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Abstract

Muscle degeneration following rotator cuff tendon tearing is characterized by fatty

infiltration and fibrosis. While tools exist for the characterization of fat, the ability to

noninvasively assess muscle fibrosis is limited. The purpose of this study was to eval-

uate the capability of quantitative ultrashort echo time T1 (UTE-T1) and UTE magne-

tization transfer (UTE-MT) mapping with and without fat suppression (FS) for the

differentiation of injured and control rotator cuff muscles and for the detection of

fibrosis. A rat model of chronic massive rotator cuff tearing (n = 12) was used with

tenotomy of the right supraspinatus and infraspinatus tendons and silicone implants

to prevent healing. Imaging was performed on a 3-T scanner, and UTE-T1 mapping

with and without FS and UTE-MT with and without FS for macromolecular fraction

(MMF) mapping was performed. At 20 weeks postinjury, T1 and MMF were mea-

sured in the supraspinatus and infraspinatus muscles of the injured and contralateral,

internal control sides. Histology was performed and connective tissue fraction (CTF)

was measured, defined as the area of collagen-rich extracellular matrix divided by the

total muscle area. Paired t-tests and correlation analyses were performed. Significant

differences between injured and control sides were found for CTF in the sup-

raspinatus (mean ± SD, 14.5% ± 3.9% vs. 11.3% ± 3.7%, p = 0.01) and infraspinatus

(17.0% ± 5.4% vs. 12.5% ± 4.6%, p < 0.01) muscles, as well as for MMF using UTE-

MT FS in the supraspinatus (9.7% ± 0.3% vs. 9.5% ± 0.2%, p = 0.04) and

infraspinatus (10.9% ± 0.8% vs. 10.1% ± 0.5%, p < 0.01) muscles. No significant dif-

ferences between sides were evident for T1 without or with FS or for MMF using

UTE-MT. Only MMF using UTE-MT FS was significantly correlated with CTF for both

supraspinatus (r = 0.46, p = 0.03) and infraspinatus (r = 0.51, p = 0.01) muscles.

Fibrosis occurs in rotator cuff muscle degeneration, and the UTE-MT FS technique

may be helpful to evaluate the fibrosis component, independent from the fatty infil-

tration process.

Abbreviations: CSA, cross-sectional area; CTF, connective tissue fraction; FA, flip angle; FS, fat suppression; H&E, hematoxylin and eosin; ICC, intraclass correlation; MMF, macromolecular

fraction; MRI, magnetic resonance imaging; MSK, musculoskeletal; MT, magnetization transfer; OCT, optimal cutting temperature; PDMS, polydimethylsiloxane; PFA, paraformaldehyde; RARE,

rapid imaging with refocused echoes; ROI, region of interest; STEAM-FLASH, stimulated echo acquisition mode-fast low angle shot; TE, echo time; TR, repetition time; UTE, ultrashort echo time;

UTE-MT, ultrashort echo time magnetization transfer; UTE-T1, ultrashort echo time T1.
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1 | INTRODUCTION

The rotator cuff is the primary stabilizer of the glenohumeral joint and disruption leads to abnormal joint kinematics, deterioration of function,

and progression towards osteoarthritis.1 Surgical repair may be an option after rotator cuff tendon tearing, but successful reduction of the torn

tendon and subsequent clinical outcome depend, to a large extent, on the status of the muscle.2,3 Muscle degeneration following rotator cuff ten-

don tearing, characterized by fatty infiltration and fibrosis, potentially increases the retear rates by up to 94% after technically successful

repairs.4–6

In clinical practice, magnetic resonance imaging (MRI) is the reference standard for the assessment of muscle quality after rotator cuff tendon

tearing, but the evaluation is primarily qualitative and limited to descriptions of the degree of atrophy and fatty infiltration.7 Quantitative MRI, in

particular T1 (spin–lattice) relaxation time, has been investigated as a potential tool for the evaluation of muscle, but the measurements are

believed to primarily reflect fat content.8–12 Magnetization transfer (MT) measures, which provide information on the macromolecular and free

water pools, have also been used on muscles.13–19 However, the specificity of the MT measurements is unclear because some have shown signifi-

cant correlations with intramuscular fat19 and others have shown significant correlations with protein concentrations.15 Fat suppression

(FS) techniques have been suggested by some authors to disambiguate measurements of the macromolecular pool in the presence of fatty infiltra-

tion.17,20 Transverse relaxation time (spin–spin) has been used on rotator cuff muscles as well,21 but T2 measurements are mostly sensitive to

edema and inflammatory changes.22

Recently, ultrashort echo time (UTE)-MT imaging with two-pool modeling has been applied to the rotator cuff tendons, demonstrating a

strong correlation with collagen content.23 The UTE acquisition permits high signal evaluation of the short T2 regions, including tendon and

fibrotic regions. At present, there are limited tools available to assess muscle fibrosis noninvasively. Although T1 and MT measures with FS have

been suggested for this purpose,17,20 these tools have not been rigorously evaluated, nor have the techniques been used for the rotator cuff mus-

culature. The purpose of this study was to evaluate the capability of quantitative UTE-T1 and UTE-MT mapping with and without FS for the dif-

ferentiation of injured and control rotator cuff muscles and for the detection of fibrosis in a rat model of chronic massive rotator cuff tearing. We

hypothesized that quantitative UTE imaging with FS would be able to differentiate between the injured and control sides, and could be used to

detect fibrosis in the degenerated rotator cuff muscles.

2 | METHODS

2.1 | Rat rotator cuff tear model

Our experiment was approved by the VA San Diego Healthcare System Institutional Animal Care and Use Committee. A rat model of chronic mas-

sive rotator cuff tearing was adapted, which is known to induce muscle collagen deposition and fatty infiltration as early as 4 weeks postopera-

tively.24 Twelve 13-week-old Lewis rats were used. Anesthesia was induced with 4% isoflurane and maintained for the duration of the surgery at

1%–2%. Thermoregulation was achieved using an aqua thermal pad, and heart rate and respiratory rate were monitored throughout the surgery.

Surgeries were performed on the right shoulder and the unoperated left shoulder was used for paired comparisons. Right supraspinatus and

infraspinatus tenotomies were performed and the distal 2–3 mm of the tendons were removed. A thin, L-shaped silicone (polydimethylsiloxane

[PDMS]) implant was placed over the greater tuberosity and firmly fixed with a size 2-0 nonabsorbable polyester suture to prevent spontaneous

tendon healing. Overlying deltoid muscle and skin were closed, and the rats were allowed unrestricted cage activity.

2.2 | MRI

All imaging was performed on a 3-T MRI scanner (Bruker BioSpec 3-T, Billerica, MA, USA) using an 82 mm volume coil for transmission and a

30 mm surface coil for reception. Anesthesia was induced with 5% isoflurane and maintained for the duration of the imaging at 1%–1.5%. At 5-,

8-, 13-, and 20 weeks postinjury, a conventional MRI protocol was employed consisting of T1-weighted and fluid-sensitive sequences, which are

the most commonly used sequences in clinical practice for rotator cuff and muscle evaluation.25

Specifically, axial oblique T1-weighted (repetition time/echo time [TR/TE] = 522/13 ms) nonfat-suppressed and T2-weighted

(TR/TE = 2022/60 ms) with chemical FS rapid imaging with refocused echoes (RARE) sequences were used on both shoulders of each rat at 5 cm
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field of view, 256 � 256 matrix, and 2 mm slice thickness (0.2 � 0.2 � 2 mm resolution). Twelve slices were acquired per sequence. As the rat

scapulae are obliquely oriented with more upward rotation compared with humans, an axial oblique imaging plane yields imaging sections similar

to sagittal-oblique images in humans.

At 20 weeks postinjury, an additional quantitative imaging protocol was performed, consisting of 3D UTE-T1 mapping with and without

chemical shift FS (TR/TE = 12/0.026 ms, flip angles [FAs] = 4/8/12/16�, 0.5 mm isotropic resolution, scan time �5 min per acquisition), 3D UTE-

MT mapping with and without chemical shift FS (MT preparation using a Fermi-shaped pulse with 500/1500� FAs and frequency offsets of

2/5/10/20/50 kHz, TR/TE = 62/0.026 ms, spoke interval = 4 ms, number of spokes per-TR = 10, FA = 7�, 0.5 mm isotropic resolution, scan

time �3 min per acquisition), and a vendor-provided stimulated echo acquisition mode-fast low angle shot (STEAM-FLASH) sequence for B1 cor-

rection in both T1 estimation and MT modeling (STEAM FA = 60�, TR/TE = 2000/2.2 ms, FA = 15�, 1.6 � 1.6 � 4.2 mm resolution,

averages = 15, scan time �4 min).

In five arbitrarily selected rats, postmortem imaging was performed using a high-resolution intermediate-weighted 3D RARE sequence

(TR/TE = 1500/30 ms, RARE factor = 6, 0.3 mm isotropic resolution, averages = 7, scan time �9 h per rat).

2.3 | Magnetic resonance image analysis

Analysis was performed on the image closest to the glenohumeral joint where the scapular spine was in contact with the scapular body, similar to

that used in routine clinical practice.26 A fellowship-trained, board-certified musculoskeletal (MSK) radiologist with 12 years of experience (E.Y.C.)

evaluated the T2-weighed FS images for the presence of rotator cuff muscular edema throughout all the timepoints, defined as increased signal in

the belly relative to surrounding, noninjured muscles, excluding fascia. In addition, the MSK radiologist measured the cross-sectional areas (CSAs)

of the muscles, generated a ratio of the CSAs of the injured/uninjured sides, and applied the Goutallier classification27 on the RARE images, using

RadiAnt DICOM Viewer (v. 2020.2.3, Medixant, Poznan, Poland). After 6 months of training by the MSK radiologist to identify the anatomy and

muscle boundaries, a Ph.D. student (A.S.) independently drew regions of interest (ROIs) around the muscles on a single reconstructed UTE-MT

non-FS image with RARE images as an extra guide. A single ROI was used for each muscle. The ROIs were propagated to all UTE sequences for

calculation of T1 and macromolecular fraction (MMF) values from two-pool modeling on a pixel-by-pixel basis using MATLAB (MathWorks,

Natick, MA, USA). A Levenberg–Marquardt algorithm was employed for the nonlinear least-squares fitting for T1 fitting as well as for the MT

model. Two-pool UTE-MT modeling and parameter mapping were performed on the datasets as previously described,28 including T1 correction

with the respective FS condition (i.e., modeling of UTE-MT with FS data included the measured T1 from the UTE-T1 with FS sequence). Pixel

values within the ROI were averaged. To assess interobserver reliability, 12 rotator cuff muscles were randomly selected and the MSK radiologist

repeated the UTE quantification. The radiologist and Ph.D. student were blinded to the other's quantification results.

2.4 | Histological preparation and analysis

At 20 weeks postinjury, the rats were perfused transcardially with 4% paraformaldehyde (PFA) in phosphate buffer. The scapula and proximal

humeri were resected en bloc, postfixed in PFA at 4�C for 48 h, then transferred to a solution of 20% ethylenediaminetetraacetic acid for 4 weeks

at room temperature for decalcification. The medium was changed every 72 h and decalcification was checked by radiography at weekly intervals.

Following decalcification, the samples were copiously washed in saline, treated with 30% sucrose for cryoprotection, snap-frozen in liquid

nitrogen-cooled isopentane, then embedded in optimal cutting temperature (OCT) compound. Twelve micrometer-thick cryosections were made

in the transverse direction relative to the spine and body of the scapula, targeting the same location as the MRI (where the scapular spine was in

contact with the scapular body). Sections were stained with hematoxylin and eosin (H&E) and Masson trichrome (Epredia Richard-Allan Scientific

Masson Trichrome Kit, 22110648, Fisher Scientific, Hampton, NH, USA). Slides were digitized using a slide scanner (AxioScan Z1, ZEISS,

Thornwood, NY, USA) with a 20� objective.

Cell diameter and perimeter were calculated in the transverse sections of 60 randomly selected myofibers for each muscle. In addition, con-

nective tissue fraction (CTF) was calculated, defined as the area of collagen-rich extracellular matrix (stained blue with Masson trichrome) divided

by the total muscle area, similar to previous methodology.29 Histologic quantification was performed by a blinded pathologist with 23 years of

experience (X.C.) using computer-assisted image analysis software (HALO, Indica Labs, Albuquerque, NM, USA).

2.5 | Statistical analysis

A power analysis estimated a required sample size of 11 to detect an effect size of 1.0 (determined based on histologic muscle data from previous

studies of chronic massive rotator cuff tears30–32), with 80% power and significance level set to 0.05. The Shapiro–Wilk test was used to assess
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data normality distribution and the appropriate statistical test was chosen based on the data. Descriptive statistics were performed. Paired t-tests

were used to evaluate the differences in the groups. Relationships were assessed using Spearman's and Pearson's correlation as appropriate.

Two-way mixed intraclass correlation (ICC) coefficients were used to assess interobserver reliability for UTE quantification and interpreted as fol-

lows: less than 0.50 as poor, between 0.50 and 0.75 as moderate, between 0.75 and 0.90 as good, and greater than 0.90 as excellent.33 p less

than 0.05 was considered to represent significant findings. Statistical analysis was performed using the SPSS software package (version 21; SPSS,

Chicago, IL, USA).

3 | RESULTS

3.1 | Rat rotator cuff tear model

Figure 1 demonstrates the chronic massive rotator cuff tear model using the silicone implant. Intramuscular edema was present in all injured sup-

raspinatus and infraspinatus muscles at 5, 8, and 13 weeks, although an improvement was evident in all rats at later timepoints compared with

earlier timepoints. At 20 weeks postinjury, nine of the 12 rats (75%) remained with subtle, but detectable edema within the injured muscles,

although all decreased compared with prior timepoints (Figure 2).

3.2 | Morphological analysis of conventional MRI

As measured on T1-weighted images, Goutallier grades were significantly higher for the injured sides compared with the control sides for both

the supraspinatus (mean ± SD, 1.0 ± 0.6 vs. 0.0 ± 0.0, p < 0.01) and infraspinatus (1.8 ± 0.8 vs. 0.3 ± 0.5, p < 0.01) muscles (Figures 2 and 3). CSA

measurements were significantly smaller for the injured sides compared with the control sides for both the supraspinatus (mean ± SD, 23.3 ± 5.9

vs. 35.4 ± 7.7 mm2, p < 0.01) and infraspinatus (16.5 ± 4.8 vs. 27.5 ± 7.1 mm2, p < 0.01) muscles.

F IGURE 1 Rat chronic massive rotator cuff tear model. Reformatted 3D rapid imaging with refocused echoes (3D RARE) images through the
right shoulder of a rat at 20 weeks postinjury, in planes equivalent to the coronal oblique (A and B) and axial oblique (C) planes in humans. The
silicone implant (asterisk) covers the greater tuberosity of the proximal humerus. The torn and retracted margins of the supraspinatus (open
arrow) and infraspinatus (arrowhead) tendons are shown in (B). Peritendinous fatty infiltration is present in the supraspinatus (B, black arrow) and
infraspinatus (C, arrows) myotendinous regions. Stripe artifacts in the images are due to the multiplanar reconstruction. H, humerus; S, scapular
spine.

4 of 12 CHANG ET AL.
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3.3 | Quantitative UTE MRI and histological results

FS was effective in every case. Figure 4 shows representative images of the four quantitative UTE sequences (T1, MT, with and without FS) and

representative ROIs. On the non-FS images, foci of high signal intensity are identified on the injured right sides, whereas no perceivable differ-

ences between the injured and uninjured sides are evident on the UTE FS images.

Table 1 shows the summary of histological, conventional MRI, and quantitative MRI results. The chronic massive rotator cuff tear model was

successful in all rats, as determined by reference-standard histological analysis. Injured myofibers were significantly smaller than the control sides

for both the supraspinatus (mean ± SD diameter: 23.0 ± 6.6 vs. 26.4 ± 4.8 μm, p = 0.04; mean ± SD perimeter: 109.7 ± 28.5 vs. 126.8 ± 26.1 μm,

p = 0.02) and infraspinatus (mean ± SD diameter: 20.2 ± 4.4 vs. 25.5 ± 6.2 μm, p < 0.01; mean ± SD perimeter: 109.9 ± 24.0 vs. 123.8 ± 25.9 μm,

p = 0.02) muscles (Figure 3). Similarly, significantly increased extracellular matrix deposition was seen in the injured sides compared with the

F IGURE 2 Representative longitudinal muscle changes postinjury. Transverse T2-weighted fat-suppressed (A–C) and T1-weighted (D–F)
rapid imaging with refocused echoes (RARE) images at (A and D) 8, (B and E) 13, and (C and F) 20 weeks postinjury. Edema is present in the
infraspinatus (arrows) and supraspinatus (open arrow) muscles, improving at later timepoints, although it is still evident in the infraspinatus at
20 weeks. Fatty infiltration is also evident in the infraspinatus (arrowheads), with Goutallier grade 3 at 20 weeks. On the hematoxylin and eosin

(H&E) image (G), architectural distortion is evident in the infraspinatus muscle with abundant adipocytes (inset image).

F IGURE 3 Representative muscle changes between sides on conventional magnetic resonance imaging (MRI) and histology. Transverse
T1-weighted rapid imaging with refocused echoes (RARE) images of both shoulders demonstrate progressively worsening fatty infiltration in the
right infraspinatus (arrowheads), which is Goutallier grade 2 at 20 weeks. Hematoxylin and eosin (H&E)-stained slides at low and higher
magnification demonstrate smaller myofiber dimensions on the injured side compared with the internal control side. Black boxes on the low

magnification H&E images correspond to the location of the higher magnification regions.

CHANG ET AL. 5 of 12
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control sides for both the supraspinatus (mean ± SD CTF: 14.5% ± 3.9% vs. 11.3% ± 3.7%, p = 0.01) and infraspinatus (mean ± SD CTF: 17.0%

± 5.4% vs. 12.5% ± 4.6%, p < 0.01) muscles.

As evaluated with quantitative UTE-T1 mapping both with and without FS, mean T1 values were lower for the injured compared with control

sides for both supraspinatus and infraspinatus muscles, but the differences did not reach significance (Table 1). Similarly, MMF measured with the

UTE-MT non-FS technique did not show statistically significant differences between sides for either the supraspinatus or infraspinatus muscles

(Figure 5). However, MMF measured with the UTE-MT FS technique demonstrated statistically significant increases in the injured over the con-

trol sides for both supraspinatus (mean ± SD, 9.7% ± 0.3% vs. 9.5% ± 0.2%, p = 0.04) and infraspinatus (10.9% ± 0.8% vs. 10.1% ± 0.5%,

p < 0.01) muscles (Figures 5 and 6).

F IGURE 4 Representative source images (A–D) and regions of interest (E–H) used for quantitative UTE magnetic resonance imaging (UTE
MRI). Regions of interest over the muscles (purple areas in E–H) were drawn with rapid imaging with refocused echoes (RARE) images as an extra
guide (not shown). On the non-FS images, foci of high signal intensity are identified on the injured right sides (arrows in A and B). Fat is
effectively suppressed on the FS UTE images, including the intermuscular fat (arrowheads in C and D). FS, fat suppression; UTE-MT, ultrashort
echo time magnetization transfer.

TABLE 1 Summary of histological, conventional magnetic resonance imaging (MRI), and quantitative MRI results.

Supraspinatus Infraspinatus

Injured Control p value Injured Control p value

Myofiber diameter (μm) 23.00 ± 6.61 26.43 ± 4.77 0.04* 20.20 ± 4.39 25.50 ± 6.23 < 0.01*

Myofiber perimeter (μm) 109.66 ± 28.50 126.79 ± 26.11 0.02* 109.91 ± 23.95 123.79 ± 25.93 0.02*

CTF (%) 14.45 ± 3.90 11.29 ± 3.73 0.01* 16.96 ± 5.42 12.48 ± 4.63 < 0.01*

Goutallier grade 1.00 ± 0.60 0.00 ± 0.00 < 0.01* 1.75 ± 0.75 0.33 ± 0.49 < 0.01*

CSA (mm2) 23.30 ± 5.87 35.38 ± 7.68 < 0.01* 16.47 ± 4.77 27.54 ± 7.07 < 0.01*

T1 non-FS (ms) 902.41 ± 53.69 924.02 ± 48.55 0.11 809.78 ± 83.97 853.67 ± 52.32 0.18

T1 FS (ms) 714.84 ± 41.74 722.85 ± 37.52 0.34 652.25 ± 56.53 667.52 ± 36.35 0.47

MMF non-FS (%) 9.52 ± 0.43 9.45 ± 0.20 0.61 10.38 ± 0.54 10.33 ± 0.18 0.72

MMF FS (%) 9.70 ± 0.26 9.51 ± 0.20 0.04* 10.87 ± 0.79 10.09 ± 0.52 < 0.01*

Note: Paired t-test results.

Abbreviations: CSA, cross-sectional area; CTF, connective tissue fraction; FS, fat suppression; MMF, macromolecular fraction.

*Statistically significant result.
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Table 2 shows correlation results between histology and MRI measurements. Notably, MMF assessed with the UTE-MT with FS technique

showed statistically significant correlations with CTF for both supraspinatus (r = 0.46, p = 0.03) and infraspinatus (r = 0.51, p = 0.01) muscles

(Figure 7).

3.4 | Interobserver reliability

Interobserver reliability was good to excellent: 0.98 (p < 0.01) for T1 non-FS, 0.97 (p < 0.01) for the T1 FS, 0.80 (p < 0.01) for MMF non-FS, and

0.78 (p = 0.01) for the MMF FS values.

4 | DISCUSSION

In this study we used an established rat model of chronic rotator cuff tearing to evaluate quantitative T1 and MT parameters obtained using UTE

imaging techniques with and without FS. We demonstrated that the UTE-MT sequence with FS could be used to show differences in the rotator

cuff musculature after injury and that these differences were correlated with the presence of intramuscular fibrosis, confirming our hypothesis.

These promising results suggest that a noninvasive imaging technique exists for the evaluation of fibrotic muscle, regardless of the presence

of fat.

Of all the models of chronic rotator cuff tearing, the rat is the most commonly utilized animal.34 We adopted the chronic rotator cuff tear

model introduced by Hashimoto et al. by placing an implant over the greater tuberosity to prevent cuff reattachment and scar formation.24 This is

important because the rat has a tremendous capability to heal.35 The rats in our experiment showed characteristic muscle degeneration, including

volume loss (decreased myofiber size and overall muscle CSA), increased fatty infiltration (increased Goutallier grade), and increased fibrosis at

F IGURE 5 Bar graphs overlaid with dot plots of MMF without and with FS as well as histological CTF for bilateral supraspinatus and
infraspinatus muscles (n = 12 rats). Error bars, mean ± standard deviation. *, p < 0.05; **, p < 0.01. CTF, connective tissue fraction; FS, fat
suppression; MMF, macromolecular fraction; UTE-MT, ultrashort echo times magnetization transfer.
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20 weeks postinjury. The infraspinatus muscles demonstrated a greater degree of degeneration than the supraspinatus muscles, similar to the

findings of prior investigators.24,32,36

Of interest, muscle edema persisted for longer than expected on the conventional MR images. In the initial description of the rat chronic rota-

tor cuff tear model, changes consistent with a chronic tear were observed at 6 weeks.32 Others have used 12–16 weeks as the chronic postinjury

timepoint,2,24,36,37 with, to the best of our knowledge, the longest timepoint in the rat rotator cuff tear model at 20 weeks postinjury.12 However,

at 20 weeks we noticed that detectable muscular edema persisted in 75% of our animals, suggesting that an even longer postinjury timepoint

may be warranted to more closely match the pattern seen in humans. Specifically, muscular edema has been reported to only be present in 4% of

chronic, degenerative rotator cuff muscles in humans.38

In muscle, the dominant macromolecules include the myofibrillar and collagen proteins,39 and the MMF obtained from the UTE-MT technique

probably reflects the proportion of these proteins relative to the water pool.14,15 Using animal models, previous authors have shown that the

dominant change in pathologic rotator cuff muscle is the increase in collagen content (aside from the fatty infiltration).4,5,32 Our imaging and histo-

logic results are consistent with these prior studies.

F IGURE 6 Representative correlation between histology and magnetic resonance imaging (MRI) measures. Masson trichrome images of the
(A) Injured, and (B) Control sides show the regions of interest (ROIs) used to outline the infraspinatus (solid yellow) and supraspinatus (dashed
yellow) muscles. Within the ROIs, collagen-rich extracellular matrix was digitized in red whereas the myofibers were digitized in green.
Connective tissue fractions, defined as the area of red divided by the cross-sectional area of the muscle, was higher on the injured sides
compared with the control sides. T1-weighted images of the (C) Injured, and (D) Control sides show Goutallier grade 2 fatty infiltration of the
right infraspinatus muscle (arrowhead). (E) MMF pixel maps using the ultrashort echo time magnetization transfer fat suppression (UTE-MT FS)
technique show higher MMF on the injured compared with the control sides. CTF, connective tissue fraction; IS, infraspinatus; MMF,
macromolecular fraction; SS, supraspinatus.

TABLE 2 Summary of correlation results between histology and magnetic resonance imaging (MRI) measurements.

Supraspinatus Infraspinatus

Myofiber diameter Myofiber perimeter CTF Myofiber diameter Myofiber perimeter CTF

Goutallier grade �0.28, 0.19 �0.28, 0.19 0.40, 0.051 �0.52, < 0.01* �0.32, 0.13 0.46, 0.02*

CSA �0.05, 0.83 0.01, 0.98 �0.18, 0.39 0.30, 0.15 0.05, 0.82 �0.52, 0.01*

T1 non-FS 0.10, 0.65 �0.02, 0.94 �0.10, 0.65 0.42, 0.04 0.38, 0.06 �0.14, 0.51

T1 FS �0.70, 0.75 �0.13, 0.56 �0.10, 0.67 0.39, 0.06 0.35, 0.10 �0.03, 0.90

MMF non-FS 0.17, 0.44 0.13, 0.54 0.07, 0.76 �0.22, 0.30 �0.13, 0.54 0.58, < 0.01*

MMF FS �0.11, 0.61 0.00, 0.99 0.46, 0.03* �0.52, 0.01 �0.29, 0.17 0.51, 0.01*

Note: Numbers expressed as: correlation efficient, p value.

Abbreviations: CSA, cross-sectional area; CTF, connective tissue fraction; FS, fat suppression; MMF, macromolecular fraction.

*Statistically significant result.
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A range of MMF values in muscles has been reported in the literature. In human lower extremity muscles, values generally range from 6% to

9%,14,18,40 whereas values between 12% and 17% have been reported in pigs and cattle.15,41 Thus, the MMF values we obtained in the rat rotator

cuff muscles are within the expected range, although are probably underestimated in the injured shoulders due to residual edema. Of note, the

MMF differences between injured and control groups would be expected to be even greater if the edema had completely resolved.

Using numerical simulations, Li et al. suggested that the presence of fat causes an underestimation of the macromolecular pool.17 However,

volunteer data from the same group revealed a more complicated relationship because an underestimation or overestimation could be seen,18

consistent with our results. Jerban et al. recently demonstrated that MMF calculated with measured T1 values were robust for individual voxels

containing fat fractions less than 20%, but were more prone to errors when fat fractions exceeded 30%.42 In fatty muscle degeneration evaluated

by pixel-by-pixel analysis, it would be expected that some pixels would be measuring high-fat regions. Li et al. showed that application of FS con-

sistently decreased the variability of the MMF values in muscle.18 Our results support the measurement of MMF with FS techniques, as this

condition appears to most consistently show differences between the abnormal and normal sides, and is also the measure that consistently corre-

lates with the degree of fibrosis across muscles.

Regarding T1 measurements, a range of values in healthy muscle have been reported in the literature. In vivo at 3 T, values ranging from

approximately 1000 to 1600 ms have been described in humans, varying with anatomic location, patient age, and imaging technique.11,20,43,44

Mean T1 values obtained in our study on the control side using the non-FS technique ranged from 854 to 924 ms, which are lower than those

obtained by Yang et al. in rat rotator cuff muscle at 3 T (�1200 ms), which may be due to differences in technique because the TE used in our

study was 0.026 ms compared with the longer TE of 2.24 ms.12 UTE detects the bound water component (with shorter T1 values) in addition to

the free water component, and thus lower overall mean T1 values are expected.45 With the application of FS, T1 values consistently decreased in

our study, similar to what others have reported.20 While the exclusion of T1-shortening fat may be expected to increase the effective T1 value,

particularly for the injured muscles, the MT effects from the off-resonance fat saturation pulse dominate,20,46–48 resulting in a decrease in

effective T1.

T1 mapping after the intravenous administration of a gadolinium-based contrast agent (GBCA) has been used to evaluate cardiac and skeletal

muscle. In cardiomyopathy patients with endomyocardial biopsy samples, Sibley et al. previously demonstrated that T1 time and histologic fibrosis

were inversely correlated (r = �0.57).29 More recently, Marty et al. used an MR fingerprinting sequence with water and fat separation before and

after the intravenous administration of a GBCA in conjunction with serum hematocrit values to calculate extracellular volume (ECV) fraction,

which is another candidate variable to characterize muscle tissue microstructure.49 Patients with Becker muscular dystrophy were compared with

controls and the authors found that ECV fraction was higher in the patients, even those with normal muscle fat fraction.49 The authors hypothe-

sized that muscle ECV expansion reflects a combination of collagen deposition, extracellular edema, and dying myocytes. Future studies compar-

ing ECV and UTE-MT measures are warranted.

Our study has several limitations. First is the use of an animal model, which has some disadvantages.34 Rats have a strong self-healing capabil-

ity, which was the rationale for the silicone implant in our study. Despite possessing the closest resemblance to the anatomic structure of the

human shoulder out of 33 animals,50 there remain significant differences in muscle degeneration after chronic rotator cuff injury compared with

humans. For instance, even at the longest postoperative time interval used in the rat cuff model to date (20 weeks), muscle edema persisted in

the majority of our cases. Evaluation of human rotator cuff muscles in vivo using heavily accelerated MRI techniques should be performed and

F IGURE 7 Scatterplots showing the relationship of CTF with MMF, obtained with the UTE-MT FS technique, for the (A) Supraspinatus, and
(B) Infraspinatus muscles (n = 24 each). Dashed lines represent regression lines. CTF, connective tissue fraction; FS, fat suppression; MMF,
macromolecular fraction; UTE-MT, ultrashort echo time magnetization transfer.
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are planned as future work. Second, measurements of fibrosis are imperfect. We utilized histology as a reference standard to maximize anatomic

colocalization between modalities. However, some artifacts are unavoidable with this technique. Biochemical analysis may yield more precise

quantification, but the opportunity for anatomic colocalization with MRI slices would not be possible. Third, our methodology did not account for

myotendinous retraction, which has been reported to cause discrepancies in the assessment of muscle degeneration.51 However, in both clinical

practice and research settings, reliance on osseous landmarks for slice selection is the most commonly utilized method. Fourth, although the cor-

relation coefficients between MMF values measured with the UTE-MT FS sequence and CTF were statistically significant, they are only moderate

in strength. The viability of this technique to draw meaningful distinctions in individual human subjects remains to be determined in future work.

Finally, intramuscular tendons were not excluded in our study because precise segmentation of tendon from peritendinous fibrosis in the muscle

could not be accurately made on MRI. However, intramuscular tendons were included on all evaluations, including conventional MRI, quantitative

MRI, and histological measurements. Although the collagen-rich extracellular matrix of tendons would lead to an overestimation of both muscle

MMF on quantitative MRI and CTF/fibrosis on histology, the correlation results between the measures would not be expected to be adversely

affected.

In conclusion, the UTE-MT with FS technique can be used to differentiate between injured and control rotator cuff muscles. Both fatty infil-

tration and fibrosis occur in rotator cuff muscle degeneration, and the UTE-MT with FS technique may be helpful to evaluate the fibrosis compo-

nent, independent from the fatty infiltration process.
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