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Abstract
Medial Tibial Stress Syndrome (MTSS) is a debilitating overuse injury of the tibia sustained by individuals who perform recurrent impact exercise such as athletes and military recruits. Characterised by diffuse tibial anteromedial or posteromedial surface subcutaneous periostitis, in most cases it is also an injury involving underlying cortical bone microtrauma, although it is not clear if the soft tissue or cortical bone reaction occurs first. Nuclear bone scans and magnetic resonance imaging (MRI) can both be used for the diagnosis of MTSS, but the patient's history and clinical symptoms need to be considered in conjunction with the imaging findings for a correct interpretation of the results, as both imaging modalities have been shown to show positive findings in the absence of injury. However, MRI is rapidly becoming the preferred imaging modality for the diagnosis of bone stress injuries. It can also be used for the early diagnosis of MTSS, as the developing periosteal oedema can be identified. Retrospective studies have demonstrated that MTSS patients have lower bone mineral density (BMD) at the injury site than exercising controls, and preliminary data indicates the BMD is lower in MTSS subjects than tibial stress fracture (TSF) subjects. The values of a number of tibial geometric parameters such as cross-sectional area and section modulus are also lower in MTSS subjects than exercising controls, but not as low as the values in TSF subjects. Thus, the balance between BMD and cortical bone geometry may predict an individual's likelihood of developing MTSS. However, prospective longitudinal studies are needed to determine how these factors alter during the development of the injury and to find the detailed structural cause, which is still unknown. Finite element analysis has recently been used to examine the mechanisms involved in tibial stress injuries and offer a promising future tool to understand the mechanisms involved in MTSS. Contemporary accurate diagnosis of either MTSS or a TSF includes a thorough clinical examination to identify signs of bone stress injury and to exclude other pathologies. This should be followed by an MRI study of the whole tibia. The cause of the injury should be established and addressed in order to facilitate healing and prevent future re-occurrence.  
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Core tip: MTSS is an overuse injury characterised by diffuse tibial anteromedial or posteromedial surface subcutaneous periostitis, usually in conjunction with underlying cortical bone microtrauma. Nuclear bone scans or magnetic resonance imaging findings need to be considered in conjunction with clinical symptoms and patient history for an accurate diagnosis. Compared to exercising controls, MTSS patients have low bone mineral density and low values of a number of tibial cortical bone geometric parameters such a cross-sectional area. Recent research includes the development of computational models for studying tibial stress injuries. These models offer a tool to study the exact causes of MTSS, which are still unknown.
Franklyn M, Oakes B. Aetiology and mechanisms of injury in Medial Tibial Stress Syndrome: Current and future developments. World J Orthop 2015; In press
BACKGROUND
Medial Tibial Stress Syndrome (MTSS) is a debilitating overuse injury of the tibia sustained by individuals who perform recurrent impact exercise such as athletes and military recruits. It is characterised by diffuse tibial anteromedial or posteromedial surface subcutaneous periostitis, most often on the medial border near the junction of the mid and distal thirds of the tibia[1]. Although the injury was identified in runners as early as 1913, when it was termed “spike soreness”, it was believed to be a type of tibial stress fracture (TSF) rather than a separate entity[2].    
Devas (1958) was one of the first physicians to study “shin soreness” in athletes, although like earlier researchers, he believed it to be a type of TSF. Using both clinical observations and plane radiographs, Devas described shin soreness as “a type of stress fracture involving a disruption of the periosteum over a varying distance”. He noted there was tibial tenderness, soft tissue “thickening” of the subcutaneous surface of the tibia and periosteal oedema, with radiological changes either late onset, or not visible at all[3]. In 1966, after soliciting the views of a large number of physicians and other individuals involved in sports medicine, “shin splints” was defined by the American Medical Association as “pain and discomfort in leg from repetitive running on hard surface or forcible excessive use of foot flexors; diagnosis should be limited to musculotendinous inflammations, excluding fatigue fracture or ischemic disorder”[4]. The following year, Slocum presented a detailed review of the injury, highlighting the fact that shin splints was a specific syndrome with its own clinical symptoms and aetiology[5].  
In the late 1960s and during the 1970s, advancements in nuclear medicine techniques led to the development of Triple Phase Bone Scintigraphy (TPBS), or nuclear bone scans, as a diagnostic tool. The technique enables inflammation and increased bone metabolism to be visualised after injection of a radioisotope and could be used in conjunction with a clinical diagnosis for positive identification of MTSS, or shin splint syndrome as it was then still called. However, despite these advances, the term “shin splints” was still being used as a generic expression for general pain in the tibia and for various lower limb injuries such as compartment syndrome. For this reason, the term “MTSS” was coined in the early 1980s[6] and was subsequently adopted by nuclear medicine experts[7,8] as well as some researchers and clinicians.
In the 1980s, a number of nuclear medicine studies lead to more specific diagnostic criteria for MTSS. This included identifying the appearance of MTSS on nuclear bone scans, which consisted of an elongated uptake of radionuclide, visually seen as a “double stripe” pattern, differing from the localised fusiform pattern characteristic of a TSF[7-10]. This was later followed by studies where tibial stress injuries were identified and classified using magnetic resonance imaging (MRI), which has the advantage of depicting periosteal and bone marrow oedema[11,12]. However, despite these studies and more recent research into the aetiology of the injury, the term MTSS, but more commonly the term “shin splints”, is sometimes still used as a generic  expression for tibial pain; however, this is gradually changing as the mechanisms of the injury are further understood. 
CORTICAL BONE FATIGUE IN MTSS
MTSS was initially believed to be an anteromedial and/or posteromedial subcutaneous soft tissue injury only with an associated periostitis; a reasonable assumption given that no fracture or microfractures could be visualised on plane radiographs or CT images. This is unlike a TSF, where a small partial cortical bone fracture can sometimes be identified at the site of pain and oedema, occasionally on a radiograph but more readily on CT, depending on the views imaged. However, it is now known that MTSS involves cortical bone microfractures associated with the periostitis, if not in all cases, then certainly in the majority of cases.
Johnell et al[13] first demonstrated microtrauma was a cause of MTSS from bone biopsies obtained from chronic MTSS patients undergoing fasciotomy after failing to respond to conservative treatment, and bone biopsies from control subjects at autopsy or who were undergoing surgery for other injuries. They found MTSS patients had increased osteoblastic activity and vascular ingrowth along with the inflammatory changes to the soft tissue, while none of the non-injured controls demonstrated these changes. As the majority, but not all, MTSS patients had bone changes on biopsy (22 of 35 patients), the authors concluded MTSS was caused by microfractures in most, but not in all cases[13]. Although a limitation of this study was the bone biopsies were all extracted from the same region, the medial surface of the tibia, which may not have been the exact injury site in some patients so some of the bone changes may have been missed, it clearly demonstrated that microtrauma was a cause of MTSS. 

Bone fatigue was examined in a number of studies published in the 1970s and 80s; although these studies were not for the specific purpose of understanding MTSS aetiology, they provided critical insights on how microcracks develop in cortical bone. Carter, Caler, Hayes and others performed a series of investigations on cortical bone samples which were tested under cyclic loading in order to understand the biological mechanisms of fatigue failure in cortical bone. 
Using bovine femora cortical bone specimens under fully reversed loading (i.e., cyclic loading where the mean stress is zero), they found that tensile cyclic loads result in tensile stresses which cause failure at osteon cement lines, i.e., the osteons debond from the surrounding interstitial bone, whereas compressive cyclic loads cause oblique microcracks to develop along the planes of high shear (tangential) stress, which are oblique to the loading direction, and these microcracks are influenced to some extent by the vascular canals and lacunae[14,15]. Thus, cortical bone under cyclic loading fails in both tension and compression; however, the mode of failure differs in each case. It was also found that the tensile failure will occur first, before any compressive failure occurs[16], which differs from most engineering materials, where cyclic loading results only in tensile failure. 
Cortical bone specimen tests also demonstrated load frequency had a strong influence on the number of cycles to failure: a higher frequency resulted in less damage, but did not affect the total time to failure[17]. Importantly, the number of cycles to failure in cortical bone was affected by the strain range (amplitude) but not by the mean strain or the maximum strain; bone specimens subjected to a smaller strain range had a longer fatigue life[15,17]. 
As summarised by Martin and Burr[18], microcracks in cortical bone under cyclic tensile loading initially develop and propagate through the thickness of the lamellae: in areas of cortical bone under tension, the primary crack develops transversely, and are accompanied by secondary cracks which develop longitudinally, i.e., in the direction of the lamellae, which helps dissipate energy and thus slow the advancement of the primary (transverse) crack. The secondary cracks create interlamellar tensile and shear stresses which separate the lamellae, later resulting in debonding of the osteons.
Forwood and Parker[19] observed some of these effects in their study using whole-bone specimens to examine cortical bone fatigue microdamage in rats. Tibiae harvested from 60 rats were loaded in torsion at a number of different loading cycles. The authors found that lower levels of cyclic loading caused cracks to develop parallel to and traversing the lamellae, whereas higher levels of cyclic loading resulted in cracks through the full thickness of the cortex and invading across and through the Haversian canals or osteons[19]. 
Li et al[20] conducted an in vivo experiment where 20 rabbits were induced to run and jump over a period of 60 d by subjecting them to an electrical impulse at various intervals. Using radiographic and histological analyses on this group and a control (non-exercising) group, the authors found osteoclastic reabsorption occurred before the presence of any cracks in the cortical bone. Furthermore, only some rabbits developed cracks in the bone after the period of exercise, suggesting that in the majority of cases, the rabbit tibiae rapidly adapted to changes in the applied stress. Unlike the studies on cortical bone specimens, these in vivo tests may account for adaptive remodelling in living cortical bone. 
The above research on cortical bone cyclic testing, both in vitro and in vivo studies, provided invaluable data on the development of fatigue injury in cortical bone. Like TSFs, cortical bone microtrauma occurring in MTSS is likely the result of tensile failure causing osteon debonding at the cement lines as the tibial microstructure is unable to repair quickly enough through adaptive bone remodelling.  However, unlike a TSF, this microdamage clearly does not extend beyond the microscopic lamellae structure, at least in many cases, so that crack development is arrested in MTSS before a macroscopic partial fracture transversing the osteons occurs. 
THE CAUSES OF MTSS
There are different theories on the exact cause of MTSS, although none of these theories have yet been proven. A number of previous studies have involved linking a specific muscle or muscle groups to MTSS based on the anatomical location in relation to patient symptoms. However, there have been conflicting results from these studies, leading experts to have different opinions to the exact cause of the injury.
Holder and Michael[7] performed TPBS on five male and five female athletes with clinically diagnosed posteromedial tibial pain, where the location of the injury in the ten patients was a combination of the lower, middle and upper thirds of the tibia[7]. Based on a concurrent analysis by the authors where lower leg musculature on cadavers was examined and EMG studies performed, they concluded that the proximal tibia and fibula origins of the soleus was largely responsible for the injury due to the location of radionuclide  uptake[21]. However, there was no data presented showing the results of individual patient nuclear bone scans and the exact location of symptoms in those patients; hence, it is difficult to understand how the authors came to this conclusion.  
Beck and Osternig[22] dissected the legs of 50 cadavera and concluded that either the soleus or flexor digitorum longus (FDL) was responsible for MTSS based on muscle attachment sites, but the tibialis posterior was not. In their study, the soleus and FDL both had origins from the posteromedial border of the tibia, which is one of the injury sites of MTSS (48% 
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 7.9% of the tibial length from the medial malleolus respectively), whereas no fibres from the tibialis posterior did. Based on their work and results of previous studies, they concluded that the soleus was most likely responsible for MTSS, and the cause was a traction-induced longitudinal periostitis at the injury site.
In a later study, Saxena et al[23] also conducted a dissection analysis, finding the origin of the tibialis posterior includes a portion of the lower third of the tibia in all cadavera examined. They therefore concluded that the tibialis posterior may be the cause of  MTSS which occurs in the lower third of the tibia, since this muscle correlates to the location of the symptoms. However, a significant limitation in their study was there were only ten cadavers in their sample. The findings in this study were contradictory to Beck and Osternig, who concluded that the tibialis posterior was probably not involved in MTSS, as few tibialis posterior muscle fibres in their fifty cadavera arose from the tibial posteromedial border.
Matin proposed that the disruption of Sharpey’s fibres, which extend from the soleus-muscle-tendon complex to the cortical bone, could result in increased remodelling in the bone, and therefore producing a longitudinal elongated pattern of injury[8]. In this hypothesis, the periosteal irritation from the Sharpey's fibres result in an osteoblastic response in the cortical bone[9].  
The apparent contrary findings in some of these previous studies, where the injury has been attributed to different muscles or other tissues, may be because there are different types of MTSS, each with their own specific aetiology. One of the current authors (Oakes) first proposed this in 1988, where, based on the bone fatigue studies which had been conducted at the time and his own extensive clinical observations, MTSS could be classified into two main categories, where the first type was associated with external cortical bone microfractures, and both types may also be seen together to form a third type of MTSS[24]. This has been previously described by the authors[24-33], but is also outlined below: 
Type I: Distal tibial tenderness which when overt, can result in subcutaneous periostitis or oedema on the anteromedial surface of the mid to distal third of the tibia (Figure 1) due to microtrauma caused by microcracks between the Haversian systems or osteons in the underlying superficial cortical bone. Oakes postulated this was caused by “tibial flexion from contraction of the two heads of the Gastrocnemius and the Soleus muscle causing tibial bending moments during the push-off phase of running”[33]. 
Type II: Posteromedial linear pain and tenderness, principally from the strong deep fascia of the posterior calf muscle compartment attaching to the linear posteromedial border of the tibia (Figure 1), but also due to the tibial origin of the FDL. Oakes proposed this was caused by “tension in the tibial attachment of the deep fascia in conjunction with the origins of the powerful action of the Soleus and Gastrocnemius muscles proximally”[33].

Type III: A combination of the two types observed in committed middle and long distance runners, or in young immature bone where growth is not complete and BMD is low.
Despite these different theories, clinical and research studies on the cause of MTSS, the fact that the detailed structural cause is still unknown highlights the need for prospective longitudinal investigations.
DOES PERIOSTITIS OR CORTICAL BONE MICROTRAUMA OCCUR FIRST IN MTSS?
It is apparent from the current evidence available that MTSS involves cortical bone microtrauma in the majority of cases. However, it is not clear if cortical bone microcracks cause tibial periostitis or if tibial periostitis results in cortical bone microcracks. In the first instance, it is theorised that underlying cortical bone microtrauma developing over a period of time eventually results in a periosteal soft tissue reaction in the region of the microcracks. In the second case, muscle fibre traction is postulated to cause periostitis which may or may not lead to cortical bone microcracks.  
In dissection studies on the human tibia in situ, the soleus, FDL and tibialis posterior were all purported to be associated with MTSS. Although the authors of these studies did not specifically discuss the relationship between these muscles and cortical bone microtrauma, it is apparent the general consensus is that muscle fibre traction via Sharpey's fibres results in tibial periostitis at the injury site, thus implying that either the periostitis occurs first, or there is a periosteal reaction in the absence of cortical bone microtrauma (since microtrauma was not discussed in these papers).
Matin[8] believed that the radionuclide deposition at the injury site of his patients was due to the periosteal response from the early developing bone abnormality  and that Sharpey’s fibres were the cause. In other words, the early underlying cortical bone microtrauma initiates periostitis at the injury site through the Sharpey’s fibres; thus suggesting the bone response occurs first. 
Based on their MRI study of 14 patients with 18 symptomatic legs, Fredericson postulated that periosteal oedema occurs prior to the formation of cortical bone microcracks[12], as only periosteal oedema was detected in their patients with the mild injuries, or the MTSS, while those with more severe injuries had both periosteal oedema and either a partial fracture, or marrow oedema indicating bone microtrauma. 
While the literature on cadaveric dissection supports muscle fibre traction as a potential cause of MTSS, there is also evidence for cortical bone microtrauma causing the injury, and in fact, it is known that cortical bone microtrauma occurs from impact exercise at the early stages of training. For example, Etherington et al[25] studied a cohort of 40 male military recruits over 10 wk of basic training, 26 of whom completed the training, and measured a number of parameters including the velocity of ultrasound in the heel. The authors found there was a mean decrease in the ultrasonic velocity from pre to post training in recruits who completed the training uninjured, signifying that either trabecular thinning due to bone remodelling or loss of trabeculae due to the development of microfractures. However, as the bone markers measured indicated there was an overall reduction in bone turnover, the decrease in ultrasonic velocity was likely due to microfractures rather than active bone remodelling. Thus, cortical bone microtrauma occurs prior to the development of any clinical injury, and could be a precursor to periostitis.
NUCLEAR MEDICINE AND MRI
Prior to the advent of nuclear medicine techniques, MTSS could only be diagnosed early by a clinical examination and a detailed patient history, as radiographs, if not occult, would not show any visible radiological signs of the injury for at least 3-4 wk. However, this changed in the 1980s, after TPBS had been developed, as a clinical examination could be supplemented by medical imaging to confirm the diagnosis and exclude other conditions with similar symptoms.
Nuclear medicine studies have shown that patients with MTSS have increased uptake of radionuclide in the cortical bone, showing a characteristic longitudinal “double stripe” pattern[10]. Accuracies of 75% or greater have been found for nuclear bone scans[10,26,27], although it has been criticised for resulting in false positives: it has been argued that increased radionuclide uptake is not specific to a particular pathology, but instead due  to increased activity of the patient[27-29]. However, nuclear bone scanning indicates there is a bone osteoclastic/osteoblastic response and an uptake of radionuclide may be due to a number of reasons including an increased cortical bone vascularity associated with bone metastases and/or increased physical activity of the patient. Thus, while nuclear bone scanning is an important diagnostic tool, the results need to be considered in conjunction with the patient's clinical symptoms for a correct interpretation of the results.
MRI has more recently emerged as the preferred imaging modality for the diagnosis of both MTSS and TSFs. This was first reported by Fredericson et al[12], who found that MRI was more effective than other imaging modalities for the diagnosis, and also the early diagnosis, of tibial stress injuries. In a study involving 14 runners with 18 symptomatic legs (4 had bilateral symptoms) who sustained either a tibial stress reaction, MTSS or a TSF, the authors compared radiology, nuclear bone scans and MRI, concluding that MRI was anatomically specific and more sensitive in its correlation with the clinical symptoms and signs of bone stress injuries than TPBS. 
The primary limitation of the study was the small number of patients analysed: out of 18 tibiae, two were found to have no pathology; thus there were a total of 16 painful tibiae. Also, although all tibial stress reactions were on the posteromedial border, the location along the tibia differed, comprising of patients with proximal, midshaft and distal leg pain. However, from this work, the authors also developed a four-level MRI classification system for tibial stress injuries, where Grades 1 and 2 were diffuse injuries (MTSS) while Grades 3 and 4 were localised injuries (TSFs). Pomeranz (2001) later modified this classification system by separating Group 4 into two different types: Group 4a (partial cortical fracture) and Group 4b (complete cortical fracture). Table 1 demonstrates the modified grading system, which has been further adapted by Oakes.
In a later study by the Fredericson group it was found MRI can demonstrate a positive stress reaction in individuals performing intense exercise; this is similar to nuclear bone scans where radionuclide uptake had previously been observed in individuals due to intense exercise. In 21 asymptomatic elite university runners, the authors found nine athletes had Grades 1-3 abnormalities on MRI, indicating a tibial stress reaction was present, yet on follow-up, none of these individuals developed a bone stress injury[30]. This not only highlights the importance of assessing MRI (or nuclear bone scan ) findings in conjunction with a detailed clinical examination and patient history, but demonstrates cortical bone microcracks can develop in response to intense impact training and do not always signify a current or subsequent bone stress injury with overt microcracks.
Figure 2 demonstrates T2-weighted images of a 17-year-old patient who sustained MTSS after playing hockey on a synthetic turf surface (Astro Turf®) for approximately 2 mo. Her treating sports physician (Oakes) recommended a series of MRI scans. The periosteal oedema can be seen on the medial cortex.  
BMD AND CORTICAL BONE GEOMETRY CHANGES IN MTSS
Since the studies were published on cortical bone microtrauma and MTSS, there has been other more recent research demonstrating MTSS patients have other changes to the cortical bone. This work has involved either BMD measurements or detailed tibial cortical bone geometry studies.
BMD
The initial research on MTSS and BMD was performed by Magnusson and colleagues[31], who measured BMD in 18 male professional athletes who sustained chronic MTSS diagnosed both clinically and by nuclear bone scanning, 18 male age and sex matched professional control athletes (exercising 3-15 h/wk) who were not injured, and 16 age and sex matched male control subjects who were recreational athletes (0 to 5 h per week) using Duel Energy X-ray Absorptiometry (DEXA). The MTSS patients were diagnosed both clinically and by a nuclear bone scan, and all had medial diffuse pain at the junction of the middle and distal thirds of the tibia (it was not stated if all patients had posteromedial pain, although this was implied in their introductory discussion). 
The authors demonstrated that athletes with chronic MTSS had a localised lower BMD at the injury site than in both the athletic control and the control subjects, and the low BMD was bilateral, even when the injury was unilateral. Conversely, in the proximal and distal tibial regions, where the BMD was also measured, it was found that the MTSS subjects had higher BMD than the two groups of control subjects (Table 2); thus, leading the authors to conclude that MTSS is associated with low regional BMD. In a subsequent study, the authors found that after recovery from the injury, the BMD returns to normal[32]. This observation suggests that the low BMD is not inherent, or pre-existing, but develops in conjunction with the symptoms.

The study by Magnusson et al[31,32] had a significant limitations related to exercise exposure. First, there was considerable variation in the amount of exercise performed per week in the professional athlete control group (3-15 h/wk), while individuals  in the recreational exercise control group performed some exercise (0-5 h/wk); hence, they were not a real sedentary control group. Second, the individuals who exercised performed a wide variety of activities including both impact (e.g., running) and non-impact activities (e.g., weightlifting and swimming), which may have affected the BMD results. Last, in both control groups there were individuals with both manual and non-manual occupations, further diversifying exercise exposure of individuals in the groups. 
The current authors conducted a preliminary study where BMD was compared between female chronic MTSS and TSF patients[33]. BMD was measured in three locations in the tibia: proximally, distally and at the injury site (the junction of the mid and distal thirds of the tibia); these locations were similar to three of the five locations BMD was measured in the Magnusson study. Patients were diagnosed both clinically and by a nuclear bone scan. They had been performing impact exercise at least 3-4 times per week with a 2-year minimum training history (although the majority had a much longer training history) prior to the analysis. It was found that at all three sites, the BMD was lower in the MTSS patients than the TSF patients, although it was only statistically significant at the injury site (Table 3). The main limitation with our preliminary study was that the subject numbers were not large: there were only five TSF patients (10 tibiae) and ten MTSS patients (20 tibiae). Nevertheless, the patient numbers were sufficient to demonstrate statistical significance.
In another BMD study on MTSS patients, Ozgürbüz et al[34] found that the BMD did not differ between MTSS patients and aerobic controls in several different bones, including the tibia at three different sites. The study contained a total of 22 subjects, where 11 subjects were MTSS patients and 11 subjects aerobic controls, and each group comprised of both males and females. MTSS was diagnosed clinically by two different physicians and the MTSS patients had a history of the injury from 3-10 wk.
The strength of this study was the control group, which contained subjects who were all performing impact exercise rather than a mix of subjects performing impact and non-impact exercise. However, there were some significant limitations: MTSS patients were only diagnosed clinically and there was no information provided on the assessment criteria used in the diagnosis. More importantly, the patients had only sustained MTSS for a period of 3-10 wk (5 wk on average); therefore, they were not chronic MTSS patients. Thus, it is unlikely that these patients would yet have experienced any changes to the cortical bone in such a short time period, which is the most likely explanation that the authors found that BMD did not differ between the MTSS subjects and the aerobic controls. Interestingly, the BMD values measured by Ozgürbüz were considerably lower than the values found in the other BMD studies, for example, at the injury site (a similar location in the tibia in all the BMD studies), the BMD values were Ozgürbüz 0.315 (MTSS) and 0.323 (aerobic control), Franklyn and Oakes 1.46 (MTSS), and Magnusson 1.43 (MTSS) and 1.85 (aerobic control). This clearly requires further examination.
Thus, it can be concluded that BMD is lower in chronic MTSS patients than in aerobic controls, but this is not the case for other regions of the tibia, while patients with acute MTSS do not appear to have low regional BMD. In addition, BMD is lower in patients with MTSS than TSF patients. It is probable that the low BMD in MTSS patients occurs in conjunction with the symptoms. A longitudinal study, where BMD is measured at periodic intervals in an exercising cohort, and where both male and female subjects are included but analysed as separate groups, is needed to confirm these findings.
Cortical bone geometry

In previous research, low values of various cortical bone geometric factors have been associated with TSFs[35-37], but there is only one previous study where detailed cortical bone geometry has been analysed in MTSS patients[38]. In this research, it was found that the MTSS subjects had lower values of some geometric parameters than aerobic control subjects, but not as low as TSF subjects, and these differences were not the same in males and females[38]. Significant parameters in males included cortical bone cross-sectional area, polar moment of area, second moments of area and section moduli, indicating that males with MTSS are less adapted to axial loads, torsion, maximum and minimum bending and pure bending. Females sustaining MTSS had smaller section moduli than aerobic controls, indicating less adaptation to pure bending, but other geometric parameters did not differ. Although MTSS patients had lower values of geometric bone parameters than aerobic controls, they were not as low as the values in the TSF groups, indicating that there may be some different mechanisms involved in each of these injuries. 
Although this research was limited in that it was not a longitudinal study, the aerobic control group in the study had higher values of the significant cortical bone geometric parameters, suggesting these parameters increase in response to impact exercise and in fact, longitudinal studies in the literature on both humans and animals demonstrate that cortical bone geometric parameters increase in response to exercise[39,40]. Thus, it is probable that bone geometric factors also alter in conjunction with the development of the injury, although a longitudinal study using periodic CT or MRI scans is needed to confirm these findings. While CT has traditionally been the best imaging modality for the calculation of tibial geometric factors due to its superior depiction of cortical bone, new generation MRI scanners now show improved bone resolution (Figure 3); therefore, may be an alternative choice due to the lack of ionising radiation. However, validation studies comparing geometric parameter computations on the same individuals scanned using both CT and MRI would be initially needed to elucidate any significant differences between the two imaging modalities.
BMD and cortical bone geometry

In summary, previous studies on BMD and cortical bone geometric parameters demonstrate that patients with MTSS have lower BMD and lower values of various cortical bone geometric factors than aerobic control subjects. MTSS patients appear to also have lower BMD than TSF individuals, but higher values of cortical bone geometric factors. These findings suggest that both BMD and cortical bone geometry may both contribute to the likelihood of sustaining a TSF or MTSS, but the balance between the two factors may predict an individual's likelihood of developing one of these specific injuries.
IS MTSS A PRECURSOR TO A TSF?
There are conflicting views as to whether MTSS is a precursor to a TSF and thus they are on a continuum of injury[12], or if they are two separate entities with common aetiology and risk factors, but differences in predisposition and development of the injury[8,41]. 
It can be argued that MTSS and TSFs are on a continuum as MTSS is most commonly found in the same location as TSFs, at the junction of the mid and distal thirds of the tibia, but this is not always the case as MTSS is also observed in other locations in the tibia[12,42], suggesting it is a separate injury. Clinical examination of patients with TSFs demonstrates that in addition to the small pronounced area of focal pain overlying the fracture location, there is often overt anteromedial subcutaneous pitting oedema on palpation along a region of the tibia, indicating that the diffuse region of microcracks may have progressed to a macrocrack at one location. However, not all cases of MTSS lead to a TSF; if they were one injury on a continuum, all MTSS patients would eventually sustain a TSF with continued exposure to the same impact forces, yet this does not occur. 
Both MTSS and TSFs occur from microcracks developing in cortical bone as the anterior cortex of the tibia cycles from overt compression loading on heel-strike to tension loading at push-off, and both injuries involve an alteration in cortical bone geometry[38] and BMD[31-33]. However, cortical bone geometry and BMD also differs between TSF and MTSS patients[33,38], indicating there may be different specific bio-mechanisms involved in each case.
While it is clear that MTSS and TSFs have commonality with regards to the development of microcracks in the cortical bone, changes in BMD and alteration to the cortical bone geometry, it is yet to be proven if they are one injury or two separate entities. Opinions in the literature differ but the issue is unlikely to be resolved until longitudinal studies are performed.
STRAIN GAUGE ANALYSES AND COMPUTER MODELLING
Earlier papers on MTSS predominately focused on defining the injury and describing the most appropriate techniques for diagnosis, with some authors hypothesising potential causes of the injury, while recent research has centred on reviews of the literature[1,43,44] and risk factors[42,45-48], interventions[49,50] and treatment options[51,52]. However, studies investigating the aetiology of the injury are limited, and future research should focus on the exact mechanisms of MTSS, which may lead to the development of improved interventions. Some techniques which may be employed in future work are in vivo strain gauge experiments and finite element (FE) analysis.
Surgically-bonded strain gauges have been used in previous TSF research in order to examine the relationship between loading conditions and stress or strain in the bone in vivo[53-57]. While these studies have provided information on the stress or strain experienced by the tibia under different types of impact exercise, in all these studies, the subjects had no pathology, and the stress or strain experienced by the tibia is likely to differ between these non-injured subjects and individuals with MTSS or a TSF. Conducting this type of experimental work on injured subjects would provide invaluable data pertaining to the injured tibia; however, there are obviously ethical and other considerations in performing this type of analysis which may preclude this type of study from being conducted, especially on subjects who are injured.
An alternative technique for analysing stress or strain in bone is by the use of computational techniques such as the FE method. FE analysis has a number of advantages over strain gauges in that the entire stress or strain in the bone can be computed; therefore, regions of peak stress or strain can be easily identified. In addition, the loading conditions on the model can easily be altered so the direct relationship between applied load and stress or strain in the bone can be determined, and the model geometry can also be changed.

Several FE models have more recently been developed in order to better understand tibial stress injuries; however, these studies have focused on TSFs rather than MTSS. Sonada et al[58] developed a subject-specific tibiofibula FE model based a on 20-year-old female, 165 cm in height and 52 kg in weight, applying loading conditions from the literature on the model. The subject had no pathology; however, they simulated small tibial fractures in the model to represent TSFs, finding that that the (von Mises) stresses in the anterior border, where the TSF was most severe, ranged from approximately 63 MPa to approximately 75 MPa. Edwards et al[59] developed a generic tibial FE model based on a publicly available dataset which they used to develop separate models for each of their 10 male subjects (approximately 24.9-year-old 1.7 m, 70.1 kg) by scaling the tibial length based on the subject's body weight and then using gait data from the subjects to determine the loads to apply to the models. The authors used a probabilistic model for TSFs to determine when failure would occur and found the peak (maximum principal) strain to be approximately 3670 (approximately 68 MPa) on the tibial anterior surface. 
The stresses predicted in these FE models are considerably higher than those measured in the strain gauge studies, where values of stress on the anteromedial border ranged from approximately 14 MPa[53] to approximately 28 MPa[54] (by converting the measured strains into stress using a Young's modulus of 18600 MPa), highlighting the fact that the tibial stresses will be higher in injured individuals at the injury site, and the need for more studies examining the stress and strain in the tibia of both TSF and MTSS patients.
More recently, the current authors developed an FE model based on a female athletic patient who sustained chronic MTSS with the input loads to the model derived from gait analysis data from the same patient[33]. The model was used to analyse the relationship between loads while running and stresses in the tibia. While the analysis is still being finalised, the results show the magnitude of stress in the tibia is higher in the MTSS patient than the tibial stresses in the subjects from the strain gauge studies; a similar finding to the FE models representing TSF patients (Figure 4). Additionally, the results indicate the magnitude and position of the high tensile stress region is predominately affected by the combination of the input loads, while the distribution of the high stresses (diffuse or localised) appear to be more influenced by the specific bone geometry of the subject. However, these preliminary findings require further analysis.
Previous strain gauge studies have provided invaluable data on the stress and strain state of the tibia under loading, but as these were all performed on uninjured subjects, the results are not necessarily transferable to individuals with bone stress injuries; indeed, the FE modelling which has been conducted to date indicates they are not. Performing strain gauge experiments on MTSS patients may provide a critical insight into the strain experienced by the tibia when injured; however, there are obviously ethical considerations in surgically bonding strain gauges to the bone of injured individuals. Hence, further computational modelling might provide the key to better understanding the stresses and strains in the tibia in injured individuals. 
ADVICE FOR THE TREATING PHYSICIAN  
In the last few decades, the diagnosis of MTSS has changed, predominately due to the advances in medical imaging technology. In the 1980s and 1990s, physicians were reliant on plain film radiology and nuclear bone scans to verify their clinical findings. Plain radiographs were often normal in the early stages of a suspected TSF (e.g., 3-4 wk post symptoms or 4-6 wk post-injury), but a nuclear bone scan may be positive, demonstrating early uptake of radionuclide in the region of increased vascularity of the overt fracture not readily seen on plain radiographs, such as a fractured navicular in a running athlete or a fractured scaphoid in a gymnast. Nuclear bone scans were particularly useful to the clinician in that a positive scan with a localised radionuclide uptake (i.e., “hot spot”) was objective evidence of a fracture; however, the anatomical specificity was poor, especially with the small bones of the carpus. CT imaging could be used in conjunction with radiography and a nuclear bone scan for cases where a TSF was suspected, as small overt fractures could often be observed, such as small fracture in the navicular, other tarsal bones, the carpals and the sesamoids of the foot, and avascular necrosis of these bones could also be identified.
Plain radiology was not particularly useful for an early diagnosis of MTSS as the inflammatory reaction associated with the periostitis and cortical microfracture formation could not generally be observed for 4-6 wk post-injury, even though symptoms and signs are usually present at 3-4 wk post-injury. 
The advent of MRI and developments in this imaging modality over the last 10-15 years has given the treating physician an alternative option involving no ionising radiation. MRI exams now demonstrate excellent anatomical resolution of both bone and soft tissue. Physicians could use it to follow patients at various points in time, and it was particularly useful for clinical trials, as the long-term response of bone and soft tissues to both normal and excess loading conditions could be determined.
For the practicing physician, the current contemporary diagnosis of both MTSS and a TSF involves a combination of both a clinical examination and medical imaging. The clinical exam should include an assessment of both legs (while the patient is standing) for alignment, length, any deformity and foot stance. Foot pronation, indicating weak invertors, may signify an alignment problem associated with a TSF or MTSS. While the patient is seated, the physician should palpate the tibia for tenderness, especially the anterior border and posteromedial longitudinal borders of the tibia where the deep fascia attaches, as well as the whole of the subcutaneous anteromedial surface. Particular note should be made of regions with more acute tenderness, especially the distal one-third of the tibia, and its distribution (local or diffuse). The leg should also be examined for any subcutaneous oedema, which indicates periostitis is present and probable associated miscrofractures. The three compartments of the leg (anterior, peroneal and posterior) should be palpated for tenderness, with “tightness” in the muscle compartment of the leg indicating the patient may have compartment syndrome. A weakness in one or more muscle compartments or in a myotome may indicate lumbar spinal nerve compression or other isolated motor nerve pathologies including rare entrapment syndromes.

A full strength/power assessment of all the muscles of the leg should be performed as well as a full vascular and neural exam. Range of motion in the ankle joint, especially ankle joint dorsiflexion or extension, should be checked to exclude a tight/short gastroc-soleus-tendon complex; if short, it would increase anteromedial tibial loading on running. Similarly, excess forefoot pronation may indicate Tibialis anterior/posterior weakness and thus greater tibial torque on running. 

Bone pain and tenderness, especially in a non-athletic patient, should be regarded with special care, as bone tumours or infection must be initially excluded. For these patients, plain radiographs of the whole tibia are mandatory.
Where other pathologies have been excluded and the patient has clinical indications of a tibial bone stress injury, an MRI exam should be performed of the whole tibia, where the findings and classification of the injury have presented earlier in this review.
Treatment of the patient with a confirmed MTSS (or a TSF) will vary according to the cause. While non or reduced weight bearing should be generally prescribed, issues such leg alignment and forefoot pronation need to be addressed in order to facilitate healing and prevent future re-occurrence.
CONCLUSION
MTSS is an overuse fatigue injury involving tibial periostitis in conjunction with cortical bone oedema and microtrauma, although the cortical bone response may not occur in all individuals. The two main mechanisms of injury appear to be a traction-induced periostitis, where the cause is likely to be the soleus and/or the FDL, and microtrauma comprising of oedema and microcracks in the cortical bone which result in debonding of the osteons and subcutaneous periostitis on the surface of the tibia. While there are numerous studies in the literature on risk factors, interventions and treatment for MTSS in addition to a number of review papers, studies examining the aetiology are limited, therefore the exact causal mechanisms are still not understood. 
It is apparent that prospective longitudinal studies are required where athletes or military recruits are monitored by CT or MRI and DEXA in order to quantify precise changes in cortical bone geometry and simultaneously monitor both BMD and cortical bone oedema during the development of MTSS. However, this type of research requires a large cohort where a definite minimum number of individuals will reliably sustain the injury, and consent to perform a large number of scans, some with ionising radiation. This may not occur in the near future as the current focus in many universities and research organisations is for shorter research studies which lead to the development of quick clinical outcomes. Surgically-bonded strain gauges on the tibia offer an alternative approach, although there are ethical considerations with conducting these types of experiments. FE analysis is another technique which should be explored for future studies, as it can be used to examine stresses in the whole tibia under different loading conditions.
Contemporary accurate diagnosis of either MTSS or a TSF includes a comprehensive clinical examination to identify signs of bone stress injury and to exclude other pathologies. This should be followed by an MRI study of the whole tibia. The possible cause of the injury should be established and addressed in order to facilitate healing and prevent future long-term re-occurrence.  
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Figure 1  Anterior and medial views of the tibia with the main features shown, with the larger insert demonstrating the deep fascial attachments (A) and schematic section through the tibia illustrating the four compartments of the leg and their fascial coverings (B). The wide subcutaneous medial surface of the tibia can be seen. Images adapted from Oakes[24].  
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Figure 2 Coronal T2-weighted magnetic resonance imaging images of a 17-year-old female hockey player who was training on a concrete pitch covered with Astro Turf ® for approximately 2 mo and was subsequently diagnosed with Medial Tibial Stress Syndrome. A white longitudinal line of periosteal oedema on the medial cortex can clearly be seen on the enlarged view (right), which was consistent with the region of pain and tenderness.  
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Figure 3 Typical computed tomography tibial cross-section (A), computed tomography section enlarged showing the high resolution cortical bone depiction (B) and  new-generation magnetic resonance imaging tibial cross-section for comparison (C).  
[image: image6.png]



Figure 4 Preliminary FE analysis by the current authors. Maximum values of principal stresses in the model were significantly higher than those measured by strain gauge analysis, but similar to some other FE models in the literature. 

Table 1 Clinical features and magnetic resonance imaging findings in the four grades of tibial stress injury
	Grade
	Clinical exam
	MRI

	1
	Periosteal tenderness at the distal 1/3-1/2 of the anteromedial tibial surface. Requires firm palpation with thumb.
	Periosteal oedema: mild to moderate on T2 weighted images. Marrow normal on T1 and T2-weighted images


	2
	Tenderness as above.

Requires less firm palpation with thumb and may have linear tenderness along the posteromedial tibial border
	Periosteal oedema: moderate to severe on T2 weighted images. Marrow oedema on STIR or T2-weighted images. T1 normal


	3
	Tenderness as above.

Requires less firm palpation and may have linear tenderness as above.

May have subcutaneous anteromedial tibial oedema
	Periosteal oedema: moderate to severe on T2 weighted images. Marrow oedema on T1 and STIR-T2-weighted images


	4
	Tenderness as above.

Requires less firm palpation and may have linear tenderness as above.

A discrete region of maximal tenderness/thickening (early callus formation) over the fracture site will be palpable. Obvious tibial subcutaneous oedema is usually present
	Periosteal oedema: moderate to severe on T2 weighted images. Marrow oedema on T1-STIR or T2-weighted images.

Fracture line clearly visible as low fuzzy incomplete (4a) or complete (4b) line.

May see oedema in proximal tibial origins of Tibialis Posterior, FDL and Soleus


Modified by Oakes from Fredericson et al[12] and Pomeranz[11]. MRI: Magnetic resonance imaging.
Table 2 Bone mineral density in male Medial Tibial Stress Syndrome patients and an 
athletic control group[31]  
	BMD (g/cm2)
	MTSS
	Athletic control
	Significance

	Proximal
	1.29
	1.48
	< 0.01b

	33% level (injury site)
	1.43
	1.85
	< 0.001b

	Distal
	1.32
	1.33
	> 0.05


bStatistically significant. Although there are differences in the proximal tibia, the difference is much greater at the injury site. Select data presented for comparison with the two other BMD studies discussed. BMD: Bone mineral density; MTSS: Medial Tibial Stress Syndrome.
Table 3 Bone mineral density in female tibial stress fracture and Medial Tibial Stress Syndrome patients[33]
	BMD (g/cm2)
	MTSS (n = 20)
	TSF (n = 10)
	Significance

	Proximal
	1.21
	1.27
	0.136

	33% level (injury site)
	1.46
	1.63
	0.013a

	Distal
	0.90
	0.94
	0.403


aStatistically significant. BMD: Bone mineral density; MTSS: Medial Tibial Stress Syndrome; TSF: Tibial stress fracture.[image: image7]
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