimeters); the volume error
is more forgiving [12]. Therefore, we suggest testing the
accuracy of MRI in residual limb volume measurements.

MRI is a nonionizing imaging method that is supe-
rior to surface scanning methods. It can provide informa-
tion on residual limb internal structure, e.g., bone and
muscle. It would be helpful to relate this information to
the surface of the socket for better understanding of

residual limb-socket interaction. This study examined the
MRI image artifact resulting from different casting mate-
rials; we found that MRI of silicone and POP +1 g/L CS
were fit for use in prosthetic socket manufacture. Future
work should examine the accuracy of MRI in soft tissue
morphological measurement while the residual limb is
surrounded with casting material.

CONCLUSIONS

The tolerance of measurement in this study was
±2.18 mm, defined by the voxel dimension. The SDs of
measurements in the x, y, and z directions (1.23, 1.26, and
1.90 mm, respectively) are less than the tolerance limit.
The results show that MRI is an accurate and repeatable
method of dimensional measurement when using matter
containing water. In addition, we found that water-filled
tubes can be used as reference landmarks for the purpose
of examining chemical shift and shape distortion of
socket materials in MRI images.

To enable the quantification of different socket
design concepts for research purposes, researchers and
prosthetists should be able to identify the boundary
between the residual limb (skin) and casting material. We
suggest, based on the results of the current study, that sili-
cone and POP +1 g/L CS can be measured accurately and
within the tolerance of the voxel dimensions chosen using
MRI. The MRI image of these materials will have rela-
tively small overlap with the skin boundary, making
detection of the surface boundary relatively easy and seg-
mentation unambiguous. Therefore, the shape and volume
of the residual limb, while wrapped with these materials,
could be accurately quantified using MRI.
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