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Abstract: Bone marrow edema (BME) is defined as an area of low signal intensity on T1-weighted
(T1W) MRI images and associated with intermediate or high signal intensity findings on T2-weighted
(T2W) MRI images. BME represents a typical imaging finding that characterizes common stress-
related bone injuries of professional and amateur athletes. The etiology of stress-related injuries is
influenced by numerous factors, including the initiation of a new sports activity or changes in an
existing training protocol. The clinical significance of BME remains unclear. However, a correlation
between the imaging pattern of BME, the clinical history of the patient and the type of sports activity
practiced is essential for correct diagnosis and adequate therapeutic treatment. It is also important
to clarify whether there is a specific threshold beyond which exercise can adversely affect the bone
remodeling process, as the clinical picture may degenerate into the presence of BME, pain and,
in the most severe cases, bone loss. In our review, we summarize the current knowledge on the
etiopathogenesis and treatment options for BME and highlight the main aspects that make it difficult
to formulate a correct diagnosis and establish an adequate therapeutic treatment.
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1. Introduction

Bone marrow edema (BME) is a nonspecific finding with multiple etiologies, defined
as an area of low signal intensity on Tl-weighted (T1W) and high signal intensity findings
on T2-weighted (T2W) on magnetic resonance imaging (MRI) [1]. Although on MRI what
is detected is true local edema, histological evaluations have shown that lymphocyte
infiltrates, fibrous tissue, increased vascularization, and decreased bone mineralization are
also present. For this reason, BME has only recently been placed in the more generic and
inclusive context of bone marrow lesions (BML), a heterogeneous clinical picture including
lesions of the osteochondral unit [2]. The increase of water content in the bone marrow
stroma, in association with a high density of blood vessels, seems to be the cause of the
appearance of the signal detected on MRI [2,3]. Among imaging techniques, dual-energy
CT is commonly used to map BME [4,5]. However, MRI is considered to be the gold
standard for detecting bone marrow changes, guiding the decision-making process [6,7].

From a clinical point of view, MRI underlines the presence of BME in both symptomatic
and asymptomatic subjects, particularly in high-level athletes and military recruits [8].
However, considering the significant importance of physical exercise in ensuring a healthy
lifestyle, this condition extends to the population of nonprofessional athletes as well
(Figure 1). Indeed, changes in an existing training protocol, equipment used, or the start of
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a new sport, especially in nonprofessional athletes, are frequent causes of stress injuries [9].
In Figure 2, we show the clinical case of a 38-year-old woman runner suffering from
inguinal pain. Transient BME is suspected on MRI in STIR sequence, but T1 images show a
small irregularity of the cortical bone profile. Dual-energy CT confirmed the edematous
pattern of the right femoral head. However, the edema appears more conspicuous in the
subchondral area.

Figure 1. Bone marrow edema (BME) on magnetic resonance imaging (MRI) in clinical cases of
nonprofessional athletes. (A) Male patient, 18-years old, art martial player. The patient had been in
pain for three weeks during sports activities, elicited by kicking in the air. MRI sagittal short-tau
inversion-recovery (STIR) shows BME (arrow) at the tibial plate. (B) Male patient, 20 years old,
padel player. One-month pain and hypersensitivity during sports activity; he continued to train
until functional impairment development. MRI coronal STIR shows BME (arrow) at the humerus
diaphysis and the distal acromion end. (C) Female patient, 29 years old, volleyball player. The
patient resumed intense physical activity after a period of no training. She presented pain onset
during sports activity and functional impairment. MRI coronal STIR shows BME (arrow) at the first
metacarpal bone.

In addition, the etiology of the injury may depend on a combination of the type of
training, the playing load and intrinsic/extrinsic risk factors [10].

Biomechanical overload of joints and joint overuse can be caused by physical activity
and intensive training, even in the absence of trauma, which also leads to the occurrence
of BME in athletes. However, it has been suggested by some authors that the appearance
of BME on MRI may also occur during the physiological process of bone remodeling
as a consequence of regular overloading of the joint [11,12]. In particular, it has been
hypothesized that in athletes, repetitive mechanical loading and an insufficient period
of functional recovery may lead to joint overload and thus determine the nontraumatic
onset of BME. In addition, this phenomenon may induce a reaction from the bone, known
as a stress reaction, usually interpreted by the clinician as a prefracture [10]. In turn, the
prefracture may evolve into a stress fracture in both normal and damaged bone [13]. Finally,
there are contradictory studies in the literature regarding the hypothesis that the pattern of
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BME detected by MRI may be due to biomechanical aspects of the specific sports activity
practiced [8,9].

Figure 2. Clinical cases of nonprofessional runner. Female nonprofessional runner, 38 years old. MRI images in STIR show

transient edema; T1 images (thick arrow) show small irregularity of cortical bone profile. Dual energy CT confirms the

edematous pattern of the right femoral head, with BME appearing green against a purple background of normal bone (thin

arrow). However, the edema appears more conspicuous in the subchondral area, where a large hypodense area appears on

the partition images, with a small subchondral fracture well confirmed on the coronal (thick arrow) and sagittal (yellow

arrow) reconstructions.

Based on this evidence, the aim of our review was to (i) summarize the current
knowledge on the etiopathogenesis of BME and (ii) highlight the main aspects that make it
difficult to formulate a correct diagnosis and establish an adequate therapeutic treatment.

2. Literature Search Strategy

For this narrative review, 38 articles were selected from an initial number of 100 articles.
The search was performed using the bibliographic databases Medline (1945, start date; 2021)
and Pubmed (1916, start date; 2021). The search strategy was based on the use and/or

7

combination of the following keywords: “bone marrow edema”, “athletes”, “sport”, “phys-
ical activity”, “joint”, “magnetic resonance imaging”, “bone marrow injury”, “diagnosis”,
and “treatment”.

This narrative review included articles on the etiology, diagnosis, and treatment of
BME in professional and amateur athletes. We considered studies that met the following
inclusion criteria: (1) English language; (2) diagnosis established through clinical and MRI
findings indicative of BME; (3) studies that included outcomes such as pain resolution,
functional recovery, and time to return to sporting activity.

Studies were excluded if the patients considered had BME secondary to trauma, tumor,
avascular necrosis, osteoarthritis, or infection.

The search process was performed on a worldwide basis, without excluding specific
geographical areas or different ethnic groups. Language and species filters were applied to
the results list to eliminate non-English articles.
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3. BME Etiopathogenesis and Altered Bone Remodeling

Conflicting data are currently present in the literature about the causes of BME de-
tection on MRI. Usually, a pure acute traumatic etiology is the main cause of BME in
athletes, although in some cases this condition may also result from repetitive or chronic
trauma [12]. As mentioned above, repeated stress triggers a stress reaction in the bone,
which may result in hypertrophy and trabecular remodeling. Indeed, trabeculae subjected
to this forced process exhibit microfractures, accompanied by the presence of BME on
MRI. Mild trauma causes the appearance of BME without detectable damage to the cellu-
lar elements, whereas more severe trauma causes the appearance of microfractures and
hemorrhage in the trabecular bone [10,12,14].

Biologically, bone responds to repetitive stress with an imbalance between the activity
of osteoclasts and osteoblasts, which causes an alteration in bone turnover and therefore a
weakening of the bone itself. Initially, the bone adapts by forming new periosteal bone to
provide structural support. If the source of stress persists, there is a significant increase in
osteoclastic activity to the detriment of osteoblastic activity, resulting in microfractures [10].

An interesting study by Matheny and colleagues demonstrated that joint overload
leads to increased bone remodeling in regions affected by BME. Using a rabbit model, it
was shown that microdamage induced by mechanical overload in epiphyseal bone results
in enhanced bone remodeling and the appearance of BME within 1-2 weeks. In cortical
bone, the generation of tissue microdamage appears to cause apoptosis of osteocytes
in the immediate vicinity of the injury. This event, in turn, leads to increased receptor
activator of nuclear factor kappa-B ligand (RANKL) expression in osteocytes surrounding
the region of injury, with consequent increase of bone resorption and remodeling [15]. The
authors concluded that BME occurrence can be preceded by bone physiology changes, thus
representing a potential target for preventive treatment strategies.

4. BME in Symptomatic and Asymptomatic Athletes

Numerous scientific studies have revealed that BME can be found in symptomatic
athletes (Table 1). Symptoms are nonspecific but include the onset of pain, which is initially
tolerable and not affecting the performance of physical activity, and tenderness during
exercise. In this phase, the athlete continues to train, applying more stress to the joint,
causing a stress reaction that can degenerate into a stress fracture [9].

To date, it remains unclear whether there is a significant correlation between BME and
clinical symptomes, as the present studies are conflicting.

To validate the most reliable method for early detection of lumbar bone stress injury,
Sims et al. analyzed the lumbar vertebral bodies of 65 healthy cricket players who reported
lumbar symptoms and lumbar stress injuries. Their results showed that symptomatic
relevant BME in the vertebral body was associated with a signal intensity >2. This suggests
the existence of a potential correlation between symptomatic lumbar stress fractures and
BME signal intensity [7].

In contrast, Paajanen and colleagues, through a 2-year follow-up study of 102 elite
players (football, ice hockey, and bandy), found no significant correlation between the
occurrence of BME and groin pain, as pubic joint BME was detected by MRI in 50% of
both symptomatic and asymptomatic players [16]. Similarly, Varkas et al. analyzed the
occurrence of BME of the sacroiliac joint in 22 military recruits before and after 6 weeks
of intense standardized physical training. The evaluation after this time showed no
statistically significant relationship between back pain and the occurrence of BME and no
increase in its size [17].
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According to some authors, the occurrence of BME can also occur in asymptomatic
athletes (Table 1) [8]. For example, Major and Helms evaluated MRI changes in the knee
joint of high-level collegiate basketball players before the start of the season that could
have been misinterpreted as abnormal during the season [18]. The authors showed that
14 of the 34 players included in the study had BME in at least one location, concluding
that the changes observed on MRI were asymptomatic abnormalities. Furthermore, it
was hypothesized that microtrauma transmitted through the meniscus, dissipated by the
cartilage, and absorbed by the bone, may be at the origin of these lesions. Finally, the
continuous repetition of jumps and runs may have led to the appearance of BME [18].

The BME can be associated with any type of sports activity, which influences the
localization of BME. In fact, Grampp and colleagues reported on a 29-year-old golfer with
mild pain and swelling of the proximal phalanx II of her left hand. MRI revealed an
involvement of the metacarpal joint and the proximal second phalanx of the left hand [19].
In agreement, Yochum and Barry reported the clinical case of a 42-year-old female jog-
ger, who had persistent painful symptoms on the back of her foot, aggravated by the
physical activity itself. Again, MRI showed involvement of the third tarsometatarsal joint
characterized by the presence of stress-induced BME [20]. Moreover, rugby players show
BME tending to the tibiofemoral joint (e.g., medial condyle), whereas runners show more
involvement of the patellofemoral joint, due to more linear movement [21,22]. The different
distribution of applied stress could also explain the different localization of BME and its
lack of manifestation in some sites, such as the carpal bones [23]. Mandalia and colleagues,
in a study of 25 asymptomatic university athletes, demonstrated a correlation between
total training time, training intensity, and the occurrence of BME (p < 0.05) [22]. Based on
their results, the authors suggest that the onset of BME might be particularly influenced by
the intensity and duration of repeated impacts. Finally, that study confirms how the type
of sport practiced is related to the incidence of BME, as 5 of the 13 rugby players showed a
high incidence of BME, not detected in contrast while none of the swimmers, showing how
the type of sporting activity dictates the incidence of BME [22].

Finally, some studies also suggest how BME size and its disappearance may be
influenced by sports activity. In this regard, the study by Horga et al., in which the knees of
71 asymptomatic middle-aged athletes 6 months before and half a month after a marathon
were evaluated, showed a reduction in the size of subchondral BME after the marathon for
19 of 58 subjects in whom the onset of BME had previously been detected [23]. Appearing
and disappearing patterns were observed in a study by Kornaat and colleagues, in which
16 asymptomatic professional runners were followed for 7 months to study the clinical
and radiological progression of BME [21]. At the beginning of the study, BME was purely
localized in the foot and ankle joint in only 14 runners, whereas at the end of the evaluation
period, 20% of BME appeared and 22% disappeared, showing a fluctuation pattern not
associated with any clinical symptoms. The authors therefore concluded that BME may
participate in the physiological process of bone remodeling, by not causing symptoms for
at least the first 7 months after its onset [21].
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BME: bone marrow edema; MRI: magnetic resonance imaging.
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5. BME Treatment Options

If left untreated, BME usually resolves spontaneously within 3-9 months. However,
there are several treatment strategies, conservative or surgical, that aim to bring about
a reduction in pain symptoms, when present, and accelerate the normal course of the
condition [24]. Non-operative treatments of symptomatic BME include partial /non-weight-
bearing, or the administration of pharmacological treatment, based on nonsteroidal anti-
inflammatory drugs (NSAIDs), bisphosphonates and monoclonal antibody [25,26]. Miiller
et al. demonstrated that zoledronic acid can be recommended for relieving joint pain
in athletes, and reduced recovery time by 50%, so that high-performance players can
resume training [27,28]. Confirming the findings of Miiller et al., Vasiliadis and colleagues
demonstrated that the combination of a single dose of zoledronic acid with partial weight
bearing for one month improves mobility and reduces BME [29]. In this study, 54 patients
with bone marrow edema syndrome, who complained of prolonged pain and presented
BME on MRI, were enrolled. At the 6-month follow-up visit, improved mobility was
observed in 29 patients and resolution of BME was detected in 20 out of 54 patients [29].

On the other hand, ibandronate’s effectiveness has been shown in controlling pain
symptoms in patients with knee BME. Kiichler and colleagues report that a single intra-
venous administration of ibandronate leads to a reduction in pain in subjects with knee
BME, regardless of the severity of the condition detected on MRI [30]. Among monoclonal
antibodies, denosumab has proven to be the most efficient in the treatment of BME. Usually
used for the treatment of osteoporosis, denosumab has also been shown to be effective in
the treatment of bone marrow edema syndrome, as reported by Rolvien and colleagues [31].
In this study, 14 patients with idiopathic BME of the lower extremity were treated with a
single dose of denosumab. After 6-12 weeks, MRI showed almost complete disappearance
of BME in 93% of patients, while a complete recovery was observed in 50% of the individ-
uals. Furthermore, visual analogue scale (VAS) evaluations revealed a clear decrease in
pain perception. Finally, the serum dosage of some markers of bone metabolism showed a
significant reduction in bone turnover after treatment [31].

According to the literature, teriparatide is used for the treatment of both fractures
showing complications in the repair process and pathological conditions characterized by
the presence of BME on MRI, such as complex regional pain syndrome I (CRPS I). Galluccio
and colleagues, based on their clinical experience, argue that teriparatide is effective in the
treatment of BME secondary to CRPS I, exerting a lasting effect in reducing pain symptoms
and in the functional recovery of the joint. According to the authors, these effects may be
due to the anabolic capacity of the drug, which is able to affect the cellular pathways of
bone metabolism. They suggest a short-term period administration [32].

Since BME occurs because of altered bone turnover, vitamin D administration has also
been identified as an effective strategy for treating this condition, as it is a key element in
maintaining the homeostasis of the bone microenvironment. In the study by Horas and
colleagues, 31 subjects with BME of the foot and ankle were enrolled [33]. Among patients,
a high rate of hypovitaminosis D was detected (mean value of 19.03 ng/mL). Consequently,
the authors considered that an inadequate vitamin D level may be a cofactor in the onset of
BME [33]. Capacitively coupled electrical field (CCEF) is one of the conservative treatments
for BME. To investigate the role of CCEF stimulation, Piazzolla and colleagues enrolled
24 patients with acute vertebral compression fractures [34]. At 90-day follow-up, the group
of patients treated with CCEF showed a reduction in vertebral edema and a significant
improvement in VAS, compared to the untreated group [34]. In this regard, we propose in
Figure 3 the clinical case of a professional rugby player, who came to our attention after a
CT scan and MRI, which showed a stress fracture at the base of the Il metatarsal of the right
foot ( Figure 3A-C); an altered signal intensity, hyperintense in short-tau inversion recovery
(STIR) images, related to BME can be observed ( Figure 3B,C,E). Initially, a pharmacological
treatment based on the administration of calcium (1200 mg/day), vitamin D3 (800 I.U./day)
and teriparatide (20 ug/day) was recommended, associated with CCEF. Control CT and
MRI after three months of therapy showed an advanced healing process of the fracture; the
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patient also showed regression of painful symptoms ( Figure 3D-F). CT scan after 6 months
of therapy showed complete healing of the fracture with subsequent disappearance of
symptoms and resumption of competitive sports activity (G and I). Plain radiography after
9 months of therapy showed complete recovery of the patient (H and J).

Figure 3. Male patient, 22 years old, professional rugby player. (A—C): Stress fracture of II metatarsal base; (B,C,E): altered
signal intensity, hyperintense in short-tau inversion recovery (STIR), related to BME (arrows); (D-F): MRI check after 3 months:
advanced fracture healing process and pain release; (G,H): CT check at 6 months after therapy. Fracture healing, pain release
and sport restart; (H-J): radiography check at 9 months after therapy and 1 month of sports activity. Patient recovery.

Operative treatments are considered if conservative treatment fails. Among them,
core decompression and calcium phosphate bone substitute are included [25]. According
to the literature, core decompression results in faster functional recovery, less chance of
recurrence and better control of pain symptoms than patients treated with NSAIDs or
paracetamol [35]. Calcium phosphate injection is a valuable technique by which fluid
synthetic calcium phosphate is injected to fill the space between the trabeculae of spongy
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bone in the subchondral region, which is also referred to as subchondroplasty. Calcium
phosphate mimics the strength and porosity of normal spongy bone, which will be used
by osteoclasts and osteoblasts in the following months as a scaffold to remodel the local
bone [24,36].

6. Discussion

BME can be considered a clinical picture with an unclear etiology, characterized by
specific concerns. In the context of the athletic population, it appears that the primary
cause of the occurrence of BME is not actual trauma, but repeated mechanical overload
over time, which triggers a stress reaction from the bone. Under physiological conditions,
the bone remodeling process is triggered by high intensity exercise [10]. Beyond a certain
threshold, the remodeling process is not completed, resulting in an imbalance between
bone apposition and resorption and alteration of the normal architecture of trabecular bone.
In our opinion, this is when the stress reaction progresses to a stress fracture (depending on
location), which on MRI appears to be characterized by BME [13]. The resulting imbalanced
bone turnover may also trigger an inflammatory cascade, which only creates the necessary
conditions for BME to begin.

Another issue associated with BME is its appearance on MRI in both symptomatic and
asymptomatic subjects, suggesting that there are no warning signs that can predict the onset
of this condition. Therefore, for the purpose of understanding the etiopathogenesis of BME,
itis essential for the clinician to trace the patient’s medical history. When present, symptoms
include the onset of pain and tenderness during sports activity. The characterization of the
pain must be carefully controlled: its intensity, acute onset or chronicity, and its correlation
with physical therapy must be recorded [8,37].

Because the symptoms are not specific, the athlete usually tends to underestimate
them and continue training, causing repeated mechanical overload, which in turn leads
to stress fracture and the appearance of BME on MRI. Therefore, it is essential to identify
early signs of this type of condition to avoid incurring the fracture [9]. Based on our clinical
experience, we can say with certainty that patients who regularly perform physical activity,
at a competitive level or not, are characterized by a different ability to adapt to stress.
The performance of an intense physical activity can have pathological outcomes or not,
depending on the different adaptive response of the organism.

It is our opinion that this aspect could make it difficult to establish a standard protocol
for the elaboration of a diagnosis of BME and, consequently, an adequate therapeutic
treatment. There is currently no specific treatment for BME in athletes. Therefore, we
strongly recommend that BME be treated in the context of everyone’s characteristics, with
reference to mechanics, injury history, force load, and musculoskeletal maturation.

If joint mechanical overload due to physical activity is the primary cause of the occur-
rence of BME, the clinician should consider the intensity and mode of training, as well as
periods of rest from exercise. In the absence of acute trauma but painful symptomes, the first
approach is conservative treatment: immobilization for short periods, rest from training, and
pharmacological treatments (such as NAIDs, bisphosphonates and monoclonal antibody) [25].
However, disrupting the injury dynamic with simple rest appears to be insufficient for optimal
regression of the injury. In cases where conservative treatment fails, invasive strategies such
as core decompression and subchondroplasty are used.

It is noteworthy that BME turns out to be accompanied by very small and difficult-to-
detect lesions in the osteochondral unit. In this regard, MRI is confirmed as the most valid
assessment tool for this type of phenomenon. In addition, the use of magnetic resonance
spectroscopy (MRS) in the clinical workflow should be of interest in the field. As shown in
Figure 4, MRS provides more accurate information about bone edema, and the subsequent
presence of water immediately after trauma, and three months later. In agreement with
reports in the literature, MRS has provided crucial information on bone composition based
on the ratio of fat to water in osteoporosis [38]. Unfortunately, in our experience, MRS is
not useful for the diagnosis of BME, but is important in the follow-up of patient recovery.
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Figure 4. Magnetic resonance spectroscopy (MRS) of male patient, 34 years old, hockey player. BME of femur neck after
tackling. (A) Water peak rising immediately after trauma; (B) BME disappearance at 3 months with water peak re-allineation
to baseline. Green square: femoral neck area where the spectroscopic analysis was performed.

7. Conclusions

BME represents an aspecific clinical pattern with an unclear etiology that occurs in
both symptomatic and asymptomatic subjects. In fact, studies in the literature show that
the MRI-detectable pattern is not always accompanied by a well-defined symptomatology.
Moreover, while some authors consider BME as part of the normal remodeling process,
others consider it as bone abnormalities that should be treated.

Based on our experience, the clinician may therefore be faced with two types of sit-
uations: a BME found occasionally on MRI, unaccompanied by painful symptoms, and
a BME detected following pain referral by the patient. In the first case, pain may or may
not present over time; therefore, it is our opinion that the clinician should perform MRI to
monitor the status of the BME and possibly reevaluate the patient’s clinical condition. In
the second case, however, the clinical picture requires pharmacological treatment and sur-
gical treatment in case of nonoperative treatments fail. Furthermore, since BME manifests
with specific histologic features, such as inflammatory infiltrate, fibrous tissue, increased
vascularity, and reduced bone mineralization, a histologic evaluation of BME could rep-
resent a predictive investigation of the patient outcome. This could represent a potential
prognostic tool in more severe cases in which surgical treatment is used to resolve the
clinical picture [2]. Finally, as the presence of BME is found both before and after the sports
season, the assessment of BME by MRI could be used as a tool to monitor the health of
high-performance athletes in Olympic programs. However, it is not clear whether the
BME is the direct cause of the pain; thus, finding a possible causal connection should be
addressed by future studies.
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8. Limitations of This Review

BME is generally a clinical condition with a multifactorial and highly variable etiology.
This makes it very difficult to make a correct diagnosis and to choose an appropriate
treatment. In athletes, pain symptoms may or may not occur and the condition may
therefore be detected on MRI at too late a stage, compromising the healing process. The
limitations of our review are due to the small number of studies in the literature and their
heterogeneity, as the results shown are related to different types of sporting activity and
different associated BME patterns. Therefore, further studies are needed to better delineate
this clinical picture in the athlete population, to facilitate the clinician’s diagnosis and in
their choice of the most correct therapeutic treatment.

Author Contributions: Conceptualization, U.T., G.M., RL, E.G. and A.G,; investigation, U.T., C.G.,
I.C., M.P. and P.F,; data curation, G.M. and PF,; writing—original draft preparation, C.G., 1.C., M.P.
and PE; writing—review and editing, U.T.,, GM., R.I, E.G. and A.G.; supervision, U.T. All authors
have read and agreed to the published version of the manuscript.

Funding: We acknowledge the Italian Society for Unified and Interdisciplinary Management of
Musculoskeletal Pain and Algodystrophy (Societa Italiana per la Gestione Unificata e Interdisciplinare
del Dolore muscolo-scheletrico e dell’Algodistrofia, SI-GUIDA) that endorsed this work.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Steinbach, L.S.; Suh, K.J. Bone Marrow Edema Pattern around the Knee on Magnetic Resonance Imaging Excluding Acute
Traumatic Lesions. Semin. Musculoskelet. Radiol. 2011, 15, 208-220. [CrossRef] [PubMed]

2. Manara, M.; Varenna, M. A clinical overview of bone marrow edema. Reumatismo 2014, 66, 184-196. [CrossRef] [PubMed]

3. Schett, G. Bone Marrow Edema. Ann. N. Y. Acad. Sci. 2009, 1154, 35-40. [CrossRef] [PubMed]

4. Hickle, ].; Walstra, F; Duggan, P.; Ouellette, H.; Munk, P.; Mallinson, P. Dual-energy CT characterization of winter sports injuries.
Br. ]. Radiol. 2020, 93, 20190620. [CrossRef]

5. Suh, C.H,; Yun,S];Jin, W,; Lee, S.H.; Park, S.Y.; Ryu, C.-W. Diagnostic performance of dual-energy CT for the detection of bone
marrow oedema: A systematic review and meta-analysis. Eur. Radiol. 2018, 28, 4182-4194. [CrossRef] [PubMed]

6. Niva, M.H,; Kiuru, M.].; Haataja, R.; Pihlajamaki, H.K. Fatigue injuries of the femur. ]. Bone Jt. Surgery. Br. Vol. 2005, 87, 1385-1390.
[CrossRef]

7. Sims, K.; Kountouris, A.; Stegeman, J.R.; Rotstein, A.H.; Beakley, D.; Saw, A.E.; Cook, ].L. MRI Bone Marrow Oedema Signal
Intensity. Spine 2019, 45, E1166-E1171. [CrossRef]

8. Kornaat, P.R.; de Jonge, M.C.; Maas, M. Bone marrow edema-like signal in the athlete. Eur. . Radiol. 2008, 67, 49-53. [CrossRef]

9. Navas, A.; Kassarjian, A. Bone Marrow Changes in Stress Injuries. Semin. Musculoskelet. Radiol. 2011, 15, 183-197. [CrossRef]

10. Aicale, R.; Tarantino, D.; Maffulli, N. Overuse injuries in sport: A comprehensive overview. J. Orthop. Surg. Res. 2018, 13, 309.
[CrossRef]

11. Thomas, U.M. Toll-like receptor function in primary B cell defects. Front. Biosci. 2012, E4, 1853-1863. [CrossRef]

12.  Vanhoenacker, F; Snoeckx, A. Bone marrow edema in sports: General concepts. Eur. . Radiol. 2007, 62, 6-15. [CrossRef] [PubMed]

13.  Anderson, M.W,; Greenspan, A. Stress fractures. Radiology 1996, 199, 1-12. [CrossRef]

14. Kozoriz, M.; Grebenyulk, J.; Andrews, G.; Forster, B.B. Evaluating bone marrow oedema patterns in musculoskeletal injury. Br. |.
Sports Med. 2012, 46, 946-953. [CrossRef] [PubMed]

15. Matheny, ].B.; Goff, M.G.; Pownder, S.L.; Koff, M.E; Hayashi, K.; Yang, X.; Bostrom, M.P.G.; Van Der Meulen, M.C.H.; Hernandez,
C.J. An in vivo model of a mechanically-induced bone marrow lesion. J. Biomech. 2017, 64, 258-261. [CrossRef]

16. Paajanen, H.; Hermunen, H.; Ristolainen, L.; Branci, S. Long-standing groin pain in contact sports: A prospective case—control
and MRI study. BM] Open Sport Exerc. Med. 2019, 5, e000507. [CrossRef] [PubMed]

17.  Varkas, G.; De Hooge, M.; Renson, T.; De Mits, S.; Carron, P.; Jacques, P.; Moris, M.; Souverijns, G.; Jans, L.; Elewaut, D.; et al.
Effect of mechanical stress on magnetic resonance imaging of the sacroiliac joints: Assessment of military recruits by magnetic
resonance imaging study. Rheumatology 2018, 57, 588. [CrossRef] [PubMed]

18.  Major, N.M.; Helms, C.A. MR Imaging of the Knee: Findings in Asymptomatic Collegiate Basketball Players. Am. ]. Roentgenol.

2002, 179, 641-644. [CrossRef] [PubMed]


http://doi.org/10.1055/s-0031-1278421
http://www.ncbi.nlm.nih.gov/pubmed/21644195
http://doi.org/10.4081/reumatismo.2014.790
http://www.ncbi.nlm.nih.gov/pubmed/25069499
http://doi.org/10.1111/j.1749-6632.2009.04383.x
http://www.ncbi.nlm.nih.gov/pubmed/19250229
http://doi.org/10.1259/bjr.20190620
http://doi.org/10.1007/s00330-018-5411-5
http://www.ncbi.nlm.nih.gov/pubmed/29679212
http://doi.org/10.1302/0301-620X.87B10.16666
http://doi.org/10.1097/BRS.0000000000003277
http://doi.org/10.1016/j.ejrad.2008.01.057
http://doi.org/10.1055/s-0031-1278419
http://doi.org/10.1186/s13018-018-1017-5
http://doi.org/10.2741/507
http://doi.org/10.1016/j.ejrad.2007.01.013
http://www.ncbi.nlm.nih.gov/pubmed/17317067
http://doi.org/10.1148/radiology.199.1.8633129
http://doi.org/10.1136/bjsports-2011-090661
http://www.ncbi.nlm.nih.gov/pubmed/22496099
http://doi.org/10.1016/j.jbiomech.2017.09.020
http://doi.org/10.1136/bmjsem-2018-000507
http://www.ncbi.nlm.nih.gov/pubmed/31191965
http://doi.org/10.1093/rheumatology/kex534
http://www.ncbi.nlm.nih.gov/pubmed/29329434
http://doi.org/10.2214/ajr.179.3.1790641
http://www.ncbi.nlm.nih.gov/pubmed/12185035

Medicina 2021, 57,1143 12 of 12

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Grampp, S.; Henk, C.B.; Mostbeck, G.H. Overuse Edema in the Bone Marrow of the Hand: Demonstration with MRI. J. Comput.
Assist. Tomogr. 1998, 22, 25-27. [CrossRef] [PubMed]

Yochum, T.R.; Barry, M.S. Bone marrow edema caused by altered pedal biomechanics. . Manip. Physiol. Ther. 1997, 20, 56-59.
Kornaat, P.R.; Van De Velde, S.K. Bone Marrow Edema Lesions in the Professional Runner. Am. J. Sports Med. 2014, 42, 1242-1246.
[CrossRef]

Mandalia, V.; Williams, C.; Kosy, J.; Brown, K,; Schranz, P.; Redfern, A.; Silver, D.; Powell, R. Bone Marrow Oedema in the Knees
of Asymptomatic High-Level Athletes: Prevalence and Associated Factors. Indian |. Orthop. 2020, 54, 324-331. [CrossRef]
Horga, L.M.; Henckel, J.; Fotiadou, A.; Hirschmann, A.; Torlasco, C.; DI Laura, A.; D’'Silva, A.; Sharma, S.; Moon, |.; Hart, A. Can
marathon running improve knee damage of middle-aged adults? A prospective cohort study. BM] Open Sport Exerc. Med. 2019, 5,
€000586. [CrossRef] [PubMed]

Ghasemi, R.A.; Sadeghi, S.; Rahimee, N.; Tahmasebi, M. Technologies in the Treatment of Bone Marrow Edema Syndrome. Orthop.
Clin. N. Am. 2018, 50, 131-138. [CrossRef]

Akhavan, S.; Martinkovich, S.C.; Kasik, C.; DeMeo, P.J. Bone Marrow Edema, Clinical Significance, and Treatment Options: A
Review. J. Am. Acad. Orthop. Surg. 2020, 28, e888-e899. [CrossRef] [PubMed]

Bartl, C.; Imhoff, A.; Bartl, R. Treatment of bone marrow edema syndrome with intravenous Ibandronate. Arch. Orthop. Trauma
Surg. 2012, 132, 1781-1788. [CrossRef]

Simon, M.J.; Barvencik, F.; Luttke, M.; Amling, M.; Mueller-Wohlfahrt, H.-W.; Ueblacker, P. Intravenous bisphosphonates and
vitamin D in the treatment of bone marrow oedema in professional athletes. Injury 2014, 45, 981-987. [CrossRef]

Miiller, E; Appelt, K.A.; Meier, C.; Suhm, N. Zoledronic acid is more efficient than ibandronic acid in the treatment of symptomatic
bone marrow lesions of the knee. Knee Surg. Sports Traumatol. Arthrosc. 2019, 28, 408—417. [CrossRef] [PubMed]

Vasiliadis, A.V.; Zidrou, C.; Charitoudis, G.; Beletsiotis, A. Single-Dose Therapy of Zoledronic Acid for the Treatment of Primary
Bone Marrow Edema Syndrome. Cureus 2021, 13, €13977. [CrossRef] [PubMed]

Kiichler, L.; Fehr, T.; Jeker, R. Pain control with ibandronate for bone marrow oedema of the knee. Swiss Med. Wkly. 2020, 150,
w20384. [CrossRef]

Rolvien, T.; Schmidt, T.; Butscheidt, S.; Amling, M.; Barvencik, F. Denosumab is effective in the treatment of bone marrow oedema
syndrome. Injury 2017, 48, 874-879. [CrossRef] [PubMed]

Galluccio, F; Allam, A.E.S,; Perdisa, F.; Chang, K.-V. Short-Term Teriparatide for Bone Marrow Edema Secondary to Complex
Regional Pain Syndrome: Case Reports on Efficacy after Two Years of Follow-Up. Cureus 2020, 12, e8119. [CrossRef] [PubMed]
Horas, K.; Frailler, L.; Maier, G.; Jakob, E; Seefried, L.; Konrads, C.; Rudert, M.; Walcher, M. High Prevalence of Vitamin D
Deficiency in Patients with Bone Marrow Edema Syndrome of the Foot and Ankle. Foot Ankle Int. 2017, 38, 760-766. [CrossRef]
[PubMed]

Piazzolla, A.; Solarino, G.; Bizzoca, D.; Garofalo, N.; Dicuonzo, F; Setti, S.; Moretti, B. Capacitive Coupling Electric Fields in the
Treatment of Vertebral Compression Fractures. . Biol. Requl. Homeost. Agents 2015, 29, 637-646.

Bashaireh, K.M.; Aldarwish, EM.; Al-Omari, A.A.; Albashaireh, M.A.; Hajjat, M.; Al-Ebbini, M.A.; Aleshawi, A.]J. Transient
Osteoporosis of the Hip: Risk and Therapy. Open Access Rheumatol. Res. Rev. 2020, 12, 1-8. [CrossRef] [PubMed]

Kon, E.; Ronga, M.; Filardo, G.; Farr, ].; Madry, H.; Milano, G.; Andriolo, L.; Shabshin, N. Bone marrow lesions and subchondral
bone pathology of the knee. Knee Surg. Sports Traumatol. Arthrosc. 2016, 24, 1797-1814. [CrossRef] [PubMed]

Vassalou, E.E.; Spanakis, K.; Tsifountoudis, I.P.; Karantanas, A.H. MR Imaging of the Hip: An Update on Bone Marrow Edema.
Semin. Musculoskelet. Radiol. 2019, 23, 276-288. [CrossRef]

Di Pietro, G.; Capuani, S.; Manenti, G.; Vinicola, V.; Fusco, A.; Baldi, J.; Scimeca, M.; Hagberg, G.; Bozzali, M.; Simonetti, G.; et al.
Bone Marrow Lipid Profiles from Peripheral Skeleton as Potential Biomarkers for Osteoporosis: A TH-MR Spectroscopy Study.
Acad. Radiol. 2016, 23, 273-283. [CrossRef]


http://doi.org/10.1097/00004728-199801000-00004
http://www.ncbi.nlm.nih.gov/pubmed/9448756
http://doi.org/10.1177/0363546514521990
http://doi.org/10.1007/s43465-020-00052-3
http://doi.org/10.1136/bmjsem-2019-000586
http://www.ncbi.nlm.nih.gov/pubmed/31673407
http://doi.org/10.1016/j.ocl.2018.08.008
http://doi.org/10.5435/JAAOS-D-20-00142
http://www.ncbi.nlm.nih.gov/pubmed/32701688
http://doi.org/10.1007/s00402-012-1617-1
http://doi.org/10.1016/j.injury.2014.01.023
http://doi.org/10.1007/s00167-019-05598-w
http://www.ncbi.nlm.nih.gov/pubmed/31273410
http://doi.org/10.7759/cureus.13977
http://www.ncbi.nlm.nih.gov/pubmed/33880304
http://doi.org/10.4414/smw.2020.20384
http://doi.org/10.1016/j.injury.2017.02.020
http://www.ncbi.nlm.nih.gov/pubmed/28242067
http://doi.org/10.7759/cureus.8119
http://www.ncbi.nlm.nih.gov/pubmed/32426199
http://doi.org/10.1177/1071100717697427
http://www.ncbi.nlm.nih.gov/pubmed/28340550
http://doi.org/10.2147/OARRR.S236324
http://www.ncbi.nlm.nih.gov/pubmed/32021501
http://doi.org/10.1007/s00167-016-4113-2
http://www.ncbi.nlm.nih.gov/pubmed/27075892
http://doi.org/10.1055/s-0039-1677872
http://doi.org/10.1016/j.acra.2015.11.009

	Introduction 
	Literature Search Strategy 
	BME Etiopathogenesis and Altered Bone Remodeling 
	BME in Symptomatic and Asymptomatic Athletes 
	BME Treatment Options 
	Discussion 
	Conclusions 
	Limitations of This Review 
	References

