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            Abstract

            
               
Background: The sternum is a crucial component of the thoracic cage. Its articulations and divisions play an important role in providing
                  structural support to the thoracic cage and facilitating movements. The body of the sternum originates from four mesenchymal
                  bars known as sternebrae, Incomplete fusion of the sternebrae or failure of fusion can lead to the development of a sternal
                  foramen. The clinical significance of a sternal foramen lies in the potential risks associated with medical procedures such
                  as acupuncture or sternal puncture for bone marrow biopsy. 
               

               Materials and Methods: A study was conducted on 100 sterna at K. J. Somaiya Medical College to find out the presence of sternal foramen, to study
                  their site, size and shape and to discuss its clinical Implications. 20% of the specimens were found to possess a sternal
                  foramen. 
               

               Result: The vertical to transverse diameter of these foramina were in the range of 4.4 – 6.9mm. Most of the foramen were found to
                  be at the level of 3rd and 4th costal notches followed by Xiphoid process. The study also observed the variations in the shape of the manubrium and the
                  body of the sternum and the variations of the Xiphoid process. 
               

               Conclusion: Failure to recognize the presence of sternal foramina can pose serious risks during medical procedures, potentially leading
                  to damage to the pericardium and heart. Therefore, it is essential for healthcare practitioners to be aware of these variations
                  and consider obtaining X-ray or CT scans to assess sternum morphology before performing invasive procedures. The study emphasizes
                  the importance of comprehensive anatomical knowledge and careful clinical assessment when dealing with the sternum and underscores
                  the need for precautionary measures to prevent complications associated with sternal foramina.
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               Introduction

            The sternum, also known as the breastbone, is indeed a crucial component of the thoracic cage. It is divided into three parts:
               the manubrium (prosternum), the body of the sternum (mesosternum), and the xiphoid process (metasternum). Manubrium (Prosternum)
               is the superior part of the sternum. It is identified by the suprasternal notch in the midline and the clavicular notches
               laterally. The manubrium articulates laterally with the sternal end of the clavicle, forming the sternoclavicular joint. Additionally,
               it articulates with the first and second costal cartilages, forming the first and second chondrosternal joints, respectively.1 Body of the Sternum (Mesosternum) is curved anteriorly and concave posteriorly. It articulates superiorly with the manubrium
               forming the manubriosternal joint and inferiorly with the xiphoid process forming the xiphisternal joint. Laterally, it features
               articulations for the third to sixth costal cartilages.2 Xiphoid Process or Metasternum is the most inferior and shortest part of the sternum. It exhibits considerable variation in
               shape and size among individuals. It articulates laterally with the inferior portion of the seventh costal cartilage. These
               articulations and divisions of the sternum play important roles in providing structural support to the thoracic cage and facilitating
               movements of the ribcage during breathing and other activities.3

            The sternum develops from the fusion of two cartilaginous sternal plates during fetal development. Initially, two bars of
               cartilage merge towards each other in eighth week of gestation to form the manubrium and the body of the sternum. The body
               of the sternum originates from four mesenchymal bars known as sternal bars. Chondrification of these bars occurs from cranial
               to caudal, forming sternebrae. Ossification typically begins around the tenth week of gestation. The sternum is ossified from
               six ossification centers: one for the manubrium, four for the body of the sternum, and one for the xiphoid process. The ossification
               centers for the upper part develop earlier and progress downwards over time. The timing of appearance of ossification centers
               follows a specific pattern, with the ossification centers for the manubrium and the initial pieces of the body of the sternum
               appearing first.4 Incomplete fusion of the sternebrae or failure of fusion can lead to the development of a sternal foramen. This foramen,
               which can vary in size and shape, is typically located between the third and fourth sternebrae. The occurrence of a sternal
               foramen is attributed to irregular union, variations in the number and position of ossification centers, and the level of
               completeness in fusion. The clinical significance of a sternal foramen lies in the potential risks associated with medical
               procedures such as acupuncture or sternal puncture for bone marrow biopsy. Failure to recognize the presence of a sternal
               foramen can lead to serious complications, including damage to the pericardium and heart, highlighting the importance of thorough
               anatomical knowledge and careful clinical practice.5 
            

         

         
               Aim of the Study

            
                  
                  	
                     To study the presence or absence of sternal foramen, 

                  

                  	
                     To study the site, size, shape and number of sternal foramina 

                  

                  	
                     To study the shape of the sternal bone

                  

                  	
                     To underscore the possible clinical implications for patients with sternal foramina, outline essential guidelines for safely
                        conducting sternal procedures in the presence of this anomaly and to prevent misinterpretations in radiological and pathological
                        assessments.
                     

                  

               

            

         

         
               Materials and Methods

            100 dried human adult sterna were studied in the Department of Anatomy of K. J. Somaiya Medical College, Sion, Mumbai. They
               were grossly examined for the different shapes, presence and absence of sternal foramen, the location of the foramen and variations
               in the shape of the sternum. The size of the sternal foramen was measured with the help of digital vernier callipers. Photographic
               were taken for documentation.
            

         

         
               Results

            In this study, 20 sterna showed the presence of sternal foramen. Single sternal foramen in the body of the sternum was noted
               in 14 bones, 2 bones showed the presence of a translucent gap instead of a complete foramen, in 4 bones a foramen was observed
               in the xiphoid process of which 3 foramina were complete and one was incomplete.
            

            The shape of the sternum was observed as normal flat shape in 42 sterna, longitudinal in 36 and oval in 22 specimens. The
               shape of the manubrium also showed variations, Triangular shape was seen in 20 specimens, quadrangular manubrium was observed
               in 65 and trapezoid shape in 15 specimens.
            

            A number of variations were observed in the Xiphoid process, bifid Xiphoid was most prevalent seen in 33 specimens, other
               shapes observed were triple Xiphoid in 1 specimen, hook like in 2 specimens, reverse S shaped in 1 specimen, elongated in
               3 specimens, curved ventrally in 1 specimen and curved dorsally in 1 specimen.
            

            
                  
                  Table 1

                  No. of specimens showing presence of sternal foramen
                  

               

               
                     
                        
                           	
                              
                           
                           
                              Sternal Foramen
                              
                           

                           
                        
                        	
                              
                           
                            No. of specimens %

                           
                        
                        	
                              
                           
                            Location of Foramen

                           
                        
                     

                     
                           	
                              
                           
                            3rd costal notch

                           
                        
                        	
                              
                           
                            4th costal notch

                           
                        
                        	
                              
                           
                            5th costal notch

                           
                        
                        	
                              
                           
                            6th costal notch

                           
                        
                        	
                              
                           
                            7th costal notch

                           
                        
                     

                     
                           	
                              
                           
                           Presence of SF in body of sternum

                           
                        
                        	
                              
                           
                            14

                           
                        
                        	
                              
                           
                            5

                           
                        
                        	
                              
                           
                            4

                           
                        
                        	
                              
                           
                            2

                           
                        
                        	
                              
                           
                            1

                           
                        
                        	
                              
                           
                            2

                           
                        
                     

                     
                           	
                              
                           
                           Translucent gap in body of sternum

                           
                        
                        	
                              
                           
                            2

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            1

                           
                        
                        	
                              
                           
                            1

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                     

                     
                           	
                              
                           
                           Presence of SF in Xiphoid process

                           
                        
                        	
                              
                           
                            4

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                     

                  
               

            

            

            
                  
                  Table 2

                  Size of sternal foramen in mm with vernier calliper
                  

               

               
                     
                        
                           	
                              
                           
                           
                              No. of foramen
                              
                           

                           
                        
                        	
                              
                           
                            3rd costal notch

                           
                        
                        	
                              
                           
                            4th costal notch

                           
                        
                        	
                              
                           
                            5th costal notch

                           
                        
                        	
                              
                           
                            6th costal notch

                           
                        
                        	
                              
                           
                            7th costal notch

                           
                        
                        	
                              
                           
                            Xiphoid process

                           
                        
                     

                     
                           	
                              
                           
                           1

                           
                        
                        	
                              
                           
                            3.65 x 7.5

                           
                        
                        	
                              
                           
                            6.38 x 10.4

                           
                        
                        	
                              
                           
                            4 x 5 

                           
                        
                        	
                              
                           
                            4.65 x 7.35

                           
                        
                        	
                              
                           
                            3.28 x 10.1 

                           
                        
                        	
                              
                           
                            5.5 x 4.5

                           
                        
                     

                     
                           	
                              
                           
                           2

                           
                        
                        	
                              
                           
                            4 x 10

                           
                        
                        	
                              
                           
                            3.2 x 7.55

                           
                        
                        	
                              
                           
                            3.12 x 6.5

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            5 x 8,5

                           
                        
                        	
                              
                           
                            3.8 x 7.3

                           
                        
                     

                     
                           	
                              
                           
                           3

                           
                        
                        	
                              
                           
                            5.35 x 7.22

                           
                        
                        	
                              
                           
                            4 x 5.24

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            4.2 x 3.5

                           
                        
                     

                     
                           	
                              
                           
                           4

                           
                        
                        	
                              
                           
                            4 x 10.55

                           
                        
                        	
                              
                           
                            5.5 x 4.5

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            Incomplete

                           
                        
                     

                     
                           	
                              
                           
                           5

                           
                        
                        	
                              
                           
                            5..81 x 1.67

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                     

                     
                           	
                              
                           
                           Translucent gap

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            11.72 x 8

                           
                        
                        	
                              
                           
                            5.3 x 3.92

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -

                           
                        
                     

                  
               

            

            

            
                  
                  Figure 1

                  Specimens showing presence of sternal foramen; A): Photographic presentationof normal sternum; B): Photographic presentation of sternal foramen at seventh costal notch level; C): Photographic presentation of sternal foramen at sixth costal notch level; D): Photographic presentation of sternal foramen at fifth costal notch level; E): Photographic presentation of sternal foramen at forth costal notch level; F): Photographic presentation of sternal foramen at third costal notch level; G): Photographic presentation of translucent sternal foramen; H): Photographic presentation of translucent sternal foramen
                  

               
[image: https://typeset-prod-media-server.s3.amazonaws.com/article_uploads/23cca5ed-7d8b-4309-9b5a-96c66cec875a/image/998c5c3c-e330-42c7-b925-90d1f40d5f6d-uimage.png]

            

            

            
                  
                  Table 3

                  No. of specimens showing variations in shape of manubrium and sternum
                  

               

               
                     
                        
                           	
                              
                           
                            Shape of manubrium

                           
                        
                        	
                              
                           
                            Shape of sternum

                           
                        
                     

                     
                           	
                              
                           
                            Triangular

                           
                        
                        	
                              
                           
                            Quadrangular

                           
                        
                        	
                              
                           
                            Trapezoid

                           
                        
                        	
                              
                           
                            Normal Flat

                           
                        
                        	
                              
                           
                            Longitudinal

                           
                        
                        	
                              
                           
                            Oval

                           
                        
                     

                     
                           	
                              
                           
                            20

                           
                        
                        	
                              
                           
                            65

                           
                        
                        	
                              
                           
                            15

                           
                        
                        	
                              
                           
                            42

                           
                        
                        	
                              
                           
                            36

                           
                        
                        	
                              
                           
                            22

                           
                        
                     

                  
               

            

            

            
                  
                  Table 4

                  No. of specimens showing variations in Xiphoid process
                  

               

               
                     
                        
                           	
                              
                           
                            Normal

                           
                        
                        	
                              
                           
                            Bifid

                           
                        
                        	
                              
                           
                            Triple

                           
                        
                        	
                              
                           
                            Hook like

                           
                        
                        	
                              
                           
                            Reverse S shaped

                           
                        
                        	
                              
                           
                            Elongated

                           
                        
                        	
                              
                           
                            Ventral deviation

                           
                        
                        	
                              
                           
                            Dorsal Deviation

                           
                        
                     

                     
                           	
                              
                           
                            58

                           
                        
                        	
                              
                           
                            33

                           
                        
                        	
                              
                           
                            1

                           
                        
                        	
                              
                           
                            2

                           
                        
                        	
                              
                           
                            1

                           
                        
                        	
                              
                           
                            3

                           
                        
                        	
                              
                           
                            1

                           
                        
                        	
                              
                           
                            1

                           
                        
                     

                  
               

            

            

            
                  
                  Figure 2

                  Showing variations in the shape of sternum, manubrium and xiphoid process; A): Photographic presentation of quadrangular shape of manubrium; B): Photographic presentation of Triangular shape manubrium; C): Photographic presentation of trapezoid shape manubrium; D): Photographic presentation of flat shape of stemum; E): Photographic presentation of longitudinal shape of sternum; F): Photographic presentation of oval shape of sternum; G): Photographic presentation of bifid xiphoid process; H): Photographic presentation of bifid xiphoid process- Separate stems
                  

               
[image: https://typeset-prod-media-server.s3.amazonaws.com/article_uploads/23cca5ed-7d8b-4309-9b5a-96c66cec875a/image/31f0542a-be44-4812-aa21-e3ee95271668-uimage.png]

            

            
                  
                  Figure 3

                  Showing variations in the xiphoid process; A): Photographic presentation of triple xiphoid prosess; B): Photographic presentation of elongated xiphoid process; C): Photographic presentation of ventral deviation of xiphoid process; D): Photographic presentation of dorsal deviation of xiphoid process; E): Photographic presentation of hook like xiphoid process; F): Photographic presentation of reverse shape xiphoid process; G): Photographic presentation of incomplete xiphoid  foramina; H): Photographic presentation of complete xiphoid foramina
                  

               
[image: https://typeset-prod-media-server.s3.amazonaws.com/article_uploads/23cca5ed-7d8b-4309-9b5a-96c66cec875a/image/3b2cdf7a-3afa-4fda-9bf6-31252dd98011-uimage.png]

            

         

         
               Discussion

            The sternum originates from the transformation of bilateral sternal plates during embryonic development. Fusion of these plates
               with the ribs commences approximately during the 10th week of fetal life. Following this, the process of sternal bone formation
               takes place through endochondral ossification, which is governed by specific ossification centers situated in both the manubrium
               (one center) and the mesosternum (three centers). Ossification progresses along distinct segments within the mesosternum,
               termed as sternebrae. Morphological changes in size and structure occur in the sternum until around the age of 30, with segmental
               fusion potentially continuing until about the 25th year of life. In cases where fusion is hindered, it can lead to the manifestation
               of a cleft sternum or sternal foramen. Sternal foramina denote particular structural anomalies within the sternum.6 Defects in the partial fusion of cartilage bars can result in the formation of openings within the sternum. These sternal
               foramina may emerge in the manubrium, body, or xiphoid process. Their presence signifies an impaired fusion of ossified segments,
               which can manifest in any anatomical region of the sternum.7 Various studies in the literature have reported a prevalence of sternal foramina ranging from 6% to 20%. In a study conducted
               by Paraskevas et al.,8 the incidence was found to be 18.3%, which closely aligns with our own findings. Interestingly, Paraskevas et al. observed
               one specimen with multiple xiphoid foramina, a feature not encountered in our study. Other investigations, such as those by
               Gkantsinikoudis et al.9 (14.2% in males, 6.6% in females), Kirum et al.10 (12.9%), Busaid et al. 11 (13.8%), Arumugam12 (14%), and Babinski et al.13 (16.6%), reported incidences ranging between 12% to 16%. However, Cooper PD et al.14 reported a notably lower incidence of sternal foramina at 6.7%, along with the observation of a manubrial foramen in one
               specimen. Arumugam, in a study of 80 dry sterna, noted a foramen in 2% of the manubria, a relatively rare occurrence. In contrast,
               our study did not observe any foramina in the manubrium. Similarly, other authors like Kumarasamy et al.,15 Kumar et al.,16 and Tandon et al.17 noted sternal foramina in only one specimen each in their respective studies. Furthermore, a multidetector CT study by Duraikannu
               et al.18 depicted well-corticated, round to oval-shaped defects in the midline of the sternal body, with an average diameter of 6
               mm, with the largest foramen measuring 11 mm. They also identified a specimen with multiple foramina in the body and xiphoid,
               and another specimen in which the foramen was not completely formed or was translucent, a phenomenon they termed as a 'Pseudoforamen',
               similar to observations made in our study. In our current investigation, the sternal foramina exhibited oval or round shapes,
               consistent with previous studies mentioned earlier. The average vertical and transverse diameters of the sternal foramina
               reported in the literature ranged from 3.4mm to 6.7mm. However, in our study, we found that the mean vertical diameter was
               4.4 mm and the mean transverse diameter was 6.9mm. Interestingly, the maximum vertical diameter observed in the translucent
               gap was 11.72mm, surpassing measurements from other studies. In a cadaveric examination conducted by Selthofer et al.,19 the standard shape of the sternal body was described as longitudinal or oval. More recently, in a study by Bayarogullari
               et al.20 assessing the postnatal development of the sternum using MDCT, the flat type was the most commonly observed. In our investigation,
               we found that the flat type was present in 42% of the specimens examined.
            

            
                  
                  Table 5

                  Incidence of sternal foramina in the literature
                  

               

               
                     
                        
                           	
                              
                           
                           
                              Study
                              
                           

                           
                        
                        	
                              
                           
                            No. of specimens

                           
                        
                        	
                              
                           
                            Percentage of sternal foramen observed

                           
                        
                        	
                              
                           
                            Mean diameter of SF (Vertical – Transverse)

                           
                        
                     

                     
                           	
                              
                           
                           Cooper PD et al (1988)

                           
                        
                        	
                              
                           
                            2016 Radiographs

                           
                        
                        	
                              
                           
                            6.7

                           
                        
                        	
                              
                           
                            

                           
                        
                     

                     
                           	
                              
                           
                           Busaid et al (2012)

                           
                        
                        	
                              
                           
                            80

                           
                        
                        	
                              
                           
                            13.8

                           
                        
                        	
                              
                           
                            

                           
                        
                     

                     
                           	
                              
                           
                           Babinski et al (2012)

                           
                        
                        	
                              
                           
                            180

                           
                        
                        	
                              
                           
                            16.6

                           
                        
                        	
                              
                           
                            5.5 – 4.5

                           
                        
                     

                     
                           	
                              
                           
                           Paraskevas et al (2015)

                           
                        
                        	
                              
                           
                            60

                           
                        
                        	
                              
                           
                            18.3

                           
                        
                        	
                              
                           
                            4.4 -3.4

                           
                        
                     

                     
                           	
                              
                           
                           Gkantsinikoudis et al (2017)

                           
                        
                        	
                              
                           
                            35 (20 males and 15 females)

                           
                        
                        	
                              
                           
                            14.2 in male, 6.6 female

                           
                        
                        	
                              
                           
                            5.1- 4.8

                           
                        
                     

                     
                           	
                              
                           
                           Kirum et al (2017)

                           
                        
                        	
                              
                           
                            85

                           
                        
                        	
                              
                           
                            12.9

                           
                        
                        	
                              
                           
                            

                           
                        
                     

                     
                           	
                              
                           
                           Arumugam et al (2018)

                           
                        
                        	
                              
                           
                            80

                           
                        
                        	
                              
                           
                            14

                           
                        
                        	
                              
                           
                            

                           
                        
                     

                     
                           	
                              
                           
                           Present study (2024)

                           
                        
                        	
                              
                           
                            1002

                           
                        
                        	
                              
                           
                            20

                           
                        
                        	
                              
                           
                            4.4 – 6.9

                           
                        
                     

                  
               

            

         

         
               Clinical Significance

            Individuals with a sternal foramen typically do not exhibit symptoms, and the presence of the defect is often discovered incidentally
               through radiological imaging or during midline sternotomy procedures. Despite appearing minor, a sternal foramen holds significant
               clinical implications that are frequently overlooked by clinicians, acupuncturists, radiologists, and pathologists. The clinical
               significance of this defect becomes evident during procedures in the region, such as bone marrow biopsy or acupuncture, where
               the sternum's proximity to mediastinal structures exposes the lungs, heart, and major blood vessels to potential harm. Complications
               stemming from sternal puncture have been documented in medical literature, including inadvertent puncture of retrosternal
               organs like the heart and lungs, which can lead to conditions such as tamponade or pneumothorax. Instances of fatal cardiac
               tamponade following sternal puncture in the lower part of the sternum associated with a congenital sternal foramen have been
               reported.21 On oblique radiographs, sternal foramina may be detectable, although the superimposition of mediastinal structures can partially
               obscure the anomaly. Helical or Multislice CT imaging provides the clearest visualization of bone structures without superimposition
               and is the preferred imaging modality for confirming the diagnosis of sternal foramina. However, in cross-sectional imaging
               of the sternum, sternal foramina can be mistakenly interpreted as osteolytic lesions.22 Other variations of the sternum include a double-ended xiphoid process and a single xiphoid foramen. A cleft sternum, resulting
               from the incomplete midline fusion of the sternum, exposes the heart and major blood vessels and is often associated with
               craniofacial haemangioma and omphalocele. Sternal foramina may also be linked with accessory fissures in the left lung. Performing
               blinded sternal interventions in patients with a sternal foramen can lead to fatal injuries in the pericardium, right ventricle
               of the heart, or aorta. In lean individuals, the distance between the skin and the pericardium is typically only about 10-20
               mm. Among reported injuries resulting from a lack of awareness of sternal foramina, 14 cases involved cardiac tamponade, eight
               of which were fatal.23 Therefore, it is essential to review previous CT scans or conduct pre-procedural ultrasound scans to exclude the presence
               of a sternal foramen before undertaking such interventions. It is imperative to exercise caution when inserting a needle,
               particularly if it seems to be penetrating deeper than the level of the adjacent sternal surface, which may indicate the presence
               of a sternal foramen (SF). Needles should be directed towards the upper part of the sternal body to avoid the 'danger zone'
               located between the fourth and sixth costochondral junctions. Additionally, conducting a sternal biopsy under CT guidance
               enhances safety.24 Furthermore, awareness of this anomaly holds significance in forensic medicine. The presence of sternal holes can potentially
               be misinterpreted as penetrating traumatic injuries or instances of bullet penetration, or they may be mistaken for acquired
               lesions such as fractures or lytic lesions.25 Therefore, understanding the existence of sternal foramina is crucial for accurate forensic evaluation.
            

         

         
               Conclusion

            Awareness of this variation is crucial for radiologists, clinicians, and forensic experts alike. Before conducting intrinsic
               procedures such as bone marrow biopsy or acupuncture, it's essential to consider the presence of  potential sternal foramen
               for serious complications like cardiac tamponade and pneumothorax following sternal puncture. Therefore, it is advisable to
               obtain radiographs to rule out sternum variations before proceeding with such procedures. This precaution can help mitigate
               the risk of adverse outcomes associated with sternal puncture in individuals with S.
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