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  Figure 1.   Flowchart of   the   process undertaken  throughout the project, beginning at the   dissection  of fresh human cadaveric thumb to image analysis.    
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The enthesis (plural, entheses) is the tendon or ligament-to-bone attachment interface where there is a graded increase in matrix mineralisation and decrease in collagen fibre orientation when transitioning from soft tissue to bone. Four distinct zones have been described in the literature in fibrocartilaginous entheses, namely: dense fibrous connective tissue, uncalcified fibrocartilage, calcified fibrocartilage and bone. Essentially, the entheses play a crucial role in the function of the musculoskeletal system as it allows force from ligament or tendon to be transmitted across smoothly to the bone. In fact, the graded interface is so well-adapted to its function of dissipating force that failures involving ligament and tendon often occur at sites other than the entheses. However, the complexity of the entheseal structure also means that the intricate zones that form the interface may not be re-established following injury. As a consequence, the failure of the entheses to regenerate poses a significant challenge for clinical repair and recovery following injuries involving the ligament, tendon and bone.

One of such injuries that is commonly seen in clinical practice is a Jersey finger injury which is the avulsion of the flexor digitorum profundus (FDP) tendon from the distal phalanx. This type of injury most frequently affects athletes and occurs when a player’s finger is caught onto the jersey of another player in motion. This scenario leads to hyperextension of the distal interphalangeal joint while the proximal interphalangeal joint remains flexed. Although many surgical methods are currently used to treat Jersey finger injury such as button pull-out, internal suture and bone anchors, post-surgical morbidity warrants the search for alternative treatment methods. This includes the application of interfacial tissue engineering, where a graft can be designed to replace the injured attachment site. In order to design an anatomically accurate FDP enthesis graft for repair of a Jersey finger injury, the anatomy of the enthesis such as the difference in thickness of various zones and attachment angle of tendon fibres must be established to inform graft design.
With 3 primary objectives in mind, this project aimed to examine the microanatomy of the flexor pollicis longus (FPL) entheses through the processes outlined in Figure 1 and draw comparisons with the FDP of the other fingers. This project adopted the methods used by Jeremy Mortimer, PhD student in the Paxton Lab who studies the structure of entheses at the distal finger and performs cell culture experiments to design a replacement graft for patients with this injury.
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Objective 1: Dissection of human thumb

The purpose of the dissection of fresh frozen human thumb was to obtain the distal phalanx with intact FPL attachment. During this process, the gross anatomy of the human thumb was also appreciated such as the fibrous flexor digital sheath that was seen after a superficial midline incision was performed. Besides that, the pulley systems of the thumb (annular and cruciate pulleys) could also be identified. 

Objective 2: Histological processing of dissected specimens

Histological processing included the preparation of dissected specimens for sectioning, using the microtome to obtain thinly-sliced specimen sections of 10μm in size and staining of sectioned specimens. The slides that were obtained after sectioning were stained with three different types of stain, namely, Haematoxylin and Eosin (H&E), Toluidine Blue and Van Gieson’s. Different stains were used because each stain features distinct structures in the entheses (e.g. collagen fibres highlighted by the Van Gieson’s stain).

Objective 3: Image analysis of the entheses

The stained slides were scanned using the Nanozoomer XR Slide Scanner to obtain high quality images for analysis through ImageJ software (NIH, USA). Using these scanned images, the angle at which the FPL tendon fibres attach to the distal phalanx was calculated based on the method previously used by Jeremy Mortimer in the Paxton Lab, modified from Beaulieu et al., (2015). The importance of the entheseal attachment angle has been highlighted previously in the literature where correlation between attachment angle and stress concentration at tendon fibres have been shown. Essentially, a more acute attachment angle would cause more stress to concentrate at the tendon fibres which become more vulnerable to injury.

Project Outcomes and Experience Gained by the Student (no more than 700 words)

Objective 1: Dissection of fresh human thumb to obtain distal phalanx with attached FPL tendon

In the process of dissecting the cadaveric hands to obtain the distal phalanx with intact FPL attachment for further histological processing, several key experiences were also gained such as:

a) witnessing first-hand the process of body donation and the steps undertaken when the donor’s body was received by the University of Edinburgh.

b) identification and safe use of laboratory instruments in dissection such as the scalpel, blade, scissors and bone nibblers.

c) performing the process of dissection while best visualising the the gross anatomy of internal structures of the human thumb without causing significant damage to the distal phalanx and FPL tendon.

d) identification of gross anatomical structures of the human thumb like the fibrous digital sheath, vincula and vessels. 

e) correlating the anatomical structures seen during dissection with functional, clinical and surgical relevance such as the importance of the A2 and A4 annular ligaments in the prevention of bowstringing of tendon during finger flexion and surgical excision of the A1 annular ligament during the repair of trigger finger deformity.

f) drawing comparisons between the gross anatomical structures seen in the human thumb and other fingers as summarised in Table 1 below.
	Thumb (1st digit)
	Other fingers (2nd, 3rd, 4th and 5th digits)

	
	

	Consisted of 2 phalanges
	Consisted of 3 phalanges

	Had prominent thenar muscles
	Thenar muscles were not present

	Fibrous digital sheath only consisted of FPL tendon
	Fibrous digital sheath consisted of FDP and FDS tendon

	A branch of proper digital nerve traversed from the medial to lateral side of the thumb
	Vessels ran parallel to the phalanges and did not cross-over from the medial to lateral side

	Volar plate was thicker
	Volar plate was thinner

	Sesamoid bones were present in the thumb
	Sesamoid bones were not present in the other fingers

	Degenerative changes at the joint was more commonly seen
	Degenerative changes were less common observations

	The FPL tendon fanned out at the attachment site
	There was no fanning of the FDP at the attachment site with the distal phalanx
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Objective 2: Histological processing of the dissected specimens

A significant portion of the project involved carrying out specimen preparation, microtome sectioning and staining before the slides were scanned to obtain digital images. Through this process, understanding of the following skills was also gained. 
a) use of 10% neutral buffered formalin solution to fix the dissected specimens.

b) carrying out decalcification of bone specimens before being sent for paraffin processing.

c) testing the endpoint of the decalcification process by using chemical and physical tests to ensure that bone sample was adequately decalcified before sectioning was carried out with microtome.
d) setting up a water bath, positioning specimens that were embedded in wax on the microtome machine, performing the microtome sectioning and transferring the sectioned specimens onto glass slides.

e) using the H&E, Toluidine Blue and Van Gieson’s stain to highlight the different structures in the entheses as demonstrated in Figure 2.
f) use of a slide scanner to obtain high quality images from stained histological slides as shown in Figure 3.

Figure 2. Example of final specimen (distal phalanx with intact FPL tendon attachment) that has been stained with Toluidine Blue (A) and Van Gieson’s (B). The FPL tendon (black arrows), entheses (red arrows) and articular cartilage (purple arrows) can also be seen.
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Figure 3. Closer view of the FPL enthesis. Fibrochondrocytes in lacunae (yellow arrow) can also be seen. 
Objective 3: Analysis of entheseal attachment angle using ImageJ software

4 human thumb specimens and 48 other human finger specimens were analysed using the ImageJ software to calculate the entheseal attachment angle of the tendon fibres to the distal phalanx. The tidemark between the zone of calcified and uncalcified fibrocartilage was used to measure the entheseal angle. Two types of angles were calculated, namely, the angle of insertion which measures the direct angle of tendon fibres at the point of insertion at the tidemark and the angle of approach which measures the angle of tendon fibres in a specified region as it approaches the tidemark. Through this analysis, I was able to:
a) explore the literature for established methodologies to analyse the images of the entheses of the fingers, especially the human thumb. 

b) improve the contemporary method of calculating entheseal attachment angle through extensive discussion with Jeremy Mortimer, PhD student in the Paxton Lab to increase the objectivity of the calculation.

b) train in carrying out analysis of digital images using the ImageJ software. Example of ImageJ features most utilised during the project include line selection, coordinates plotting, line of best fit drawing and angle calculation (Figure 4). 

c) organise and represent results obtained from image analysis into a form that was most effective to display relevant findings (Tables 2 and 3)
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Figure 4. The line of best fit (D) which represents the shape of the tidemark was obtained by first-degree polynomial curve-fitting. The angle of insertion (α) is the direct angle at which the tendon fibres intersect the line of best fit for the tidemark. The angle of approach (δ) is the overall angle of the tendon fibres as they approach the tidemark.
Table 2. Angle of inserting fibres at various points along the enthesis in human digits. Results are presented as mean ± SEM of n=4-6 for each measurement
	Digit
	Angle of inserting fibres (°)

	
	20%
	40%
	50%
	60%
	80%
	Average

	1st
	46.41 ± 3.10
	32.39 ± 3.67
	29.03 ± 5.65
	33.72 ± 1.43
	37.27 ± 3.40
	35.76 ± 2.97

	2nd
	37.29 ± 4.14
	30.22 ± 1.43
	31.31 ± 3.21
	28.09 ± 3.08
	29.50 ± 3.93
	31.28 ± 1.59

	3rd
	32.33 ± 4.55
	36.51 ± 6.72
	30.09 ± 4.01
	28.66 ± 3.38
	31.96 ± 2.26
	31.91 ± 1.33

	4th
	35.37 ± 3.17
	36.58 ± 2.82
	31.04 ± 4.13
	29.67 ± 2.67
	27.61 ± 2.04
	32.05 ± 1.70

	5th
	30.28 ± 4.55
	30.89 ± 3.71
	32.39 ± 4.59
	36.15 ± 5.83
	28.49 ± 1.11
	31.64 ± 1.29


Table 3. Angle of inserting fibres at various points along the enthesis in human digits. Results are presented as mean ± SEM of n=4-6 for each measurement
	Digit
	Angle of approaching fibres (°)

	
	20%
	40%
	50%
	60%
	80%
	Average

	1st
	15.79 ± 1.44
	11.79 ± 2.02
	18.75 ± 3.02
	16.76 ± 3.03
	21.69 ± 3.06
	16.96 ± 1.64

	2nd
	13.22 ± 1.43
	18.39 ± 2.19
	15.70 ± 1.84
	14.42 ± 1.05
	13.68 ± 1.25
	15.08 ± 0.93

	3rd
	10.54 ±2.65
	17.15 ± 1.80
	15.87 ± 1.75
	14.41 ± 0.96
	14.86 ± 1.36
	14.57 ± 1.11

	4th
	9.74 ± 1.88
	19.97 ± 3.09
	15.08 ± 1.36
	16.06 ± 1.04
	15.05 ± 0.89
	15.18 ± 1.63

	5th
	10.17 ± 2.73
	18.91 ± 2.08
	18.3 ± 1.14
	19.53 ± 1.38
	14.15 ± 2.71
	16.21 ± 1.78
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In clinical practice, Jersey finger injury most frequently affects the 4th digit whereby patients may present with pain, swelling and inability to flex the distal interphalangeal joint of the ring finger. Many postulations have been proposed to explain this phenomenon. Gunter (1960) predicted that the common FDP muscle belly of 3rd, 4th and 5th digit predisposes these fingers to injury whereas Leddy and Packer (1977) suggested that the presence of juncturae tendinum leads to higher rates of ring finger injury. Using an experimental model, Manske and Lesker (1978) showed that the tendon attachment of 4th digit was weaker than other digits. In the similar study, they suggested that there was no anatomical variation at the histological scale in the entheses of different digits. However, there is much evidence at present that anatomical differences exist between entheses at distinct body parts which prompts us to look further into the microanatomy of entheses in the human hand to verify or disapprove Manske and Lesker’s hypothesis. Essentially, entheseal anatomical variations have been associated with certain established adaptations and qualities which translates into clinical relevance. For example, it has been found that thicker uncalcified fibrocartilage layer exists at entheses which have a greater change in angle during motion (Beaulieu et al, 2015).

Although preliminary analysis of the attachment angles (shown in Figure 4) has been completed and data representation through tables (shown in Tables 1 and 2) further statistical analysis will be carried out to compare the attachment angle data between the individual digits. This further analysis is to ascertain any statistically significant differences in the microanatomy of entheses between the digits

Brief Resume of your Project’s outcomes: (no more than 200-250 words). 
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Investigating the microanatomy of entheses in the human hand through digital imaging

The attachment of soft tissue such as tendon and ligament to bone occurs at distinct anatomical locations known as entheses where fibrocytes enclosed by fibrous matrix in tendon gradually transition into osteocytes surrounded by calcified matrix. Differences between entheses also exist at distinct body locations depending on many factors which could explain certain clinical scenarios seen during tendon-related injury and repair. For instance, Beaulieu et al (2015) reported that the entheseal attachment angle of the anterior cruciate ligament was more acute where it attaches to the femoral head compared to its tibial attachment which lead to more injuries occurring at the femoral attachment site. Therefore, investigation of entheses of human hands could allow comparisons to be drawn between individual fingers but also with other body parts.

This project focuses on the microanatomy of the FPL and FDP tendon attachments by using methodologies established by Jeremy Mortimer, PhD student at Paxton Lab. Four fresh human thumbs were dissected to obtain distal phalanx with intact FPL entheses which were histologically prepared and scanned to obtain digital images for analysis (Figure 6). Measurements included the angle of tendon insertion, both at the direct insertion and as the tendon approaches the bone. These measurements were compared to digital images of FDP entheses, to ascertain differences across the digits.
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Figure 6. Section of FPL tendon attachment to the distal phalanx at the enthesis. Closer view highlights the tidemark (yellow arrows) which separate the uncalcified and calcified fibrocartilage layers at the enthesis.
Other comments: (no more than 300 words)

Witnessing the body donation program at the University of Edinburgh, which runs in accordance to The Anatomy Act (1984) and the Human Tissue (Scotland) Act (HTSA 2006) instilled a high degree of respect for the sacrifice and selflessness shown by the donors who chose to bequeath their bodies for the study of Anatomy. The process of body donation which begins from verifying the eligibility to become a donor, consent to donate body for anatomical examination, procedures after death and the utility of body allowed for deep appreciation throughout the hand dissection, courtesy of the two generous donors who made this project possible. 

Besides that, the initial decalcification process for 72 hours was inadequate for the thumb specimen because upon microtome sectioning, the resulting sections showed scoring, curling upon itself and some parts of the embedded wax were chipping off. Therefore, additional surface decalcification was carried out according to the manufacturer’s advice. The surface of the wax block with the specimen was directly immersed into a Petri dish containing 30ml of decalcifying solution for 30 minutes. The completion of the additional decalcification was tested by rinsing the wax block and repeating the microtome processing to ascertain if the sections produced were of good quality. It was found that 30 minutes of surface decalcification was adequate to complete the decalcification process and prevent scoring when sectioning was done. This proved the feasibility of surface decalcification to be carried out after paraffin processing in cases where microtome sectioning is not possible due to incomplete decalcification of bone specimen.
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Table 1: The gross anatomical differences seen between the thumb and other digits in humans
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