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Abstract

Previous history of medial tibial stress syndrome (MTSS) is a risk factor for MTSS relapse, which

suggests that there might be some physical factors that are related to MTSS development in runners

with a history of MTSS. The relationship between MTSS and muscle stiffness can be assessed in a

cross-sectional study that measures muscle stiffness in subjects with a history of MTSS, who do not

have pain at the time of measurement, and in those without a history of MTSS. The purpose of this

study was to compare the shear elastic modulus, which is an index of muscle stiffness, of all

posterior lower leg muscles of subjects with a history of MTSS and those with no history and

investigate which muscles could be related to MTSS. Twenty-four male collegiate runners (age, 20.0

* 1.7 years; height, 172.7 + 4.8 cm; weight, 57.3 £ 3.7 kg) participated in this study; 14 had a history

of MTSS, and 10 did not. The shear elastic moduli of the lateral gastrocnemius, medial

gastrocnemius, soleus, peroneus longus, peroneus brevis, flexor hallucis longus, flexor digitorum

longus, and tibialis posterior were measured using shear wave elastography. The shear elastic moduli

of the flexor digitorum longus and tibialis posterior were significantly higher in subjects with a

history of MTSS than in those with no history. However, there was no significant difference in the

shear elastic moduli of other muscles. The results of this study suggest that flexor digitorum longus

and tibialis posterior stiffness could be related to MTSS.



Keywords: medial tibial stress syndrome, shin splints, shear-wave elastography, shear elastic

modulus, muscle stiffness, muscle hardness, flexor digitorum longus, tibialis posterior



Introduction

Medial tibial stress syndrome (MTSS) is one of the most common exercise-induced leg disorders in

runners (Taunton et al. 2002; Moen et al. 2009). Although many studies investigated the effect of

interventions to prevent MTSS, the only method with clear evidence of benefit was the use of

shock-absorbing insoles (Moen & Tol 2009). Conversely, it was reported that wearing thick-soled

shoes decreased running economy (Fuller et al. 2015). Thus, understanding of the etiology and

correct intervention is important for preventing MTSS, without hampering running performance.

A magnetic resonance imaging study showed that MTSS is the result of a lesion at the junction

of the periosteum and fascia (Moen & Tol 2009). A cadaveric study reported that elongational stress

on the tendon of the soleus (SOL), flexor digitorum longus (FDL), and tibialis posterior (TP)

increases the strain on the tibial fascia (Bouche & Johnson 2007). Therefore, it is considered that

elongational stress on the lower limb muscles could result in MTSS. Furthermore, previous studies

reported that the FDL and SOL attach to the posteromedial border of the tibia, which is the most

common site affected by MTSS (Edama et al. 2017; Brown 2016); this suggests that MTSS could be

caused by the elongational stress on these muscles due to excessive stiffness.

In a previous study that focused on muscle stiffness, muscle stiffness of the lateral

gastrocnemius (LG), medial gastrocnemius (MG), SOL, peroneus longus (PL), and tibialis anterior

were significantly higher in MTSS patients who had pain at the time of measurement than in healthy



subjects (Akiyama et al. 2016); however, the higher muscle stiffness observed in MTSS patients

could be a result of stiffness caused by pain-induced spasms (Simons & Mense 1998). Thus, the

muscle related to MTSS development cannot be identified by measuring muscle stiffness in subjects

who have pain at the time of measurement. Therefore, in order to investigate the relationship

between MTSS and muscle stiffness, a cross-sectional study would be required to measure muscle

stiffness in subjects who have a history of MTSS and do not have pain at the time of measurement.

In addition, the previous study did not measure stiffness of the FDL and TP (Akiyama et al. 2016),

which could be related to MTSS development (Bouche & Johnson 2007). It is important to measure

the stiffness of the FDL and TP in addition to muscles reported in the previous study in order to

identify which muscle is related to the development of MTSS. Further, studies have reported that

previous history of MTSS is one of the risk factors for MTSS relapse (Hubbard et al. 2009; Newman

et al. 2013). This suggests that there must be some physical factors related to MTSS development in

runners with a history of MTSS. Therefore, a cross-sectional study investigating the relationship

between MTSS and muscle stiffness could be useful to determine the risk factors for MTSS.

Therefore, the purpose of this study was to compare the muscle stiffnesses of all posterior lower

leg between subjects with a history of MTSS and those with no history and clarify which muscle is

related to MTSS development. We hypothesized that muscle stiffness of the FDL, which is attached

to the most common site affected by MTSS, is higher in subjects with a history of MTSS than in



those with no history.

Material and methods

Subjects

Twenty-four male collegiate runners (age, 20.0 + 1.7 years; height, 172.7 + 4.8 cm; weight, 57.3

* 3.7 kg) participated in this study. Subjects were included if they had a history of either bilateral or

no MTSS. History of MTSS was defined as follows: (1) experiencing exercise-induced pain on the

posteromedial border of the tibia, (2) experiencing pain along or feeling discomfort on palpation of

the posteromedial border of the tibia, and (3) experiencing pain over an area of >5 cm along the

posteromedial border of the tibia. These criteria were obtained from a previous study (Yates & White

2004). Subjects with a history of lower limb fracture, those who experienced pain in the lower limb

while running at the time of intervention, and those who had a history of unilateral MTSS were

excluded. Seventy runners were eligible to participate in this study. Of these, 22 declined to

participate, 18 failed to meet the MTSS history criteria, and 6 met the exclusion criteria (Fig. 1).

Finally, 24 runners were included in the study, of which 14 had a history of bilateral MTSS and 10

had no history of MTSS. Subjects were given precise information about the content of the study, and

informed consent was obtained from all subjects. This study was approved by the ethics committee

of Kyoto University Graduate School and the Faculty of Medicine (R0266).



Muscle stiffness was measured using ultrasonic shear wave elastography imaging (Aixplorer;

Supersonic Imagine, France). This method is able to measure muscle stiffness quantitatively in vivo

as shear elastic modulus, which is calculated from the velocity of the shear wave created by

vibration of tissue (Hug et al. 2015). In a cadaver study, there was a strong correlation between

muscle elongation and shear elastic modulus measured by shear wave elastography (Eby et al. 2013).

Moreover, shear elastic modulus correlates strongly with torque during passive joint movement and

force production intensity in vivo (Ates et al. 2015; Maisetti et al. 2012). Thus, shear elastic modulus

measured with shear wave elastography is considered an index of the mechanical characteristics (i.e.,

stiffness) of the muscle (Hug & Tucker 2015). The shear elastic modulus of the muscles was

measured with a linear array probe (SL10-2; Supersonic Imagine, France). The region of interest

(ROI) was set near the center of each muscle. By adopting the method of a previous study

(Gennisson et al. 2010), the shear elastic modulus (u) was calculated using the following formula:

wkPa) = pVs?,

where Vs is the shear wave velocity, and p is the muscle mass density (1000 kg/m®). The analysis

area was a circular region with diameter of 5 mm in the center of the ROl (Akagi & Takahashi 2014).

The shear elastic modulus of each muscle was measured three times, and the average was used to

determine muscle stiffness. The average value obtained for the right and left leg of each subject was

used for further analysis.



The MG, LG, SOL, PL, peroneus brevis (PB), flexor halluces longus (FHL), FDL, and TP were

the target muscles. The shear elastic moduli of the LG, MG, SOL, PL, and PB were measured when

the subject was in a prone position, while the FDL and TP values were obtained with the subject in a

supine position. The specific locations where the shear elastic modulus was measured are shown in

Fig. 2. The location of the LG, MG, and SOL was determined with reference to previous studies

(Akagi et al. 2015; Nakamura et al. 2014). The location of the PL, PB, FHL, FDL, and TP was

identified by confirming movement of muscle fibers in a B-mode ultrasound image during passive

movement of the ankle or toes.

The subjects lay on an electrodynamometer (Biodex System 4; Biodex, USA) with the knee in

full extension and the ankle joint securely attached to the footplate of the dynamometer. They were

instructed to remain relaxed during the measurements. Ultrasound images were recorded along the

longitudinal axis of the muscle at an ankle dorsiflexion of 20° and a metatarsophalangeal joint

dorsiflexion of 0° (Fig. 3). Measurement was performed at intervals of three days or more at record

meets or training camps. In addition, the subjects avoided practice before measurement on the day of

the study.

Statistical analyses

Statistical analyses were performed using statistical software (SPSS Statistics 22; IBM, USA).

To assess the reliability of the measurements in all subjects (n = 24 right legs) in this study,



intra-class correlation (ICC) (1.1) was determined. In addition, the coefficient of variation (CV) was

also assessed. The CV was calculated by dividing the standard deviation (SD) of repeated

measurements by the average value. As described in previous studies (Landis & Koch 1977), the

reliability was defined as almost perfect if the ICC was > 0.81.

Descriptive data are presented as the mean + SD. The unpaired t-test was used to compare the

shear elastic modulus between subjects with a history of MTSS and those with no history. For all

tests, the statistical significance was set at p < 0.05.

Results

The reliability results are shown in Table 1. The ICC values for all muscles were higher than

0.81. The shear elastic modulus measurements of both subjects with a history of MTSS and those

with no MTSS history are shown in Table 2. The shear elastic modulus of the FDL and TP was

significantly higher in subjects with a history of MTSS (9.8 + 1.9 kPa for FDL; 12.7 £ 4.3 kPa for

TP) than in those with no history (7.5 + 1.4 kPa for FDL,; 9.2 + 3.1 kPa for TP) (p < 0.01 for FDL; p

< 0.05 for TP). However, there were no significant differences in the other muscles between subjects

with a history of MTSS and those with no history (p > 0.05).

Discussion



This study investigated which muscle could be related to MTSS development by comparing the

shear elastic modulus of posterior lower limb muscles between subjects with a history of MTSS and

those with no history. The shear elastic moduli of the FDL and TP were higher in subjects with a

history of MTSS than in those with no history. To the best of our knowledge, this is the first study to

compare the muscle stiffness of the FDL, TP, and FHL between runners with and without a history

of MTSS.

The shear elastic modulus of the FDL was significantly higher in subjects with a history of

MTSS than in those with no history. This result confirmed our hypothesis and supported previous

studies that reported that the FDL, which is attached to the site most commonly affected by MTSS,

i.e., the posteromedial border of the tibia, is related to MTSS (Edama et al. 2015; Brown 2016).

Other studies have reported that a previous history of MTSS is one of the risk factors for MTSS

(Hubbard et al. 2009; Newman et al. 2013), which suggests that there must be some physical factors

that are related to MTSS development in runners with a history of MTSS. Because muscle stiffness

is known to decrease by stretching (Akagi & Takahashi 2014; Nakamura et al. 2016), stretching of

the FDL could aid in preventing an MTSS relapse. In contrast, one study reported that stretching had

no significant effect on the prevention of MTSS (Pope et al. 2000). However, the stretching method

used in the study by Pope et al. (2000) involved stretching of the gastrocnemius and SOL, and



therefore it is unclear whether stretching of the FDL could prevent MTSS development and relapse.

Further study is needed to investigate whether selective stretching of the FDL can prevent MTSS.

Further, the shear elastic modulus of the TP, which is not attached to the site most commonly

affected by MTSS (Edama et al. 2017; Brown 2016), was also higher in subjects with a history of

MTSS than in subjects with no history. This result was not in line with our hypothesis. The higher

shear elastic modulus of the TP could be a result of myofascial force transmission to a neighboring

muscle (Yucesoy et al. 2005), which in this case would be to the TP and FDL that is attached to the

site most commonly affected by MTSS (Spinner & Howe 2015). Thus, stiffness of the TP could play

a role in MTSS relapse via the fascia acting as an intermediary or the TP stiffness could increase

along with the FDL stiffness. Further studies are needed to investigate the interaction between

muscles with regard to muscle stiffness.

Except for the stiffness of the FDL and TP, there were no significant differences in the muscles

between subjects with a history of MTSS and those with no history. This result conflicts with the

result of a previous study, which reported that muscle stiffness of the MG, LG, SOL, and PL was

higher in MTSS patients who had pain at the time of measurement than in healthy subjects (Akiyama

et al. 2016); however, the subjects had pain at the time of measurement, which was not the case in

our study. It has been pointed out that the spasms induced by pain can lead to muscle stiffness

(Simons & Mense 1998). Thus, pain could be a reason for the high muscle stiffness values observed
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in MTSS patients in the study by Akiyama et al. Further, our study identified the muscles that could

be related to MTSS by investigating muscle stiffness in subjects with a history of MTSS who did not

have pain at the time of measurement.

This study has limitations. First, we could not obtain reliable measurements of shear elastic

modulus at locations other than those in this study because of distortion of the shear wave. Whether

shear elastic modulus measured at of each muscle location in this study is representative of the entire

muscle was unclear. However, it was thought that shear elastic modulus values could be compared

because the measured location in each muscle was determined as a percentage to ensure equivalence

between subjects. Second, because this study was a cross-sectional study, it is not clear whether an

increase in FDL and TP stiffness would induce an MTSS relapse. A prospective study is needed to

investigate whether an increase in FDL and TP stiffness could be a risk factor for MTSS

development.

Conclusion

The shear elastic moduli of the FDL and TP were higher in subjects with a history of MTSS

than in those with no history of MTSS. This study will support understanding of MTSS.

Perspectives
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Because the main cause underlying the development of MTSS is not known, there is no available

literature on MTSS prevention or treatment methods. The results of this study suggest that

controlling stiffness of the FDL and TP through stretching could play an important role in preventing

an MTSS relapse.
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Table 1. Reliability values of the measurements

LG MG SOL PL PB FHL FDL TP

CV(%) 23 35 47 45 33 16 25 34

ICC(1.1) 0985 0.953 0942 0975 0992 0.99% 0.982 0.989

Intra-class correlation (ICC) (1.1) was calculated using three intra-day measurements of the shear

elastic modulus in the right limb of all subjects in this study. In addition, the coefficient of variation

(CV) was calculated. The CV was calculated by dividing the standard deviation of three repeated

measurements by the average of three measurement values.

LG: lateral gastrocnemius; MG: medial gastrocnemius; SOL: soleus; PL: peroneus longus; PB:

peroneus brevis; FHL: flexor hallucis longus; FDL: flexor digitorum longus; TP: tibialis posterior
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Table 2. Comparison of the shear elastic modulus between subjects with a history of MTSS and

those with no history.

Shear elastic modulus (kPa)

No history of MTSS  History of MTSS P value Effectsize  Statistical Power

LG 37.0+8.38 39.7+85 0.457 r=0.160 0.122
MG 60.9 £8.2 65.9+11.3 0.572 r=0.122 0.085
SOL 9.0+26 9.5+1.38 0.248 r=0.246 0.206
PL 11.9+47 11.9+43 0.993 r=0.002 0.050
PB 9.6+34 8.6+22 0.376 r=0.190 0.139
FHL 85+22 91+21 0.556 r=0.127 0.088
FDL 75+14 9.8+19 0.004 r=0.561 0.859
TP 9.2+31 12.7+4.3 0.036 r=0.431 0.570

MTSS: medial tibial stress syndrome; LG: lateral gastrocnemius; MG: medial gastrocnemius; SOL:

soleus; PL: peroneus longus; PB: peroneus brevis; FHL: flexor hallucis longus; FDL: flexor

digitorum longus; TP: tibialis posterior

18



Figure Captions

Fig. 1. Flow diagram depicting subject selection

Fig. 2. Locations of shear elastic modulus measurement

a.

b.

Lateral side

The shear elastic moduli of the LG, MG, and SOL were measured at a proximal distance of 30%

of the lower leg length from the popliteal crease to the lateral malleolus. The shear elastic

moduli of the PL and PB were measured at a proximal distance of 30% from the head of the

fibula to the lateral malleolus. The shear elastic modulus of the FHL was measured at a proximal

distance of 60% from the head of the fibula to the lateral malleolus.

LG: lateral gastrocnemius; MG: medial gastrocnemius; SOL.: soleus; PL: peroneus longus; PB:

peroneus brevis; FHL: flexor halluces longus; PC: popliteal crease; FH: head of the fibula; LM:

lateral malleolus

Medial side

The shear elastic modulus of the FDL was measured at a proximal distance of 50% from the

cleavage line of the knee joint to the medial malleolus. The shear elastic modulus of the TP was

measured at a proximal distance of 40% from the cleavage line of the knee joint to the medial

malleolus.
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FDL.: flexor digitorum longus; TP: tibialis posterior; CL: cleavage line of the knee joint; MM:

medial malleolus

Fig. 3. Ultrasound images of shear elastic modulus measurement

a: lateral gastrocnemius; b: medial gastrocnemius; c: soleus; d: peroneus longus; e: peroneus brevis;

f: flexor hallucis longus; g: flexor digitorum longus; h: tibialis posterior
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Fig. 1

Subjects recruited
(n=70)

Declined participation
(n=22)

Accepted participation
(n=48)

Criteria of MTSS not met
(n=18)

Having pain (h = 4)
Previous history of lower leg fracture (n = 1)
History of unilateral MTSS (n=1)

Subjects in this study
(n=24)

No history of MTSS History of MTSS
(n=10) (n=14)

21



Fig. 2

30% proximal; PL and PB

60% proximal; FHL
30% proximal; MG, LG and SOL

40% proximal; TP
50% proximal; FDL
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z 10.0 m/s

= 10.0 m/s
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