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Abstract
Introduction  Rotator cuff tears are common in the older population. Atrophy and fat infiltration develop un-evenly in torn 
supraspinatus (SSP) muscles leading to pre- and post-surgical complications. The purpose of the current study was two-
fold: first, to implement a volumetric and quantitative magnetic resonance imaging (MRI) approach to quantify the degree of 
muscle atrophy and fat infiltration within the SSP muscle and its four sub-regions (AS, PS, AD, and PD); second to compare 
3-D MRI outcomes to the standard 2-D assessment and investigate their relationship with tear size.
Materials and methods  Fifteen cadaveric shoulders were obtained and MRI performed. Quantitative 3-D outcomes included 
SSP muscle volume, fossa volume, fat-free muscle volume, and fat fraction for the whole SSP muscle and its four sub-regions. 
2-D and qualitative measurements included tear size, 2-D fat infiltration using the Goutallier classification, tangent sign, 
and occupation ratio.
Results  Linear regression outcomes with tear size were not significant for both cross-sectional area (r = − 0.494, p = 0.061) 
and occupation ratio (r = − 0.011, p = 0.969). Tear size negatively correlated with fat-free muscle volume for both AS and 
PS sub-regions (AS: r = − 0.78, p < 0.001; PS: r = − 0.68, p = 0.005, respectively) while showing no significant correlation 
with fat fraction outcomes. AD and PD sub-regions positively correlated with tear size and fat fraction outcomes (AD: 
r = 0.70, p = 0.017; PD: r = 0.52, p = 0.045, respectively), while no significant correlation was observed between tear size 
and fat-free muscle volumes.
Conclusion  Quantitative 3-D volumetric assessment of muscle degeneration resulted in better outcomes compared to the 
standard 2-D evaluation. The superficial supraspinatus muscle sub-regions primarily presented muscle atrophy, while the 
deep sub-regions were mainly affected by fat infiltration. 3-D assessments could be used pre-surgically to determine the best 
course of treatment and to estimate the muscles’ regenerative capacity and function.
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Introduction

Rotator cuff (RC) tears are the most common causes of 
shoulder-related pain and disability, with a prevalence of 
50–80%, especially in the middle-aged and elderly popu-
lation, respectively [12, 23, 36]. While patients presenting 
with a RC tear may initially be asymptomatic, the tear will 
eventually increase in size over time, resulting in muscu-
lotendinous retraction, muscle atrophy, and fat infiltration 
within the RC muscles [2, 20–22, 29, 35, 36]. These abnor-
mal tissue changes further confound the feasibility of RC 
repairs and healing. Thus, pre-surgical diagnostic imaging 
and analyses play a critical role in determining the patients’ 
best course of treatment [8].
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The current clinical gold standard for assessing muscle 
atrophy and fat infiltration implements a qualitative and 
two-dimensional (2-D) classification system which eval-
uates the sagittal Y-view of the shoulder in a magnetic 
resonance (MR) image. The 2-D assessment, such as the 
Fuchs or Goutallier methods [3, 9], evaluates a single-
image slice for pathological changes in the muscle. How-
ever, in addition to intra- and inter- rater variability, and 
non-volumetric outcomes, measurements are qualitative 
and do not accurately describe the amount of fat and fat-
free muscle. Previous studies have shown a strong correla-
tion between fat-free muscle volume and tear size [20], as 
well as fat fraction, fat volume, and tear size [18, 20, 25]. 
Quantitative and volumetric three-dimensional (3-D) esti-
mations of fat-free muscle and fat fraction showed better 
reliability and reproducibility compared to outcomes from 
a 2-D single-image analyses [7, 11, 24, 33, 34]. In a previ-
ous study, our group has shown quantitative and volumet-
ric measurements of fat fraction within the supraspinatus 
(SSP) muscle to be highly correlated with the extensibility, 
or deformation, of the musculotendinous unit [7]. These 
results indicate the importance of obtaining volumetric 
and quantitative measurements of muscle degeneration as 
prognostic factors for surgical and functional outcomes. 
Interestingly, a study by Meyer et al. found that atrophy 
and fat infiltration develops and progresses un-evenly in 
the torn SSP muscle, with the superficial region primarily 
resulting in muscle atrophy, and the deep region primarily 
affected by fat infiltration [22]. We have previously shown 
that the SSP muscle can be divided into four different sub-
regions based on morphology and function (AS: anterior-
superficial, AD: anterior-deep, PS: posterior-superficial, 
and PD: posterior-deep) [10, 37]. To better understand and 
to help estimate the residual function of the torn SSP mus-
cle with increasing tear size, it is critical to evaluate each 
individual muscle sub-region for degenerative properties 
as these relate to degree of atrophy and intramuscular fat 
infiltration.

Other methods that are commonly used to measure 
muscle atrophy are the occupation ratio and tangent sign 
[28, 30, 32]. The process developed by Thomazeau et al. 
and Schaefer et al. demonstrated that the occupation ratio 
decreased in value as the size of the tear increased. When 
the muscle atrophies, it will fall below the tangent line going 
from the superior aspect of the scapula to the superior por-
tion of the scapular spine, resulting in a positive tangent 
sign. However, if the muscle remains above the tangent 
line, it will result in a negative tangent sign. Rulewicz et al. 
showed that a positive tangent sign correlated with a larger 
rotator cuff tear [28]. Other studies have shown a strong 
correlation between the occupation ratio, tangent sign, and 
improved strength and mobility [28, 30]. Vidt et al. com-
pared a 2-D occupation ratio with the 3-D volume of rotator 

cuff muscles, demonstrating that 2-D outcomes did not rep-
resent the 3-D volume of the rotator cuff muscles [34].

To better understand and to help estimate the residual 
function and healing potential of the torn SSP muscle with 
increasing tear size, it is critical to appropriately evaluate 
each individual muscle sub-region for degenerative proper-
ties as these relate to degree of atrophy and intramuscular 
fat infiltration. Therefore, the purpose of the current study 
was twofold: first, to implement a volumetric and quantita-
tive MR imaging approach to quantify the degree of muscle 
atrophy and fat infiltration within the SSP muscle and each 
sub-region; second, to compare 3-D volumetric outcomes to 
the 2-D occupation ratio and investigate their relationship 
with tear size.

Materials and methods

Specimen preparation

Fifteen fresh-frozen cadaveric shoulders (11 males and 
4 females; mean age, 71 years, range 25–94 years) were 
obtained after IRB approval. The specimens were kept fro-
zen at – 20 °C and thawed overnight at room temperature in 
preparation for MR imaging. Post-imaging, the shoulders 
were dissected and classified based on tear size as intact 
(n = 6), small (n = 2), medium (n = 2), large (n = 3), and mas-
sive (n = 2) tendon tears, as established by Post et al. [26].

Magnetic resonance imaging

MR imaging examinations were performed on a 70 cm bore 
3.0T clinical scanner (GE Healthcare, DV 25.0 R02 soft-
ware) using a 3-channel shoulder surface coil (GE Health-
care: 3.0T HD Shoulder Array, model 2414331). The cadav-
eric shoulders included all bony and soft-tissue structures 
during imaging.

Three‑dimensional (3‑D) analyses

Muscle volume and volumetric intramuscular fat fraction 
outcomes were quantified using a 2-point Dixon MR imag-
ing acquisition protocol. Specifications for the imaging pro-
tocol have been previously described by our group [6, 7, 33] 
and were as follows: 3-D, isotropic 2-point Dixon sequence 
(TR/TE, 3.9/1.2 ms; FOV, 30 cm; matrix, 200 × 200; slice 
thickness, 1.5 mm; flip angle, 10°; band- width, 142.86 kHz; 
NEX, 1). The imaging process resulted in fat-image and 
water-image DICOM data sets for each cadaveric shoul-
der. After the images were acquired and to isolate the target 
region volumes, the fat and water images were imported 
into Mimics imaging and editing software (Materialise, 
Plymouth, MI). The fat-image DICOM data sets were first 
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imported into Mimics and used as the initial template for the 
segmentation process. The SSP muscle sub-regions were 
divided based on a previous study by Roh et al. [27] which 
describes the anterior region attached to the anterior tendon, 
and the posterior region attached to the posterior tendon. 
The anterior-superficial (AS) sub-region was defined as 
the muscle region located superior to the anterior internal 
tendon, while the anterior-deep (AD) sub-region consisted 
on the muscle inferior to the anterior internal tendon. The 
posterior-deep (PD) sub-region, laying below the posterior-
superficial (PS) sub-region, was subdivided based on the 
most-inferior level of the anterior-deep sub-region (cleft) 
(Fig. 1).

Volumetric manual segmentations were performed for 
each of the four sub-regions in the fat-image data sets and 
these segmentations were copied into the water-image data 
sets to obtain a fat fraction outcome for each sub-region 
according to Eq. 1. From all muscle masks (whole SSP, AS, 
AD, PS, and PD), the muscle volumes were obtained and 
the fat-free muscle volumes were calculated by subtracting 
the fat infiltration volume (fat fraction (%) x muscle volume) 
from the muscle volume [20, 34]:

Muscle volume was calculated from oblique sagittal 
T1 weighted fast spin echo scans (FSE) (FSE-XL; (TR/
TE, 700–900/min Full; FOV, 14 cm; echo train length, 4; 
matrix, 384 × 256; slice/space, 4/0; bandwidth, 32 kHz; 
NEX, 2. Images were imported into Mimics and a 3-D vol-
ume assessment performed. Briefly, the entire volume of 
the muscle was segmented from the Y-view and continuing 
proximally until the muscle could no longer be viewed 

(1)Fat fraction (%) =
Fat signal

(Fat signal + water signal)
× 100.

on the images. A similar approach was implemented to 
calculate the fossa volume; the fossa was segmented from 
the Y-view continuing proximally until the muscle could 
no longer be viewed, and defined as the area surrounding 
the bone and the tangent line between superior aspect of 
the scapula and the superior portion of the scapular spine.

Outcome measurements from the 3-D analyses included 
muscle volume, fat-free muscle volume, fat fraction for the 
whole SSP muscle and its sub-regions (AS, AD, PS, and 
PD), and fossa volume.

Two‑dimensional (2‑D) single‑image assessment

MR images used for 2-D analyses were obtained from the 
T1 scan specified above. Intramuscular fat infiltration of 
the whole SSP muscle was graded by an experienced mus-
culoskeletal radiologist on a sagittal Y-view of the MR 
image using the Goutallier classification system as follows 
[3, 9]: stage 0 (normal muscle without any fatty streaks); 
stage 1 (muscle contains some fatty streaks); stage 2 (less 
fatty infiltration than muscle); stage 3 (as much fat as mus-
cle); and stage 4 (more fat than muscle). The T1 images 
were then imported into Mimics to analyze the tangent 
sign, cross-sectional area (CSA) of the SSP muscle and 
SSP fossa. These measurements were obtained at the most 
lateral image, where the scapular spine and coracoid pro-
cess are in contact with the body of the scapula [4, 8, 
13, 19]. Then, the occupation ratio was calculated as the 
cross-sectional area of SSP muscle divided by the area of 
the scapular fossa [4, 13, 14, 32].

Outcome measurements from the 2-D analyses included 
2D fat infiltration using the Goutallier classification sys-
tem, tangent sign, and occupation ratio.

Fig. 1   a Internal tendon of the anterior region (yellow arrows), and 
cleft between the anterior and posterior regions (green arrow). b AS 
(anterior-superficial) sub-region located superior to the internal ten-
don (yellow circle); AD (anterior-deep) sub-region locates inferior to 

the internal tendon (red circle); PS and PD (posterior-superficial and 
deep) sub-regions are subdivided at the most-inferior level of the AD 
region (cleft) (blue and green circles, respectively)
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Statistical analyses

Statistical analyses were performed using the SPSS Statisti-
cal Package (Version 25, SPSS Inc, Chicago, IL). Outcome 
measurements included 3-D fat fraction (%), fat infiltra-
tion volume, and fat-free muscle volume for the whole SSP 
muscle and its sub-regions, as well as 2-D occupation ratio, 
tangent sign, and 2-D fatty build-up as classified using the 
Goutallier classification system. Intraclass correlation coef-
ficient analyses (ICC2,1) was performed to investigate the 
inter-rater reliability of measurements. To evaluate reliabil-
ity, fat-free muscle volume, fat fraction, and muscle volume 
were chosen as the primary outcome measurements from 
two independent observers. Spearman correlation analy-
ses were performed to relate and compare fat-free muscle 
volume and fat fraction values with tear size. p < 0.05 was 
considered statistically significant.

Results

Three‑dimensional analyses

Inter-rater reliability of measurements (ICC2,1) for fat-
free muscle volume, fat fraction, and muscle volume out-
comes were moderate to excellent (range 0.677–0.983), 
good to excellent (range 0.767–0.867), and excellent (range 
0.949–0.985), respectively. Mean (SD) fat fraction outcomes 
for the whole SSP muscle, AS, AD, PS, and PD muscle sub-
regions were 10.8% (0.8), 27.2% (8.2), 21.5% (11.8), 31.4% 
(14.2), and 22.3% (11.9), respectively. Fat-free muscle vol-
umes for the respective regions were 13.7 cm3 (5.6), 3.9 cm3 
(2.5), 7.2 cm3 (3.0), 0.9 cm3 (0.5), and 2.1 cm3 (0.8).

There were significant correlations for the whole SSP 
muscle when evaluating fat-free muscle volume and fat frac-
tion vs. tear size (r = − 0.68, p = 0.005; r = 0.56, p = 0.030, 
respectively; Fig. 2). Muscle sub-region analyses resulted 
in a heterogeneous distribution of fat and muscle atrophy. 
Tear size resulted in a significant negative correlation with 
fat-free muscle volume for both AS and PS sub-regions (AS: 
r = − 0.78, p < 0.001; PS: r = − 0.68, p = 0.005) while show-
ing no significant correlations with fat fraction outcomes 
(AS: r = 0.46, p = 0.112; PS: r = 0.38, p = 0.157). On the 
other hand, the AD and PD sub-regions showed a signifi-
cant positive correlation between tear size and fat fraction 
outcomes (AD: r = 0.70, p = 0.017; PD: r = 0.52, p = 0.045), 
while no significant correlation was observed between tear 
size and fat-free muscle volumes (AD: r = − 0.37, p = 0.173; 
PD: r = − 0.26, p = 0.353, respectively; Fig. 3). 

Mean (SD) values for muscle volume and muscle vol-
ume divided by fossa volume of the whole SSP muscle 
were 17.8 cm3 (6.3) and 1.27 (0.43), respectively. Fat-free 
muscle volume and fat-free muscle volume divided by fossa 

volume were 13.7 cm3 (5.6) and 0.95 (0.37), respectively. 
Tear size resulted in a significant negative correlation with 
the normalized 3-D outcomes; fat-free muscle volume/fossa, 
and muscle volume/fossa (r = − 0.78, p = 0.001; r = − 0.71, 
p = 0.003), respectively. Tear size also resulted in a signifi-
cant negative correlation with the absolute 3-D outcomes; 
fat-free muscle volume and muscle volume (r = − 0.68, 
p = 0.005; r = − 0.55, p = 0.033), respectively (Fig. 4).

Two‑dimensional single‑image assessment

2-D fat infiltration of the whole SSP muscle classified by 
the Goutallier classification system resulted in 7 shoulders 
with stage 1, 5 with stage 2, 2 with stage 3, and 1 with stage 
4. Fat infiltration outcomes of the whole SSP muscle were 
significantly and positively correlated with the qualitative 
Goutallier grades (r = 0.82, p < 0.001). Fat infiltration meas-
ures for specimens classified as stage 1 ranged from 12.9% 
to 22.2%, stage 2 ranged from 18.3% to 39.2%, and stages 
3 and 4 ranged from 34.6% to 47.1%. Stages 3 and 4 were 
pooled together due to the small number of specimens in 
each group. Mean (SD) values of cross-sectional area (CSA) 
and occupation ratio of the SSP muscle were 363.3 mm2 
(72.4) and 0.73 (0.27), respectively. Linear regression out-
comes with tear size were not significant for both CSA 
(r = − 0.494, p = 0.061) and occupation ratio (r = − 0.011, 
p = 0.969) (Fig. 5). Finally, tangent sign outcomes resulted 
in the following: positive (1 large and 1 massive tears); nega-
tive (6 intact, 2 small, 2 medium, 2 large, and 1 massive).

Fig. 2   Correlation outcomes between fat fraction and fat-free muscle 
volume, and tear size for whole supraspinatus (SSP) muscle
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Discussion

In the current study, we quantified volumetric fat-free 
muscle and fat fraction of the whole supraspinatus (SSP) 
muscle and of the four muscle sub-regions (AS: anterior-
superficial, AD: anterior-deep, PS: posterior-superficial, 
and PD: posterior-deep). Similar to a previous study 
[34], quantitative 3-D volumetric assessments of muscle 
degeneration resulted in better outcomes when compared 
to the standard 2-D assessment. An important finding from 
the current study was the increased atrophy of both the 
anterior-superficial and posterior-superficial sub-regions, 
while the deep sub-regions were mostly affected by an 
increase in intramuscular fat infiltration.

It is important to understand the degenerative capacity 
and progression of muscle degeneration so that compre-
hensive muscle evaluations and adequate interpretations of 
volumetric and regional outcomes can be established in the 
setting of rotator cuff tears. After a tear, the SSP muscle 
expresses asymmetric atrophy accompanied by fibrosis and 
fatty infiltration within the muscle fibers [22]. When assess-
ing muscle atrophy, the whole muscle is typically segmented 
or isolated during a 3-D assessment, and the entire cross-
sectional area is outlined in a 2-D evaluation. However, due 
to the segmentation and outline process including the entire 
muscle, fibrotic tissue, and intramuscular fat, an overestima-
tion of atrophy is observed. To overcome this overestima-
tion in outcomes, fat-free muscle volume was calculated by 
subtracting fat infiltration volume from muscle volume, to 

Fig. 3   Correlation outcomes between fat fraction and fat-free muscle volume, and tear size for all four sub-regions



1400	 Archives of Orthopaedic and Trauma Surgery (2022) 142:1395–1403

1 3

differentiate the fat tissue from the muscle fibers [20, 34]. 
This fat-free muscle volume estimation approach has been 
previously shown to significantly correlate with muscle 
strength [34]. Specimens classified for 2-D fatty build-up 
using the Goutallier system were significantly and positively 
correlated with volumetric fat fraction outcomes, with a 
range for volumetric fat fraction for the whole SSP muscle of 
34.6–47.1% for stages 3 and 4. While these values are below 
the < 50% threshold for stages 3–4 established by Goutal-
lier, these findings are consistent with Nardo et al. [24] and 
Horiuchi et al. [11] showing overestimation of fat infiltra-
tion in a 2-D image analysis. These findings emphasize the 
importance of 3-D analyses as a more accurate approach.

Roh et al. advocated for the division of the SSP muscle 
into anterior and posterior regions based on the structural 
differences, and suggested that the anterior region functions 
as the primary contractile unit [27]. Kim et al. further sub-
divided the anterior and posterior regions into superficial, 
middle, and deep sub-regions [16], and supported the role 
of the anterior region as a contractile force production unit, 
while the posterior region is primarily involved in the adjust-
ment of tension [1, 15]. On the assumption that both ante-
rior- and posterior-deep sub-regions play a significant role in 
contractility and muscle force production, these sub-regions 
are highly susceptible to decreased contractility by intra-
muscular fat infiltration. Many investigators have reported 
a relationship between intramuscular fat infiltration and tear 

Fig. 4   Correlation outcomes between a fat-free muscle volume and tear size of the SSP muscle, b fat-free muscle volume/fossa vs. tear size of 
the SSP muscle, c muscle volume and tear size of the SSP muscle, and d muscle volume/fossa vs. tear size of the SSP muscle
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size [18, 20, 25], and the relationship between fatty build-
up and preoperative or intraoperative contractile potential 
of the torn SSP muscle [5, 38]. The preoperative degree of 
intramuscular fat infiltration has been shown to be signifi-
cantly correlated with post-operative muscle strength, with 
post-operative muscle strength of small-sized tears being 
significantly greater than that of patients with medium- 
and large-to-massive-sized tears [31]. Similarly, preopera-
tive supraspinatus muscle atrophy and fat infiltration were 
significantly and negatively correlated with post-operative 
strength in external rotation and forward elevation [8]. While 
strength, function, and muscle contractility were not meas-
ured in the current study, these previous investigations sup-
port the results of the current study indicating quantitative 
and volumetric fat fraction measurements from the anterior- 
and posterior-deep sub-regions as a feasible approach and 
method to estimate the residual function of the torn SSP 
muscle.

There are several limitations in this study. First, the 
number of specimens in each tear size classification was 
small and the values obtained for atrophy and fat fraction 
might differ from those observed in-vivo. In two different 
investigations, Kim et al. found significant atrophy of the 
anterior- and posterior-superficial sub-regions in cadav-
ers [17] and in patients using ultrasound imaging [15]. 
These studies further support the finding that the anterior 
and posterior-superficial sub-regions primarily atrophied. 
Second, quantitative 3-D analyses take longer than a 2-D 
approach, which might not make it appealing for a clinical 

implementation yet. Third, we have not measured muscle 
contractile properties. However, based on previous pub-
lished literature reports, quantitative measurements in 
this study could be used as an estimation of function and 
strength. Finally, only the SSP muscle was analyzed and 
other rotator cuff muscles (infraspinatus, teres minor, and 
subscapularis) should be evaluated in the future. Overall, 
the results presented in this study suggest that quantita-
tive fat-free muscle volume and fat fraction measurements 
using the 2-point Dixon MR imaging technique could be a 
suitable method to evaluate muscle atrophy, degeneration, 
and residual function of the SSP muscle.

Conclusion

The superficial supraspinatus muscle sub-regions primar-
ily showed muscle atrophy, while the deep sub-regions 
were mainly affected by fat infiltration. Quantitative volu-
metric assessment of muscle degeneration could be used 
pre-surgically to determine the best course of treatment 
and to estimate the muscles’ regenerative capacity and 
function. Future studies implementing the methodologies 
from this study should be performed in-vivo.
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