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Abstract

Purpose—To describe a semi-automated program that will segment subcutaneous fat, muscle, 

and adipose tissue in the foot using magnetic resonance (MR) imaging, determine the reliability of 

the program between and within raters, and determine the validity of the program using MR 

phantoms.

Materials and Methods—MR images were acquired from 19 subjects with and without 

diabetes and peripheral neuropathy. Two raters segmented and measured volumes from single MR 

slices at the forefoot, midfoot, and hindfoot at two different times. Intra and inter-rater correlation 

coefficients were determined. Muscle and fat MR phantoms of known volumes were measured by 

the program.

Results—Most ICC reliability values were over 0.950. Validity estimates comparing MR 

estimates and known volumes resulted in r2 values above 0.970 for all phantoms. The root mean 

square error was less than 5% for all phantoms.

Conclusion—Subcutaneous fat, lean muscle, and adipose tissue volumes in the foot can be 

quantified in a reliable and valid way. This program can be applied in future studies investigating 

the relationship of these foot structures to functions in important pathologies including the 

neuropathic foot or other musculoskeletal problems.
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Introduction

There are over 25 million people with diabetes mellitus (DM) in the United States, and 

60-70% of them have some level of neuropathy (1). Motor neuropathy results in substantial 

lower extremity muscle weakness that is worse distally in the foot than proximally in the 

calf (2, 3). The loss of muscle function in the intrinsic foot muscles is thought to contribute 

to foot deformity, which has been associated with forefoot skin breakdown and amputation 

(3-6). Primary functions of the intrinsic foot muscles are to provide dynamic stability to 

support the longitudinal arches and the metatarsophalangeal joint (MPJ) (3, 4, 6). 

Neuropathy and the associated infiltration of intermuscular adipose tissue (IMAT) in these 

muscles lead to their weakness. IMAT is defined as the adipose tissue beneath the muscle 

fascia, between muscles, or within muscles, and it is associated with insulin resistance and 

an increased risk of metabolic impairments (7-10). Intrinsic foot muscle weakness can lead 

to a muscular imbalance between the denervated intrinsic foot muscles that flex the MPJ and 

the innervated extrinsic toe extensor muscles contributing to MPJ hyperextension and 

interphalangeal flexion, commonly called hammer or claw toe (3, 11). Intrinsic foot muscle 

weakness may also contribute to foot alignment changes, such as the collapse of the arch in 

medial column deformity (3, 12, 13). However, these relationships are complex and not fully 

understood (4, 6).

The ability to measure the ratio of IMAT to lean muscle volume in the intrinsic foot muscles 

would help to predict muscle function (14, 15). Sensory nervous system deficits from DM 

and peripheral neuropathy (PN) have been well documented, and previous studies have 

shown its direct correlation with motor deficits and muscle weakness in the distal 

extremities (2, 3). Therefore, the weakened, neuropathic intrinsic foot muscles would be 

expected to experience the most severe muscle mass loss and IMAT gain. Magnetic 

resonance imaging (MRI) is a non-invasive approach to quantitatively measure these foot 

structures because it can provide high-contrast-resolution imaging of soft tissues in multiple 

planes (16). Volume estimation of IMAT using MRI has been investigated in the upper 

extremities, abdomen, liver, and calf, but not in the foot (2, 7, 8, 17-24). A highly reliable, 

validated method that enables semi-automated, quantitative analyses of lean muscle and 

IMAT volumes in the intrinsic foot muscles has not been established, and would allow 

researchers to measure differences between or within groups of subjects over time to 

identify how intrinsic foot muscles contribute to muscle weakness and joint deformity.

The purposes of this study are to 1) describe a semi-automated program that will segment 

subcutaneous fat and intrinsic foot muscles based on signal intensities of a MR image, 2) 

determine the reliability of the program to quantify lean muscle and IMAT volumes at the 

forefoot, midfoot, and hindfoot, and 3) determine the validity of the program using MR 

phantoms composed of known proportions of lean meat and fat. It was hypothesized that the 

intraclass correlation coefficients (ICC) indicating intra- and interrater reliability for the 

measures would be greater than 0.950, that there would be a strong, linear relationship (r2 > 

0.950) between the MR phantoms' volumes measured by the program and by water 

displacement, and the root mean square error (RMSE) between measures would be less than 

5%.
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Materials and Methods

Subjects

MR images from 19 adult subjects were used in this study (9 men, 10 women; age 56 ± 12 

years). 12 of the subjects had DM and PN (age 57 ± 12 years), 6 of whom also had medial 

column deformity (i.e. met 2 of the following criteria: calcaneal eversion ≥ 5°, arch angle < 

130°, navicular height ≤ 24 mm, and medial column peak plantar pressure > 29 N/cm2). The 

remaining 7 subjects were control subjects without DMPN or deformity (age 53 ± 12 years). 

The complete demographic summary is shown in Table 1. The subjects were recruited from 

two ongoing studies and informed consent was obtained from each subject. Inclusion criteria 

for the DMPN group were type 1 or 2 DM and the inability to sense a 5.07 Semmes-

Weinstein monofilament on at least one spot on the plantar foot (25). Inclusion criteria for 

the control group were no history of DM or PN, no presence of foot deformity, and the 

ability to sense the 5.07 monofilament everywhere on the plantar foot. Exclusion criteria for 

all subjects included the presence of metal implants, lower extremity amputations greater 

than digits only, and a weight of 400 lbs or more. Subjects with and without diabetes, and 

with and without foot deformity were selected to provide a wide range of IMAT and lean 

muscle volumes, and varying difficulties of anatomical landmark identification.

Image Acquisition

The coronal plane MR images of the subjects were collected using established methods on a 

Siemens Magnetom Trio 3T scanner (Siemens Medical Systems, Malvern, PA) (8). The 

subjects were placed in a supine position with the target foot perpendicular to the table. A 

Siemens head coil was placed over the target foot to obtain the highest resolution without 

sacrificing the signal strength / noise ratio. The target foot for the DMPN+deformity 

subjects was the foot with deformity, and was the right foot for all other subjects. Image 

acquisition for the MR phantoms used the same coil with slices taken perpendicular to the 

patient table. Subjects' data were obtained from two different studies using two different sets 

of MR parameters. The following MR parameters were used for 8 of the subjects and the 

MR phantoms: spin echo pulse sequence, TR/TE = 700/11 msec, field of view = 120 mm, 

bandwidth = 244 Hz/pixel, 65 slices, thickness = 3.5 mm, transverse orientation, signal 

averages = 1, flip angle = 128°, matrix = 320 × 320, echo train length = 4, acquisition time 

≈ 9 minutes, and pixel size 0.375 × 0.375 mm. The following MR parameters were used for 

the remaining 11 subjects: spin echo pulse sequence, TR/TE = 5360/38 msec, field of view 

= 140 mm, bandwidth = 181 Hz/pixel, 35 slices, thickness = 3.5 mm, transverse orientation, 

signal averages = 1, flip angle = 141°, matrix = 384 × 384, echo train length = 9, acquisition 

time ≈ 12 minutes, and pixel size 0.365 × 0.365 mm. Both sequences were optimized to 

image fat, but the latter was also optimized to image tendon. Expert radiologist opinion did 

not expect, nor did visual examination reveal, noticeable differences in fat and muscle signal 

intensities in images using the two different MR sequences.

Segmentation Methods

Methods to segment specific muscle and fat volumes have been previously reported for the 

calf (8). These methods were developed and automated further into a new program and 

applied to structures in the foot for use as a research tool. The MatLab (Mathworks, Natick, 
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MA) program requires MR images in the AnalyzeImage 7.5 format. A histogram of all 

voxel intensities is produced from the inputted slice. A new feature of this program is that 

multiple Gaussian functions are fit to the histogram to determine the threshold between 

muscle and fat corresponding to the minimum between the peaks of the two tissue types or 

their intersection point of overlap, as determined by conditions programmed into the 

function (Fig. 1). The threshold is calculated on an individual subject basis, unique to each 

MR image. Given the dramatic infiltration of adipose tissue into the intrinsic foot muscles of 

the neuropathic foot and the occasional visual blurring of muscle and adipose tissues, 

automatic threshold detection is critical to allow objective separation between the lean and 

fat tissues (Fig. 2). The volume measurements were calculated utilizing the threshold 

automatically identified from the intensities in the MR image (Fig. 1a,b). A low intensity 

threshold of 51 was determined from the validity testing, and set to eliminate any partial 

volume effects due to air occurring over the thickness of the slice due to image resolution 

(Fig. 1c,d). An edge detection algorithm based on the derivative of intensities was used to 

determine the borders between subcutaneous fat, and the intrinsic muscles (Fig. 3d-i). 

Manual editing of these borders, optional in the forefoot slices and necessary in the midfoot 

and hindfoot slices, was performed using Microsoft Paint (Redmond, WA). The remaining 

volume corresponding to the intrinsic foot muscles was selected by the user (Fig. 3j-l), and 

separated into muscle and pure fat volumes as determined by the automated threshold (Fig. 

4). If the muscle and pure fat volume images were determined to be inaccurate based on 

visual comparisons to the original MR image, the user adjusted the threshold, and the 

muscle and IMAT volumes were recalculated and updated accordingly.

Reliability Methods

A biomedical engineer trained in anatomy (rater 1) and an electrical engineer in radiology 

(rater 2) served as raters. Engineers served as raters for this research tool because they were 

responsible for developing and using the program. Their lack of clinical training highlights 

the ability of the program to be used by those who are not radiologists or clinicians. The 

raters met with radiologists on 3 occasions and met with physical therapists to establish 

standardized approaches to identify and separate fat and muscle borders. Manuals of 

operation were created for the forefoot, midfoot, and hindfoot to guide the decision making 

process defining the subcutaneous fat, and intrinsic muscle regions. The manuals used MR 

images of a foot that were not included in the reliability study. The forefoot was defined as 

the slice corresponding to the mid-metatarsal, or halfway between the metatarsophalangeal 

joint (MPJ) and the tarsometatarsal joint of the second metatarsal (Fig. 3a); the midfoot was 

defined as the slice corresponding to the tarsometatarsal joint of the second metatarsal (Fig. 

3b); and the hindfoot was defined as the slice corresponding to the talonavicular joint (Fig. 

3c). The plantar side intrinsic foot muscles were separated from the dorsal side muscles by 

bone in the midfoot and hindfoot, therefore only the plantar side muscle volumes and 

corresponding subcutaneous fat were segmented and measured (Fig. 3k,l). The subcutaneous 

fat borders on the medial side of the 1st metatarsal and the lateral side of the 5th metatarsal 

were defined as just superior to the plantar muscle, perpendicular to the skin surface, and 

continuing to the cortical shell (Fig. 3h,i). Eleven of the nineteen subject scans did not 

include the forefoot region, so only the midfoot and hindfoot locations were used in those 

instances. In total, 46 slices from the nineteen subjects were processed twice by each rater, 
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with at least 14 days between measurements. Rater 1 averaged 16 days and rater 2 averaged 

17.2 days between measurements.

Validity Methods

Phantoms were constructed to test the validity of the program in quantifying lean and 

adipose tissues using methods similar to those described by Doro et al. (26). Venison was 

used as a substitute for the intrinsic foot muscles because of its lean nature, and cow fat was 

used as a substitute for adipose tissue. The proportions of meat and fat were determined by 

weighing the portions with a scale of 0.1g tolerance. Volumes for the moderate size 

phantom portions were determined by water displacement, where density estimates were 

consistent with 1.1 g/cm3 for the venison and 0.92 g/cm3 for the fat (27, 28). These 

constants were used to calculate the volumes of portions that were too small or too large to 

use the water displacement technique.

The phantoms used in this study consisted of a 2 × 7 plastic pillbox with 14 identical 

compartments (each approximately 37.5mm long × 22mm wide × 27.5mm deep = 22.7cm3) 

filled with known proportions of meat and fat ranging from 0-100% of each type of tissue 

(26). In addition to the pillbox there were 4 phantoms of approximately 36 cm3 (≈ 55% fat), 

48 cm3 (≈ 60% fat), 56 cm3 (≈ 35% fat), and 177 cm3 (≈ 60% fat). 5 phantoms of pure 

meat and 4 phantoms of pure fat were also prepared, ranging between 50g and 340g. In total 

there were twenty-seven phantoms (Fig. 5). The phantoms were scanned and their MR 

images were converted into the proper formats for the program as described above. The MR 

scan of the pillbox was obtained where the x-y plane was perpendicular to the long axis of 

the pillbox. The program automatically determined the threshold for each phantom and 

calculated the muscle and fat volumes.

Statistical Methods

SPSS (Version 19, Chicago, IL) was used to calculate the intraclass correlation coefficients 

(ICC) for intra- and inter-rater reliability, and Bland-Altman plots were constructed to 

illustrate differences between selected repeated measures (29, 30). This report employed the 

stringent thresholds typical of epidemiological and data analysis studies, where 0.90-1.00 is 

considered excellent reliability (31, 32). Fisher's Z test was used to determine differences in 

reliability between scan sequences. The validity of the program was assessed by plotting the 

observed volume and percent fat proportions of the phantoms of the segmentation program 

against the predicted volumes and percent fat proportions from water displacement (gold 

standard). The coefficients of correlation and determination (r and r2, respectively) were 

calculated to assess linear dependence and the proportion of the variance of the known 

volume estimated using the MR method. Mean, standard deviation, and root mean square 

error (RMSE) of the percent error between the measures were also calculated. As RMSE 

decreases, predictive power increases, and a RMSE less than 5% represents a standard 

deviation of predicted-versus-observed error less than 5% of the total volume being 

measured.

Cheuy et al. Page 5

J Magn Reson Imaging. Author manuscript; available in PMC 2015 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Reliability

Table 2 summarizes the reliability measures of the program methods. Intrarater 1 and 

intrarater 2 refer to the intrarater reliability of each rater over the two rounds; interrater 

round 1 and 2 refer to the interrater reliability between the two raters at each round. There 

were no differences in the reliability values between the two groups of subjects using 

different MR sequences in 42 of the 48 measures, so ICC values were pooled together. ICC 

values for each sequence are provided for the 6 measures where a significant difference (p < 

0.05) between sequence utilization was identified (Table 2). In the forefoot, the ICC values 

were all above 0.990 for intrarater measures, and above 0.960 for all interrater measures. In 

the midfoot, all intrarater ICC values were above 0.960 except intrarater 2 had an ICC value 

of 0.842 for IMAT measures using the proton density weighted sequence. All midfoot 

interrater ICC values were above 0.950 except for the IMAT interrater round 2, which was 

0.808 using the proton density weighted sequence. In the hindfoot, all intrarater and 

interrater ICC values were above 0.950 except for subcutaneous fat interrater round 1, which 

was 0.903, and lean muscle rounds 1 and 2 for the proton density weighted sequence, which 

were 0.928 and 0.910.

Bland-Altman plots were constructed for those measures with ICCs below 0.950 to 

determine if the relatively lower ICCs were a result of outliers or a bias between the raters 

(Fig. 6). An outlier in the Bland-Altman plot of the intrarater midfoot IMAT measures is 

well outside the confidence interval with an error of -0.89 cm3, and is also present in the 

Bland-Altman plot of the interrater measures for round 2 (Fig. 6a,b). The Bland-Altman plot 

of the interrater hindfoot subcutaneous fat measures shows a rater bias of approximately 0.4 

cm3 (Fig. 6c). Interrater hindfoot lean muscle measures show an outlier with an error of -0.9 

cm3 in round 1 and a rater bias of approximately -0.3 cm3 in round 2 (Fig. 6d,e).

Validity

To help understand validity of the measures, Fig. 7 plots the muscle and fat volumes 

estimated using the segmentation program versus the water displaced volume measures of 

the MR phantoms. The observed measures closely matched the predicted measures for all 

phantoms. Both the muscle-only and fat-only phantoms resulted in r2 values greater than 

0.996 (Fig. 7a,b). The percent error for the muscle-only phantoms had a mean of -0.30, a 

standard deviation of 3.31, and a RMSE of 3.08. The percent error for the fat-only phantoms 

had a mean of -1.29, a standard deviation of 3.86, and a RMSE of 3.75. Fig.7c plots percent 

fat measured by the program against the predicted percent fat as determined by water 

displacement. The r and r2 values were both greater than 0.970, and the percent fat error had 

a mean of 3.11, standard deviation of 3.75, and a RMSE of 4.77.

Discussion

The results show that the segmentation program reliably and validly measured intermuscular 

adipose tissue (IMAT) and lean muscle tissue in the intrinsic foot muscles. Most ICC values 

were greater than 0.950, a result of the unique quantitative and objective manner volumes 
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were calculated. This program was accurate in separating and measuring adipose and lean 

muscle tissue volumes from MR phantom images (r2 > 0.970 and RMSE < 5%). In addition, 

the semi-automated program resulted in fast processing times. Both raters, during both 

rounds of measurements, required 10-15 minutes to process each MR image slice.

A reliable, validated, and quantitative method to measure fat infiltration into foot muscles 

has been lacking in previous studies. Semi-quantitative scales have been used to assess 

muscle atrophy on a five point scale based on visual inspection (33). While this method is 

reliable (ICC = 0.94), fast, and does not require software, it does not quantify volume. 

Quantitative volume analysis has been performed on the muscles of the foot, but not on the 

adipose tissue volumes. Anderson et al. and Chang et al. measured total muscle volume 

based on user defined thresholds, but did not directly quantify IMAT infiltration (34, 35). 

Neither study reported the reliability or validity of their methods to measure these tissue 

volumes.

All ICC values indicated excellent reliability except for certain midfoot IMAT measures by 

rater 2 and hindfoot measures between raters. Fig. 6a shows the Bland-Altman plot of the 

intrarater midfoot IMAT measures. One outlier is well outside the confidence interval with 

an error of -0.89 cm3. This outlier is also present in the Bland-Altman plot of the interrater 

measures for round 2 (Fig. 6b). Upon review, this error occurred because two different 

thresholds were chosen for the two rounds of measurements by the rater. This outlier is 

primarily responsible for the low ICC values rather than other sources of variance. Without 

this outlier the reliability measures between sequences are no longer significantly different, 

and pooled together, the ICC value increases to 0.955 for intrarater 2, and to 0.943 for 

interrater round 2. In regards to the measure of subcutaneous fat in the hindfoot, the Bland-

Altman plot of the interrater measures shows a rater bias of approximately 0.4 cm3 (Fig. 6c). 

Upon review, the bias appeared to be due to one rater consistently selecting a more superior 

border of the plantar subcutaneous fat measures on the medial and lateral sides of the foot 

compared to the other. Fig. 6d,e show the Bland-Altman plots for interrater hindfoot lean 

muscle measures. An underestimation of lean muscle for one of the subjects resulted in an 

outlier with an error of -0.9 cm3 and a bias of approximately -0.3 cm3 resulting in the lower 

ICC values. Without this outlier, the reliability measures are no longer significantly 

different, and pooled together, the ICC values increase to 0.983 for interrater round 1 and 

0.969 for interrater round 2. A review of the method manuals by the raters to ensure 

consistency would likely result in the correction of these errors and improved ICC values.

Validation of the program using fat and lean muscle tissue in the MR phantoms was meant 

to represent tissue distribution in the foot. The RMSE values indicated the program was 

accurate not only in measuring pure muscle and pure fat, but in identifying, separating, and 

measuring muscle and fat volumes when mixed together. Two main sources of error should 

be considered when using MRI for this application. First, inhomogeneities are inherent to 

MRI, and partial volume effects occur when multiple tissue types are present in a voxel. 

Second, tissue orientation and slice thickness lead to volume averaging. The pieces of 

muscle and fat placed into the pillbox compartments were randomly packed in each 

compartment, which can result in error due to small air pockets between the materials. This 

error was minimized by selecting the low intensity threshold to remove voxel intensities less 
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than 51. In addition, there were only approximately six MR slices for each pillbox 

compartment which can result in muscle and fat being volume averaged in the 3.5 mm thick 

slices for the 10 compartments that had muscle and fat mixed (Fig. 6c). The volume 

averaging errors could have been reduced if all the muscle and fat would have been placed 

longitudinally in the compartments perpendicular the x-y slices mimicking the foot and 

reducing the in-slice volume averaging. The remaining four pillbox compartments had either 

100% muscle or fat in them and were plotted in Figures 6a and 6b, respectively. Despite 

these challenges, the program was still able to accurately measure varying proportions of fat 

in muscle tissue with a RMSE < 5%.

Several other limitations should be considered for the generalizability of these results. MR 

images of the forefoot were not available in 11 of the 19 subjects because the MR scans did 

not include the mid-metatarsal region. All forefoot measures had excellent reliability (all 

ICCs > 0.960), and these values would not be expected to change if the sample size 

increased. At all three foot locations, the intrinsic foot muscles were segmented as a group 

and not segmented into individual muscles. Due to their small irregular size, intrinsic foot 

muscles are always challenging to segment, but especially challenging when infiltrated with 

IMAT (3, 4, 35). The multiple Gaussian function fitting used to calculate the threshold 

between muscle and fat tissue is unique to the MR image from each subject and dependent 

on the parameters of the MR scan. Two different MR scan sequences were used because the 

subjects were recruited from two different studies. The differences between sequences may 

not be negligible. The T1 weighted protocol is the better sequence for separating fat from 

muscle because the proton density sequence could mistake edema for adipose tissue. The 

proton density sequence was used in the one group of subjects to better optimize tendon 

images. Variations in scan sequences can introduce additional errors, but the program 

methods remained highly reproducible in both conditions. Future studies investigating 

intrinsic foot muscle quality should use a uniform testing protocol without multiple scan 

sequences to minimize error.

In conclusion, this study is the first to quantify IMAT volumes in the foot through a semi-

automatic program, and to assess program reproducibility and validity. The methods are 

highly reliable and the volumes calculated from the MR phantoms are valid. Subcutaneous 

fat, lean muscle and adipose tissue in the foot can now be quantified in a reliable and valid 

way. This program can be applied in future studies investigating the relationship of these 

foot structures to functions in important pathologies including the neuropathic foot or other 

musculoskeletal problems.
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Figure 1. 
(a & b) Multiple Gaussian function fitting of signal intensity histogram, and (c & d) 

corresponding first derivative, where the intensities of 200 and 210 would be selected as the 

thresholds between adipose tissue and muscle tissue.
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Figure 2. 
Comparison of minimal (a-c), moderate (d-f), and severe IMAT infiltration at the fore- (first 

column), mid- (second column), and hindfoot (third column).
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Figure 3. 
Segmentation methods of fore-(first column), mid- (second column), and hindfoot (third 

column). (a-c) MR image; (d-i) separation of subcutaneous fat; (j-l) remaining intrinsic foot 

muscle.
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Figure 4. 
Muscle (a-c) and fat (d-f) volumes of fore- (first column), mid- (second column), and 

hindfoot (third column) slices.
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Figure 5. 
a: Sample of the MR phantoms constructed, including the square containers, sandwich, and 

pillbox tray of varying proportions of muscle and fat together, and (b) an MR image of the 

phantoms. Muscle tissue is dark and fat tissue is bright in both images.
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Figure 6. 
Bland-Altman plots of selected measures with low ICC values; (a) intrarater 2 for midfoot 

IMAT, (b) interrater round 2 for midfoot IMAT, (c) interrater round 1 for hindfoot 

subcutaneous fat, (d) interrater round 1 for hindfoot lean muscle, and (e) interrater round 2 

for hindfoot lean muscle.
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Figure 7. 
Observed versus expected volume plots of (a) muscle-only phantoms, (b) fat-only phantoms, 

and (c) the percent fat by volume of mixed phantoms.
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Table 1
Subject Demographics

DMPN ± deformity Control

N 6 Female, 6 Male 4 Female, 3 Male

Age (yrs) 57 (12) 53 (12)

Duration of DM (yrs) 18 (10)

Height (cm) 172 (8) 172 (13)

Weight (kg) 114 (21) 90 (33)

BMI (kg/m2) 38 (6) 30 (9)

DM = diabetes mellitus; PN = peripheral neuropathy; BMI = body mass index.
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