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Abstract

Purpose: We evaluated muscle/fat fraction (MFF) accuracy and reliability measured with an MR
imaging technique at 1.5 Tesla (T) and 3.0 T scanner strengths, using biopsy as reference.

Methods: MRI was performed on muscle samples from pig and rabbit species (n=8)at1.5T
and 3.0 T. A chemical shift based 2-point Dixon method was used, collecting in-phase and out-of-
phase data for fat/water of muscle samples. Values were compared to MFFs calculated from
histology.

Results: No significant difference was found between 1.5 and 3.0 T (Pvalues = 0.41 — 0.96), or
between histology and imaging (2= 0.83) for any muscle tested.

Conclusion: Results suggest that a 2-point Dixon fat/water separation MRI technique may
provide reliable quantification of MFFs at varying field strengths across different animal species,
and consistency was established with biopsy. The results set a foundation for larger scale
investigation of quantifying muscle-fat in neuromuscular disorders.
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Introduction

Muscle fat infiltration (MFI) has been both observed qualitatively and measured
quantitatively with magnetic resonance imaging (MRI) in a number of neuromusculoskeletal
pathologies~. MRI is widely accepted as the gold standard for measuring changes in soft-
aqueous skeletal muscle, such as markers of muscle denervation (longer T1 and T2
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relaxation times due to cellular fluid changes)®, and such measures have been validated’. For
example, physiological alterations in muscle tissue, measured as signal intensity ratios using
short time to inversion recovery MRI, have been shown to be consistent with
electrophysiological evidence of denervation and renervation’.

Accordingly, MRI may hold prognostic potential in a myriad of disease processes where
denervation or neurological decline may drive the clinical course8 (e.g. spinal cord injury®,
muscular dystrophy0, spinal muscular atrophy!, rotator cuff tears'2, and whiplash
injury13). However, the accuracy of both the qualitative and quantitative metrics of MRI
when applied to skeletal muscle imaging and MFI calculation has yet to be validated
comprehensibly.

Challenges for the consistent quantification of MFI exist due to the variety of MRI scanners
worldwide that differ in field strength. Furthermore, MR acquisition methods vary for
detection of fat and water. We have used and reported a simple approach for determining the
magnitude of MFI in patients with neck pain following whiplash injury®13, and in keeping
with the advancements in imaging, we have expanded our quantification of MFI by using
fat/water separation techniques'*1°. Because markers of MFI may hold promise for
determining the stage, progression, and response to management of neurological disease, the
external validation of such findings must be established via comparison of different scanner
strengths using a similar data acquisition method referenced to the gold standard, muscle
biopsy.

Therefore, the purpose of this preliminary study was to assess the reliability of MRI for
quantifying MFI with muscle/fat fractions (MFF) with a 2-point Dixon method at 2 field
strengths (1.5 and 3.0T), using samples from 2 different species of skeletal muscle tissue
(pig and rabbit), and to validate via the reference standard, biopsy/histology.

Materials and Methods

Pig Muscle Imaging:

The initial tissue specimen utilized in this study was harvested from a fresh pig carcass. The
cut was made to include the skin, subcutaneous fat, muscle compartments, vertebral bodies,
and spinal cord of the lower cervical and upper thoracic region of the carcass.

The tissue was imaged in the 1.5 T and 3.0 T scanners within 1 hour of being obtained. The
specifics of the pulse sequence and set-up for imaging in each of the scanners were: 3D
gradient echo, chemical shift based 2 point Dixon method using the standard head coil. The
1.5 T protocol details were: acquisition time (TA) = 4:21, resolution = 0.7 x 0.7 x 3 mm,
field of view (FOV) = 320 x 190 mm, echo times (TE/TE2) = 2.39/4.77 ms, repetition time
(TR)= 6.79 ms, 6 averages, flip angle = 120, 36 slices, bandwidth = 510 Hz/px. The 3.0 T
protocol details were: TA = 4:23, resolution = 0.7 x 0.7 x 3 mm, FOV = 320 x 190 mm,
TE/TE2/TR = 2.45/3.675/6.59 ms, 6 averages, flip angle = 120, 36 slices, bandwidth = 510
Hz/px.
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Analysis of the MR imaging was performed post-hoc using Analyze 11.0 software
(AnalyzeDirect, Mayo Clinic, Rochester MN) by 2 investigators experienced in MFF
quantification and stored on a secured laptop computer. Measurements for each scanner
were taken at 4 locations of the sample: the right and left rhomboideus cervicus muscles
(RRC, LRC), and the right and left paraspinal muscles (RP, LP). A vitamin E tablet was
secured at each muscle measurement location and used as an anatomical reference for all
scans (Figure 1). The defined regions of interest (ROIs) were performed in these 4 muscles
by outlining each muscle within its fascial borders at the same locations with both the in-and
opposed-phase sequences using a 3 mm slice thickness. The MFF is a unitless ratio of fat
signal intensity to fat plus water signal intensity, and these MFFs were created using the
equation: Relative Fat Signal/ (Relative Water + Relative Fat Signal) * 100. Averages were
taken over 3 consecutive slices to form the MFFs.

After establishing the methodology for comparing skeletal muscle tissue between the 2
scanner strengths, validation was sought by referencing histological analyses.

Rabbit Muscle Imaging:

Four skeletal muscle samples were harvested from the rabbit to be used for histological
analysis (2 from the cervical spine region and 2 from the left lower extremity thigh region).

The rabbit was imaged at both 1.5 T and 3.0 T using the same methods as detailed for the
pig. The MR analysis was performed in the same manner as above.

Histology Methods:

An investigator with 16 years of experience supervised and assisted with all stages of the
muscle biopsy and subsequent histological preparation. The rabbit muscle tissue from the 4
locations was harvested as 2 cc samples, then fresh frozen and cut into 5 um slices for slide
preparation. High-resolution images were recorded at the cellular level using the HistoFAXS
Tissue Analysis System (TissueGnostics USA, Tarzana, CA) and analyzed using a
customized imaging program created in MatLab (MathWorks, Natick, MA). Hematoxylin
and eosin stain (H & E) staining causes muscle cells to appear in a red hue and fat cells to
appear opaque white. The muscle and fat cells were profiled using color channel analysis. A
region labeling routine was then performed to profile the fat cells, whereby each region was
classified with the empirically determined parameters of area and color, pertaining to fat
cells or empty space. ROI analysis was implemented to measure the histological MFFs.

Fat regions observed using the H & E technique were cross checked and verified by
obtaining a second sample located 5 um from the H & E and staining with Oil Red O. This
stain utilizes a fat-soluble dye, and when it is applied to the sample, regional lipids appear
bright red. Figure 2 illustrates the method utilized to ensure accurate muscle and fat
measurement with the histology data.

Statistical Analysis

All statistical analyses were completed using MatLab (MathWorks, Natick, MA). A two-
sample Kolmogorov-Smirnov test was conducted to ensure all measurements were from the
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same continuous distribution, and thus, parametric testing was appropriate. For the pig data,
a one-way analysis of variance (ANOVA) with multiple comparison of means post-foc
testing (Tukey-b) was chosen to test for any statistically significant differences between the
4 muscles. With 3 slices per each of the 4 muscles across 2 scanner strengths, the ANOVA
was performed on a 3 x 8 matrix. The rabbit data were analyzed in the same fashion.

To analyze the histological portion of the study, 2 separate investigators calculated MFFs
independently. A one-way ANOVA with multiple comparison of means post-hoc testing
(Tukey-b) was conducted on these values from both raters compared to the averages of the
1.5 T and 3.0 T measures for the 4 muscles sampled (a 4 x 4 matrix).

Reliability of Imaging Methodology:

Results

Two independent raters measured each of the 4 rabbit and 4 pig muscle ROIs according to
the methods described above. An intra-class correlation coefficient (ICC 3,1) between these
2 measurements was chosen to establish a measure of inter-rater reliability. Similarly, rater 1
also repeated measurements to establish intra-rater reliability, and an intra-class correlation
coefficient (ICC 3,1) was chosen for this metric. Bland-Altman plots were created to
demonstrate rater agreement. £< 0.05 was considered significant for all statistical tests.

Imaging Data:

Kolmogorov-Smirnov tests met the assumption of homogeneity for both the pig and rabbit
samples (P=0.19 and P = 0.43, respectively). No significant difference was found between
the 2 scanner strengths for any of the 4 ROIs tested in the pig (P=0.41). The averages for
the percent fatat 1.5 T and 3.0 T were 5.61 + 0.46 and 5.79 + 0.26, respectively. The results
are summarized in Table 1 and Figure 3. Figure 4 is a Bland-Altman plot demonstrating the
level of agreement between the 1.5T and 3.0T scanners for the pig sample.

Additionally, no significant difference was found between the 2 scanner strengths for any of
the rabbit muscles tested (2= 0.96). The averages for the percent fat at 1.5 T and 3.0 T were
4.32 £0.27 and 4.29 £ 0.35, respectively. The results are summarized in Table 2 and Figure
5. The Bland-Altman plot demonstrates the level of agreement between 1.5T and 3.0T
scanners for the rabbit sample (Figure 6).

Histological Data:

Table 3 and Figure 7 summarize the histological data analysis compared to MRI. The
average standard deviation between the 2 raters was 0.06, indicating an appropriate level of
reliability of the color channel analysis. No significant differences were found between the
histological measures and the imaging methods for any of the 4 muscles tested (P= 0.83).
The averages for rabbit histology and MRI were 4.00 + 0.11 and 4.28 + 0.29, respectively.
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Inter-rater Reliability of Imaging Methodology:

The calculated ICC (3,1) = 0.77 indicated a reasonably strong level of agreement between
the investigators. The Bland-Altman plot demonstrates the level of agreement between the 2
raters (Figure 8).

Intra-rater Reliability of Imaging Methodology:

The calculated ICC (3,1) = 0.64, indicated a moderate level of agreement. Figure 9 is a
Bland-Altman plot demonstrating the level of intra-rater agreement.

Discussion

This study demonstrates that muscle-fat MR imaging bears no statistically significant
differences across field strengths (1.5T and 3.0T) for samples obtained from 2 different
animal species. Despite encouraging preliminary findings, the results should be interpreted
with caution, considering a small sample of muscles was measured (n=8), and standard
deviations were relatively high (0.05 — 1.93). Other studies have compared MR imaging at
1.5T and 3.0T field strengths in cardiac research, multiple sclerosis, pre-operative wrist pain,
pancreatitis and pancreatic cancer, prostate cancer, rheumatoid arthritis, and brain tumor, but
these investigations did not focus on muscle-fat quantification16-28,

Similar to others29, our results indicate that MFFs measured using a Dixon Fat/Water
separation MRI technique were consistent with histological measurements. Utilizing a
different approach compared to Gaetta and colleagues??, we controlled for the location of
imaging measurement using vitamin E tablets in the MRI field of view, and by cross-
verifying histological regions of fat by using Oil Red O slides.

In addition, the muscle-fat MR imaging protocol appears reliable with repeated measures
and across investigators. Earlier research has found excellent ICC inter and intra-rater levels
of reliability with MR imaging for muscle-fat quantification (ICC = 0.94 and 0.93,
respectively) using T1-weighted imaging?, but radio frequency slice profiles have evolved
and there is a strong call to utilize more advanced standardized MR-based imaging methods
for quantifying tissue fat concentration3.

Recent evidence using a 3D multi-echo gradient echo Dixon based method for muscle-fat
quantification in the human neck found comparable results to T1-weighted imaging.14 Other
researchers used a similar multi-echo technique and found comparable results to
spectroscopy3L. However, the latter study focused on the investigation of liver fat fractions,
which can be affected by the presence of iron and motion artifacts. This is not the case in ex
vivo muscle samples or /n vivo muscle imaging, and although we initially experimented with
an 8-point Dixon technique, we found the 2-point Dixon method to be sufficient due to the
lack of susceptibility effects from iron. Using this two-echo method within the specific
anatomical environment of skeletal muscle offers higher resolution, shorter acquisition time,
and better signal-to-noise compared to multi-echo.

Other MR methods are commonly used for enhancing the contrast of fat and water,
including Short TI Inversion Recovery (STIR) sequences, which employ inversion times
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during which the fat spins will not contribute to the resulting image32. While clinically
useful for fat nullification in order to observe potential lesions, these inversion recovery
sequences are not practical for muscle-fat quantification due to the difficulty in measuring a
definitive fat signal. We have also explored the use of single voxel magnetic resonance
spectroscopy, but we found the time constraints (6 minute acquisition time per 10 mm?3
volume) and the demand for a high quality magnetic shim were restrictive. Also, although
the fat signal possesses a spectrum with multiple peaks, the 2-point Dixon method focuses
on the largest peak, which is shifted ~ 3.5 parts per million from the water peak and
accounts for the majority of the fat signal energy33. We believe that by focusing on this
dominant portion of the fat signal, the 2-point Dixon method is the optimal method for
skeletal muscle-fat quantification, compared to multi-echo or spectroscopy.

One should note that it is difficult to standardize the location of the MFF ROIs withH & E
staining techniques. While there is a certain level of subjectivity on where the MFFs should
be generated, best efforts were made to address this by using the Oil Red O images as a
cross-reference. Furthermore, a common histological artifact may be caused with tissue
spreading during sample preparation, which produces an appearance visually similar to fat
cells. Accordingly, we calibrated our custom color-channel histological analysis with
MatLab for quantification of fat cells, while removing any/all of the potential larger areas
that could be due to tissue spreading.

A second inherent limitation is that, although Qil Red O slides were used to verify fat
regions on the H&E slides, the prepared samples are separated by only 5 microns.
Accordingly, an exact overlay of images for precise comparison was not possible.

Further, the histological images and the MR images are not of equal scale. The slices
analyzed are a small portion of the volume of the MRI voxel, and assumptions of
generalizability were made.

Finally, although our omnibus testing (ANOVAS) yielded no statistically significant
differences, some of the individual muscles tested displayed descriptive variability that was
relatively large in magnitude. For example, the right rhomboideus cervicus muscle from the
pig measured a greater standard deviation using the 1.5T scanner (0.54) compared to the
3.0T scanner (0.05). In other instances, the 3.0T measurements had higher standard
deviations. According to our preliminary data, MFF values varied from 0.05 to 1.93 using
the 2-point Dixon technique. Future investigations should consistently co-register the images
to ensure that the anatomy of interest is representative across field strengths, as this may
improve accuracy.

Conclusion

This preliminary study demonstrates quantification of animal muscle-fat using commonly
available MR field strengths. Furthermore, the use of a simple 2-point Dixon method may
provide an accurate measure for MFF. Moreover, this imaging protocol is both reliable and
valid. As such, researchers, radiologists, and other interested clinicians can have a certain
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level of confidence that the use of this tool for quantifying MFI in human
neuromusculoskeletal disorders is suitable. This work is currently underway in our
laboratory.
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Figure 1:
ROIs were taken by outlining each muscle within its fascial borders at the same points

simultaneously using the water (panel A) and fat-weighted (panel B) images. The box
outline corresponds to the muscle measured, and the outline in the bottom right section of
panel A highlights the vitamin E tablet attached as a spatial reference.
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Figure 2:
The MFFs were calculated with the custom color channel analysis program using H & E

stains (left), and lipid regions were cross-referenced using Oil Red O stains (right).
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PI1G IMAGING RESULTS
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Figure 3:

MFFs of the 4 pig muscles measured. The averages for 1.5T and 3.0T were 5.61 + 0.46 and

5.79 £ 0.26, respectively. No significant differences were found.
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PIG 1.5T vs 3.0T BLAND-ALTMAN PLOT
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Figure 4:

Bland-Altman plot visually demonstrating the level of agreement of MFF calculation
between 1.5T and 3.0T scanners using the pig data.
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RABBIT IMAGING RESULTS
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Figure 5:
MFFs of the 4 rabbit muscles measured. The averages for 1.5T and 3.0T were 4.32 £ 0.27

and 4.29 + 0.35, respectively. No significant differences were found.
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RABBIT1.5T vS 3.0T BLAND-ALTMAN PLOT
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Figure 6:
Bland-Altman plot visually demonstrating the level of agreement of MFF calculation

between 1.5T and 3.0T scanners using the rabbit data.
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Figure 7:

MFFs of MRI and histology measures. The averages for histology and MRI were 4.00
+0.11 and 4.28 £ 0.29, respectively. No significant differences were found.
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INTER-RATER RELIABILITY BLAND-ALTMAN PLOT
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Figure 8:

Bland-Altman plot visually demonstrating the level of agreement of MFF calculation
between 2 separate raters using the MRI data.
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INTRA-RATER RELIABILITY BLAND-ALTMAN PLOT
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Figure 9:

Bland-Altman plot visually demonstrating the level of agreement of MFF calculation from a
single rater taking repeated measurements using the MRI data.
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Pig Muscle/Fat Fractions (MFF)

Muscle | 1.5T Mean MFF | 3.0T Mean MFF
RRC 494 +0.54 5.37 £0.05
LRC 6.16 +0.21 6.07 +£0.38

RP 5.86 £0.91 5.88+0.34
LP 5.47 +0.99 5.85+0.13

(P=0.41 for the ANOVA test)
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Rabbit Muscle/Fat Fractions (MFF)

Muscle | 1.5T Mean MFF | 3.0T Mean MFF
Neck 1 4.21+0.63 412 +0.55
Neck 2 4.46 £0.51 3.88+1.19
Leg 1 3.94+0.10 4.84+0.83
Leg 2 4.67 £0.29 430+1.93

(P=0.96 for the ANOVA test)
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Rabbit MRI versus Histology

Table 3:

Muscle | 1.5T Mean MFF | 3.0T Mean MFF | Rater 1 Histology | Rater 2 Histology
Neck 1 4.21+0.05 412 +0.05 3.94+0.03 4.01+0.03
Neck 2 4.46 £0.29 3.88+0.29 3.97 £ 0.05 4.08 +0.05
Leg 1 3.94+045 4.84 £0.45 4.02 +0.09 4.20 £ 0.09
Leg 2 4.67 £0.29 430+1.93 3.94 +0.06 3.81+0.06

(P=0.83 for the ANOVA test)
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