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ARTICLE INFO ABSTRACT

Keywords: Purpose: To demonstrate the feasibility of using a susceptibility-based MRI technique with multi-echo gradient
Unilateral artery embolization model and spin echo (MEGSE) sequence to achieve simultaneous R2, R2' and R2* measurement and assess skeletal
Simultaneous measurement muscle oxygenation alternations in a rabbit model of unilateral artery embolization.

The MEGSE sequence Materials and Methods: Approved by the local institutional review board for experimental animal studies, nine

Ei and R2* New Zealand White rabbits were included in this study. The MEGSE sequence consists of embedding a set of
Sensitivity gradient echoes around the echo of a single spin-echo sequence using several gradient echoes to collect the

Feasibility magnetization intensity during the formation and attenuation of spin-echo simultaneously after 180° radio
frequency pulse. Within-session and between-day tests were conducted to evaluate the reproducibility of this
skeletal muscle oxygenation alternations measurement. Furthermore, all the MEGSE scans of skeletal muscle
were conducted using a 3-T clinical MRI scanner during resting state (before unilateral artery embolization
operation, pre), 1h after unilateral artery embolization operation (postl) and 2h after unilateral artery em-
bolization operation (post2) model to verify the feasibility and sensitivity of this method.

Results: The within-session coefficient of variations (CVs) of R2, R2' and R2* measurements were 1.57%, 3.33%
and 2.57%, while the between-day CVs of were 1.42%, 5.85% and 2.85%. In all rabbits, the mean R2 decreased
significantly from 36.46 + 1.03 st (pre) to 30.58 + 2.11 s7! (postl,**P < 0.01, relative to pre) and
28.62 = 1.53s~ ! (post2, **P < 0.01, relative to postl), and the mean R2' went up markedly from
0.88 + 2.14s7! (pre) to 16.10 = 2.74s~ ! (postl, **P < 0.01) and 17.33 = 2.25s ! (post2, **P < 0.05).
The mean R2* increased from 43.27 + 3.75s7! (pre) to 47.90 = 5.08 st (postl, *P < 0.05) and to
48.04 + 4.42s57! (post2, NS, P > 0.05).

Conclusion: This study demonstrates the feasibility of simultaneous R2, R2' and R2* measurement method for
the evaluation of skeletal muscle ischemia. Besides, this study indicates the sensitivity of the R2 and R2' com-
pared with R2* and especially the necessity of R2 and R2' measurement for the further evaluation of skeletal
muscle ischemia which always causes both edema and hypoxia in a rabbit model of unilateral artery emboli-

zation.
1. Introduction disability in the elderly. The incidence in adults is about 12%, while the
incidence among the age of 70 or above is up to 20% [1]. Especially for
The incidence of limb arterial ischemic diseases, especially the patients with diabetes and hypertension, 20% to 50% of them have the
lower extremity arterial ischemic diseases, is increasing year by year possibility of lower extremity arterial ischemic disease [2].
and has gradually become one of the leading causes of death and Meanwhile, skeletal muscle ischemia often indicates vascular
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surgery. The severity and the development of the disease are closely
related to the arterial stenosis, the compensatory ability of collateral
circulation after occlusion and the changes in oxygen metabolism
[3].Therefore, the quantitative measurements of oxygen metabolism in
ischemia lower limbs and foot tissues also have practical significance
[4]1.

Many methods have been proposed and applied in the character-
ization of muscle oxygen consumption. Commonly, transcutaneous
oxygen pressure (TcPO2) with modified Clark electrodes [5] used for
estimating the tissue oxygenation in lower limbs to evaluate the degree
of ischemia in clinical diagnosis. However, this technique can only
detect the skin microvasculature, and only indirectly represents oxygen
condition of muscle. Recently, near-infrared spectroscopy (NIRS) and
positron emission tomography (PET) have been adopted to measure
regional skeletal muscle oxygen consumption. However, the oxygen
condition of deep muscle tissue cannot be acquired by NIRS due to its
limited penetration capacity. Moreover, the radioactive isotopes injec-
tion, poor spatiotemporal resolution, and ionizing radiation of PET
constrain its broad application in the skeletal muscle oxygenation in-
vestigation [6,7]. Clinically, the invasive microelectrode technique has
also been applied to evaluate muscle oxygenation, but it suffers from
the problem of poor spatiotemporal resolution except for the invasive
treatment.

Due to the advantages of deep penetration, nonionizing radiation,
and high spatial resolution, MRI has been widely applied in the study of
skeletal muscle oxygen consumption and metabolism [8]. Previous
studies have adequately demonstrated the effectiveness of the evalua-
tion skeletal muscle oxygen metabolism using BOLD technique
[9].BOLD technology focuses on R2* and signal changes in the corre-
sponding T2* weighted images. Specifically, the effective transverse
relaxation rate Ry*(=1/T,*) is equal to Ry + Ry, where Ry (=1/T5)
represents the intrinsic relaxation rate and Ry' (=1/T,') stands for the
reversible contribution to the total relaxation time. R2 used to char-
acterize pathological changes caused by tissue edema and inflammation
[10,11]. R2' is more appropriate for the characterization of magnetic
susceptibility [12] and R2' can evaluate skeletal muscle oxygen con-
sumption. These methods are also of great importance for the evalua-
tion of skeletal muscle blood vessels circulation and the diagnosis of
limb vascular disease.

Interestingly, we found some studies [13-15] used the relative
change ratio of R2 and R2 * (R2/R2*) as an indicator to assess the size
of vessels. Further, R2 and R2* imaging information can quantify the
average size of brain vessels [16,17]. These methods are also essential
for evaluating the vascular circulatory function of skeletal muscle and
the diagnosis of vascular diseases of limbs. More and more researchers
hope to obtain R2 and R2' in R2* respectively to better evaluate the
oxygen metabolism of skeletal muscle. Inspired by the results above, we
think it is necessary to obtain accurate quantitative information of R2,
R2', R2*, not just R2*.

Traditionally, R, can be derived from the multi-echo spin-echo
(MSE) method, while R,* can be measured by the multi-echo gradient-
echo (MGE) approach [12]. Elder [18] utilized dual gradient-echo (GE)
echo-planar imaging (EPI) and dual spin-echo (SE) EPI sequences to
obtain R2' (R2' = R2* — R2) value and established an empirical re-
lationship between AR2' and NIRS observed oxyhemoglobin saturation
under cuff compression condition. However, two separate scans are
needed, and the physiological variability and position changes between
these two separated imaging scans exist. In addition, this method also
causes EPI artifacts. A sequence with an efficient quantification of R,
R,' and R,* simultaneously would be valuable. Ma [19] have proposed
a gradient echo sampling of the free induction decay (FID) and echo
(GESFIDE) sequence, which can acquire R, and R,* simultaneously
combined with a single exponential model. Similar to GESFIDE se-
quence, recently, a multiple spin- and gradient-echo (SAGE) sequence
with echo-planar imaging (EPI) acquisition scheme was proposed which
allowed simultaneous quantification of R, and Rp* during a dynamic
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event [20-22]. However, due to the non-ideal slice profile caused by
short RF pulse duration, the GESFIDE and SAGE methods suffer a
problem of slice profile mismatch between images prior to and after the
180° refocusing pulse, which results in certain estimation errors in es-
timating R, and R,*.

From this perspective, the multi-echo gradient and spin echo
(MEGSE) sequence is only acquired after the 180° RF pulse, which
avoids the slice profile mismatch caused by the echo acquisition on the
180° sides of the GESFIDE sequence. The MEGSE sequence is to avoid
some physiological variability and position changes between two se-
parate imaging scans compared with the MSE and MGE sequence. So
MEGSE sequence is also used to acquire R2, R2* [23], and are widely
applied to the brain of oxygen metabolism and R2 and R2 * imaging
evaluation [24,25].

However, to the best of our knowledge, the simultaneous R2, R2'
and R2* measurement to evaluate oxygen metabolism of skeletal
muscle after embolization has not been reported yet. Muscle tissue,
however, comprises muscle fibers and corresponding blood vessels
regularly oriented in a parallel fashion for the purpose of maximal force
generation, enhancing this effect, which should result in differences in
detected BOLD signal [26,27].

The aim of this experimental study was to achieve simultaneous R2,
R2' and R2* measurement and assess skeletal muscle oxygenation on
the embolized leg muscle with lower signal-to-noise ratio using the
MEGSE sequence. To verify the feasibility of the MEGSE-based si-
multaneous R2, R2' and R2* measurement approach and the changes of
R2, R2', R2* for the evaluation of skeletal muscle oxygenation, rabbit
models of unilateral artery embolization were confirmed by the digital
subtraction angiography (DSA) imaging.

2. Materials and methods
2.1. Animals

The study was approved by the local institutional review board for
experimental animal studies. All experiments were performed in ac-
cordance with the guidelines and approval of the animal care and use
committee of our research center. Nine New Zealand White rabbits
(male; weight range 2.8-3.5 kg) were included in this study.

2.2. Study protocol

During the whole experiments, rabbits were anesthetized with 1%
isoflurane delivered by a calibrated vaporizer. Rabbits were positioned
supine on the MR and interventional surgery operation table with a
close-fitting facemask covering the whole mouth and the nose. A flex-
ible tube was connected to the mask leading to the in-house room air
supply with a flow rate of 2.5L/min.

First, the MR measurements of skeletal muscle were performed
during the resting state. Then the rabbits were moved to the interven-
tional surgery operation table to perform the unilateral artery emboli-
zation operation of the leg.

For each rabbit, to complete embolization of the vessels in the
unilateral leg, a 35-inch vascular interventional guide wire was inserted
from the neck blood vessel, then was injected microspheres
(Embosphere, Merit, Rockland, MD) with diameters of 200 um to the
unilateral vessel at the branch of the common iliac artery.

The digital subtraction angiography (DSA) imaging was then im-
plemented to confirm the success of the unilateral artery embolization
model. After the unilateral artery embolization operation, the rabbits
were moved to the MR table to collect skeletal muscle MRI data 1 h and
2h after the unilateral artery embolization model. The corresponding
image acquisition scheme is shown in Fig. 1. The three statuses were
defined as follows, pre: before unilateral artery embolization operation,
postl: 1 h after unilateral artery embolization operation, post2: 2 h after
unilateral artery embolization operation.
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Fig. 1. Imaging scheme of the experiment and digital subtraction angiography imaging results of before and after unilateral leg artery vascular embolization in
rabbits. Three statuses are defined as follows: pre: at rest (before unilateral artery embolization operation), postl: 1 h after unilateral artery embolization operation,

post2: 2h after unilateral artery embolization operation.
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Fig. 2. Schematic diagram of MEGSE sequence and corresponding attenuation curve of echo signal for the calculation of R2, R2' and R2*. The timing parameters are
defined in the text. Gs = gradients along the slice-select direction, Gp = gradients along the phase-encoding direction, Gr = gradients along the readout direction.

2.3. MRI data acquisition

All the MRI measurements were carried out on a 3.0-T whole-body
MR scanner (Signa ExciteTM; GE Medical System, Milwaukee,
Wisconsis, USA). The body coil was used for signal transmission, and an
8-channel knee coil was applied for signal reception.

During each status (pre, postl, post2), axial T2-weighted images of

the leg muscle were acquired using a fast spin-echo sequence with field
of view (FOV) =170 x 170 mmz, repetition time (TR) = 4500 ms,
echo time (TE) =107ms, slice thickness =6 mm, matrix
size = 256 X 256, echo-train length = 20, number of signals averaged
(NSA) =1.

A two-dimensional, multi-echo gradient and spin echo (MEGSE)
sequence (Fig. 2) was used to acquire images and subsequently used to
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R2*

Fig. 3. Representative anatomical T2w image, R2, R2' and R2* maps of leg muscle from one rabbit in the three conditions (pre, postl and post2). Yellow rectangle
region is embolic tissue, which is ROI area. ROI was selected based on T2 weighted images, in which bones and large vessels and their proximal areas were removed.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Baseline within-session and between-day reproducibility results of R2, R2' R2* in rabbit leg muscle (n = 9).

Scan (mean *= SD) With-session rescan (mean + SD)

Between-day rescan (mean * SD) With-session Between-day

CV (%) CV (%)
R2(s7H) 36.46 = 1.03 36.29 + 1.66 36.26 = 1.24 1.57% 1.42%
R2' (s™H) 9.88 = 2.14 9.81 + 2.20 8.96 = 1.35 3.33% 5.85%
R2* (s71) 43.27 £ 3.75 44.41 = 291 42.63 £ 2.72 2.57% 2.85%

SD = standard deviation, CV = coefficient of variation.

Table 2

The p-values of Shapiro-Wilk test are calculated in both normal and emboli-
zation leg muscle (n = 9). Three statuses are as follows: pre: at rest (before
unilateral artery embolization operation), postl: 1h after unilateral artery
embolization operation, post2: 2h after unilateral artery embolization opera-
tion.

R2 R2' R2*

pre postl post2 pre postl post2 pre postl post2
Normal

0.280 0.716 0.579 0.356  0.264 0051 0.097 0.952 0.820
Embolization

0.115 0.78  0.957 0.128 0.162  0.661 0.181 0.749  0.815

Data are P value. P > 005 for all data, it shows that data has normal dis-
tribution.

extract R2, R2' and R2*. In total, 24 echoes with an echo spacing (ATE)
of 2.964 ms were acquired. The spin echo occurred at the seventh echo.
The imaging parameters were as follows: TR = 1500 ms, TE = 56 ms,
readout bandwidth = 62.5kHz, acquired matrix = 128 X 128,
FOV = 170 x 170mm?, slice thickness = 6mm, and NSA = 1. Al-
though multislice acquisition could be achieved with the MEGSE se-
quence, only one slice was acquired in this study so that the potential
crosstalk, signal interference between two adjacent slices because of an

imperfect RF slice profile, could be minimized.

To verify the reproducibility of MEGSE scanning, the normal leg of 9
rabbits with unilateral artery embolization were scanned 3 times in
total, twice on the day of embolization (0 min, 20 min) and once the
following day (day 1).Then, similar with [28], the coefficient of var-
iation (CV) was used to evaluate the reproducibility during within-
session and between-day measurements. To further demonstrate the
different influences of unilateral artery embolization model to the
normal and ischemia legs, R2, R2' and R2* between normal and
ischemia legs were calculated at three statuses (pre, postl, post2),
meanwhile the effectiveness of the model was confirmed by DSA ima-
ging after the complete embolization of the unilateral leg blood vessels.
The scanning position and protocols stayed the same in all the re-
petitive measurements.

2.4. Data analysis

Data analysis was performed by using self-developed Matlab
(MathWorks Inc., Natick, MA, USA) routines. Before analysis, all the
MEGSE images were filtered using a Gaussian low-pass filter (kernel
size = 3 X 3) to improve the signal-to-noise ratio (SNR).

In the MEGSE sequence with a specific 180° pulse position, data are
subsequently sampled by a multi-echo acquisition scheme with a dif-
ferent offset from the spin echo. In this study, a 24-echo acquisition
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Fig. 4. Average values of R2, R2' and R2* in the left and right leg muscles of all nine rabbits at the three statuses (pre, postl and post2). *P < 0.05 using paired

Student's t-test.

scheme is adopted. Echo time (TE;, i = 1,2, ...,24) is defined as the time
between the center of the 90° excitation pulse and the k-space center of
each echo. The echo spacing between two adjacent echoes is defined as
ATE. Once the first echo data have been acquired, the phase encoding is
rewound, and the following twenty-three echo data sets are subse-
quently acquired identically at TE,, TEs, ..., TEs4, respectively. The
magnetization of these data has different contributions of T,* weighting
due to their variable offsets from the spin echo, which is illustrated by
the signal evolution curve in Fig. 2. According to a monoexponential
decay mode [12,19], the magnitude of the signal as a function of the
acquisition time following the 90° pulse is described as follows:

So-exp(—Ry-t)-exp[—Ry"(TEsg — t)],

So-exp(—Ro-t),
So-exp(—Ry-t)-exp[—Ry"-(t — TEgg)],

TEsg/2 < t < TEgg
t= TESE
t > TEgg

S() =

(€3]

where S(t) is the magnetization at the acquisition time t, Sy is the
magnetization excited by the 90° pulse, and TEg is the effective echo
time where the transverse magnetization is fully refocused by the 180°

pulse. This equation can be simplified as follows:
S(t) = So'exp(—Rz't)'eXp(—Rzl'|TESE - tl) (2)

By taking the natural logarithm of both sides of Eq. (2), the equation

can be written as:
In(S(t)) = In(Sy) — Ryt — Ry'-ITEgp — tl 3

R2 can be fitted from the multi-echo image of the symmetric posi-
tions on both sides of the spin echo position according to the Eq. (4):

R, = In[S(TEsz — 1)/S(TEsp + 1)]/27 @

where 7 is the time interval between the corresponding echo position
and the spin echo position. A log-linear least-squares curve fitting ap-
proach was utilized to obtain R2' by fitting the Eq. (3) on a pixel-by-
pixel basis based on the known R2. Finally, the corresponding R2, R2'
and R2* maps could be obtained with the fitting processing.

Regions of interest (ROIs) were placed manually in left and right leg
muscles. The ROIs were chosen in T2-weighted images to exclude pixels
near the bones and large vessels. An example of the ROIs is shown in
Fig. 3. Since the scanning position was copied for all the sequences, the
same ROI was shared across all the scans.

2.5. Statistical analysis

All the statistical analysis was performed by using Matlab
(MathWorks Inc., Natick, MA, USA). Data were reported as mean *+
standard deviation.

The reproducibility of the MEGSE sequence was evaluated using the
coefficient of variation (CV) [29], which was calculated as the standard
deviation divided by the mean value from two different scans.

A paired, two-sided Student t-test was applied to assess statistical
differences between the two statuses of pre and post1, and also between
the two statuses of postl and post2. Shapiro-Wilk test [30] was made to
test the distribution for all measurements prior to analysis, and the
measurements are both normally distributed (p > 0.05), as shown in
Table 2. A statistically significant difference was considered to be in-
dicated by a P value of < 0.05.

To further demonstrate the different influences of unilateral artery
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Fig. 5. Inter-subject deviations of R2, R2' and R2* in the left leg muscles of all nine rabbits in the three conditions (pre, postl and post2). Each polyline represents for

one subject.

embolization model to the normal and ischemia legs, the ratios of R2,
R2'and R2* between normal and ischemia legs were calculated at three
statuses (pre, postl, post2).

3. Results

The MRI data were successfully acquired in all the nine rabbits. The
within-session and between-day reproducibility results for R2, R2' and
R2* measurements are summarized in Table 1. The within-session CVs
of R2, R2s and R2* measurements were 1.57%, 3.33%, and 2.57%,
while the between-day CVs were 1.42%, 5.85% and 2.85%, respec-
tively. The reproducibility results supported the feasibility of per-
forming sequential respiratory challenge studies in the same rabbits.

Fig. 3 demonstrates one representative case about the effect of
unilateral artery embolization model on T2w image, R2, R2' and R2*
maps. It is shown that the R2 decreases obviously from resting state
(pre) to the statuses of 1h (postl) and 2h (post2) after applying the

unilateral artery embolization model. R2' increases significantly from
baseline (pre) to the statuses of postl and post2. Nonetheless, the re-
lative changes in the T2w image and R2* map are much less significant
than those in R2 and R2' maps.

The mean and inter-subject deviations of R2, R2' and R2* of all the
nine rabbits in the three conditions (pre, postl and post2) are illu-
strated in Figs. 4 and 5. In all rabbits, the mean R2 decreases sig-
nificantly from 36.46 *+ 1.03s7 ! (pre) to 30.58 + 2.11 st (post1,
#**P < 0.01) and 28.62 + 1.53s”! (post2, **P < 0.01), and the
mean R2' goes up markedly from 9.8 + 2.14s™ ! (pre) to
16.10 + 2.74s! (postl, **P < 0.01) and 17.33 + 2.25s~ ! (post2,
*P < 0.05). The mean R2* increases from 43.27 = 3.75s” ! (pre) to
47.90 + 5.08s7 ! (postl, *P < 0.05) and to 48.04 + 4.42s ! (post2,
NS, P > 0.05).

The mean and ratios of R2, R2' and R2* between normal and
ischemia legs of all the nine rabbits in the three conditions (pre, postl
and post2) are illustrated in Figs. 6 and 7.The mean ratio of R2
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decreases significantly from100.01 = 2.19% (pre) to 86.93 = 6.85%
(postl, **P < 0.01) and 81.79 + 6.78% (post2, **P < 0.01), and the
mean ratio of R2' goes up from 101.79 = 8.17% (pre) to
155.29 + 34.87% (postl, **P < 0.01) and 167.70 * 44.08% (post2,
*P < 0.05), while the mean ratio of R2* increases from
98.53 = 3.44% (pre) to 107.77 = 6.90% (postl, **P < 0.01) and to
108.61 * 7.89% (post2, NS,P > 0.05).

4. Discussion

This study demonstrated the feasibility and the necessity of the
MEGSE-based simultaneous R2, R2' and R2* measurement approach for
the diagnosis of skeletal muscle ischemia and the sensitivity of the R2
and R2' compared with R2* for the evaluation of skeletal muscle oxy-
genation changes in a rabbit model of unilateral artery embolization.
From the results of scan-rescan (within-session and between-day) tests,
the R2, R2' and R2* measurements were fairly reproducible. In addi-
tion, R2 decreased significantly, and R2' increased significantly, R2 and
R2' had a significant opposite trend to the unilateral artery emboliza-
tion model, which further proved simultaneous R2, R2' and R2* mea-
surement was feasible.

The current measurement of R2, R2' and R2* in rabbit muscle were
almost completely absent from the literature. So the resting state
muscle R2 at 3T obtained in the present study (36.74 + 1.09s™ 1 were
within the normal range, consistent with previous studies in normal
human [18,31,32] and rat [33] lower limb muscles. In addition, the
decreased tendency of R2 in this unilateral artery embolization model
was in accordance with that in a rabbit model of acute ischemia
[33].The measurements R2' obtained from rabbit muscle in this paper
were also well correlated with the previous reported range of R2' in
normal human lower limb muscles [21]. In this unilateral model of
vascular embolism, Muscle edema due to acute ischemic embolism
caused a significant reduction of R2 [34].The large increase R2' induced
by ischemia was also consistent with the decrease of blood flow and the
increase of PO, which reported in the literature [35,36]. At the same
time, the significant increase R2' in this rabbit embolism model was
consistent with the significant increase of R2' in the case of lower ex-
tremity muscle ischemia caused by the tourniquet compression [18,21],
indicating that our experimental results were reasonable. The mea-
surement results showed that this evaluation method could reflect the
changes of hypoxia and edema of lower limb muscles before and after
embolization.

In this study, we found that R2' and R2 have the opposite significant
change trend. We thought the acute ischemia in leg muscles emboli-
zation led to the large accumulation of deoxyhemoglobin and then it
caused a significant increase in R2' [37].

Acute ischemic embolization can cause muscle edema, and R2 sig-
nificantly reduced [34]. At the same time, due to R2* = R2 + R2', R2
and R2' were more sensitive to the unilateral leg embolization model in
this study compared with R2*. With the above results, we have ob-
served that the pathological changes with the time difference. After
embolization, muscle oxygen metabolism changed rapidly, and edema
took time to develop. R2' was significantly increased, so the initial R2*
was mainly affected by R2'. Later, the embolism model caused the hy-
poxia and edema, and changes of R2* was caused by the interaction of
R2' and R2.

We note that in certain conditions such as muscle infarction in pa-
tients with diabetes mellitus, edema and ischemia are often occurred
together [38]. However, in some cases such as re-oxygenation, edema
and ischemia do not change synchronously. Hypoxia is more sensitive,
and edema is delayed compared to ischemia [39]. So R2' changes first
and R2 still can reflect the course of the disease. Tissue edema has great
damage to the body, so it is more comprehensive to evaluate the two
indicators R2 and R2' at the same time, which can better judge the
duration and observe the recovery situation of embolism.

Moreover, for some allergic myositis, tissue edema is caused by
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vascular permeability changes and the first sign is edema and R2
changes first. The time window of edema and hypoxia in different
diseases is different and in other words, the sensitivity of R2, R2', R2* is
different. Simultaneous R2, R2' and R2* measurement can make the
diagnosis of the disease more comprehensive and sensitive. Therefore,
the method of simultaneous quantification of R2, R2' and R2* has po-
sitive significance for the evaluation of clinical oxygen metabolism and
physiological changes in muscles.

Actually, there are some advantages to choose the embolization
model rather than ligation model. The internal guide wire enters from
the neck and avoids the influence of MRI magnetic susceptibility eva-
luation while the operation of the leg muscles produces a large amount
of blood flow. Moreover, the embolization model can effectively reduce
the inauthenticity of ischemia simulation originated form the rapid
establishment of collateral circulation by using ligation model [40,41].

Meanwhile, as for the rationality of the MEGSE sequence, for the
static muscle imaging, the MEGSE sequence achieves high spatial re-
solution and could effectively avoid the slice profile mismatch problem
between images prior to and after the 180° pulse compared to the
GESFIDE and SAGE sequences [19,20], as well as the common EPI ar-
tifact to some extent [42].

There exist some limitations in this study. First, the main field and
RF field inhomogeneities are likely to cause certain estimation errors in
muscle R2, R2' and R2* measurement. To solve this problem, special
techniques for By and RF shimming need to be considered in the future.
Besides, the MEGSE sequence has a longer imaging time. Because this
study is a static muscle measurement, the time resolution is not very
high. Second, the muscle images of lower limb were carried out in the
resting state, and the interference factors were ignorable, which is si-
milar with previous muscle related oxygen metabolism studies
[24,25,43,44],s0 the mono-exponential model was applicable. Third,
the R2* and R2' maps do not appear spatially uniform. The usual ar-
gument in favor of the spatially uniform R2', R2* map is the limited
compliance of the leg (skin, muscular and connective tissues, and
veins). Another explanation may proceed from changes in muscle
proton density during reactive hyperemia.

In conclusion, the feasibility and reproducibility of this non-invasive
simultaneous R2, R2' and R2* measurement of skeletal muscle based on
the MEGSE sequence have been proved in a rabbit model of unilateral
artery embolization in our study. This simultaneous R2, R2' and R2*
quantification method could be valuable for evaluating skeletal muscle
oxygen metabolism.
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