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Muscle Functional MRI of Exercise-
Induced Rotator Cuff Muscles

INTRODUCTION

Strengthening of the rotator cuff muscles is one of the most integral parts of a 
rehabilitation program for athletes with shoulder injuries who must perform throwing 
motions during sports activities. Additionally, exercise-induced muscle activity is 
essential in sports medicine and rehabilitation medicine. Therefore, previous studies 
have been conducted to identify the most effective exercise for strengthening rotator 
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Original Article 

The aim of this study was to provide a new assessment of rotator cuff muscle activity. 
Eight male subjects (24.7 ± 3.2 years old,171.2 ± 9.8 cm tall, and weighing 63.8 ± 
11.9 kg) performed the study exercises. The subjects performed 10 sets of the exercise 
while fixing the elbow at 90 degrees flexure and lying supine on a bed. One exercise 
set consisted of the subject performing external shoulder rotation 50 times using 
training equipment. Two imaging protocols were employed: (a) true fast imaging with 
steady precession (TrueFISP) at an acquisition time of 12 seconds and (b) multi-shot 
spin-echo echo-planar imaging (MSSE-EPI) at an acquisition time of 30 seconds for 
one echo. The main method of assessing rotator cuff muscle activity was functional 
T2 mapping using ultrafast imaging (fast-acquired muscle functional MRI [fast-
mfMRI]). Fast-mfMRI enabled real-time imaging for the identification and evaluation 
of the degree of muscle activity induced by the exercise. Regions of interest were 
set at several places in the musculus subscapularis (sub), musculus supraspinatus 
(sup), musculus teres minor (ter), and deltoid muscle (del). We used the MR signal of 
the images and transverse relaxation time (T2) for comparison. Most of the TrueFISP 
signal was not changed by exercise and there was no significant difference from 
the resting values. Only the T2 in the musculus teres minor was increased after one 
set and the change were seen on the T2 images. Additionally, except for those after 
one and two sets, the changes in T2 were significant compared to those at rest (P 
< 0.01). We also demonstrated identify and visualize the extent to which muscles 
involved in muscle activity by exercise. In addition, we showed that muscle activity in 
a region such as a shoulder, which is susceptible to B0 inhomogeneity, could be easily 
detected using this technique.
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echo echo-planar imaging (MSSE-EPI); TrueFISP; Transverse relaxation time (T2); 
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cuff muscles (1-3). However, the most effective exercise 
has varied between studies. Several factors may have 
contributed to the divergent results. One of them was 
that electromyography (EMG) was commonly used as a 
technique to assess muscle activity induced by exercise in 
these reports. Although a higher level of EMG reproducibility 
was reported by Kelly et al. (3), shortfalls with the use of 
EMG still exist. The intramuscular dual fine wire electrodes 
used in EMG detect the activity of only a small number of 
muscle fibers and sometimes migrate during exercise. This 
may help explain the relatively poor reproducibility of EMG 
(4-6) and may be another possible reason for the divergent 
data.

1H-magnetic resonance imaging (MRI) can evaluate not 
only superficial muscles but also deep muscles. In addition, 
increases in muscle proton transverse relaxation time (T2) 
were reported to positively correlate with the intensity 
of concentric and eccentric muscle contractions (7-10). 
Furthermore, the relationship between T2 and EMG activity 
from contraction amplitude is linear (11). Therefore, this 
technique is also useful in evaluating muscle use after short 
periods of resistance training. Those findings indicate that 
MRI can be used to study skeletal muscle function, with 
T2 serving as a quantitative index of activity. In the field 
of exercise physiology and rehabilitation medicine, this 
technique is called muscle functional magnetic resonance 
imaging (mfMRI) (12-15). Researchers in several studies 
have tabulated the changes in muscle T2 to monitor the 
pattern of muscle recruitment during various exercises in 
human subjects (7, 8, 10, 16-20). However, as reported by 
Takeda et al. (21), it is shared as an experienced knowledge 
that the detectability of T2 changes is limited if the exercise 
is not performed until fatigue. Therefore, it is difficult to use 
this evaluation approach efficiently during rehabilitation. 

We considered that the problem of detectability seems 
to involve the temporal resolution of image acquisition 
for calculating the T2. To reduce the acquisition time and 
thus, increase temporal resolution, we theorized and then 
verified that the T2 values calculated from spin-echo echo-
planar-imaging (SE-EPI) images could highly detect slight 
muscle activity induced by acute exercise because the 
high temporal resolution of SE-EPI, data can be collected 
while T2 is elevated, although the elevated T2 returns to its 
resting value due to exercise (22). And muscle functional 
MRI using the T2 calculated from SE-EPI images was able 
to detect the slight impact of muscle activity induced by 
exercise. Ultrafast imaging has been shown to allow the 
visualization of exercise-induced muscle activity (23). 

SE-EPI has been used to refer to a sequence in which 
the data from all of the k-space for an entire 2D plane 
is collected following a single RF-excitation pulse. More 
recently, the term has been expanded to include any rapid 
spin-echo sequence in which the k-space is traversed in 
one or a small number of excitations (24). In the modern 
lexicon, these are termed single-shot spin-echo echo-planar 
imaging (SSSE-EPI) and multi-shot spin-echo echo-planar 
imaging (MSSE-EPI), respectively.

The advantage of SSSE-EPI is that the image acquisition 
time can be significantly shortened, so the influence of 
motion artifacts can be reduced. However, this technique 
places more stress on the gradient and phase errors more 
time to build up. In particular, the variation in phase 
error is more susceptible to it as the number of k-space 
trajectory readings during a single TR increase. SSSE-EPI is 
susceptible because it has the highest number of k-space 
trajectory to be read during one TR. Thus, image distortion 
and shimming malfunction are likely to occur due to the 
influence of susceptibility effects. In contrast, MSSE-EPI 
takes longer to perform than does SSSE-EPI but can reduce 
image distortion and the influence of susceptibility effects. 
Therefore, although it is necessary to verify T2 calculations 
using SE-EPI in the rotator cuff region where susceptibility 
effects have a large influence, no previous studies have 
been reported.

The purpose of this study was to evaluate mfMRI of the 
rotator cuff muscles by T2 calculations using SE-EPI, and 
whether it could be used to visualize muscle activity in 
rotator cuff muscles.

MATERIALS AND METHODS

Subjects and exercise protocol
Eight male subjects (24.7 ± 3.2 years old, 171.2 ± 9.8 cm 

tall, and weighing 63.8 ± 11.9 kg) performed the exercise. 
The subjects performed 10 sets of an exercise while fixing 
the elbow at 90 degrees flexure and lying supine on a bed 
(Fig. 1). One exercise set consisted of the subject performing 
external shoulder rotation 50 times using training 
equipment (Arm Twista; Sanriki Corporation, Tokyo, Japan). 
All subjects provided written informed consent according to 
as approved by the Ethics Committee of the Japan Institute 
of Sports Sciences.

MR imaging and data analysis
All measurements of the rotator cuff muscles were 
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performed on a 1.5-Tesla whole-body scanner (Symphony; 
Siemens AG, Erlangen, Germany) with a small shoulder array 
coil. Two protocols were employed: (a) true fast imaging 
with steady precession (TrueFISP) with a repetition time (TR) 
of 4.72 ms, an echo time (TE) of 2.36 ms, a matrix size of 
256 × 256, a flip angle (FA) of 50, a bandwidth (BW) 501 
Hz/Px, an acquisition time of 12 seconds; and (b) MSSE-EPI 
with a TR of 2000 ms, a TE of 20, 30, 40, 50 ms (4 echoes), 
a matrix size of 128 × 128 interpolated into 256 × 256, an 
FA of 90, a BW of 1392 Hz/Px, and an acquisition time of 
30 seconds (for one echo). A slice thickness of 5 mm, a FOV 
of 240 × 240 mm, and a NEX of 1 were common factors. 
The imaging conditions for SSSE-EPI could not be adjusted, 
so it could not be used in the experiment.

Among the fast imaging, TrueFISP can acquire high 
spatial resolution image data and therefore easy to 
obtain anatomical information. EPI, on the other hand, 
is extremely low in spatial resolution, so it is difficult to 
obtain anatomical information from the image data. In 
rest, TrueFISP images as morphological images and MSSE-
EPI images as T2-weighted images for calculating T2 were 
acquired in order. The subjects exercised on the bed of the 
MR scanner and after each set of exercises, only MSSE-
EPI images were acquired immediately. By not resetting the 
positioning information of the device, the time required 
from the end of each exercise to the start of scanning was 
shortened to less than one minute. After the experiment 
was completed, the image data were transferred to a 
computer for analysis, T2 images were created using the T2-

weighted images acquired by MSSE-EPI, and image analysis 
was performed.

T2 images were calculated using the least-squares fitting 
mono-exponential of the MSSE-EPI images. In extracting 
the MR signal from the TrueFISP images (TrueFISP signal), 
and muscle T2 from the T2 images, regions of interest (ROI) 
were set at several places in the musculus subscapularis 
(sub), musculus supraspinatus (sup), musculus teres minor 
(ter), and deltoid muscle (del). The average and standard 
deviation of the T2 for each muscle set as the ROI was 
calculated. The T2 was calculated using Interactive Data 
Language (IDL: L3Harris Geospatial, Boulder, CO, USA) with 
least-squares fitting mono-exponential regression of the 
MSSE-EPI images. To visualize the area of the activated 
muscle, we used the fast-mfMRI technique (23, 25).

Statistical analysis
A previous study reported that there were approximately 

10% changes in the T2 in the same muscle (26). Based 
on this finding, the obtained data were subjected to one-
way repeated-measures ANOVA with Scheffe’s post-hoc 
test. Differences with P-values of < 0.05 were considered 
significant.

RESULTS

Figure 2 shows representative MR images of the right 
shoulder at rest and after 10 exercise sets. In the images 

Fig. 1. The exercise scheme of external rotation exercises of the shoulders was repeated 50 times starting from a neutral 
position. (a) The practical landscape of the exercises and (b) training equipment.

a b
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obtained after 10 sets, especially on the MSSE-EPI and T2 
images, the areas of the activated musculus teres minor 
were well-enhanced and the details were preserved. Figure 
3 shows changes in the TrueFISP signals after each set and 
changes in the T2. All subjects showed the same findings. 
Most of MR signal detected from TrueFISP images were not 
changed by exercise and there was no significant difference 
from the resting values. Only T2 in the ter was increased 
after one set, and the change was seen on T2 images. 
Additionally, except for those after one and two sets, the 
changes in T2 were significant compared to those at rest (P 
< 0.01). 

Figure 4 shows representative MR images of the right 
shoulder after 10 sets of exercise. The inf and ter showed 
slight changes in signal intensity (SI) after exercise, 
However, it was difficult to quantify the SI difference 
(Fig. 4a). Additionally, although the TrueFISP images were 
superior in spatial resolution, the identification of the 

activated muscle using changes in SI in the subtracted 
images was difficult (Fig. 4c). The T2 images improved 
the image contrast in muscle activity induced by exercise 
(Fig. 4b) and the subtracted images (Fig. 4d) could identify 
muscle activity induced by exercise in the inf and ter. Figure 
5 shows the fusion images generated using the fast-mfMRI 
technique. This technique can facilitate the visualization of 
muscle activity induced by exercise. As shown in the figure, 
this technique is applicable even in the rotator cuff region, 
which is susceptible to B0 inhomogeneity. Additionally, 
muscle activity due to slight exercise could be detected 
using MSSE-EPI to obtain excellent T2 measurements in 
relation to temporal resolution.

DISCUSSION

First, we tried to adjust the imaging conditions of SSSE-

Fig. 2. Representative MR images. (a) TrueFISP image at rest, (b) MSSE-EPI image at rest, (c) T2 image at rest, (d) TrueFISP 
image after 10 sets, (e) MSSE-EPI image after 10 sets, and (f) T2 image after 10 sets. In (b) and (e), the echo was 50 ms. The 
arrows denote the activated musculus teres minor.

a b c
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EPI for obtaining rotator cuff MR images, but we could not 
use SSSE-EPI because the MRI unit used in this study could 
not eliminate the influence of fat artifacts, as shown in 
Figure 6.

In this study, the SE-EPI we used was multi-shot SE-EPI 
(MSSE-EPI) instead of single-shot SE-EPI (SSSE-EPI). An 
advantage of MSSE-EPI is that phase errors have less time 
to accumulate compared to SSSE-EPI. Thus, MSSE-EPI can 
reduce susceptibility artifacts. This advantage is thought 
to act on sites such as the shoulder where susceptibility 
artifacts occur due to B0 inhomogeneity.

Muscle activity induced by exercise was only detected in 
the T2 images. In T2 using the ultrafast imaging method, 
it was possible to detect small impacts of slight muscle 
activity induced by acute exercise. Figure 3a shows 
that the shoulder is a region that is susceptible to B0 
inhomogeneity. Conversely, it is an advantage that the spin-
echo sequences could correct B0 inhomogeneity to some 
extent. Additionally, we showed that muscle activity due to 
slight exercise could be detected if we used MSSE-EPI to 
obtain excellent T2 measurements in relation to temporal 
resolution. Therefore, it was suggested that when a site 
is susceptible to B0 inhomogeneity, T2 calculation using 
MSSE-EPI could resolve the problem of image distortion.

Since MSSE-EPI and SSSE-EPI are pulse sequences having 

the characteristics of high temporal resolution but low 
spatial resolution, it is difficult to obtain morphological 
information about the boundaries of each muscle. In 
addition, although the SE sequence can easily obtain 
morphological information, the scanning time of SE is 
generally long. Thus, TrueFISP images were selected as 
morphological images that satisfied the two requirements 
of shortened imaging acquisition time and high spatial 
resolution. In the same way, we also tried to visualize 
muscle activity induced by exercise using our mfMRI 
method. Although the MR signal alone could not identify 
the muscles involved by exercised, only T2 could be used 
to extract the area of the muscle in which activity was 
induced by exercise. The usual MR signals obtained with 
sequences such as steady-state free precession (SSFP) 
using TrueFISP and gradient-echo (GE and/or GrE) cannot 
compensate for the effects of B0 inhomogeneity, which is 
common in images of the shoulder region, and the effect 
of B0 inhomogeneity on image quality is significant. 
However, T2 images calculated from images obtained from 
SE sequences using refocusing pulses are less susceptible to 
B0 inhomogeneity (22), and we confirmed that T2-weighted 
images were an excellent method for identifying activated 
muscles in the shoulder, including the rotator cuff, as shown 
in Figure 4d.

Fig. 3. TrueFISP signal and T2 at rest (set number = 0) and after exercise in representative subjects. (a) TrueFISP signal. (b) 
T2. Significantly different from the value at rest, * : P<0.05, ** : P<0.01. sub (◊), sup (△), inf & ter (□), and del (×).

a b
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The simplest examination for the increases in T2 after 
exercise is that the increase in osmolarity (phosphate, 
lactate, sodium) in the cytoplasm during activity results 
in the influx of fluid, diluting the effect of the myofibrillar 
proteins on water relaxation. Therefore, T2 is actively used 
to evaluate exercise-induced muscle activity (12).

The recovery of muscle activity may affect T2 calculations 
because it took a few minutes to collect the imaging data 

for T2 calculations. However, in the exercise protocol 
conducted in this paper, an increase in T2 could be detected, 
as shown in Figure 3. Therefore, it was suggested that the 
exercise protocol conducted in this paper had no effect on 
the recovery of muscle activity.

The usefulness of changes in muscle T2 has been 
reported by a number of previous studies. In this study, the 
image distortion in SE-EPI was improved by using MSSE-

Fig. 4. Representative right shoulder MR images after 10 sets of exercise. (a) TrueFISP image, (b) T2 image, (c) TrueFISP 
images subtracted from 10 sets at rest, and (d) T2 images subtracted from 10 sets at rest. The arrows denote activated 
infraspinatus & teres minor (inf & ter) muscles.

a b

c d
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EPI and showed muscle activity in a region such as a 
shoulder, which is susceptible to B0 inhomogeneity. Also, 
muscle activity induced by slight exercise was successfully 
visualized. It is thought that changes in muscle T2 induced 
by exercise were strongly influenced by temporal resolution.

In addition, SE-EPI involves pulse sequences with the 
application of fat saturation until the RF pulse. Therefore, 
the fat MR signal was suppressed in the SE-EPI images. 
In skeletal muscle, there are intramyocellular triglycerides 
(IMCL) and extramyocellular triglycerides (EMCL). Therefore, 
it was feared that IMCL and EMCL affected the muscle T2. 
However, in the 1.5-T MRI scanner, we demonstrated that 

there was no significant difference in the T2 whether or not 
the MSE images included fat suppression (26). These results 
suggest that MR images acquired by 1.5-T imager cannot 
detect fat within muscle, and therefore also suggest that it 
cannot detect about IMCL and EMCL too. This suggests that 
the results from the 1.5-T imager used to calculate muscle 
T2 were unaffected by IMCL and EMCL.

Since SE-EPI is required to achieve high homogeneity 
in the static magnetic field, even a small magnetic field 
difference causes a large spatial distortion. In addition, 
at the boundaries where the difference in susceptibility 
effects is large, shimming to eliminate fat artifacts due to 

Fig. 5. Fused image using fast-mfMRI obtained after 2 sets (a), 4 sets (b), 6 sets (c), and 8 sets (d) of exercise. The color bar 
shows the differences in the T2 (delta T2). The arrows denote activated infraspinatus & teres minor (inf & ter) muscles.

a b

c d
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bandwidth becomes defective and the artifacts may not 
be removed. This suggests that the image data obtained by 
SSSE-EPI, which has high temporal resolution but is greatly 
affected by susceptibility effects, was poor.

In contrast, in MSSE-EPI, the k-space is divided into 
multiple segments, each of which is acquired by a separate 
EPI train. The advantage is that susceptibility effects can be 
reduced compared to SSSE-EPI. Therefore, MSSE-EPI showed 
that image data was acquired even in the boundaries where 
the difference in susceptibility effects was large like in the 
shoulders.

At present, the limitations of this technique are as follows. 
Originally, fast-mfMRI (25) was a method of using SSSE-
EPI as the pulse sequence for T2 acquisition to significantly 
reduce the imaging acquisition time for T2 measurements. 
SSSE-EPI, which is the pulse sequence with a high temporal 
resolution, is greatly affected by image distortion due to 
inhomogeneity of the magnetic field, so SSSE-EPI cannot 
be used in regions susceptible to B0 inhomogeneity. In 
contrast, although MSSE-EPI is useful for suppressing image 
distortion due to inhomogeneity of the magnetic field, the 
image acquisition time is extended 15 times in the scanning 
conditions used in this paper. Temporal resolution and 
image distortion are trade-off relationships for SE-EPI, and 
condition adjustments related to these relationships cannot 
exceed the performance of the MRI units themselves. 
Although the application of fast-mfMRI to the whole-body 
region is possible, the problematic trade-offs in SE-EPI 
require further research.

CONCLUSION

In this study, we demonstrated the detectability of 
rotator cuff activity using the T2 calculated from MSSE-
EPI images and showed the high detectability of muscle 
activity in a region, such as a shoulder, which is susceptible 
to B0 inhomogeneity. Detectability reached a plateau after 
exercise. The T2 calculated from SE-EPI images indicated the 
high detectability of slight muscle activity induced by acute 
exercise. This study also demonstrated the visualization 
of the activity of individual muscles of the rotator cuff. In 
addition, we showed that muscle activity in a region such 
as a shoulder, which is susceptible to B0 inhomogeneity, 
could easily be detected using the MSSE-EPI technique.
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