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Abstract 

Age- and disuse- related loss of muscle force is disproportionately larger than the loss of muscle 

mass. Earlier studies reported that comparing concentric and eccentric contractions, there is a 

significant age-related decrease in force only in concentric contractions. Magnetic Resonance 

Imaging enables mapping of muscle deformation and has been used to study isometric but not 

eccentric contractions. We report MRI based strain rate mapping of the medial gastrocnemius in 

subjects pre- and post-unloading induced by Unilateral Limb Suspension. In contrast to isometric 

contraction, no difference in strain rate indices were observed post-unloading, in conformance 

with preserved force during eccentric contractions. 
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 Muscle unloading results in a loss of muscle mass 

(atrophy) and loss of muscle force output.1 Muscle 

atrophy has its origins in a decrease in protein synthesis 

that is accompanied by an increase in protein degradation 

that ultimately leads to a loss in the number and size of 

muscle fibers.2,3 However, most unloading studies have 

demonstrated that decrease in muscle force far exceeds 

the decrease in muscle size. This discrepancy remains 

even after accounting for changes in muscle activation as 

well as for decreases in specific tension.4,5 Force can be 

transmitted longitudinally and laterally through the 

adjacent ECM and muscle fibers to the epimysium of the 

skeletal muscle.6 More recently, invasive studies on 

animal models have identified that force transmission by 

lateral transmission of force pathways is reduced 

significantly in very old rodents compared to young 

rodents.7 Further, physiologically derived computational 

muscle modeling has identified the mechanism by which 

force is transmitted laterally is through shear strain in the 

extracellular matrix.8 Measurement of shear strain by 

imaging may allow a non-invasive paradigms. Strain is a 

measure of tissue deformation with respect to a reference 

state and requires three-dimensional (3Dal) tissue 

tracking. Strain Rate describes the rate of regional 

deformation and does not require 3Dal tracking or a 

reference state since it is an instantaneous measure. The 

in-vivo studies on muscle motion using these sequences 

have been applied to the study of muscle kinematics 

under isometric or passive plantarflexion.9 There have 

been no strain or SR measurements during eccentric 

contractions. Eccentric contractions are of interest since 

many physiological functions occur when the muscle is 

actively lengthening. Further, eccentric contractions have 

been shown to be most effective for muscle 

strengthening. Another interesting observation is that 

there are significant differences between eccentric and 

concentric contraction,10 with a much larger loss of force 

generation under concentric contraction than under 

eccentric contraction, and that age-related reduction in 

muscle force is not observed during an eccentric 

contraction.11 

The Unilateral Limb Suspension (ULLS) model of 

atrophy and muscle force loss is a well- established 

model for inducting controlled atrophy. An earlier study 

reported the results of strain rate analysis on velocity 

encoded phase contrast MR imaging studies on a cohort 



MRI based muscle strain rate mapping 

Eur J Transl Myol 30 (1): 139-143, 2020 

- 140 - 

 

of subjects pre- and post-unloading induced by ULLS 

under isometric contraction of the calf muscle.12 The 

latter study found significant changes in the components 

of the strain rate tensor between pre- and post- unloading 

conditions; these included changes in the principal strain 

rate components and in the shear strain rate. Further, loss 

of muscle force as measured by the maximum voluntary 

contraction (MVC) was significantly correlated to shear 

strain rate and to the principal strain in the fiber cross-

section in addition to morphological changes. This 

highlights that the strain rate indices may provide 

additional determinants of muscle force loss independent 

of muscle mass (volume). In the current study, the focus 

is on studying changes in strain rate in the medial 

gastrocnemius with unloading under submaximal 

eccentric contractions and comparing it to the earlier 

report on strain rate indices during isometric contraction 

(on the same cohort and evaluated in the medial 

gastrocnemius). These two contraction modes are 

compared since force production during isometric 

contraction is reduced by the presence of a stiffer passive 

matrix while it is enhanced during eccentric contraction 

allowing exploration of acute atrophy related differences 

in muscle passive mechanical properties and 

contractility. 

Materials and Methods 

Subjects 

Seven subjects were included in this study after informed 

consent (approved by Medical Research Ethics Board of 

University of California San Diego). The criterion for 

inclusion was that subjects should be moderately active 

and free from any lower extremity surgery in the six 

months prior to the study. Muscle atrophy was induced 

on the (self-reported) non-dominant leg (left for all 

subjects) with 4-week of chronic unloading using the 

well-established ULLS model.12 The unloading protocol 

is detailed in Malis V, et al. (2018).12 

MR imaging 

MR imaging was performed on a 1.5 Tesla Signa HDx 

MR scanner (GE Medical Systems, Milwaukee, WI), 

with the subject lying supine, feet first, with left leg in a 

specially designed foot-pedal device for eccentric 

contraction (Fig. 1a). The foot pedal device is a MR-

compatible, computer-controlled, servo motor driven 

device, which is capable of rotating the foot through a 

pre-programmed angular range of motion. The ball of the 

foot rested on a carbon-fiber plate, onto which an optical 

pressure transducer (Luna Innovations, Roanoke, VA, 

USA) was glued, and which could rotate along with the 

foot. Pressure against the plate was detected by the 

transducer which was subsequently converted to a 

voltage and used to trigger the MR image acquisition. 

The voltage output from the pressure transducer was 

converted into units of force (N) based on a calibration of 

the system using disc weights. Images were acquired 

during submaximal, eccentric contractions, at 35% of the 

individual maximum voluntary contraction (MVC). A 

water saturated fast-spin echo (FSE) sequence was used 

to identify fascicles in the medial gastrocnemius to 

choose the optimal orientation for the motion sensitive 

sequence. The latter scan is based on a Velocity-Encoded 

Phase Contrast (VE-PC) sequence: oblique sagittal slices 

(TE: 7.7 ms, TR: 16.4 ms, NEX: 2, FA: 20°, slice 

thickness: 5 mm, FOV: 30 cm × 22.5 cm (partial 

phaseFOV: 0.75) , 256 × 192 matrix, 4 views/segment, 

5-7 slices, 22 phases (contraction-relaxation cycle of ~3 

s), 10 cm·s-1 3 directional velocity encoding, 70 

repetitions for each slice acquisition. 

Image Analysis 

Muscle fascicle end points were identified on the FSE 

images and fiber orientations were identified at three 

locations along the MG. The phase images from the VE-

PC sequence quantify the velocity (vx, vy, vz) at each 

image voxel. The strain rate (2 × 2 tensor) is calculated 

from the spatial gradient of the velocity, details of the 

computation are provided in Reference.12 The 

diagonalization of the SR tensor provides a positive and 

negative eigenvalue; a positive eigenvalue indicates a 

local lengthening while a negative eigenvalue indicates a 

local shortening. Further, the positive and negative 

eigenvalues are labeled SRfiber that refers to the SR 

eigenvector with the smaller angle with the muscle fiber 

direction and SRin-plane that refers to the eigenvalue 

orthogonal to SRfiber and approximately in the fiber 

cross-section (Fig. 1b). The third eigenvalue, SRout-

plane was inferred from SRfiber and SRin-plane by using 

muscle incompressibility: SRout-plane=(SRfiber + 

SRin-plane). In addition, the shear strain, SRfc, was 

computed by rotating the principal axis strain rate tensor 

by the angle between SRfiber and muscle fiber, denoted 

as SR-fiber angle.  

Region of interest (ROI) measurements were taken in the 

proximal, middle and distal regions of the MG. The ROIs 

were tracked using the velocity data through the cycle 

such that measurements were made on the same 

anatomical points.12 Values of the SR indices (SRfiber, 

SRin-plane, SRout-plane, SRfc, SR-fiber angle) in the ROIs 

were taken at the peak of SRfiber in the contraction cycle. 

Statistical analysis was performed using SPSS (SPSS 

23.0, SPSS Inc., Chicago, IL) to test for differences 

between pre and post ULLS groups (termed time) and 

three muscle regions as well as potential interaction  

Results and Discussion 

The average change in volume of the GM, GL and soleus 

muscles post-suspension are -9.6%, -11.1% and -7.4% 

respectively while the average change in MVC is -32.6%. 

As seen in earlier studies,3-5 the force loss cannot be 

completely explained by muscle atrophy alone (change 

in muscle volume). Force produced by the subject during 

eccentric contractions (averaged over all 7 subjects for 

pre- and post-suspension separately) is show in Fig 1c; 

these are an average over 70 contractions/slice, over all 
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the slices (5-7/subject) and finally across all subjects. The 

eccentric contraction begins with the foot in the most 

plantarflexed phase followed by the pedal exerting force 

on the foot pushing it to the most dorsiflexed position 

while the foot is actively contracting (phases 1-11); the 

pedal then reverses direction while the foot follows the 

pedal (no force exerted by foot) to the most plantarflexed 

position (phases 12-24).  

 
Fig 1. Foot pedal device and subject foot positioned in the magnet. Trigger from the pressure transducer is used to 

control the motor (outside the magnet room) that drives the foot pedal, feedback of the generated force profile 

superposed on the desired force profile is provided (a). Schematic of the muscle fiber and the strain rate 

components, SRfiber (closest in orientation to the muscle fiber), SRin-plane is orthogonal to SRfiber and in the fiber 

cross-section, in the imaging plane; SRout-plane is orthogonal to the imaging plane. The angle between SRfiber 

and the muscle fiber is denoted as the SR-fiber angle (b). Force curves during eccentric contraction (average 

over all slices and subjects) for pre-(red) and post-suspension (blue) (c). Strain rate maps (SRfiber, SRin-plane , 

SRout-plane) for one subject shown at the peak of the contraction phase for pre- and post-suspension (top and 

bottom rows). The low values of the SR indices as well as very little change with unloading can be appreciated 

(d). The free body diagram for eccentric contraction illustrates that the foot pedal causes a dorsiflexion motion 

while the muscle is actively contracting against the load of the foot pedal. The net deformation measured is 

the resultant of the contraction due to muscle and the extension due to the dorsiflexion motion from the pedal 

(e). The effect on force generation due to a stiffer extracellular matrix during isometric and eccentric 

contraction (f).  
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Figure 1d shows the SR eigenvalues and SR-fiber angle 

corresponding to one subject at baseline (pre-suspension) 

and immediately after the 4-week of unloading (post-

suspension) during eccentric contraction at the peak of 

the contraction defined as the peak in SRfiber 

(phase/frame: 7). Table 1 shows the eigenvalues in the 

three muscle regions pre- and post- suspension for 

eccentric contraction. The eigenvalues during eccentric 

contraction are smaller than corresponding ones 

extracted from the isometric contraction by a factor of 

three.12. It should be noted that during the contraction 

phase (1-11), SRfiber (defined as the eigenvector closest to 

the muscle fiber orientation) is the positive eigenvalue 

while during the relaxation (phases 12-24), SRfiber is the 

negative eigenvalue. No significant differences were 

found in the SR indices for time (pre- and post-) or 

region. A repeated measures ANOVA on the eccentric 

data showed significant interactions time * region for SR-

fiber angle (F(2, 12) = 4.129, P=0.043) and trend towards 

significance for SRin-plane (F(2, 12) = 3.597, P=0.06) 

The lower values of strain rate eigenvalues during 

eccentric contraction may potentially arise from the fact 

the muscles are actively contracting while there is 

lengthening during dorsiflexion caused by external force 

from the foot pedal. The net result is a smaller extent of 

tissue deformation due to simultaneous local contraction 

and elongation. The free body diagram in Figure 1e 

shows the forces acting on the MG muscle tissue as the 

foot dorsiflexes under active muscle contraction: force 

from the foot pedal and the force of contracting muscle 

act in opposition causing lengthening and contraction 

respectively (as the final motion is dorsiflexion, the net 

deformation is lengthening). It should be noted that this 

is the first in-vivo measurement of the local lengthening 

along the muscle fiber (SRfiber positive during contraction, 

Table 1) during an eccentric contraction. In contrast, 

during isometric contraction SRfiber is negative during the 

contraction part of the cycle (this is anticipated as muscle 

contraction will result in local shortening). In eccentric 

contractions, there were no significant differences in any 

of the SR indices including shear strain between pre- and 

post-suspension, though the trend of decreased 

asymmetry of deformation is seen in the post-suspension. 

This is in contrast to our findings on SR indices during 

isometric contractions which show significant 

differences in SR-fiber angles (increase) and in SRin-plane 

(decrease).12 It is difficult to speculate on the reason for 

the differences in the change in strain rate indices post-

suspension extracted from isometric and eccentric modes 

of motion. These difference in muscle kinematics on 

unloading between isometric and eccentric contractions 

could be related to the fact that a stiffer extra-cellular 

matrix (post-suspension) may add to the muscle force in 

the tensile state (eccentric) while it may resist the muscle 

deformation in the compressive state (isometric) (Fig. 

1f). This line of reasoning may also explain larger SRfiber 

values seen in the middle and distal regions post-

suspension (Table 1). It should be noted that studies have 

reported that eccentric force is preserved with age while 

significant decreases in concentric/isometric forces are 

seen with age.10,11 Further, a recent computational model 

predicted that a stiffer, thicker ECM (as may occur with 

aging and/or disuse) preserves force during eccentric 

contraction while a isometric/concentric contraction 

resulted in a decrease of force.13 The observation in the 

current paper of a lack of strain rate changes seen in 

eccentric contractions with unloading is in conformance 

with experimental observations and computational 

predictions of force being preserved in eccentric 

contractions with aging. 

List of acronyms 

3Dal - three-dimensional ( 

DENSE - displacement encoded imaging 

ECM – Extra-cellular Matrix 

GL – Lateral Gastrocnemius 

GM – Medial Gastrocnemius 

MRI - Magnetic Resonance Imaging  

MVC - maximum voluntary contraction 

SPAMM - Spatial Modulation of Magnetization 

Table 1. Strain rate eigenvalues and the SR-fiber angle for pre- and post-Unilateral Limb Suspension at the same 

force level as in the post-ULLS during eccentric contraction 

 

Eccentric same force level ULLS 

region 

proximal middle distal 

SRfiber                  [ms-1] 
pre 158.78 ± 88.04 221.42 ± 83.89 308.57 ± 125.07 

post 118.25 ± 46.64 147.59 ± 102.77 214.37 ± 141.39 

SRin-plane a                [ms-1] 
pre -272.12 ± 92.35 -310.79 ± 89.51 -367.94 ± 69.49 

post -304.04 ± 109.76 -380.3 ± 108.7 -456.56 ± 181.06 

SRout-plane            [ms-1] 
pre 113.34 ± 51.99 89.36 ± 93.44 59.37 ± 99.12 

post 185.79 ± 103.24 232.71 ± 145.51 242.19 ± 216.05 

SR-fiber anglea       [°] 
pre -51.69 ± 8.6 -45.48 ± 15.29 -49.97 ± 11.19 

post -41.64 ± 14 -41.17 ± 8.14 -39.66 ± 11.25 

a significant interaction time*region 
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SR – Strain Rate 

ULLS - Unilateral Limb Suspension 

VE-PC - Velocity encoded phase contrast imaging 
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