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Abstract
Purpose  Ultrasound is commonly used to measure changes in skeletal muscle morphology in response to both acute and 
chronic resistance exercise, but little is known on how muscle stiffness changes via ultrasound elastography, which was the 
purpose of this systematic review and meta-analysis.
Methods  The online data bases of Pubmed, Scopus, and Web of Science were each searched up until February 2020 and 
the data were analyzed using a random effects model.
Results  A total of eight studies (four acute and four chronic) met the inclusion criteria for the quantitative analysis. Follow-
ing a single bout of exercise, muscle stiffness was increased within the first hour [ES: 1.52 (95% CI 0.14, 2.91); p = 0.031], 
but was no longer elevated when measured 2 days post-exercise [ES: 0.76 (95% CI − 0.32, 1.83); p = 0.16] or ≥ 7 days post-
exercise [ES: 0.20 (95% CI − 0.53, 0.94); p = 0.58]. There was no impact of long-term resistance training on changes in 
muscle stiffness [ES: − 0.04 (95% CI − 0.24, 0.15); p = 0.653].
Conclusion  The primary findings from this meta-analysis indicate that muscle stiffness increases acutely following a single 
bout of resistance exercise, but does not change long-term with chronic resistance training when measured via ultrasound 
shear elastography. Given the small number of studies included in this review, future studies may wish to examine changes 
in muscle stiffness in response to both acute and chronic resistance exercise.
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Introduction

Ultrasound measurements of elastography allow for the 
assessment of tissue stiffness via either shear or strain elas-
tography. Strain elastography examines tissue deformation 
in response to external pressure applied by the ultrasound 
technician; whereas, shear elastography evaluates the speed 
at which shear waves from the ultrasound probe travel [1]. 
While this technique is commonly used to assess different 
types of cancers and liver diseases [1], it is gaining more 
frequent use as a measure performed in skeletal muscle in 
response to resistance exercise. Traditional measures of skel-
etal muscle stiffness involved assessments of resting joint 
angles [2], forces required to lengthen muscles [2], palpa-
tions [3], myometer assessments [4], and subjective rating 

scales [5], but ultrasound measured elastography [6] allows 
for a visualization and objective measure of the muscle 
being assessed. Furthermore, the use of ultrasound provides 
a more portable and less expensive modality of assessment 
in comparison to magnetic resonance elastography [7] and 
ultrasound is already commonly used for the assessment of 
muscle size and morphology. This review examines the abil-
ity of ultrasound elastography to detect acute and chronic 
changes in muscle stiffness that occur with resistance exer-
cise, and the direction, magnitude, and implications of these 
potential changes.

Ultrasound is often used to measure acute changes that 
occur in response to resistance exercise by examining 
numerous variables such as pennation angle, blood flow, 
echo-intensity, and muscle thickness [8]. While muscle 
stiffness is often examined as a measure of acute exercise-
induced muscle damage, this measure is not commonly 
performed using ultrasound. Given the objective and non-
invasive nature of ultrasound measures, this may provide an 
ideal avenue for assessing acute changes in muscle stiffness 
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that are present following damaging resistance exercise. Fur-
thermore, little is known on how muscle stiffness changes 
following a more traditional bout of exercise not intended to 
induce muscle damage, and whether this can be detected by 
ultrasound elastography. It can be hypothesized that tissue 
stiffness may increase given cell swelling and increases in 
tissue pressure, but evidence in this area is lacking.

In addition to examining acute changes in muscle stiff-
ness, it may also be important to understand chronic changes 
in muscle stiffness that occur following a resistance training 
program. It has previously been shown that stiffer muscles 
are stronger muscles even after adjusting for the amount of 
muscle mass present, and therefore, muscle stiffness was 
hypothesized to be a potential measure of muscle quality 
such that a stiffer muscle was a higher quality muscle [9]. 
Support for this hypothesis exists in that muscle stiffness has 
been shown to be inversely correlated with intramuscular fat 
[10]. As resistance exercise would be expected to improve 
muscle quality, one may hypothesize that muscle stiffness 
may increase as a result of resistance exercise. It would also 
seem reasonable to hypothesize that a change in muscle 
stiffness may have a relationship with overall injury risk, 
which may be particularly important for athletic popula-
tions. Despite its potential importance, the effects of chronic 
resistance exercise on changes in passive muscle stiffness are 
largely unknown. Given the increasing use of ultrasound to 
assess changes in both acute and chronic muscle stiffness 

occurring in response to resistance exercise, a systematic 
review and meta-analysis were performed to synthesize 
the current information. The purpose of this review was to 
examine the acute and chronic changes in muscle stiffness as 
detected by ultrasound measured shear wave elastography.

Materials and methods

The online data bases of Pubmed, Scopus, and Web of Sci-
ence were each searched using the following search terms: 
(1) “elastography” and “resistance exercise” (2) “elastogra-
phy” and “weight lifting”; (3) “elastography” and “strength 
training”; (4) “muscle stiffness” and “resistance exercise” 
(5) “muscle stiffness” and “weight lifting” and (6) “muscle 
stiffness” and “strength training” up until February 2020. 
References of the included articles were also searched for 
additional articles to include in the quantitative meta-analy-
sis. A flow chart showing the included studies is detailed in 
Fig. 1. For studies to be included in the quantitative meta-
analysis, they had to meet the following criteria: (1) must be 
performed in humans; (2) must be written in English; and (3) 
must include an ultrasound measure of shear wave muscle 
stiffness before and after a single training session or chronic 
training intervention.

Fig. 1   Flow chart detailing search results and rationale for excluding studies
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Effect sizes are expressed in the raw units (meters per sec-
ond) by which the measurements were taken and they were 
analyzed using a within group effect size (post measure–pre 
measure) to determine if changes in muscle stiffness were 
present. Each of the studies were weighted using the inverse 
of the sample variance with the variability taken from the 
change score (i.e., the variability of the intervention itself) 
[11]. The effect sizes represent the change in ultrasound 
shear wave speed (i.e., muscle stiffness) and the variability 
of this change [11]. In the event that change score variabil-
ity measures were not reported, but an exact p value was 
reported, the t statistic was computed using the inverse of 
the cumulative distribution function as detailed elsewhere 
[11]. The t statistic, sample size, and mean change were then 
used to calculate the change score standard deviation using 
the following formula:

If neither of these values were reported, the variability 
of the change score was estimated using a test–retest cor-
relation coefficient obtained from a previous study that 
assessed reliability within and between sessions [12]. For 
acute studies, the within-session r value of 0.77 was used 
and for chronic studies, the between-session r value of 0.61 
was used. These r values were then entered into the follow-
ing formula to obtain the change score standard deviation:

To ensure that all measurements were reported in the 
same units, studies that reported stiffness using shear modu-
lus were converted back to shear wave speed using the fol-
lowing formula:

where shear wave speed is expressed in meters per sec-
ond, shear modulus is expressed in pascals and muscle den-
sity is expressed in kg per cubic meter. The muscle densi-
ties were provided in the original papers as either 1000 kg 
per cubic meter [13, 14] or 1084 kg per cubic meter [15, 
16]. When not provided [17, 18], the muscle density was 
estimated to be 1084 kg per cubic meter. If multiple joint 
angles were assessed [13], the measurement taken in the 
most relaxed position was used to match the protocols per-
formed in the other included studies. If multiple different 
sites were taken within a given muscle [13, 16], the average 
of all the measured sites was used. Entirely different mus-
cles, however, were treated as their own samples. Several 

SDintervention =
mean change ×

√

n

t statistic
.

SDintervention =

√

[(SDpretest)2 + (SDposttest)2 − (2r × SDpretest × SDposttest)].

Shear wave speed =

√

(

shear modulus

muscle density

)

,

studies assessed multiple time points to detect acute change 
in stiffness across time, and therefore, multiple acute analy-
ses were performed to avoid violating the assumption of 
independence. The time frames that were chosen were done 
so to try and match the time frames across studies. To assess 
the quality of studies included in the meta-analysis, the qual-
ity assessment tool for pre–post studies without a control 
group was adapted from the National Institute of Health 
(NIH) (Table 1). All statistical analyses were computed 
using JASP version 0.11.1. Given the few number of stud-
ies meeting the criteria for inclusion in the meta-analysis, no 
moderating variables were evaluated. Statistical significance 
was set at p < 0.05.

Results

Acute impact of resistance exercise on muscle 
stiffness

A total of four studies met the criteria for inclusion in the 
quantitative analysis examining the influence of acute exer-
cise on muscle stiffness (Table 2). There was a wide range 
of post-exercise time points that were assessed ranging from 
15 min post-exercise [16, 19] all the way up to 21 days post-
exercise [13]. We elected to run three different analyses to 
assess the acute time course of changes in muscle stiffness 

which included studies that assessed muscle stiffness within 
1 h post-exercise [13, 16, 19], 2 days post-exercise [13, 
19, 20], and ≥ 7 days post-exercise [13, 19] (Fig. 2). Stud-
ies taking muscle stiffness within the first hour, revealed a 
significant increase in muscle stiffness [ES: 1.52 (95% CI 
0.14, 2.91); p = 0.031]. There was no longer an increased 
muscle stiffness when measured either 2 days post-exercise 
[ES: 0.76 (95% CI − 0.32, 1.83); p = 0.16] or ≥ 7 days post-
exercise [ES: 0.20 (95% CI − 0.53, 0.94); p = 0.58]. This 
corresponds to an estimated increase of 2.47, 0.62 and 0.04 
kilopascals at each the ≤ 1 h, 2 day, and ≥ 7 day time points, 
respectively, using the shear modulus of skeletal muscle tis-
sue with an estimated muscle density of 1084 kg per cubic 
meter [15, 16].

Chronic impact of resistance training on muscle 
stiffness

A total of four studies met the criteria for inclusion in 
the quantitative analysis examining the inf luence of 
chronic resistance training on muscle stiffness (Table 3). 
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Table 1   Study quality assessment adapted from the National Institute of Health (NIH)

Studies were score as 0 (No) or 1 (Yes) for a possible total score of eight points. If there was insufficient information a 0 was given

Acute studies Chronic studies

Agten (2017) Akagi (2015) Hotfiel 
(2017)

Lacour-
paille 
(2014)

Akagi (2016) Man-
narino 
(2019)

Ochi (2018) Sey-
more 
(2017)

1. Was the study question or objective 
clearly stated?

1 1 1 1 1 1 1 1

2. Were eligibility/selection criteria for the 
study population pre-specified and clearly 
described?

1 1 1 0 1 1 1 1

3. Were all eligible participants that met 
the pre-specified entry criteria enrolled?

1 1 1 1 1 1 1 1

4. Was the sample size sufficiently large to 
provide confidence in the findings?

0 0 0 0 0 0 0 0

5. Was the test/service/intervention clearly 
described and delivered consistently 
across the study population?

1 1 1 0 1 1 1 1

6. Were the outcome measures pre-speci-
fied, clearly defined, valid, reliable, and 
assessed consistently across all study 
participants?

1 1 1 0 1 1 1 1

7. Was the loss to follow-up after baseline 
20% or less?

1 1 1 1 1 1 1 1

8. Did the statistical methods examine 
changes in outcome measures from 
before to after the intervention? Were sta-
tistical tests done that provided p values 
for the pre- to post-changes in muscle 
stiffness?

0 1 1 1 1 1 0 1

Total 6 7 7 4 7 7 6 7

Table 2   Information on acute exercise studies

Ages are mean ages in years
1RM one-repetition maximum, M male, F female

Study n Age Sex Muscle group(s) assessed Post-exercise assessment Exercise intervention

Agten et al. 2017 (a) [19] 5 39 M Biceps brachialis 15 min, 12 h, 1 day, 2 days, 
3 days, 7 days

three sets of 12 eccentric elbow 
flexion exercises with a 90% 
1RM load

Agten et al. 2017 (b) [19] 5 30 F Biceps brachialis 15 min, 12 h, 1 day, 2 days, 
3 days, 7 days

three sets of 12 eccentric elbow 
flexion exercises with a 90% 
1RM load

Akagi et al. 2015 [16] 18 22 M Triceps brachii Within 15 min five sets of  elbow extension 
exercises with an 80% 1RM 
load

Hotfiel et al. 2017 [20] 15 24 M/F Gastrocnemius and soleus 60 h post five sets of 30; one set to 
failure for eccentric heel 
raises performed with 
Bodyweight + 25% with an 
additional weighted vest

Lacourpaille et al. 2014 [13] 12 23 M/F Biceps brachii and biceps 
brachialis

1 h, 48 h, 21 days three sets of 10 maximal eccen-
tric elbow flexion exercises 
performed at 120°/s on a 
dynamometer
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Of the four included studies, two studies assessed the 
knee extensors [14, 17], one study assessed the knee 
flexors [18] and one study assessed the elbow exten-
sor muscles [15]. All of the chronic training studies 
included in this analysis involved untrained participants 
who were measured using an Aixplorer SuperSonic 
Imagine ultrasound machine. Collectively, there was no 
impact of long-term resistance exercise on changes in 
muscle stiffness [ES: − 0.04 (95% CI − 0.24, 0.15); 
p = 0.653; Fig. 3].

Discussion

Acute impact of resistance exercise on muscle 
stiffness

The primary finding from the acute analysis demonstrated 
that a single bout of resistance exercise increased muscle 
stiffness immediately post-exercise, but this subsided as 
time progressed (Fig. 2). Of the protocols listed in Table 2, 
the Lacourpaille et al. study [13] was the only study to 

Fig. 2   Acute effects of resistance exercise on muscle stiffness. Effect size units are expressed in the raw units of m/sec

Table 3   Information on chronic training studies

Ages are mean ages in years
1RM one-repetition maximum, M male, F female

Study n Age Sex Muscle group(s) assessed Training sessions Exercise intervention

Akagi et al. 2016 [15] 13 22 M Triceps brachii 18 (6 weeks) five sets of eight elbow extension exercises using an 
80% 1RM load

Mannarino et al. 2019 [17] 15 28 M Vastus lateralis 16 (8 weeks) 2–3 sets to failure for each knee extensions and 
squats using a 10RM load

Ochi et al. 2018 (a) [14] 10 22 M Vastus lateralis, vastus 
medialis, and rectus 
femoris

11 (11 weeks) six sets of 12 knee extensions using a 67% 1RM load

Ochi et al. 2018 (b) [14] 10 22 M Vastus lateralis, vastus 
medialis, and rectus 
femoris

33 (11 weeks) two sets of 12 knee extensions using a 67% 1RM 
load

Seymore et al. 2017 [18] 10 18 M/F Biceps femoris 15 (6 weeks) 2–3 sets of 5–12 repetitions of eccentric Nordic 
hamstring exercises
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employ maximal eccentric contractions on an isokinetic 
dynamometer, which likely induced the greatest muscle 
damage. The greater muscle damage also resulted in the 
largest magnitude of change in muscle stiffness, and this 
change was still elevated for at least one muscle group 
3 weeks after the damaging exercise bout (Fig. 2). The 
Agten et al. study [19] also employed eccentric exercises 
but with a lighter load corresponding to 90% of the indi-
vidual’s one-repetition maximum (1RM) strength. The 
authors noted increases in muscle stiffness immediately 
post-exercise, but this was no longer present when re-
assessed 2 days post-exercise. Protocols that involved tra-
ditional isotonic resistance exercises, most likely to resem-
ble what would be performed by individuals engaging in 
resistance exercise, demonstrated smaller increases in 
muscle stiffness immediately post-exercise [16]; while no 
changes where present when assessed 2 days post-exercise 
[20]. These results would suggest that the magnitude of 
muscle stiffness appears to be related to the level of mus-
cle damage caused by the exercise protocol. Traditional 
resistance exercise protocols not intended to induce mus-
cle damage may result in small changes in muscle stiff-
ness immediately post-exercise, but this stiffness would be 
unlikely to remain present 2 days post-exercise. Contrarily, 
protocols intended to induce muscle damage will likely 
result in larger increases in muscle stiffness that will last 
a longer duration (upwards of 1 week).

Three studies were not included in the quantitative analy-
sis because strain elastography was used instead of shear 
elastography [21–23]. Each of these studies corroborated the 
findings of the acute quantitative analysis demonstrating that 
muscle stiffness increased following an acute bout of resist-
ance exercise. Following a traditional exercise bout of elbow 

flexion at 70% 1RM, muscle stiffness increased immediately 
post-exercise but then returned back close to baseline levels 
30 min post-exercise [22]. The magnitude of stiffness pre-
sent when examining the changes to eccentrically induced 
muscle damage appeared to be greater and also sustained 
for a much longer duration, remaining elevated for up to 
4 days [21] or even 7 days post-exercise [23]. The duration 
that muscle stiffness remained elevated is unknown since it 
was still present at the last time point measured for each of 
these studies [21, 23]. Collectively, the results of these stud-
ies incorporating strain elastography yield the same conclu-
sion as our acute quantitative analysis assessing shear wave 
elastography.

A few studies included in the acute analysis assessed dif-
ferent portions of the same muscle group. At baseline, there 
appeared to be a greater stiffness present in muscles that 
were more distal and this held true for both the biceps brachii 
[13] and triceps brachii [16]. There did not appear to be any 
difference; however, in the sensitivity to changes in muscle 
stiffness that occurred within each portion of the muscle in 
response to an acute bout of exercise [13, 16]. When looking 
at the magnitude of change in muscle stiffness, it appeared 
to be the greatest immediately post-exercise, even among 
studies that employed eccentrically damaging exercise [13]. 
Thus, this does not necessarily follow the traditional time 
course of delayed onset muscle soreness (DOMS) which 
usually peaks 24–48 h post-exercise [24]. The immediate 
post-exercise increase in muscle stiffness may be related to 
an increase in blood flow and fluid pressure within the exer-
cising tissue which has been shown to be greater following 
eccentric exercise [25]. While acute studies assessing muscle 
stiffness using magnetic resonance imaging (MRI) [26] or 
passive torque production [27] demonstrate increases in stiff-
ness 1 h post exercise, they noted larger increases present 
1–2 days post exercise. This finding appeared to be true for 
the gastrocnemius muscle, but not the soleus muscle which 
peaked 1 h post-exercise [26]. These findings suggest that 
muscle stiffness measures are capable of detecting different 
rates of DOMS that are known to be present based on dif-
ferences in muscle fiber types (more type two fibers result in 
more DOMS) [28]. Whether ultrasound measured elastog-
raphy is capable of detecting these differences is difficult to 
conclude from the studies included in this review.

Chronic impact of resistance training on muscle 
stiffness

The primary finding of the chronic analysis demonstrated 
that resistance exercise did not result in any changes in mus-
cle stiffness (Fig. 3). Of the studies included in the analysis, 
only one study found an increase in muscle stiffness [17]. 
The authors of this study [17] postulated they may have 
observed an increase in stiffness; whereas other studies did 

Fig. 3   Chronic effects of resistance exercise on muscle stiffness. 
Effect size units are expressed in the raw units of m/sec
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not because they used different probe orientations [15] or 
also included stretching as part of the intervention [18]. This 
is not supported by the results of this review as another study 
included in the quantitative analysis [14] used the same lon-
gitudinal probe orientation, trained for a longer duration, 
and specifically informed participants to avoid any stretching 
over the course of the study period. Therefore, it remains 
unknown as to why the Mannarino et al. [17] study observed 
an increase in muscle stiffness, whereas others did not.

When examining both Table 3 and Fig. 3, it appears that 
there is not any clear relationship between specific muscle 
groups and/or the mode of exercise used for resistance train-
ing. One study employed an eccentric only training interven-
tion and also noted no changes in chronic muscle stiffness 
[18]. The lack of a change in chronic muscle stiffness also 
tended to hold true across both pennate and fusiform mus-
cles. All of the interventions included in the analysis were 
sufficient to increase either muscle size, muscle strength, or 
both. Given that, collectively, there was no change in muscle 
stiffness in response to either concentric or eccentric resist-
ance exercise, this would indicate that either muscle stiff-
ness does not change appreciably with resistance exercise, 
or it requires a longer training period to adapt. A number of 
acute studies have tested muscle stiffness during different 
isometric contraction intensities, demonstrating that more 
forceful contractions result in greater muscle stiffness [29, 
30]. Therefore, it is possible that engagement in resistance 
exercise does not result in any chronic changes in resting 
muscle stiffness, but may increase maximal muscle stiff-
ness obtained during a maximal muscle contraction. This 
hypothesis may be difficult to test, however, given that the 
stiffness of muscle during maximal contractions may result 
in ultrasound wave speeds that are too fast to be detected [6].

One of the major limitations, as is common with meta-
analyses, is that there was a large degree of heterogeneity 
in the included studies. This was particularly problematic 
given the few studies that met the criteria for inclusion in the 
analyses, which limited our ability to include these variables 
as moderators of the effect size estimates. This was appar-
ent in the acute studies tracking changes in muscle stiff-
ness where some studies used exercise protocols intended 
to induce muscle damage (maximal eccentric actions) [13] 
and others used more standard protocols that would be 
performed as part of a resistance training program (sets of 
eight at 80% 1RM) [16]. Other moderator variables that may 
dictate the magnitude of change in both acute and chronic 
muscle stiffness may include the muscle architecture, muscle 
fiber type, prior resistance training status, the length of the 
muscle when the measurement is taken, the location of the 
muscle being assessed (i.e., more proximal vs. more distal), 
and the orientation of the probe relative to the muscle fibers, 
but the influence of these moderator variables could not be 
assessed in the current review.

Conclusions

The primary findings from this meta-analysis indicate that 
muscle stiffness increased acutely following a bout of resist-
ance exercise, but did not change long term with chronic 
exercise training when measured via ultrasound shear elas-
tography. The increase in acute muscle stiffness appears 
proportional to the magnitude of muscle damage induced 
by the exercise protocol, but this could not be quantitatively 
assessed given the few number of studies included in the 
analysis. Future studies may wish to use ultrasound elastog-
raphy as a non-invasive measure of muscle damage.
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