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The Ability of Muscle Functional MRI 
to Detect the Slight Effect of Exercise 
on Trunk Muscle Activity

INTRODUCTION

Evaluation of exercise-induced muscle activity, especially of the trunk muscles, is 
essential in sports and rehabilitation medicine (1). H-magnetic resonance imaging 
(MRI) can evaluate not only the superficial muscle but also deep muscles. In addition, 
exercise produces changes in human muscle tissue that can be documented by MRI 
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Purpose: In this study, we provide a way to assess even a slight effect of exercise on 
trunk-muscle activity.
Materials and Methods: Seven healthy male participants (mean age, 24.7 ± 3.2 
years; height, 171.2 ± 9.8 cm; and weight, 63.8 ± 11.9 kg) performed 15 sets of an 
exercise with 20 repetitions of 90˚ hip and right-knee flexion while lying supine. 
The exercise intensity was measured using the 10-point Rating of Perceived Exertion 
Scale after the first and 15th sets of exercises. Although cross-sectional areas and 
functional T2 mapping using ultrafast imaging (fast-acquired muscle functional 
magnetic resonance imaging, fast-mfMRI) have been proposed for imaging to 
evaluate exercise-induced muscle activity in real time, no previous studies have 
reported on the evaluation of trunk-muscle activity using functional T2 mapping. As 
a method for assessing trunk-muscle activity, we compared functional T2 mapping 
using ultrafast imaging (fast-mfMRI) with cross-sectional areas.
Results: Although the muscle cross-sectional areas were increased by the exercise, 
there was no significant difference at rest. On the other hand, for all sets, the 
changes in T2 were significant compared with those at rest (P < 0.01). These results 
demonstrate that T2, calculated from fast-mfMRI images can be used to detect even 
a small amount of muscle activity induced by acute exercise, which was impossible 
to do with cross-sectional areas.
Conclusion: Fast-mfMRI, which can also display functional information with detailed 
forms, enabled non-invasive real-time imaging for identifying and evaluating the 
degree of deep trunk-muscle activity induced by exercise.

Keywords: Exercise; Muscle functional magnetic resonance imaging (mfMRI); Spin-
echo echo-planar imaging (SE-EPI); True imaging with steady-state progression 
(True-FISP); Transverse relaxation time (T2)
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(1-8). In contrast to non-exercising tissue, muscles that 
are recruited during exercise appear hyperintense as MRI 
signal intensity increases with exercise and subsequently 
declines in recovery. Exercise-induced signal changes result 
primarily from increases in the transverse relaxation time 
(T2) of tissue water, and they are most pronounced on T2-
weighted images (1, 2, 7, 9). Exercise-induced T2 increase 
has been associated with increased muscle volume and is 
mainly related to an accumulation of intracellular water (10, 
11). During exercise, intracellular water accumulation may 
result from an osmotically (11, 12) and/or hydrostatically 
driven fluid shift. A greater level of metabolite accumulation 
and larger T2 changes in predominantly glycolytic than 
in predominantly oxidative situations have been reported 
(13). Intracellular acidification also contributes to muscular 
T2 changes (14), demonstrating that muscle metabolic 
activity could be involved in exercised-induced changes in 
T2 (15). Accordingly, intracellular pH-induced T2 variations 
are related to changes in the magnetization transfer rate 
between macromolecules and free intracellular delivery 
(14). In addition, Adams et al. (16) reported that T2 is 
correlated with electromyographic (EMG) activity during 
both concentric and eccentric actions during elbow flexion 
under different loads. Therefore, this technique is also useful 
in evaluating muscle use after short periods of resistance 
training.

Moreover, many studies have shown that muscle activity 
induced by exercise can be visualized as the changes in 
T2 (17-22). For example, Adams et al. (17) used contrast 
shifts in magnetic resonance (MR) images in an attempt to 
map regions of the thigh muscle that had been stimulated 
by transcutaneous electro-myostimulation. In addition, 
Akima et al. (20) tested the coactivation patterns of 
individual muscles and the neuromuscular compartments 
of the quadriceps femoris during knee-extension exercises. 
Notably, they proposed a technique called muscle functional 
magnetic resonance imaging (mfMRI) (21, 22). The 
differences between functional MRI (fMRI) and mfMRI are 
as follows: fMRI uses the change in the blood oxygenation 
level-dependent signal to measure the brain’s activity. In 
contrast, mfMRI uses T2 changes to distinguish the muscle 
that is associated with an exercise. In other words, mfMRI 
involves T2 mapping of muscle activities, and thus can 
describe the function of muscle activity. Hence, orthopedists 
and athletic trainers can use it to evaluate the effects of 
strength training on the muscles. However, for calculating 
T2, mfMRI uses a spin echo (SE) or multiple spin-echo 
(MSE) sequence. SE or MSE requires an acquisition time of 

a few minutes, and the conventional imaging technique is 
restricted in terms of time resolution. Hence, mfMRI can 
be used only for the limbs. In addition, mfMRI’s ability to 
detect T2 change is limited if exercise is not performed until 
fatigue sets in. Therefore, it is difficult to use this approach 
for efficient evaluation during rehabilitation.

For evaluation of trunk-muscle activity, the physician or 
trainer needs to know what the normalized and calibrated 
muscle activation levels in different tasks in choosing 
specific training exercises and making rehabilitation 
decisions. Numerous related studies have used EMG (23-
28) and muscle cross-sectional areas (CSA) on MRI (29-33). 
However, although EMG can be used to evaluate muscle 
activity during exercise, it is invasive for approaches to the 
deeper muscles. Likewise, CSA can investigate only muscle 
morphology. In addition, CSA cannot be used to judge the 
effect of training in the acute phase. Therefore, in sports 
and rehabilitation medicine, we need a noninvasive method 
of assessing trunk-muscle activity that can provide both 
morphological evaluation and functional evaluation.

Previous studies proposed and verified the feasibility of 
mfMRI using ultrafast imaging (fast-acquired mfMRI and 
fast-mfMRI) (34, 35). Fast-mfMRI is mfMRI that improves 
temporal resolution by using SE echo-planar imaging (SE-
EPI) for the pulse sequence for T2 acquisition. Fast-mfMRI 
can shorten the acquisition time to 1/12 that of the MSE 
method. Fast-mfMRI provides not only morphological 
but also functional information, and can be applied to 
human trunk muscles with limited scan time. There has 
been a growing interest in T2 mapping using SE-EPI (36-
38), because SE-EPI has excellent temporal resolution 
and can be applied to assess activity in the human trunk 
muscles. However, these experiments do not represent real 
situations in which mfMRI can be used to detect the bare 
minimal effect of exercise on the activity of the human 
trunk muscles. Therefore, our purpose in this study was 
to evaluate mfMRI’s ability to detect even a slight effect 
on trunk-muscle activity during acute exercises, and we 
simultaneously compared the T2 images with CSA.

MATERIALS AND METHODS

Subjects and Exercise Protocol
Seven healthy male participants (mean age, 24.7 ± 3.2 

years; height, 171.2 ± 9.8 cm; and weight, 63.8 ± 11.9 
kg) performed the exercises. All participants gave written 
informed consent, and the ethics committee of the Japan 
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Institute of Sports Sciences approved this study. The 
participants performed 15 sets of an exercise while lying 
supine (Fig. 1). One exercise set consisted of the participant 
doing 90˚ right hip and knee flexions 20 times. Participants 
bent one knee to 90˚ for 1 s and then extended the leg for 
1 more sec. We measured the exercise intensity using the 
10-point Rating of Perceived Exertion (CR-10: RPE) (39) 
scale that is shown in Table 1. We measured only the first 
set and the last set.

MR Imaging and Data Analysis
We did all measurements of the psoas major muscles 

using a 1.5-Tesla whole-body scanner (Symphony; Siemens 
AG, Erlangen, Germany) with a six-channel body-array 
coil. We employed true fast imaging with steady-state 
precession (TrueFISP) and SE-EPI. The parameters for 
TrueFISP were as follows: repetition time (TR), 4.72 msec; 
echo time (TE), 2.36 msec; matrix size, 256 × 256; flip 
angle (FA), 50; and bandwidth (BW), 501 Hz/Px, with an 
acquisition time of 12 sec. The parameters for SE-EPI were 
as follows: TR, 2000 msec; TE, 30, 45, 60, 75 ms (4 echoes); 
matrix size, 256 × 256 (after interpolation); FA, 90; and BW, 
1392 Hz/Px, with an acquisition time of 2 s (in one echo). 
The common conditions for the two sequences were 10-mm 
slice thickness, field of view of 400 mm × 400 mm, and one 
excitation. MR images were acquired at rest (pre-exercise) 
and once after every exercise. The time between the end 
of the exercise and the start of imaging was less than 1 
minute.

We did all calculations of T2 relaxation time by using 

Interactive Data Language (IDL: L3Harris Geospatial, 
Boulder, CO, USA) with mono-exponential least-squares 
fitting of the SE-EPI images. We calculated ΔT2 by 
subtracting the T2 image at pre-exercise (rest) from that 
after exercise. We identified the center of the images by 
selecting the center of the disk between the fourth lumbar 
vertebra (L4) and the fifth lumbar vertebra (L5). In the 
coronal localizer image, we selected the front of the disk 
between L4 and L5, and then the sagittal localizer image. 
In the pre-experiment, we did not reach consensus about 
the position gap between the pre-exercise images and the 
after-exercise images. We extracted CSA and T2 of the 
right psoas major muscle from images obtained at rest and 

Table 1. The 10-Point Rating of Perceived Exertion Scale (39)

Rating Description

0 Rest

1 Very, very easy

2 Easy

3 Moderate

4 Somewhat hard

5 Hard

6

7 Very hard

8

9

10 Maximal

Fig. 1. Practical demonstration of exercises. The exercise pattern was repeated between (a) and (b). The time of one 
repetition was 3 s.

a b
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after various exercise durations. For regions of interest, we 
selected the right psoas major muscles after confirming 
their anatomical location on SE-EPI images, using obtained 
TrueFISP images as morphological reference images. We 
acquired TrueFISP and SE-EPI at rest and/or after the 
exercise, while the participant held his breath. We did not 
reach consensus about the position gap when regions of 
interest were selected based on simultaneous acquisition of 
SE-EPI and TrueFISP.

Statistical Analysis
We used a paired t-test to compare the psoas major 

muscle differences between the T2 at rest and that after 
exercise. We considered differences with P < 0.05 to be 
statistically significant.

RESULTS

For the CR-10: RPE, after the first set of exercises, all 
participants graded their perceived exertion as 1 or 2 
(minimum). On the other hand, after the 15th set, all 
participants rated their exertion as 8 to 10 (maximum).

Figure 2 shows a representative fast-mfMRI after the 
first, fifth, 10th, and 15th exercise sets. These results 
indicate that T2 of only the muscle that was induced in 
the exercise increased. In fast-mfMRI, the areas of the 
activated right psoas major muscle were enlarged and the 
morphological details were preserved. Figure 3a shows the 
changes in CSA after each set, and Figure 3b shows the 
changes in T2. Although the CSA was increased after the 
exercise, there was no significant difference at rest. For all 
sets, the changes in T2 were significant compared with T2 
at rest (P < 0.01). Moreover, both CSA and T2 after seven 
sets of exercise approached a plateau (Fig. 3).

DISCUSSION

Our purpose in this study was to evaluate the ability of 
mfMRI to detect the slightest effect of acute exercise on 
trunk-muscle activity. We measured the strength of the 
exercise by using the CR-10: RPE, which is a subjective 
method for evaluating exercise fatigue.

In general, SE-EPI is an image sequence whose SNR 
is lower than that of SE. However, a previous study (40) 
reported that there is no problem in calculating T2. In 
addition, the T2 that we calculated in this study was almost 

in agreement with the value in the previous study. Therefore, 
the low SNR of SE-EPI collected under appropriate imaging 
conditions does not affect the calculated T2.

Although the position of the gap between the TrueFISP 
and SE-EPI images remains an issue, in the morphological 
arrangement on fast-mfMRI, there was no major difference 
between the anatomical image (TrueFISP) and functional 
image (SE-EPI). The scan time of fast-mfMRI is 22 
seconds, enabling acquisition under a single breath-hold 
that maintained the same timing as much as possible. 
In addition, we took care to keep the same position as 
much as possible by using morphological information with 
localizer images, as shown in the method. Furthermore, 
the TrueFISP images had a high spatial resolution, and the 
SE-EPI images had a low spatial resolution. The spatial 
resolution when we acquired data from SE-EPI images was 
never as high as 128 × 128. Therefore, after augmenting 
the resolution to 256 × 256, the images were smoothed 
by zero filling, and we considered misregistration to have 
a small influence. Therefore, there was little position shift 
caused by breathing. Because the spatial resolution of the 
functional images was not high, misregistration had a small 
effect when the two images were overlaid.

When the T2 image was captured, background noise 
interfered with subtraction of the T2 image after exercise 
from the image at rest. Therefore, we considered ways to 
eliminate the background noise. We used the threshold of 
the background noise and positional information in the 
T2-weighted images to eliminate the background noise 
from the T2 images. In addition, previous studies reported 
that the T2 change of the exercise-induced line is lower 
than 20 ms. In contrast, T2 of the bowel loop is higher 
than 20 ms. Therefore, artifacts caused by the bowel loop 
can be eliminated if we apply this knowledge to threshold 
processing. By using the fast-mfMRI techniques and 
implementing threshold processing for T2 images, we were 
able to eliminate background noise and artifacts from the 
bowel loop with high water content.

Previous studies on exercise and muscle activity mainly 
evaluated the changes in CSA. Tracking the changes of 
muscle immediately after each exercise was not possible 
with CSA. Therefore, the effect of strength training could 
not be evaluated for some time (18, 29, 41, 42). As shown 
in Figure 2, fast-mfMRI enables us to identify the involved 
muscle after each exercise. T2 has certain correlations 
with intensity and duration of exercise (3). Using these 
correlations, fast-mfMRI enables real-time imaging for 
identifying and evaluating the degree of muscle activity 
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that is induced by exercise.
Although mfMRI, which is a conventional method, can 

identify sites of muscle activity that are induced by exercise, 
its application has been limited to the extremities because 
of its long acquisition time. However, in general medicine 
and sports medicine rehabilitation, the training of trunk 
muscles has been considered increasingly important (43-
46), and a method for verifying these training effects is 
desired. Nevertheless, a technique that enables the non-

invasive, functional evaluation of the deep trunk muscles 
is needed; conventionally, the only method that has been 
evaluated was needle EMG (23, 47) to stab directly at the 
target muscle with the needle electrode. In this study, 
we demonstrated that fast-mfMRI could be used to non-
invasively evaluate the muscle activity of the deep trunk 
muscles, which was not possible with the conventional 
method. Since the effect of exercise on trunk-muscle 
activity remains unclear, our results can potentially clarify 

Fig. 2. Representative fast-mfMRI induced by exercise 2 obtained after 1 set (a), 5 sets (b), 10 sets (c), and 15 sets (d). The 
color bar reflects the differences in T2 (ΔT2). The arrows denote the activated right psoas major muscle.

a b
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the characteristics of trunk-muscle activity induced by 
exercise.

The CR-10: RPE result suggests that the effect of the first 
set of the exercise was slight and that all 15 sets of the 
exercise were high-loading. The change in CSA was about 
10%, even after the whole set of exercises had been done, 
and no significant difference was recognized. Therefore, 
mfMRI could not detect the slightest effect of acute 
exercise on muscle activity. On the other hand, T2 detected 
the change even during the first exercise set, which is a 
slight-impact exercise. In addition, Figure 3 shows that both 
CSA and T2 approached a plateau after seven sets. These 
results agree substantially with the signal-intensity data 
of a previous study (48), which suggested that both CSA 
and T2 of an exercised muscle increase exponentially to a 
plateau that depended on exercise intensity. Therefore, this 
study supports the experimental rule about the evaluation 
of muscle activity using T2.

In addition, SE-EPI involves pulse sequences with the 
application of fat saturation until RF pulse is achieved. 
Therefore, we suppressed the fat MR signal on SE-
EPI images. Intramyocellular triglyceride (IMCL) and 
extramyocellular triglyceride (EMCL) exist in skeletal 
muscle. Therefore, IMCL and EMCL affected the muscle T2 
images. However, in the 1.5-T MRI scans, we demonstrated 
that there was no significant difference of T2 in terms of 
whether or not MSE images included fat suppression (40). 

As a result, in the 1.5-T imaging, the calculation of muscle 
T2 images might not have been affected by IMCL and EMCL.

This technique has certain limitations. Because fast-
mfMRI uses SE-EPI as the pulse sequence for T2 acquisition, 
image distortion easily results from the heterogeneity of 
the magnetic field. However, in the preliminary and present 
studies, in the images of the trunk with SE-EPI, image 
distortion did not occur, at least in the portion located in 
the deep-layer muscles. Therefore, in this study, the muscle 
located at the edge of the trunk (e.g., the rectus abdominis 
or the oblique abdominal muscle) was also likely to cause 
defective representations because of image distortion. We 
did not evaluate this issue in detail in this study. Therefore, 
further studies are needed to evaluate these issues.

We demonstrated the ability of fast-mfMRI (functional 
T2 mapping of trunk-muscle activity) that has functional 
information on detailed morphology to detect even a slight 
effect of acute exercise on trunk-muscle activity, and the 
ability of T2 to detect the post-exercise plateau reached 
above a certain intensity. T2 that was calculated from SE-
EPI images indicated that imaging could detect the slightest 
muscle activity induced by acute exercise. In addition, we 
confirmed that fast-mfMRI could evaluate the function 
of the deep-layer muscles of the trunk that could not be 
detected with surface EMG or ultrasound imaging.

Fig. 3. Cross-sectional area and T2 at rest (set number 0) and after exercise in the seven participants. (a) Cross-sectional 
area (CSA). (b) T2. ** Significantly different from the value at rest, P < 0.01.

a b
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