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ORIGINAL RESEARCH

Fast Measurement of the Quadriceps
Femoris Muscle Transverse Relaxation

Time at High Magnetic Field Using
Segmented Echo-Planar Imaging

Alexandre Four�e PhD,1 Guillaume Duhamel PhD,1 Christophe Vilmen MS,1

David Bendahan PhD,1 Marc Jubeau PhD,1,2 and Julien Gondin PhD1*

Purpose: To assess and validate a technique for transverse relaxation time (T2) measurements of resting and recovering
skeletal muscle following exercise with a high temporal resolution and large volume coverage using segmented spin-
echo echo-planar imaging (sSE-EPI).
Materials and Methods: Experiments were performed on a 3T magnetic resonance imaging (MRI) scanner using a multi-
slice sSE-EPI technique applied at different echo times (TEs). T2 measurements were first validated in vitro in calibrated
T2 phantoms (range: 25–152 ms) by comparing sSE-EPI, standard spin-echo (SE), and multislice multiecho (MSME) tech-
niques (using a fitting procedure or a 2-TEs calculation). In vivo measurements of resting T2 quadriceps femoris (QF)
muscle were performed with both sSE-EPI and MSME sequences. Finally, sSE-EPI was used to quantify T2 changes in
recovering muscle after an exercise.
Results: T2 values measured in vitro with sSE-EPI were similar to those assessed with SE (P > 0.05). In vitro and in vivo
T2 measurements obtained with sSE-EPI were independent of the T2 determination procedure (P > 0.05). In contrast,
both in vitro and in vivo T2 values derived from MSME were significantly different when using 2-TEs calculation as com-
pared to the fitting procedure (P < 0.05). sSE-EPI allowed the detection of increased T2 values in the QF muscle imme-
diately after exercise (114 6 9%), while lower T2 values were recorded less than 2 min afterwards (P < 0.05).
Conclusion: sSE-EPI sequence is a relevant method to monitor exercise-induced T2 changes of skeletal muscles over
large volume coverage and to detect abnormal patterns of muscle activation.
Level of Evidence: 1

J. MAGN. RESON. IMAGING 2017;45:356–368

The assessment of muscle activity in response to exercise

is useful and relevant in sports and rehabilitation medi-

cine. Among other variables, the transverse relaxation time

(T2) measurement has been largely used as a noninvasive

index of muscle activation.1,2 It has been well established

that muscle T2 increases with exercise.3,4 An exercise-

induced T2 increase has been associated with an increased

muscle volume and mainly related to an accumulation of

intracellular water.5,6 During exercise, intracellular water

accumulation may result from osmotically6,7 and/or hydro-

statically driven fluid shifts. In addition, a greater level of

metabolite accumulation and larger T2 changes have been

reported in predominantly glycolytic as compared to pre-

dominantly oxidative muscles.8 It has also been shown that

intracellular acidification could contribute to muscular T2

changes,9 demonstrating that muscle metabolic activity

could be involved in exercise-induced changes in T2.10

Accordingly, intracellular pH-induced T2 variations are

related to changes in magnetization transfer rate between

macromolecules and free intracellular water.9 Considering

the rapid recovery rate of intracellular pH at the end of a

moderate voluntary exercise,11 it appears important to
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obtain fast measurements in order to accurately determine

muscle T2 changes in recovering muscle.12 This is particu-

larly relevant if we consider that T2 mapping may provide

useful information regarding abnormal patterns of muscle

recruitment during exercise13 and could be used for rehabili-

tation follow-up of patients/athletes with an impaired mus-

cle function.

Spin-echo-based techniques (such as multislice multie-

cho technique, MSME), whose signal relation with T2 expo-

nentially decreases, have been extensively used in numerous

skeletal muscle studies.1,2,14–17 However, it has been largely

acknowledged that MSME is very sensitive to instrumental

imperfections, resulting in radiofrequency B1 and static B0

magnetic field inhomogeneities as well as inefficient crush-

ing schemes.18,19 Non-ideal 1808 refocusing pulses generate

T1-weighted stimulated echoes that inevitably contaminate

the T2 decay curves,20 thereby leading to a highly unreliable

T2 determination using simple models.21 Solutions for com-

pensating for the bias introduced by variations in B1 and B0

have been proposed but usually require more complex proc-

essing or induce other constraints such as acquisition of sin-

gle slice only.20,22

Single spin-echo (SE) techniques can be used for mul-

tislice quantitative T2 measurements by acquiring images at

different echo times (TEs). While this approach is less sensi-

tive to B1 and B0 errors, it provides a low temporal resolu-

tion and is more sensitive to diffusion phenomenon as

compared to MSME. The use of echo-planar readout (EPI)

can increase the temporal resolution, thereby allowing meas-

urements of dynamic signal changes and/or T2 values in

exercising muscles.23–26 Given the high sensitivity of EPI to

B0 inhomogeneities, the latter studies were limited to low

magnetic field (i.e. B0 5 1.5T) and to explorations with a

small volume coverage.

Alternatively, non-SE-based techniques can be used to

acquire quantitative T2 images. In particular, variants of

steady-state free precession (SSFP) techniques allowed deriv-

ing high spatially resolved 3D multiparametric maps

(including T2)27 within a relatively short acquisition

time.28,29 By sacrificing the spatial resolution and the vol-

ume coverage, similar techniques have been used to rapidly

assess T1, T2, and relative proton density changes in skeletal

muscles with a very high temporal resolution (< 150 ms/

image).30

However, the SSFP-based techniques suffer from sev-

eral drawbacks including the sensitivity to magnetization

transfer effects31 and the requirement of additional data to

avoid artifacts in T2 maps.27 More important, these techni-

ques are highly sensitive to B0 inhomogeneities and T2

quantification requires accurate determination of the flip

angle. At high magnetic field (i.e. B0 � 3T), this issue is of

concern given that B0 inhomogeneities are larger and dielec-

tric effects can induce nonuniform B1
1 field32 resulting in

variable flip angle values in different parts of the imaged

volume. More advanced refinement of T2 measurement

with SSFP-based techniques has been proposed with the use

of partially spoiled SSFP, an approach insensitive to B0

inhomogeneities, diffusion, and magnetization transfer

effects33 and which can be corrected for nonuniform B1

issues.34 However, this approach requires additional scans

for correction purposes, thereby greatly increasing the acqui-

sition time.

Overall, the choice of a technique for T2 measurement

would greatly depend on the study requirements. In order

to assess T2 changes in postexercise recovering muscle, a fast

and reproducible technique allowing high spatial resolution

and large volume coverage, immune to B0 and B1 inhomo-

geneities, and offering a simple T2 quantification model

would be of particular interest. On that basis, we proposed

to investigate the use of multislice highly resolved segmented

SE-EPI (sSE-EPI) technique acquired at different TEs for

T2 quantification. The number of segments of the sSE-EPI

sequence was chosen in order to obtain the best trade-off

between image quality and acquisition time.

Materials and methods

Experimental Design
The present work was composed of two investigations (in vitro and

in vivo) including experiments in phantom (Experiment 1) and in

healthy subjects (Experiments 2 and 3). Experiments were per-

formed on a whole-body 3T MRI-scanner (VERIO, Siemens Med-

ical System, Erlangen, Germany) using a 6-channel body matrix

coil (Siemens). For human investigations, volunteers were fully

informed about the nature and the aim of the study and gave their

written informed consent to participate. The study was approved

by the local Human Research Ethics Committee and was con-

ducted in conformity with the Declaration of Helsinki.

Study 1: In Vitro Experiment

EXPERIMENT 1: IMAGE QUALITY EVALUATION AND T2 MEA-

SUREMENT VALIDATION IN PHANTOM. EPI is strongly affected

by susceptibility-induced artifacts, which are more pronounced with

increasing magnetic field. Using a segmenting acquisition scheme,

we intended to reduce the EPI readout train and hence the number

of phase-encoding steps. The sensitivity of EPI for susceptibility arti-

facts was then reduced but the acquisition time was increased. Dif-

ferent levels of acquisition segmentation were tested (expressed by

the value of echo train length, ETL), e.g. for 128 phase-encoding

steps required for the image acquisition; ETL 5 128 means that a

single shot was used (number of segments 5 1), whereas ETL 5 64

means that 2 segments were used.

Standard spin-echo (SE) sequence, sSE-EPI, and MSME

sequences were applied on a T2-calibrated phantom (TO5-Diag-

nostic Sonar, Livingston, Scotland) including eight gel tubes with

T2 relaxation times ranging from 50 to 152 ms at 3T (tempera-

ture: 294K, accuracy 6 3%) and four additional tubes (T2: 25, 30,

35, and 40 ms).35
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Common acquisition parameters were: field of view

(FOV) 5 250 3 250 mm, matrix 5 192 3 192, single slice, slice

thickness 5 10 mm, number of excitations (Nex) 5 1, TR 5 4250

ms. First- and second-order shimming was performed on the vol-

ume of investigation.

Sequence-specific parameters were as follows:

� SE: 8 TE values (20, 30, 40, 50, 60, 70, 80, and 100 ms),

bandwidth 5 226 Hz/Px. Acquisition time 5 8 min 19 s/TE.

� sSE-EPI: 8 TE values (20, 30, 40, 50, 60, 70, 80, and 100 ms),

bandwidth 5 814 Hz/Px. Four different segmentation schemes

were tested, ETL 5 9, 13, 25, and 43 leading to acquisition

times per TE of 102 s, 60 s, 38 s, and 26 s, respectively. For

ETL 43, the first TE was equal to 30 ms. As part of the sSE-

EPI sequence provided by the manufacturer, each sSE EPI scan

included specific required EPI precalibration adjustments (gradi-

ent trajectory measurement, eddy current correction, . . .).

� MSME: 9 TE values (TE 5 20, 30, 40, 50, 60, 70, 80, 90, and

100 ms), bandwidth 5 226 Hz/Px, total acquisition time 5 5

min 03 s.

T2 maps were generated, from the T2w images obtained at

different TEs, by linear fitting on a pixel-by-pixel basis of

the signal data logarithm according to Eq. [1] (i.e. fitting

procedure):

Log
�

SðTEÞ
�

5LogðS0Þ2ðTE=T2Þ (1)

where S(TE) is the signal acquired at echo time TE, and S0 the

signal of the equilibrium magnetization. T2 maps were also gener-

ated from a 2-TEs calculation (with TE1 5 20 ms and TE2 5 50

ms, i.e. Calc20-50, or TE1 5 30 ms and TE2 5 60 ms, i.e. Calc30-

60) using Eq. [2] as extensively used in the literature.1,2,14

Log
�

SðTE1Þ
�

2Log
�

SðTE2Þ
�

5ðTE22TE1Þ=T2 (2)

Mean T2 values were evaluated in regions of interest (ROIs),

selected in gel tubes, and manually drawn on T2w image using

FSLview (FMRIB, Oxford, UK). Potential distortions of images

associated with the ETL factors were visually checked by an experi-

enced researcher (A.F., with 7 years of experience in evaluation of

muscle anatomy and geometry).

Study 2: In Vivo Experiments

MRI ACQUISITION. The coil was positioned around the right

thigh of the subject placed in prone position (Fig. 1). Imaging

parameters for experiments 2 and 3 are summarized in Table 1.

The most distal slice was acquired at �20 mm (i.e. �5% of the

thigh length measured for each subject) upper the proximal border

of the patella. Similar to in vitro experiments, in vivo experiments

started with first- and second-order shimming procedure and sSE

EPI scans included precalibration.

DATA ANALYSIS. Images were analyzed with FSLview and ROIs

were manually drawn in each slice looking at the borders of the

anatomic cross-sectional area of each muscle of the quadriceps fem-

oris (QF). T2 maps were generated similar to what was described

for Study 1 (i.e. fitting procedure and/or 2-TEs calculation). Mean

T2 values for each muscle of the QF (i.e. vastus lateralis [VL],

vastus medialis [VM], vastus intermedius [VI], and rectus femoris

[RF]) was then determined. In the case of potential B0 inhomoge-

neities in the most proximal and distal slices generating a visual

drop of signal intensity, the corresponding extreme slices were dis-

regarded for analyses. In addition, histograms representing the rela-

tive individual muscle volume with respect to T2 relaxation times

were obtained before (PRE) and immediately after the voluntary

exercise (POST 0). Relative "activated" volume of each muscle was

quantified at POST 0 by considering a threshold for each muscle

and each subject, i.e. pixels showing a T2 value > mean 1 2 SD of

that determined at PRE.

Experiment 2: In Vivo T2 Measurements of Resting
Quadriceps Femoris Muscle
The rationale of this experiment was to compare the resting T2 val-

ues of each skeletal muscle of the QF determined with the sSE-EPI

and MSME sequences. T2 values were determined using both the

fitting procedure and the 2-TEs calculation method described in

Study 1.

EXPERIMENTAL DESIGN. Thirteen healthy subjects (five

females, 30 6 4 years, 171 6 8 cm, 65 6 8 kg) volunteered to

participate in this study. For each subject, MRI acquisitions were

performed at rest to obtain T1- and T2-weighted images (T1w and

T2w, respectively). MSME and sSE-EPI sequences were performed

in a randomized order.

FIGURE 1: Experimental position of the subject inside the 3T
MRI scanner with the coil positioned around the right thigh
firmly attached to the table with inextensible belts and cen-
tered in the magnet (A). During the voluntary exercise, the
foot of the subject was attached to a home-made ergometer
(B,C).
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Experiment 3: In Vivo T2 Measurements of the
Recovering Quadriceps Femoris Muscle After a
Submaximal Voluntary Exercise
The objective of this experiment was to assess whether the sSE-EPI

sequence can be used to accurately determine the T2 changes in

QF muscle immediately after a submaximal voluntary exercise and

the following recovery. Using the large spatial coverage and a high

time resolution, we determined the respective T2 changes in the

four individual muscles of the QF and the corresponding kinetics

of T2 recovery.

VOLUNTARY EXERCISE. Subjects were prone within the magnet

with the foot attached to a home-made ergometer36 equipped with

a strain gauge (N2A-13-T026P-350; Vishay Micro-Measurements;

Vishay Precision Group, Wendell, NC) allowing measuring the

force output during exercise. To avoid movement and to limit con-

traction of other muscles than the QF during the exercise, subjects

were firmly attached to the bed of the magnet with three nonelastic

straps positioned over the leg, the hip, and the back. The knee of

the subject was flexed at �408 in the resting position. A noncom-

pliant strap was also used to firmly attach the foot of the subjects

to the horizontal bars of the ergometer. The force signal was

sampled at 1000 Hz using a Powerlab system and Labchart soft-

ware (ADinstruments, Colorado Springs, CO). Subjects were asked

to perform 80 isometric contractions (2 s on, 2 s off ) of the knee

extensor muscles at 60% (62.5%) of their maximal voluntary iso-

metric contraction (MVC) force. Real-time visual and auditory

feedbacks were provided to the subject to reach and maintain the

target force level for 2 s.

EXPERIMENTAL DESIGN. Twelve healthy subjects (two females,

30 6 4 years, 177 6 8 cm, 70 6 10 kg) volunteered to participate in

this study. For each subject, MRI investigation was first performed

at rest (i.e. acquisition of T1w and T2w images, PRE). After a

warm-up (i.e. 20–25 submaximal voluntary isometric contractions

of the knee extensor muscles), MVC force of knee extensors was

assessed (i.e. three trials of 5 s maximal effort separated by at least

1 min) and a voluntary submaximal exercise was performed in the

3T scanner. Immediately after the exercise, MRI investigation was

performed (MR sequence parameters are reported in Table 1) in

order to determine the kinetics of T2 changes with a high time

resolution during a 20-min recovery period (i.e. from POST 0 to

POST 20, 15 T2 maps were acquired, one T2 map every 80 s

using the sSE-EPI sequence; ETL 5 25) and TEs 5 20 ms and 50

ms). As part of control for bulk motion, an additional T1w image

was acquired at the end of the experiment in order to take into

account potential thigh motion within the MRI scanner during

the exercise.

FIGURE 2: T2 maps of the phantoms and the corresponding mean T2 values of each gel tube obtained by the fitting procedure on
data from the sequences SE, MSME, and sSE-EPI at four ETL factors. Note that the MSME sequence always overestimated the T2

values as compared to both SE and sSE-EPI sequences.
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A reproducibility experiment was performed in six subjects

(three females, 30 6 4 years, 171 6 9 cm, 64 6 7 kg) who took part

in two MRI experimental sessions separated by at least 7 days in

order to determine the standard error (SEM) of T2 measurements

and the corresponding coefficient of variation (CV) in the four

muscles of the QF.

Statistics
After checking the distribution of data using the Shapiro–Wilk

test, parametric statistical tests were performed using Statistica soft-

ware (Statsoft, Tulsa, OK). One-way analysis of variance (ANOVA)

was performed to compare T2 values in phantom among MR

sequences (SE, sSE-EPI, and MSME). Two-way ANOVA (MR

sequence * muscle) was used to identify potential differences in T2

values at rest in the four muscles of the QF using sSE-EPI and

MSME sequences. Two-way repeated-measures ANOVA (muscle *

time) was used to determine potential differences in T2 changes

after exercise in the four muscles of the QF. A Tukey’s HSD post-

hoc analysis was performed when appropriate. The level of signifi-

cance was set at P < 0.05. Results are reported as mean 6 SD.

RESULTS

Study 1: In Vitro Experiments

EXPERIMENT 1: IMAGE QUALITY EVALUATION AND T2

MEASUREMENT VALIDATION IN PHANTOM. Figure 2

shows the T2 maps of the phantom obtained by the linear

fitting procedure for MSME, SE, and sSE-EPI (ETL 9,

ETL13, ETL25, and ETL43) data. T2 values obtained with

SE and sSE-EPI sequences were not statistically different

(P > 0.87), whereas those obtained with MSME were

always significantly higher than those of both SE and sSE-

EPI sequences (P < 0.05). Negligible distortions were

observed in images obtained with sSE-EPI sequences using

ETL factors of 9 and 13, whereas moderate and strong dis-

tortions were observed for ETL 25 and ETL 43, respectively

(Fig. 2). A large within-ROI variability of T2 measurements

was quantified for sSE-EPI ETL 43 (Table 2) and the corre-

sponding T2 values determined with the fitting procedure

were significantly higher than those assessed with 2-TEs

calculation (P < 0.05). For the MSME sequence, T2 values

determined with 2-TEs calculation using TEs of 20 ms and

50 ms were significantly lower than those obtained with

either the fitting procedure or the 2-TEs calculation using

TEs of 30 ms and 60 ms (P < 0.05, Table 2).

Overall, phantom experiments clearly showed that

both sSE-EPI sequences with ETL factors of 13 and 25

allowed getting T2 maps with high temporal (acquisition

time �60 s/TE) and spatial resolution while suffering from

only negligible distortions (Fig. 2), that ultimately result in

similar T2 values (P 5 0.99, Table 2). These configurations

were chosen for in vivo experiments, whereas sSE-EPI

sequences with ETL 9 and 43 were disregarded due to too

long acquisition time (for ETL 9, 102 s/TE) and both

marked distortions and high within-ROI variability for the

T2 values (ETL 43). It is noteworthy that distortions

appeared larger on phantom images as compared to in vivo

acquisitions (Fig. 3).

Study 2: In Vivo Experiments

EXPERIMENT 2: IN VIVO T2 MEASUREMENTS OF REST-

ING QUADRICEPS FEMORIS MUSCLE. In line with the

findings of Experiment 1, quantitative analyses performed

in the QF muscle showed that T2 values determined from

MSME sequence were significantly higher (P < 0.05) as

compared to those obtained from sSE-EPI sequences (Table

3). The TE values strongly influenced T2 values derived

from the MSME sequence (Fig. 4) as illustrated by the

lower and higher T2 values obtained with Calc20-50 and

Calc30-60 as compared to T2 maps generated with eight

TEs, respectively (Table 3). On the contrary, sSE-EPI was

very robust to TE values and averaged T2 values assessed in

the four muscles of the QF were independent of the method

used to determine the T2 map (i.e. fitting procedure or 2-

TEs calculation) (Table 3).

EXPERIMENT 3: IN VIVO T2 MEASUREMENTS OF THE

RECOVERING QUADRICEPS FEMORIS MUSCLE AFTER A

SUBMAXIMAL VOLUNTARY EXERCISE. Reproducibility

of T2 measurements in resting muscles with sSE-EPI (i.e.

Calc20-50) was very good, as illustrated by the SEM lower

than 0.8 ms (RF: 0.6 ms, VI: 0.6 ms, VL: 0.7 ms, VM: 0.8

ms, QF: 0.6 ms) and the CV lower than 2.5% (RF: 1.9%,

VI: 2.1%, VL: 2.3%, VM: 2.5%, QF: 2.2%). Resting T2

values obtained before the voluntary exercise for each muscle

of the QF (29.6 6 0.8 ms) were similar to those obtained in

Experiment 2 (29.1 6 0.7 ms). The exercise led to a signifi-

cant T2 increase in the four muscles of the QF (P < 0.05,

Table 4). The T2 increase immediately after the voluntary

exercise (i.e. POST 0) was significantly higher in the RF as

compared to both VL and VM muscles (P < 0.05, Table

4). As shown in Figure 5, a rightward shift in the

FIGURE 3: Typical resting T2-weighted images of the thigh
muscles obtained with segmented SE EPI sequence for two
ETL. The four muscles of the quadriceps femoris were
delineated with dotted lines (VL: vastus lateralis, RF: rectus
femoris, VM: vastus medialis, VI: vastus intermedius).
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relationships between the relative muscle volume and the

voxel-T2 value was observed in the four muscles but

appeared larger for the RF, despite a large variability among

individuals (relative "activated" muscle volume: RF 5 52 6

26%, VI 5 29 6 29%, VL 5 26 6 34%, VM 5 33 6 36%).

Peak T2 occurred immediately after exercise (QF: 1 14 6

9%, VL: 1 10 6 11%, RF: 1 21 6 8%, VM: 1 11 6 11%,

VI: 1 15 6 10%, i.e. relative T2 changes at POST 0 as com-

pared to PRE) while T2 values decreased during the 20-min

recovery period (QF: –8 6 5%, VL: –6 6 6%, RF: –11 6 4%,

VM: –7 6 7%, VI: –8 6 5%, i.e. relative T2 changes at

POST 20 as compared to POST 0). It is noteworthy that

significantly lower T2 values were found less than 2 min

after the end of the exercise as compared to the T2 peak

values (i.e., at POST 0) (Fig. 6).

Discussion

In the present study, we demonstrated that sSE-EPI, a wide-

spread technique, can be used to simply measure T2 values of

QF muscles at high magnetic field (3T). Using the sSE-EPI

sequence, the degree of EPI segmentation can be chosen in

order to achieve the best compromise between image quality

and acquisition time. On that basis, T2 maps rapidly deter-

mined over a large spatial coverage were sufficiently sensitive

to assess changes in skeletal muscle T2 values after a submaxi-

mal voluntary exercise and accurately follow its recovery.

In order to address the issues related to dynamic T2

measurements in skeletal muscle after a standardized exercise

(e.g. sensitivity to B1 and B0 inhomogeneities, low spatial

coverage), we investigated the performance of a segmented

SE-EPI approach at high magnetic field (3T). The number

of EPI segments was adjusted in order to achieve the best

trade-off between image distortion and acquisition time. On

TABLE 4. T2 Values Determined at Rest (PRE), at the End of a Submaximal Voluntary Exercise (POST 0) and After
20 Min of Recovery (POST 20) in the Four Muscles of the Quadriceps Femoris (N 5 12)

PRE POST 0 POST 20

VL 29.8 6 0.8 [29.3 – 30.2] 33.1 6 3.2a [31.3 – 34.9] 30.6 6 1.1b [30.0 – 31.3]

RF 29.7 6 1.1 [29.1 – 30.3] 35.7 6 2.8a,c,d [34.1 – 37.3] 31.9 6 1.8b [30.9 – 32.9]

VM 29.5 6 0.7 [29.1 – 29.8] 33.2 6 3.3a [31.3 – 35.0] 30.3 6 1.0b [29.7 – 30.8]

VI 29.7 6 0.8 [29.3 – 30.2] 34.5 6 3.1a [32.7 – 36.2] 31.4 6 1.3b [30.6 – 32.1]

QF 29.6 6 0.8 [29.2 – 30.1] 34.1 6 2.9a [32.4 – 35.7] 31.0 6 1.2b [30.4 – 31.7]

T2 values are expressed in ms (mean 6 SD [95% confidence interval]). VL: vastus lateralis, RF: rectus femoris, VM: vastus medialis,
VI: vastus intermedius, QF: quadriceps femoris.
aDifferent from PRE.
bDifferent from POST 0.
cDifferent from VM.
dDifferent from VL.

FIGURE 4: Typical resting T2-weighted images and T2 maps (overlaid on T1-weighted images) of the thigh muscles obtained with
MSME and sSE-EPI. The four muscles of the quadriceps femoris were delineated with dotted lines (VL: vastus lateralis, RF: rectus
femoris, VM: vastus medialis, VI: vastus intermedius).
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that basis, an ETL factor ranging between 13 and 25 mini-

mized distortions, while offering image acquisition times

ranging between 38 and 60 s/TE with a high spatial resolu-

tion (i.e. 1.3–1.7 mm2 in plane resolution) and a large spa-

tial coverage (22 slices).

Quantitative T2 measurements obtained with sSE-EPI

were first validated in vitro on phantoms with T2 values

included in the physiological range of those observed in

skeletal muscle.2,14,15,37 T2 values determined with sSE-EPI

were similar to those assessed with the SE sequence. As

expected, higher T2 values were systematically found with

MSME for all configurations (i.e. fitting procedure, 2-TEs

calculation, in vitro, and in vivo experiments). In addition,

T2 values determined with a 2-TEs calculation for MSME

were highly dependent on the selected TE values. The latter

result is mainly due to the generation of stimulated echoes

that contaminate the T2 decay curves.20,21 The fitting and

2-TEs calculation approaches gave similar results for sSE-

EPI, further highlighting stronger robustness of sSE-EPI as

compared to MSME to rapidly determine T2 changes in

skeletal muscle over a large spatial coverage with the 2-TEs

calculation method.

The sensitivity of sSE-EPI to detect rapid and subtle

T2 changes was further illustrated by the lower T2 values

recorded less than 2 min after the end of exercise as com-

pared to the T2 peak values (i.e. at POST 0). This rapid T2

recovery may be related to changes in intracellular water

accumulation volume and acidosis, as previously sug-

gested.6,9 Exercise-induced T2 changes have been assessed in

a large number of studies using long total acquisition time

(4–5 min).1,2,38–40 Therefore, the T2 measurements over

such a long period of time inevitably represent an averaged

value which does underestimate the extent of T2 changes. In

addition, the estimation of the relative muscle contribution

involved in a motor task can be biased if the kinetics of T2

differ among muscle, as recently shown for the triceps surae

muscle.12 In the latter study, Varghese et al. reduced the

MRI acquisition time using an SSFP sequence.12 Although

exercise-induced relative T2 increase in triceps surae muscle

was in the same range (�10%) to what has been deter-

mined for QF muscle in the present study, it should be

pointed out that the spatial coverage was limited to the

acquisition of a single axial slice.12 Considering that poten-

tial heterogeneity in muscle activation can occur along the

FIGURE 5: Distribution of T2 values with respect to the relative volume of each muscle (A: vastus lateralis [VL], B: rectus femoris
[RF], C: vastus medialis [VM] and D: vastus intermedius [VI]) before and after the voluntary exercise. Distribution of T2 values is
roughly similar among muscles before the exercise. In contrast, a larger rightward shift is observed after the exercise for the RF
(and in less proportion in the VI) as compared to the VL and the VM muscles.
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muscle length,14 among muscles within a muscle group,41

between individuals,42 and according to the contraction

modality (e.g. voluntary vs. electrically evoked contrac-

tions),43 it is essential to explore a large muscle volume to

be representative of the whole muscle activity. Hence, the

sSE-EPI sequence appears as a relevant strategy for assessing

muscle activation with a combination of high spatial and

temporal resolutions over a large spatial coverage and a low

sensitivity to B1 and B0 inhomogeneities. Interestingly, we

found heterogeneous activation patterns among the four

muscles of the QF in response to the exercise. Indeed, T2

changes were significantly higher in the RF as compared to

both VL and VM muscles, which is in accordance with our

previous study performed at a lower force level.44 It is note-

worthy that a high interindividual variability was also

observed in the T2 changes induced by the exercise. It is

well established that the profile (endurance/explosive) and/

or the training status of the volunteers (from recreationally

active volunteers performing an unaccustomed exercise to

volunteers trained in endurance exercises) can contribute to

the interindividual difference in relative contribution of the

QF muscle during an exercise performed at 60% MVC.45

In that way, the combination of sSE-EPI sequence with a

newly developed methodology based on statistical paramet-

ric mapping46 would allow accurately localizing muscle

activation according to the muscle contraction modality (e.g.

voluntary vs. electrically evoked44 or concentric vs.

eccentric47).

One of the limitations of the current study could be

related to a slightly short second TE used in Experiment 3

(i.e., 50 ms). We considered that the longest TE should

have been theoretically 20–60% higher than the highest

measured T2 values (i.e. from 31 ms to 42 ms) in order to

obtain an accurate T2 measurement. However, we observed

no difference whether T2 was calculated using 2-TEs (i.e.

20–50 ms and 30–60 ms) or using a linear fit (with T2 val-

ues ranging from 25–51 ms). On that basis, one could

assume that the influence of the selected maximal TE value

FIGURE 6: A: T2 maps (overlaid on T1-weighted image) of thigh muscles obtained with sSE-EPI for one subject before (PRE), imme-
diately after a voluntary isometric exercise (POST 0) and during recovery (10 min [POST 10] and 20 min [POST 20] after the end of
the exercise). The four muscles of the quadriceps femoris are delineated with dotted lines at baseline (VL: vastus lateralis, RF: rec-
tus femoris, VM: vastus medialis, VI: vastus intermedius). T2 was homogenously increased along each muscle of the quadriceps
femoris after the voluntary exercise with a peak at POST 0. B: Kinetics of T2 values during recovery in each muscle of QF (vastus
lateralis [VL], vastus medialis [VM], rectus femoris [RF] and vastus intermedius [VI], N 5 12). Time effect: adifferent from PRE, bdif-
ferent from POST 0.
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on T2 measurements in our study is negligible. Considering

that the T2 calculation with 2-TEs is independent of the

TE values for sSE-EPI, the choice of TEs could be modu-

lated according to the experimental context, i.e. if the T2

increase is expected to be higher than 40–45 ms, longer

TEs should be used. Another potential limitation could be

related to the influence of muscle fatty infiltration on T2

measurements, considering the higher T2 value of the fat tis-

sue as compared to skeletal muscle.48 However, we included

in the present study young (age ranged from 25–37 years

old), healthy, and relatively active subjects for whom intra-

muscular fatty infiltration was negligible. Furthermore, we

used a fat saturation scheme with the sSE EPI sequence in

order to further limit the influence of fat on T2 values. As a

result, one could rule out any effect of fatty infiltration on

our T2 measurements. However, full suppression of the fat

signal is extremely challenging when performing MRI inves-

tigations over a large volume coverage in fat-infiltrated tis-

sues. Therefore, further studies are needed to determine if

the sSE-EPI sequence with fat saturation is appropriate for

evaluating muscle water T2 in patients with large fatty infil-

trations. It should be kept in mind that our proof-of-

concept study clearly highlights both the sensitivity and

accuracy of sSE-EPI sequence for monitoring rapid T2

changes in healthy skeletal muscle. This method is relevant

for assessing changes in muscle activation patterns in ath-

letes/subjects with impaired muscle function.13

In conclusion, we demonstrated that the sSE-EPI

sequence is a valid and fast method for assessing changes in

T2 skeletal muscle with a large spatial coverage at high mag-

netic field. Considering the straight and simple postprocess-

ing and the sequence availability in clinical scanners, this

method would offer new opportunities for evaluating skele-

tal muscle activation pattern in response to exercise.
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