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Abstract: Pitching is a complex kinetic chain activity requiring the transfer of energy from the lower body, through the core and
trunk, and finally through the arm to generate explosive acceleration of the baseball. As a result, large forces are generated in the trunk
musculature and rib attachments from the late cocking phase of pitching through deceleration. The repetitive cumulative load and high
pitch velocities put professional pitchers at risk of rib stress fracture. Given the potential for a prolonged recovery course and high rate
of recurrence, early recognition of rib bone stress injury is critical to optimize care. Identifying torso strength imbalances, suboptimal
pitching biomechanics (such as late or inadequate pelvic rotation), as well as metabolic deficiencies that may adversely affect bone
health are essential to expedite safe return to play and prevent future injury. In this review, we discuss risk factors, mechanism of
injury, typical clinical presentation, diagnostic imaging findings, and propose treatment and prevention strategies for rib stress fractures
in overhand pitchers.
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Introduction

Bone stress injury (BSI), including stress fracture, is common in sports medicine with reports of incidence between 1.4%
and 4.4% of athletes.'* They most commonly occur in the weight-bearing bones of the lower extremity. Upper extremity
bone stress injuries are less common, but have been reported in many different athletes, including rowers, weightlifters,
gymnasts, swimmers, golfers, and pitchers.” ® Bone stress injuries in throwing athletes generally occur around the
shoulder girdle and trunk, and have been reported in the clavicle, ribcage (primarily 1st rib), humerus, olecranon, and
ulna.’ Case reports of rib stress injuries in pitchers indicate that the first rib may be the most common site in the ribcage,
with injuries at the lower ribs less commonly reported.””

Unlike bone stress injuries of the lower extremity, which are often related to repetitive impact from running and jumping,
stress fractures in the ribs are thought to be due to repetitive trunk muscle contraction leading to tensile, angular, and torsional
stresses on the bone. Over time, these forces can result in cumulative microstructural damage that results in a stress injury at
the muscle-bone insertion. Clinically, this pathophysiology coincides with an insidious presentation, with slow progression
over time. Athletes generally describe the pain as vague discomfort in the shoulder and upper thorax that may only occur
during a brief phase of pitching, making localization difficult. Given the obscure presentation and greater incidence of other
shoulder/truncal injuries in pitchers such as rotator cuff pathology, labral tears, shoulder impingement, and intercostal muscle
strains, these injuries are often misdiagnosed in the early stages. In the authors’ experience treating major league baseball
players however, rib stress fractures are likely underrecognized due to the difficulty of diagnosis and may be more common
than currently reported in the literature.

Compared to intercostal and abdominal oblique muscle strains, major league baseball pitchers who sustain rib stress
fractures have a prolonged recovery, generally requiring 8—10 weeks before returning to play, versus an average of 5 weeks for
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muscle strains.”'® Given the prolonged healing time and high risk of recurrence, it is important to consider the diagnosis of rib

stress injury in order to accurately diagnose these athletes as early as possible, determine prognosis, and optimize treatment.
In this review, the authors aim to discuss the mechanisms of rib bone stress injuries, associated risk factors and

clinical evaluation, and propose best practice treatment and prevention strategies for rib stress fractures in pitchers.

Trunk Anatomy and Pitching Mechanics

The thorax contains two sets of 12 ribs.!! Ribs 1-7, also known as the “true ribs”, attach directly with the manubrium or
sternum via the costal cartilage. Ribs 8-10, or the “false ribs”, connect indirectly to the sternum through a cartilaginous
connection to the superior rib. Finally, the floating ribs (ribs 11-12), do not have any anterior connection to the sternum.

The ribs have additionally been classified as “typical” and “atypical”.'? The typical ribs, ribs 3-10, all have two articular
facets posteriorly, an inferior facet which articulates with its corresponding vertebra, and a superior articular facet which
attaches to the vertebra above (ie, rib 3 articulates with the vertebral body of vertebrae 2 and 3). In addition, typical ribs
contain a tubercle which articulates with the transverse process of the analogous vertebra. Finally, each typical rib contains
a notch on the underside, named the costal groove, which carries the intercostal nerve, artery and vein. Atypical ribs include
ribs 1-2, and 11-12. Ribs 1, 11, and 12 only have one facet posteriorly, where they articulate with their corresponding
vertebra. In addition, ribs 11-12 are missing tubercles and do not articulate with a vertebral transverse process. Rib 2 is
atypical because of its large tubercle that serves as an origin for the serratus anterior. Lastly, it is important to note that the
first rib is thinner than the other ribs, with grooves for the subclavian artery and vein, where the rib thins even more.® The
scalene tubercle is located between these grooves and serves as the attachment for the anterior scalene muscle.

Attaching to the ribcage are several important muscles for pitching mechanics. These include the scalenes, inter-
costals, serratus anterior, pectoralis major and minor, latissimus dorsi, rectus abdominis, and abdominal oblique muscles.
The origin, insertion, and action of each of these muscles can be seen in (Table 1). We will focus our discussion on the
relationship of the trunk musculature to pitching mechanics in the throwing athlete.

The pitching motion is a complex sequence of movements which generate energy in the lower extremity and efficiently
transfers this energy through the core and trunk resulting in explosive motion of the upper extremity.'> The 6 phases of
pitching include the windup, stride, late cocking, acceleration, deceleration, and follow-through (Table 2).'* The trunk muscles
begin to activate in the stride phase, starting from maximal lead leg height to initial contact of the lead foot on the pitching
mound. This phase has been hypothesized to generate approximately 60% of resultant pitch velocity.'® During this time, the
knee and hip of the lag (stance) leg extend, allowing transfer of energy into pelvic rotation, while the abdominal obliques
eccentrically contract to prevent excess lumbar hyperextension. A short stride length during this phase may result in increased
abdominal muscle load secondary to increased demands on the oblique musculature to accelerate the trunk.'*

The late cocking phase is defined as the time between lead foot contact and the point of maximal rotation of the throwing
shoulder. The trunk begins to rotate through a co-contraction of the lead side internal oblique and stance side external
oblique. At the same time, the shoulder is moving into abduction and external rotation, requiring a retracted and upwardly
rotated scapula to maintain the subacromial space and reduce the risk of impingement. This is accomplished through actions
of the serratus anterior and trapezius muscle.'® Subsequently, in the acceleration phase, the trunk reaches maximal rotation
speed corresponding with peak activation of the abdominal obliques.'” The rectus abdominis also concentrically contracts at
this time to create lumbopelvic flexion and provide additional acceleration.'® As the trunk accelerates forward, activation of
the anterior and middle scalene muscles is required to stabilize the head and prevent extension of the neck.'® Meanwhile, the
serratus continues to exhibit high levels of activity in order to maintain scapular protraction until ball release, as the humerus
undergoes explosive internal rotation and adduction through actions of the pectoralis major and latissimus dorsi.'**° Finally,
in the deceleration and follow-through phases, the shoulder girdle muscles along with the trapezius, serratus, and rhomboids
produce high forces as they stabilize the scapula and eccentrically decelerate the arm.”'

Mechanism of Injury

The repetitive bending and torsional forces placed on the ribs from the muscular contractions described in the previous
section can lead to microstructural damage of the bone.** Histopathologic studies have demonstrated that trunk overuse
leads to skeletal remodeling, beginning with osteoclastic resorption of cortical bone.”> This phase continues for two to
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Table | Truncal Muscles Involved in Pitching

Muscle

Origin

Insertion

Action(s)

Anterior Scalene

C3-C6 vertebral transverse process anterior

tubercles

Superior Ist rib (scalene tubercle

anterior to the subclavian groove)

Ipsilateral cervical flexion,

elevation of first rib

Middle Scalene

C2-C7 vertebral transverse process posterior

tubercles

Superior Ist Rib (posterior to

subclavian groove)

Ipsilateral cervical flexion.

Elevation of first rib

Trapezius

Superior nuchal line, external occipital
protuberance, nuchal ligament, spinous processes
of C7-T12

Lateral third of the clavicle, acromion,

and scapular spine

Upper: elevate, retract, and
superiorly rotate scapula
Middle: adduct scapula
Lower: depress and

upwardly rotate the scapula

Internal Intercostal

Inferior border of rib above

Superior border of rib below

Elevate ribs 1-5, and

depress the lower ribs

External

Intercostal

Inferior border of rib above

Superior border of rib below

Elevate ribs, maintain

intercostal space

Serratus Anterior

Lateral ribs 1-8

Anteromedial border of the scapula

Scapular protraction and

stabilization

Pectoralis Major

Medial half of clavicle, sternum, costal cartilage of

ribs 1-6, aponeurosis of external oblique muscle

Humerus (lateral lip of intertubercular

sulcus)

Shoulder flexion, adduction,

and medial rotation

Latissimus Dorsi

Spinous processes of T7-L5, sacrum,

thoracolumbar fascia, iliac crest, ribs 10—12

Humerus (intertubercular sulcus)

Extend, adduct and
internally rotate the

humerus

Internal Oblique

Lateral inguinal ligament, anterior iliac crest,

thoracolumbar fascia

Inferior borders of ribs 10—12, linea
alba, and pubic crest (via conjoint

tendon)

Laterally flexes and rotates

trunk to the ipsilateral side

External Oblique

External surface of ribs 5-12

Anterior iliac crest, pubic tubercle,

linea alba

Laterally flexes and rotates
trunk to the contralateral

side

Rectus Abdominis

Pubic symphysis and crest

Cartilage of ribs 5-7, xiphoid process

Flexes and rotates the trunk

three weeks, after which refilling of the resorption cavities by osteoblasts occurs. Replacement, however, is a slow
process, which may take months to complete. If microstructural damage occurs at a rate faster than repair can take place,
a bone stress injury and potential fracture results.” Over a season, major league pitchers average 2800 and 1200 in-game
pitches for starters and relievers, respectively. When including warm-up pitches, spring training, and off-season training,
this number is easily doubled. The increased volume of pitches likely puts starting pitchers at greater risk for rib stress
fracture compared to relieving pitchers, although formal epidemiological studies have not yet been performed. Further
research is also needed to determine whether sidearm versus overhead throwing, and pitch type (curveball, fast ball,
changeup, etc.) place a pitcher at increased risk of stress fracture.

Stress injuries of the first rib have been the most commonly reported rib stress injury in pitchers.>®*** In a study of
24 first rib stress fractures in overhead throwing athletes, three types of rib fractures were discovered.”* The majority of
the fractures (75%) occurred at the attachment of the middle scalene muscle (intrascalene type), while 12.5% were
located at the subclavian artery groove (groove type) and 12.5% occurred posteriorly near the costovertebral articulation
(posterior type), suggesting differing mechanisms of injury. Of note, 20% of these injuries occurred on the side of the
nonthrowing arm. Further investigation is needed to understand the mechanism of injury of the nondominant arm.
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Table 2 Phases of Pitching and Corresponding Active Truncal Muscles

Pitching Phase

Definition

Active Truncal Muscles

Wind Up

Initial movement to maximum knee lift of stride leg.

Energy is transferred from lead leg to lag (or stance) leg.

-Upper trapezius, serratus anterior and lower trapezius
work to produce upward rotation of the scapula.
-Rectus abdominis, internal/external obliques rotate and

stabilize the trunk.

Early Cocking/Stride

Begins with maximal lead leg height and ball removal from
glove; ends with lead foot contacting the pitching mound.
Has been hypothesized to generate ~60% of resultant

pitch velocity.

-Internal/External abdominal obliques, and rectus
abdominis eccentrically contract to prevent excess lumbar
extension.

-Serratus anterior and trapezius retract and cause upward
rotation of the scapula to properly position the glenoid

for external rotation.

Late Cocking

Begins with lead foot contact; ends with maximal external
rotation of the throwing shoulder.

Energy is transmitted from the lower body to the trunk/
shoulder.

-Abdominal obliques and rectus abdominis eccentrically
contract to prevent excess lumbar extension.
-Trapezius, and serratus anterior (SA) work to position/
stabilize the scapula. SA reaches maximal activity.
-Pectoralis major and latissimus dorsi eccentrically
contract to stabilize the humeral head within the

glenohumeral joint.

Acceleration

Begins at maximum shoulder external rotation; ends at
ball release. The trunk continues to rotate and tilt,
transferring additional potential energy into the upper
extremity.

-Anterior/middle scalenes eccentrically contract to
stabilize the head and prevent overextension of the neck.
-Pectoralis major and latissimus dorsi concentrically
contract (with subscapularis) to create explosive internal
rotation of the shoulder.

-Serratus anterior exhibits continued high activity as it
protracts the scapula, positioning the glenoid for humeral
rotation.

-Nondominant side rectus abdominus and internal
oblique, along with dominant side external oblique
contract to further rotate the trunk and cause

lumbopelvic flexion.

Deceleration

Begins at ball release; ends at maximum shoulder internal
rotation. Posterior shoulder musculature exerts large
eccentric contractile forces to slow down arm adduction

and internal rotation.

-The trapezius, rhomboids and serratus anterior stabilize

the scapula during deceleration of the shoulder girdle.

Follow-through

Body continues to move forward until the arm has ceased
motion. Decreased joint loading and minimal forces make

this phase an unlikely cause for injury.

-Similar activity as in deceleration with less force.

Indwelling, fine-wire EMG analysis performed during pitching demonstrates activity of the serratus anterior during late
cocking, reaching maximal activity during acceleration, and continued activity through the follow-through phase.?° During these
phases, the serratus acts as a scapular stabilizer, resulting in a downward force at its point of origin on the first rib. In contrast, the
anterior and middle scalene muscles originate from the cervical transverse processes and insert onto the superior aspect of the first
rib. In addition to their function in neck flexion and rotation, they also elevate and, in effect, counteract depression of the first rib. It
is hypothesized that these repeated opposing forces from the serratus anterior and scalene muscles result in the majority of first rib
stress fractures (groove and intrascalene types).”> Additionally, the first rib is vulnerable at the subclavian artery groove, where the
bone is thinnest and, therefore, mechanically weakest.® Posterior type first rib fractures are hypothesized to have a different
mechanism of injury, where inferior and posterior translation of the clavicle during arm abduction and external rotation (such as
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during the late cocking phase of pitching), can lead to a posterior force on the first rib.%® Further biomechanical research is needed
to better define this mechanism.

Though lower rib BSIs are common in rowers (ribs 4-8 accounting for around 80%), stress injuries of ribs 2—12 are
rarely reported in pitchers, but may be largely underrecognized.*’2"2° Case reports describe injuries at ribs 7-9, as well
as the floating ribs (ribs 11-12).2%*’ Bone stress injuries occurring between ribs 7-9 have been attributed to the opposing
anterior/caudad rotational force of the external oblique muscles and posterior/cephalad force of the serratus anterior.”°
Supporting this hypothesis, cadaveric studies of the serratus anterior demonstrate maximal tensile load at the poster-
olateral rib, consistent with the location of most stress fractures.’® Pain during the late cocking and early acceleration
phases, where the serratus is most active, further supports this theory.?®

Rib fractures of the floating ribs have been described at their distal, non-articulating ends. Anatomically, the external
oblique muscle arises from the external and inferior surfaces of the lower eight ribs where it interdigitates with the
latissimus dorsi and serratus posterior inferior on ribs 9-12.3' The traction forces from these opposing muscles is

hypothesized to be the mechanism of these distal floating rib fractures.?

Risk Factors

Currently, there is no literature investigating risk factors for rib bone stress injury, however we can extrapolate risk
factors based on the more commonly affected areas that have been studied. Nonmodifiable risk factors include family
history, prior history of bone stress injury, and Caucasian ethnicity.>? ¢ Although no studies have been performed on
specific genes involved in stress fracture, a family history increases the risk of athletes sustaining stress fracture,
suggesting a genetic component.*® In a prospective study investigating sex-specific risk factors for tibial stress fractures,
prior fracture reflected the strongest predictor of stress fractures regardless of sex.>>

Modifiable risk factors can be broken down into biomechanical (such as overhead vs sidearm throwers, and pitch count), and
biochemical risk factors. Overhead pitching mechanics may increase risk of rib bone stress injury over side arm throwers.*’
When reviewing literature for pitching injuries more broadly, starting pitchers have a higher incidence of shoulder injuries when
compared to relief pitchers.*® Additionally, starting pitchers typically throw four different types of pitches compared to relief
pitchers who have one or two. The variety and volume of pitches expected from a starting pitcher may factor into an increased
risk of bone stress injury. Studies in rowers have also shown that the incidence of rib stress fracture is higher in sweepers (rowers
with one oar) compared to scullers (two-oared rowers).>’ This may imply that one-sided activity, such as pitching, or muscle
imbalances associated with one-sided activity, may predispose athletes to sustain fractures. Deficits in the kinetic chain (upper,
lower extremity and core) can play a role as well, as improper transfer of energy in one phase of pitching can cause compensatory
changes that increase strain to other tissues.'**° External factors include a low aerobic fitness level prior to training, tobacco use,
and a high intensity of physical training.*' In studies of rowers, higher level of performance has been shown to correlate with
higher levels of rib bone stress injury.?’ This may also be the case with elite level pitchers, but epidemiologic studies do not yet
exist.

Biochemical risk factors for rib bone stress injury include vitamin D and vitamin C deficiencies, iron deficiency, and low
estrogen levels. Serum 25 (OH) vitamin D concentrations below 30ng/mL have been specifically associated with stress injuries.
Although calcium supplementation has been shown to improve bone mineral density, there is no strong evidence to suggest
a correlation between calcium deficiency and stress fractures. Potassium and vitamin C intake from fruits and vegetables has also
been implicated in improving bone mineral status in adolescents, independent of calcium.** Many of these biochemical risk
factors may be part of the clinical entity termed relative energy deficiency in sport (RED-S), which refers to impaired
physiological function that includes metabolic rate, bone health, immunity, protein synthesis, and cardiovascular health due to
energy imbalance, with deficiency of caloric intake relative to output through exercise.*” RED-S has been shown to be an
independent factor of poor bone health due to decreased IgF-1 and bone formation marker levels, which can increase the risk of
developing bone stress injury.** While more common in females, men can also present with this syndrome and should be
considered when evaluating for any bone stress injury.
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Clinical Presentation
Although some athletes may describe a clear onset, such as a popping sensation while pitching, the majority of pitchers
who present with rib stress injury describe an insidious onset of discomfort on their dominant throwing side, without
obvious insult.”** This discomfort may be described as a nonspecific ache at the base of the neck, shoulder, posterior
arm, upper thoracic, or interscapular regions, making localization difficult.>® A large proportion of these athletes will
describe provocation of pain while pitching (resulting in decreased pitch control and velocity), or swinging a bat.**2®
Notably, the pain while pitching often occurs during the late cocking and early acceleration phases, coinciding with the
time of peak serratus anterior activity.”” Worsening pain with inspiration is also a common complaint.”**?® Interestingly,
a history of change in pitching mechanics, training intensity or volume is often absent.”

Given the vague history, these injuries are difficult to diagnose, and a differential diagnosis should include other
truncal pathologies such as intercostal or abdominal muscle strain, serratus anterior muscle strain, myofascial pain,
costochondritis, Tietze syndrome, slipping rib syndrome, costovertebral joint dysfunction, intercostal neuralgia, thoracic

spine dysfunction (discogenic or radicular pain), and shingles."'

Physical Examination
The athlete should be examined with the torso exposed. Most often there is no visible abnormality; however, swelling and/
or rib deformity can rarely be seen at the site of stress fracture.?® Structural abnormalities that can lead to abnormal pitching
mechanics should be assessed including muscle hypertrophy vs atrophy, thoracolumbar scoliosis and kyphosis, scapular
malignment, and scapulothoracic abnormal motion.** Evaluation of the athlete performing a pitch (live or video footage)
can be helpful as well, with attention to improper mechanics, such as late pelvic rotation or early trunk rotation, which can
cause less efficient transfer of energy and compensatory changes that increase trunk muscle strain and rib bone stress.*’

Most patients with rib bone stress injuries have tenderness, which can be pinpoint over the area of fracture or more
diffuse in nature.®*® In pitchers, special attention should be given to the first rib, as it may be affected more frequently than
the remaining ribs.>**?* The first rib can be palpated in the supraclavicular fossa, lateral and posterior to the sternoclei-
domastoid, where the middle scalene attaches to the first rib and the majority of first rib stress fractures occur.** Palpation
should be directed inferiorly given the course of the first thoracic rib behind the clavicle (Figure 1A). The posterior first rib
can be palpated by moving laterally from the C7 spinous process and pressing deep to the trapezius muscle (Figure 1B). In
contrast to first rib stress fractures, stress injuries of ribs 6—10 generally occur posterolaterally, while stress fractures of the
floating ribs (11-12) typically occur anteriorly at their distal tip due to mechanisms described earlier.”***’ Tenderness at
these specific locations should increase suspicion for stress fracture and the need for diagnostic imaging.

Most athletes with bone stress injuries of the ribs will have full active and passive range of motion in the shoulders
and cervical spine, but those with first rib fractures may have pain with certain shoulder movements, especially abduction

Figure | Palpating the First Rib. Palpation of the first rib anteriorly (A), and posteriorly (B). To palpate the first rib anteriorly, press inferiorly into the clavicular fossa, lateral
and inferior to the sternocleidomastoid muscle. To palpate the posterior first rib press lateral to the C7 spinous process, deep to the trapezius muscle.
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greater than 90 degrees.”'®#®*" Thoracic spine rotation and lateral flexion may also provoke pain in rib fractures,
whereas pain with forward flexion is more suggestive of discogenic back pain.

Activation of musculature that attaches to the injured rib may cause pain as well, for example activation of serratus
anterior with scapular protraction in injuries to ribs 1-8 (Table 1). More specifically, placing the cervical or thoracic spine
in the theorized position of injury, and then proceeding with specific resistive testing of the associated musculature, is
often the most effective method of eliciting the athlete’s pain. For example, if a right-handed pitcher complains of pain in
the right first rib during the late cocking phase of the pitching, have them sit on the table and position their cervical spine
in left lateral flexion and rotation, while the thoracic spine is placed in right rotation and extension to match positioning
of the spine during this phase. Resisted neck flexion (testing the anterior scalenes) and resisted posterior translation of the
humerus with the shoulder flexed to 90 degrees (testing the serratus anterior) in this position, maximizes force on the first
rib and is more likely to generate pain and aid in diagnosis than isolated muscle testing alone. Pain with deep inspiration
is also a common finding.”**?®

A full neurovascular exam of the bilateral upper extremities including strength and sensation testing should also be
performed, as vague exertional upper extremity pain may be due to peripheral nerve entrapment or vascular etiologies
such as peripheral vascular disease, deep vein thrombosis or thoracic outlet syndrome.*’ Strength and sensory exams, as

well as tests for shoulder impingement, biceps pathology, and labral injuries, should all be normal.®*

Diagnostic Imaging

Radiographs

Imaging often begins with a PA (posteroanterior) chest and oblique rib radiographs.*”*® However, given the difficulty
localizing pain in rib stress injuries, shoulder and cervical spine radiographs are often obtained at initial workup. Funakoshi
et al demonstrated that 46% of the first rib is visible on a shoulder x-ray, whereas 97% is visible on cervical spine x-rays.
Therefore, the authors recommend cervical spine and chest x-rays as initial screening for suspected first rib stress fracture.?*

The earliest sign of a stress fracture on conventional radiographs is the “gray cortex” sign; focal “graying” or lucency
of the cortical bone.* As the injury progresses, the area of stress reaction will coalesce into a lucent intracortical fracture
line or even a displaced fracture.® Faint linear foci of sclerosis may also be visualized, representing microcallus
formation.>® Given the subtlety of these findings, early radiographs are commonly negative until several weeks after
injury when periosteal reaction and callus formation occur, which can be seen as a hazy opacity around the area of bony
injury (Figure 2A and B).>'~?

Extrapolating from lower extremity stress fracture literature, x-ray has a sensitivity of roughly 28% at initial
presentation, increasing to 54-80% at follow-up (2—6 weeks later).>*>* Radiographic changes such as focal sclerosis
and periosteal bone formation occurred, on average, 25 days after the onset of symptoms.>* Reviews of traumatic rib
fractures also demonstrate poor sensitivity, with chest x-rays missing over 50% of fractures.’>>® Therefore, initial
negative x-rays, and even negative follow-up x-rays do not rule out a rib bone stress injury. If suspicion remains high
for rib fracture, advanced imaging is indicated.

Ultrasound

Sonographic findings may include fluid collection adjacent to the rib, with increased vascularity, as well as periosteal
elevation, subperiosteal hematoma, and increased posterior shadowing. Color Doppler ultrasound is also potentially beneficial
in detecting increased vascularity around the fracture callus formation, reflecting a healing fracture.”’ Studies evaluating
ability of therapeutic ultrasound to diagnose tibial stress fractures have shown variable results, with sensitivity ranging from
81.8% to 86% and specificity ranging from 66.6% to 77.27%, as compared to MRI and bone scintigraphy.”®>’

Therapeutic ultrasound (TUS) involves applying a frequency of up to 3 MHz to the site of a suspected fracture. The
patient reports on the level of pain perceived at each intensity, and the result is compared with the unaffected side. The
positive predictive value ranged from 41% to 99% and negative predictive value ranged from 13.4% to 51%.°

Ultrasound has advantages due to its ease of access without exposure to radiation, however it is not as sensitive as
MRI for assessing stress fracture, and the diagnostic quality of ultrasound is user dependent. Anatomically, the first rib is
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Figure 2 Radiographs/MRI of a Rib Stress Fracture. AP chest radiograph (A) zoomed in to visualize pathology (B) obtained weeks after chest pain began in a left-hand
dominant pitcher. The red arrowhead demarcates callous formation at the right 8th rib. On coronal (C) and sagittal MRI (D) the nondisplaced fracture is visualized (blue
arrowhead), with moderate osseous edema and callus formation at the fracture site.

also difficult to visualize. Additionally, retroscapular ribs and the infraclavicular portion of the first rib are difficult to
access via sonography.®'

CT Scan

There are limitations to consider when assessing ribs via chest computerized tomography (CT). A standard CT technique
is oblique to the anatomic long and the short axes of the rib, which makes interpretation of fractures difficult. However,
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the use of angulated thin-section helical CT offers the possibility of obtaining true axial slices of any selected rib,
allowing for a view analogous to those obtained for long tubular bones.®? Stress fracture findings include an intrame-
dullary area of bone sclerosis or osteolysis.

In lower limb stress fractures, the level of sensitivity was 32% and specificity was found to be 98%.%> However,
Gaeta et al found that CT can be superior to MRI (51% vs 41%) when analyzing cortical abnormalities such as
osteopenia, resorption cavity, and striation, which may be early lesions preceding a stress fracture. In the United
States, the annual effective dose from background radiation is on average 3 mSv/y; ranging from 1 to 10 mSv.** The
radiation from a typical chest CT is 7 mSyv, although a thin-sliced, focused study over the area of suspected pathology can
limit radiation exposure.®® Given the radiation exposure and decreased sensitivity, CT remains inferior to MRI and bone
scintigraphy for the detection of stress fractures.®®

Magnetic Resonance Imaging (MRI)

MRI of the chest wall (CW) can detect bone edema and lower grade injuries without cortical fracture.®® The ideal
sequence includes short tau inversion recovery (STIR) or fat-suppressed T2-weighted images. A T1 weighted image
depicts anatomy but does not detect edema as effectively.

Typical MRI features include rib periosteal or adjacent soft tissue edema and band-like bone marrow edema
(Figure 2C and D). MRI is also able to rule out other sources of bone or soft tissue pain. The best field of view for
the first rib, specifically, would be in the axial and sagittal plane. Coronal views are also useful for comparing to the
contralateral side, improving visualization of subtle changes. A small field of view in the area of suspected injury can
provide a more targeted evaluation, however there are no studies comparing different fields of view for rib injuries.
Though 1.5 Tesla (T) MRI has been shown to be comparable to 3T MRI in the assessment of BSI in the foot, the authors
recommend 3T MRI CW specifically for rib BSI.®” Anecdotally, this approach provides the highest quality visualization
of the ribcage, especially of subtle bone marrow edema.

There are accepted MRI classification systems (ie, Fredericson and Arendt) that can identify the severity of injury and
help guide expectations for return to play.®®®® However, it is difficult to extrapolate these leg-based systems to the
ribcage as the mechanics and load patterns vary significantly. In the authors’ experience, rib stress injuries with cortical
disruption and fracture lines extending across one or both cortices portend a less favorable prognosis and longer recovery.
Contrast studies are sometimes used to differentiate stress fracture from pathological fracture, however contrast studies
are not necessary in the great majority of rib BSI in sport.”%"!

Zero Echo Time (ZTE) MRI has been studied in its clinical relevance in assessing osseous features. A study of ZTE
MRI in the shoulder found that the majority of ZTE images provided superior visualization of osseous features when
compared with CT.”? In the setting of bone stress injury, MRI remains superior to CT, therefore more MRI studies of
ZTE are required to assess its clinical superiority over other imaging modalities.

Comparing MRI with bone scintigraphy in lower extremity stress fractures, the sensitivity of MR imaging was 100%
and the specificity was 86%.”* Fredericson et al performed radiographs, scintigraphy (technetium bone scan) and MRI
scans in runners with symptomatic leg pain and revealed that the exact anatomical region of the lesion could be defined
more precisely by MRI than by scintigraphy.®® Given the high sensitivity and specificity, MRI is considered the gold
standard imaging modality in the indentification of bone stress injuries.

Bone Scan

Historically, technetium bone scanning was an imaging modality of choice in the diagnosis of bone stress injuries due to
its high sensitivity, with ability to detect stress fractures as early as 7 hours after injury.”* In addition, the high sensitivity
meant that lack of uptake on bone scan beyond 3 days likely excluded a fracture.”* Radiopharmaceutical uptake at any
area of active bone turnover, however, can also lead to many false positives.”> These asymptomatic areas likely represent
normal remodeling of bone due to stress. In addition, bone scans expose patients to radiation of approximately 4.2 mSv.”®
This can be compared to 7 mSv for a standard-dose chest CT examination, and an average annual effective dose from
background radiation of 3 mSv per year.®*”” Given the risk of false positives and radiation exposure, MRI has usurped
bone scan as the preferred method of diagnosis.
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Treatment

Similar to other bone stress injuries, treatment of rib bone stress injury begins with a period of relative rest followed by
a gradual return to sport."' Athletes should be restricted from motions that can increase load on the injured rib such as
throwing, batting, and weightlifting. Patients with pain provoked by deep breathing should also restrict activities that lead to
increased ventilatory demands, such as cycling, as the muscles of inspiration can place additional strain on the ribs.

If pain control with relative rest is not adequate, additional pain control can be achieved with ice, acetaminophen and
nonsteroidal anti-inflammatory drugs (NSAIDs). Supportive taping of the ribs can also be used to decrease pain by reducing
excursion of the ribs during inspiration and upper extremity movements.”®’® Similarly, rib belts can be an easy and effective
tool in transitioning the athlete to higher levels of activity early in the recovery process. Supportive devices should be
discontinued as soon as the athlete is asymptomatic to ensure restoration of normal trunk mobility and strength can be
achieved during the rehab process. Some physicians prefer to avoid NSAIDs given animal studies which showed impaired
fracture healing, however these animal studies involved high doses of NSAIDs for prolonged periods of time.**!
Retrospective and prospective studies in humans, however, have shown that short courses of NSAIDs are not detrimental
to fracture healing, and thus a short course of NSAIDs, as needed, up to 14 days is likely safe after fracture.*>¥** It should
also be noted that pain is a good gauge of when an athlete can increase their physical activity. Therefore, care should be
taken to avoid masking pain, which could lead to an overly rapid return to sporting activities and prolonged disability.

As soon as pain free deep breathing is achieved, generally 2 days to a week after initiating rest, a staged rehabilitation
program can expedite return to play compared to prolonged rest.”® Training generally begins with nonimpact aerobic exercise
such as stationary biking without use of a grip, aquatic therapy, arm and leg cycling, and zero-gravity running to maintain
cardiovascular endurance.*”** Once low-impact activities can be performed for prolonged periods without pain, higher impact
activities such as running and jumping can be incorporated.®> At this point, athletes can also begin specific exercises aimed at
preventing future injuries. It is important to remember that the trunk musculature works both concentrically and eccentrically
during the process of overhead throwing, and that inadequate control of deceleration can be an underlying component of the
athlete’s injury. Consequently, eccentric muscle conditioning is an important component in promoting trunk stability and
reinforcing neuromuscular control, throughout the throwing motion. Athletes with groove type fractures of the first rib should
undergo stretching of the scalene muscles to decrease strain on the first rib, while those with lower rib stress fractures should
undergo core strengthening and stretching of the thoracic musculature, such as the serratus anterior and latissimus dorsi, in an
attempt to balance opposing forces on the lower ribs.”*** In addition, strengthening of specific muscles, such as the serratus
anterior has been suggested in the literature.*®®” This seems counterintuitive, given several of these fractures are partially
attributed to forces generated by the serratus anterior.*® Although there are no trials comparing specific strengthening of the
serratus anterior versus a generic rehabilitation program, it could be that strengthening of the muscle balances opposing forces,
and therefore neutralizes load on the affected rib.

After a couple of weeks, a slow return to sport-specific exercise can be initiated, including fielding drills, batting, and
a throwing program. Pitching mechanics should be evaluated at this time to fix any deficiencies, such as decreased hip
internal rotation (IR) during the wind-up phase or a lack of hip IR in the landing leg during follow through. Similarly,
a lack of hip external rotation in the driving leg can impact the timing of appropriate pelvic rotation. Late pelvic rotation
during the stride phase can lead to compensatory truncal muscle use and rib strain.*’ In addition, assessment of the range
of motion of the thoracic spine is also important, given the high rotational demands placed on the body during the late
cocking and follow-through phases of the pitching motion. Specifically, the combined motions of ipsilateral rotation and
side bend, referred to as rotexion in the manual therapy literature, should be evaluated in thoracic extension to ensure that
adequate thoracic mobility exists as the athlete transitions from the stride to late cocking phases of the throwing motion.
Similarly, ipsilateral side bend with contralateral rotation, referred to as latexion in the manual therapy literature, should
be assessed in thoracic flexion to ensure that adequate thoracic mobility is present in follow-through. Limitations in these
movements can be present from either soft-tissue or articular dysfunctions, so it is important to complete passive
intervertebral motion and rib mobility testing, in addition to the combined motion testing described above, to determine
the underlying etiology of the restriction when one is found. In the presence of normal passive vertebral and rib mobility
testing, restrictions in scapular and trunk muscle flexibility should be assessed.
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After 46 weeks of a gradual return to a throwing program, most bone stress injuries will heal uneventfully.
Radiographs can be useful at this time and will show bone healing with callus formation.® Asymptomatic patients
with evidence of bone healing on radiography can return to competition at this time. First rib and complete fractures are
at greater risk for nonunion, however, and may require a longer period of restricted activity (up to 6—12 months) for
healing.'®*’ In a retrospective cohort of 23 throwing athletes (primarily baseball players) with first rib stress fractures, 7
(29%) developed nonunion of the first rib at 7.5 months.** Fortunately, documented cases of nonunion in the literature
have been able to return to their previous levels of competition.'®

Physicians should also be mindful of other complications of rib fractures, including pneumothorax, thoracic outlet
syndrome, brachial plexus palsy, and Horner’s syndrome.®® Shortness of breath, decreased breath sounds, and asymmetric
lung sounds should prompt radiographs to look for a pneumothorax.” Nonunion or excessive callus formation can lead to
thoracic outlet syndrome, and thus any patient with clinical signs of claudication, pallor, swelling or weakness in the arm
should be worked up further with imaging of the brachial plexus and subclavian artery/vein.”'”* The proximity of the first
rib to the carotid artery and sympathetic chain also places patients with first rib fractures at risk of carotid injury manifesting
as Horner’s syndrome (classically described as ptosis, miosis, and anhidrosis), which would require additional workup to
evaluate the integrity of the carotid artery.”>*** When thoracic outlet syndrome, brachial plexus injury or other injury to
surrounding structures is diagnosed, referral to surgery for resection of callus and a portion of the first rib is indicated.”®

Lastly, there has been recent interest in the use of ultrasonic (low-intensity ultrasound and extracorporeal shockwave
therapies), orthobiologic injections, as well as bone stimulator units to expedite bone healing.”> Evidence supporting
these modalities is currently lacking, although there may be some data supporting bone stimulator therapy for higher
grade or recalcitrant stress fractures.”® *® Additionally, teriparatide has shown promise in improving fracture healing and

bone strength in animal studies, and human studies are ongoing.”®"'*

Prevention

Since prior stress fractures are the strongest predictor of future stress injury, considerable treatment emphasis should be placed
on preventing recurrent stress fracture.>> As above, athletes should work with a pitching coach to correct any improper
throwing techniques. Thorough biomechanical evaluation of the spine, shoulders and hips, with early recognition and
treatment of joint restrictions can be key to reducing compensatory trunk muscle activation that may predispose athletes to
rib injuries.'**° In addition to assessment of hip and thoracic range of motion as mentioned in the treatment section, pitchers
frequently demonstrate segmental motion limitations in the cervical and shoulder regions. Glenohumeral internal rotation
deficit (GIRD), described as increased shoulder external rotation and decreased internal rotation of the dominant throwing
arm, is commonly discussed in the literature, and may be due to osseous adaptation to pitching with glenohumeral retro-
version, or selective stretching of the anterior capsule and tightening of the posterior capsule.'®! Although adaptive GIRD may
show protective effects at the shoulder, studies of kinematics on pitchers with GIRD showed significantly decreased trunk
rotation, shoulder adduction, and increased shoulder rotation during pitching compared to a control group without GIRD. This
suggests inefficient transfer of energy from the trunk to the upper extremity, and the possibility of increased load/injury to
surrounding tissues.'%*'%* To address the deficits in internal shoulder rotation, stretches such as the cross-body stretch, sleeper
stretch, and corner pectoralis stretch have been demonstrated to be effective.'® Studies also show an association between
restricted neck flexion/rotation and pitching injuries.'® Although the pathophysiology is unclear, it is hypothesized that
limited cervical range of motion can interfere with the ability to maintain head stability while the trunk rapidly flexes, twists
and side bends during pitching. This could contribute to increased stress on the scalene muscles as they work to maintain head
stability, with consequent increased stress to the first rib, although this is speculative at this point.

Furthermore, the muscles which attach to the ribs (Table 1) should also be assessed for weakness, strength imbalances, or
tightness that could lead to unequal tensile, or torsional forces on the ribs. Specifically, imbalances in pull from the serratus
anterior and scalene muscles are thought to contribute to first rib fractures, while imbalances in the external obliques,
latissimus dorsi, and serratus anterior may contribute to lower rib fractures. If weakness or tightness is detected,
strengthening and stretching are important to balance opposing muscular forces and neutralize the forces on the rib.

It is also important to remember that the deceleration phase of pitching can contribute to injury given the extreme
velocities obtained with pitching. During the deceleration phase, eccentric muscle contractions are required to stabilize and
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slow rotation of the trunk and throwing arm which can generate high forces on the muscle, and in turn, their bony/tendinous
origins. Thus, eccentric muscle conditioning is important for inducing adaptive changes in muscle that can improve trunk
stability and reduce injury in the deceleration phases of pitching.'®® Commonly recommended eccentric abdominal
exercises include diagonal abdominal chops, cable rotations, and eccentric trunk rotation/extension (Figure 3A—H).

Figure 3 Eccentric Abdominal Exercises. Three eccentric abdominal exercises consisting of a half-kneeling diagonal chop (A and B), a standing cable rotation (C, D and E),
and eccentric trunk rotation with extension utilizing a glute ham bench (F, G and H). For the half-kneeling diagonal chop, the athlete starts in position (A) and controls the
movement of his upper extremities against the resistance band until reaching position (B) meanwhile keeping the trunk still. Standing cable rotations are performed starting
in position (C) with the arm close to the body. The athlete then extends his elbow while maintaining rotation of his trunk (D), followed by controlled rotation to the

opposite side (E). Lastly, eccentric trunk rotation with extension is performed starting in position (F) on a glute ham bench. The athlete then side bends his body into
position (G) followed by rotation and extension into position (H).
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Furthermore, care should be taken to avoid overtraining. Athletes should also be taught to monitor for early signs of pain, as
early recognition and adequate rest may prevent progression to stress fracture.”!
A metabolic workup, especially measurement of 25-hydroxy vitamin D level, is often helpful given the association

between low vitamin D levels and stress fracture.!?”-1%%

If vitamin D deficiency is discovered, supplementation has been
shown to decrease the risk of stress fracture.'%!1° Supplementation with calcium, on the other hand, has less evidence,
but may also be beneficial in preventing the risk of stress fracture.'”>'"! This is supported by studies linking low bone
mineral density (BMD) and stress fracture, as well as the association of increased calcium intake and higher BMD.'''~!!?
Finally, in females, low ferritin and iron levels have been found to correlate with a higher risk of stress fractures, however
this association has not yet been demonstrated in males.''*'"3

In cases of repeat stress fracture, bone density scans can be helpful in ruling out low or excessively high BMDs,
which may benefit from an endocrinology referral and further evaluation of the hormones involved in bone
homeostasis.'”® Despite the association of low BMD and stress fracture, prophylactic treatment with bisphosphonates
has not been shown to be effective in reducing stress fracture in military recruits.''® Additionally, animal studies have
shown impaired healing of stress fracture with the use of bisphosphonates.''”:''®

Finally, athletes should be examined for relative energy deficiency in sport using tools such as the RED-S clinical
assessment tool, which assesses several risk factors for stress fracture such as low body mass index (BMI), caloric intake,
low BMD, and amenorrhea. An assessment of 323 college female athletes using this tool to stratify athletes into low,
moderate, or high risk of stress fracture, found that moderate-risk athletes were 2.6 times more likely to develop bone stress
injuries, and high-risk athletes were 3.8 times more likely.''” In a study of male college athletes using a modified risk
calculator, each 1 point increase in the cumulative risk score was associated with a 37% increased risk of a bone stress
injury.'?® Therefore, these risk assessment models exemplify the importance of nutrition optimization, adequate energy
availability, and appropriate BMI to maintain appropriate bone health. Consultation with the team sports dietician is
recommended to ensure adequate caloric intake and individualize nutrient requirements both during recovery and for

secondary prevention.

Conclusion

Although studies have not defined the incidence of rib stress fractures in pitchers, the repetitive forces though the core
and trunk required to generate arm acceleration in professional pitching appears to put these elite athletes at risk of bone
stress injury. Typically, pitchers present with poorly localized, insidious onset of pain on the dominant throwing side,
worse with the late cocking and early acceleration phases of pitching. They often describe vague pain at the base of the
neck, scapula, shoulder, or chest wall without a well-defined area of tenderness. As a result, these injuries are often
underrecognized and misdiagnosed in the early stages, which puts the athlete at risk of injury progression and prolonged
recovery. We recommend a heightened index of suspicion of rib bone stress injury in pitchers and considering advanced
imaging with MRI Chest Wall (3T) early.

Once diagnosed, assessment of modifiable biomechanical and metabolic risk factors is essential for guiding management,
as well as secondary prevention. We specifically recommend a rehabilitation program focused on improving pitching
mechanics, targeting deficits in the kinetic chain (such as decreased hip/pelvic/truncal mobility, as well as core weakness),
and imbalances in opposing trunk musculature (ie, first rib: scalene vs serratus anterior, and middle ribs: serratus anterior vs
external oblique). Bone health and metabolic profile should be investigated with consideration for DEXA scan, vitamin D and
ferritin levels, especially in cases of recurrent injury. With increased awareness, early diagnosis and appropriate management,
we can optimize care in elite pitchers and expedite safe return to play.
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