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ABSTRACT 

 
Observation of human tissue by micro-computed tomography with 

phosphotungstic acid preparation 
 

Jehoon O 
 

Department of Medicine 
The Graduate School, Yonsei University  

 
(Directed by Professor Hun-Mu Yang, D.D.S., Ph.D.) 

 
 Manual dissection and histologic examination are commonly used to investigate 

human structures, but there are limitations in the damage caused to delicate 

structures or the provision of limited information. Micro-computed tomography 

(microCT) provides a three-dimensional volume-rendering model of the sample 

without destruction and deformation, but it can only visualize hard tissues in 

general. Therefore, contrast-enhancing agents are needed to help in visualizing 

soft tissue. This study aimed to introduce microCT with phosphotungstic acid 

preparation (PTA-microCT) by applying the method to different types of human 

soft tissue. 

 We have specified several parts of human structures which are difficult to 

analyze by conventional methods to evaluate the efficacy of PTA-microCT: the 

orbicularis retaining ligament (ORL) represents a tiny and delicate structure that 

has a possibility of damaging in manual manipulation, the nasolabial fold (NLF) 

represents complex structures with varied histological composition that could be 

hardly comprehended, the calcaneal tunnel of the sole represents an enclosed 

structure containing vulnerable features. 

 In the ORL study, we have revealed that it is not just a single or double layered 

structure, but rather comprises a multilayered meshwork of fragile continuous 

fibroelastic plates, and its lowermost fibers reach the prezygomatic region, where 

it was previously accepted that the malar mound was produced by the zygomatic 
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cutaneous ligament. Therefore, we recommend that previous descriptions of 

midcheek cutaneous grooves need to be reassessed, for it is not induced by the 

demarcation of separate ligaments, but by complex factors related to the extensive 

ORL fibers with its adjacent subcutaneous tissue and adipose tissue. 

 In the NLF study, we found that all muscle fibers attached medially to the fold 

and showed that the NLF is created not only by the pulling of the muscular 

attachments of the groove but also by the opposition between the lateral and 

medial aspects of the NLF. Therefore, we suggested that the adipose tissue at the 

lateral to the fold and the muscle traction at the medial to the fold should be both 

considered to ameliorate the fold. 

 In the calcaneal tunnel study, microCT images confirmed that the tunnel is 

separated by the interfascicular septum, and the medial and lateral plantar nerves 

are localized by each space. Since plantar nerves innervate cutaneous sensation 

of the sole, we suggested that an analgesic injection to the plantar nerves for 

alleviating the pain of the foot should be managed considering these results. 

 In conclusion, we applied the PTA-microCT technique to the analysis of specific 

human soft tissue structures that were challenging to analyze by conventional 

methods and obtained clinically meaningful results. The detailed protocol, 

advantages, and limitations of PTA-microCT are also disclosed. 

 
 
 
 
 
 
 
 
                                                            
Key words: micro computed tomography, phosphotungstic acid, human 
tissue, fibromuscular tissue, 3D anatomy, contrast agent 
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Observation of human tissue by micro-computed tomography with 
phosphotungstic acid preparation 

 
Jehoon O 

 
Department of Medicine 

The Graduate School, Yonsei University  
 

(Directed by Professor Hun-Mu Yang, D.D.S., Ph.D.) 
 
 
 
I. INTRODUCTION 

 

 For human anatomy research, manual dissection is commonly used to 

investigate human structures such as muscles and connective tissue, but delicate 

structures can be easily damaged during manipulation. Histological examination 

in terms of staining procedures provides detailed morphological and 

compositional information at the micro-scale. Although the histological 

examination is a well-established approach that provides images at a high spatial 

resolution, there are several limitations: (i) it can lead to an unwilling dimensional 

change such as topographic distortion or destruction of the target structure, (ii) 

histological inspection is usually represented in two-dimensions, (iii) the 

scrupulous manipulation to reveal a target structure is a laborious and time-

consuming task1,2. Thus, there is a need for improved imaging techniques with a 

less invasive approach for morphological conservation of the tissue. 

 Conventional computed tomography (CT) is generally used in clinical practice 

but cannot differentiate small anatomical features2, so micro-scale CT (microCT) 

was developed to investigate tiny anatomical structures. MicroCT enables a three-

dimensional (3D) volume-rendered observation of minute features at a minimum 

voxel size of one micron. Researchers can avoid sample destruction and 
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disfigurement during procedures by using this method. However, microCT can 

only visualize hard tissues and is constrained by the low level of intrinsic X-ray 

absorption of soft tissues. Therefore, several agents are needed to enhance the 

contrast of tissues for discriminating soft tissue structures. 

 Phosphotungstic acid (PTA), phosphomolybdic acid (PMA), iodine potassium 

iodide (Lugol's solution), and osmium tetroxide are well-known contrast-

enhancing agents, and there are several studies comparing these agents3,4. Despite 

its proficiency, osmium tetroxide is known for its high toxicity5. Although PTA 

and PMA are slower than Lugol's staining method, they demonstrate better 

performance in staining collagenous structures6. A study has shown that PTA is 

slightly superior to PMA7. 

 MicroCT with PTA preparation (PTA-microCT) seems to be the most conclusive 

and minimally invasive research method to visualize soft tissues by 3D imaging. 

Although this technique is often used for studying animals and human embryos, 

it has not yet been applied to various human studies. Our study aimed to review 

PTA-microCT techniques for various human tissues. Herein, we selected 

complex or delicate structures from human samples that have rarely been 

observed by conventional methods and we used them to validate the PTA-

microCT technique: (i) the orbicularis retaining ligament (ORL) represents a tiny 

and delicate structure that could be damaged in manual manipulation, (ii) the 

nasolabial fold (NLF) represents complex structures with varied histological 

composition that are difficult to comprehensively understand, (iii) the calcaneal 

tunnel of the sole represents an enclosed structure containing vulnerable features. 

 The ORL is a particularly important structure for maintaining the eyelid and 

cheek skin and contouring the characteristic facial appearance. The ORL is an 

osseocutaneous septum-like structure originating from the periosteum near the 

orbital septum and encircling the lower orbital rim8,9. It reportedly has a muscular 

insertion into the deep surface of the orbicularis oculi muscle (OOc), and a 

cutaneous insertion along the malar and nasojugal fold9,10. Although the detailed 
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delineation of its attachment has varied among previous studies, it is clear that 

the ORL is involved in the production of cutaneous grooves at the eyelid–cheek 

junction. It is certain that aging changes the ORL morphology and the distribution 

of facial fat. As an osteocutaneous ligament, the ORL compartmentalizes a 

midcheek subcutaneous space in the preseptal space and the prezygomatic-

premaxillary space11,12. The shrinkage and drooping of demarcated fat pads 

produced by the ORL deepen the cutaneous groove13. Muscular or cutaneous 

anchorage of the ORL also changes the ligamentous elasticity and tension with 

aging. Laxity of the ligament enables the orbital fat to drop, and it additionally 

forms a preseptal protrusion with a weakened orbital septum10. These changes 

together result in an unfavorable appearance with a bulging lower eyelid or a 

sagging malar bag. An understanding of the detailed anatomy of the ORL is 

therefore very important for midfacial rejuvenation and lower blepharoplasty8,11. 

Detailed anatomical information is not yet available about the ORL regarding its 

pattern of layering, periosteal or cutaneous anchorage, relationship with muscle 

fibers, arrangement of ligament fibers, and the histological composition of fibers. 

There have been numerous clinical and anatomical studies of the ORL, which 

have simply shown this ligament to be a thin septal sheath during clinical 

procedures or after manual dissections14-16. However, histological studies indicate 

that the ORL is actually a delicate and vulnerable structure that is easily damaged 

in manual manipulations. Moreover, it is very difficult to observe a structure such 

as the ORL stereoscopically in a simple histological examination. Verifying the 

previously reported ORL anatomy and revealing its detailed intact morphology 

requires a fine radiological methodology as an accurate non-destructive 

observational technique. In this study, we aimed to comprehensively investigate 

the ORL using PTA-microCT and additionally to verify the findings using 

histological experiments. 

 The NLF is known to be a challenging midface phenomenon to aesthetic 

physicians17,18. The NLF commences lateral to the nasal ala and curves 
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inferolaterally to reach the mouth corner region19. Although the fold normally 

appears natural between the cheek and the lip, its prominence because of 

physiologic or pathologic changes renders an aged appearance20,21. Currently, 

effacement of the NLF by botulinum toxin injection or filler augmentation has 

been performed for rejuvenation19,22-24. The NLF results from a cutaneous 

modification by anatomical factors such as underlying bony structure and 

adjacent adipose, fascial, and muscular tissues. With age, bony resorption at the 

malar eminence could grossly result in deepening of the NLF. Changes in fat 

distribution and muscle kinesiology could also be responsible for the fold. 

Traction of the skin by the muscle or dense fibrous tissue attached to the dermis 

has been speculated as an important cause of the NLF23,24. Cutaneous attachment 

of lip elevator muscles along the fold is particularly regarded as a cause of the 

fold. The levator labii superioris alaeque nasi (LLSAN) and the zygomaticus 

muscles are known to play a critical role in forming the NLF and are thus 

recommended targets for botulinum toxin injection to ameliorate the fold19. 

Furthermore, histologic demarcation along the NLF has been suggested as a 

significant factor that constitutes the cutaneous furrow appearance; the upper lip 

region medial to the fold has minimal fat, whereas the cheek region lateral to the 

fold has abundant fat tissue. Reliable studies revealed the morphologic and 

physiologic features of the NLF25-27. Nevertheless, the three-dimensional 

anatomy of the structures related to the NLF remains elusive because their 

composition and topography are very intricate. Most of all, the dermal attachment 

pattern of the muscular and fascial fibers to the fold should be comprehensively 

examined to understand the dynamic process of NLF formation. In this study, we 

aimed to present the composition and arrangement pattern of muscle, fibrous, and 

adipose tissues beneath the NLF region with three-dimensional topography and 

to histologically verify the three-dimensional anatomy of the NLF and its 

neurovascular distribution1,28,29. 
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 The medial plantar nerve (MPN) and lateral plantar nerve (LPN), which are 

terminal branches of the tibial nerve (TN), are distributed to the skin and muscle 

of the sole after proceeding via the tarsal tunnel30-34. Before its emergence into 

the sole, the plantar nerves have known to travel medially to the tarsal bones 

within a canal-like space formed by surrounding structures. This isolated space is 

known as a calcaneal or plantar tunnel32,35-37. Clinically, aberrant compression or 

a pathological condition of the calcaneal tunnel can result in pain of the sole, 

since the plantar nerves within the tunnel convey a cutaneous sensation of the 

sole to the brain. Previous studies reported that rheumatoid arthritis and diabetes 

mellitus can trigger plantar pain by inducing a pathologic condition of the 

calcaneal tunnel32,38-40. Previously, several studies reported the presence of a 

fascial septal structure within the calcaneal tunnel, and it separated the calcaneal 

tunnel into two spaces. Some authors suggested that the MPN and LPN were 

separated by the septal structure within the tunnel30,31,33,34,37,38. Hence, it was 

recommended that surgeons should pay attention to this septal structure while 

performing operative manipulation or using an injectable approach to alleviate 

the pain of the sole32,37,39,41,42. Nevertheless, the exact location of this 

interfascicular septum (IFS) and its relationship with the plantar nerves remains 

anatomically elusive. Because the calcaneal tunnel and its internal component 

including the IFS are very delicate and intricate, it is very difficult to dissect them 

meticulously. In this study, we aimed to observe the calcaneal tunnel and the IFS 

using PTA-microCT, histological experiments, and ultrasound-guided simulation 

with fresh cadavers. 
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II. MATERIALS AND METHODS 

 

1. Materials 

 Various types of human soft tissue structures were selected to evaluate the 

efficacy of PTA-microCT: the ORL and NLF of the face, and the calcaneal tunnel 

of the sole. 

 

A. ORL 

 Twenty-two specimens were obtained bilaterally from eleven fresh-frozen 

human cadavers (mean age 73.7 years). Specimens including periosteum, fat, 

muscle, subcutaneous tissue, and skin were harvested from the inferior palpebral 

and infraorbital area. Eleven specimens were used for soft tissue contrast staining 

to obtain microCT images, while the other eleven were used for histological 

staining. The specimens were demarcated into medial, central, and lateral 

portions. 

 

B. NLF 

 Twenty-four specimens were obtained from twelve fixed human cadavers (mean 

age 80.3 years). Specimens were collected from the area beside the ala nasi to the 

area above the oral angle, including approximately 1 cm from the medial and 

lateral areas of the NLF. Twelve specimens were processed with PTA, and the 

other twelve were treated with histologic stain. All specimens were divided into 

the alar, middle, and angular regions. 

 

C. Calcaneal tunnel 

 In this study, twenty-one fixed cadavers and three fresh-frozen cadavers (mean 

age 82.1 years) were used. Four specimens from two fixed cadavers were used 

for microCT investigation, and thirty-two feet from sixteen fixed cadavers were 

carefully dissected in the medial malleolar and plantar regions to investigate the 
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calcaneal tunnel and the IFS. Six feet from three fresh-frozen cadavers were 

utilized for Ultrasound-Guided injection and serial sectional dissection. Six 

specimens from three fixed cadavers were treated with histologic stain. 

 

 The cadavers had no history of trauma or operative procedures in the related area 

of each study. All cadavers used in these studies were legally donated to the 

Surgical Anatomy Education Centre at Yonsei University College of Medicine.  

 
 

2. Methods 

 The general PTA-microCT protocol consisted of six steps, including 

reconstruction and 3D analysis of data. 

 

A. Obtaining samples 

 Human tissues were harvested from fresh or embalmed cadavers, with no 

significant differences between them.  

 

ORL: Obtained from the area inferior to a border of the lower eyelid and superior 

to 1 cm below the orbital rim, between the medial and lateral canthi, containing 

skin, subcutaneous tissue, muscle, fat, and periosteum. 

NFL: Obtained from the area beside the ala nasi to the area above the oral 

commissure, containing 1 cm from the medial and lateral to the NLF. 

Calcaneal tunnel: Obtained from the medial malleolar and plantar regions, 

containing the calcaneal tunnel and the IFS. The skin, subcutaneous tissue, deep 

fascia, and superficial vascular structures were removed. 

 

The sample size was restricted by the maximum scanning size of the microCT 

equipment (i.e., 7 cm3). Samples were fixed in 10% formalin immediately and 

preserved for approximately a week (Fig. 1a). 
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Figure 1. Samples were harvested and then stained with phosphotungstic acid 

(PTA) solution. (a) Samples were fixed in 10% formalin after harvesting. (b) 

Samples were cut into thinner pieces to enhance the penetration and then placed 

into the PTA solution. 

  



- 11 - 

B. Preparation for staining 

 After fixation, samples were cut into thinner pieces to enhance the penetration 

of the staining solution. We only cut the ORL and NLF samples into three parts, 

because they included skin for investigating dermal attachment, but we excluded 

skin in the calcaneal tunnel samples, because the region of interest was deep to 

the dermis. Then, samples were dehydrated in serial ethanol solutions (30%, 50%, 

70%) for one day each and retained in a fresh 70% ethanol solution until the next 

step (Fig. 1b). 

 

C. PTA preparation 

 Preparation of the PTA staining was started several weeks before microCT 

scanning. An amount of 1% of PTA powder was diffused in 70% ethanol and 

mixed on a shaker at 55–60 rpm. Plastic containers with each sliced piece of 

sample were filled with PTA solution. Samples were soaked and mixed on a 

shaker. The staining duration was predetermined and was based on the dimension 

and character of the tissue (ORL and NLF: 1–2 cm; 5 to 7 days, calcaneal tunnel: 

5–6 cm; 2 weeks). PTA staining is known to last for approximately ten months1, 

but it is suggested that scanning should be performed promptly to secure complete 

staining. After staining, samples were preserved in a fresh 70% ethanol solution 

until scanning. 

 

D. MicroCT scanning 

 Samples were wrapped in parafilm to avoid desiccation during scanning, without 

deforming the shape (Fig. 2). General scanning parameters for human soft tissue 

were set as follows: source voltage (kV) = 70, source current (μA) = 114, Al filter 

= 0.5 mm, image pixel size (μm²) = 20, pixels = 2240 × 2240, exposure (ms) = 

500, rotation step (deg) = 0.3. Scanning takes 30 to 60 min depending on the 

intended resolution and the speed of the scanner. Our device, the SkyscanTM 1173 

(Bruker, Kontich, Belgium), managed to scan down to 5 µm3 voxel size, but the 
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extent can vary depending on the region of interest (ORL and NLF: 20 µm3; 

calcaneal tunnel: 30 µm3) (Fig. 3). 

 
E. Reconstruction and optimization of data 

 After scanning, NRecon software (version 1.7.0.4, Bruker) was used to convert 

CT data into image files that could be handled on the computer. The parameters 

for reconstruction were set as follows: Ring artifacts reduction = 7, Beam-

hardening correction (%) = 40. Resizing the files using TConv software (version 

2.0, Bruker) can be considered if the excessive image volumes slow down the 

computer.  

 

F. 3D analysis 

 Converted serial sectional images were observed with 3D volume-rendering 

software such as CTvox (version 2.7, Bruker) (Fig. 4). By adjusting brightness 

and contrast by Shape Transfer and turning on Shadows and Surface Lighting on 

the Lighting panel, we obtained realistic 3D visualization of the sample. After 

gaining the best view by moving, rotating, and zooming in or out of the model, 

we analyzed the inner side of the specimen by adjusting the plane of the Clipping 

Box from any direction. 
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Figure 2. Wrapping and fixing of the parafilm. Wrapping the parafilm over the 

whole sample to prevent drying out and to fix the sample firmly on the scanner. 

Parafilm is not visible on the micro-computed tomography (microCT) scanning 

and could be subtracted easily. 
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Figure 3. Skyscan 1173 microCT scanner. Arrow indicates the tray where the 

specimen is placed. 
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Figure 4. CTvox screen. Sliding the plane into the inner direction to view the 

sectional images inside. 
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3. Confirmation of microCT analysis 

 Since images of microCT could only be visualized in grayscale, some findings 

were confirmed by other techniques including histological experiments and 

ultrasound-guided injection. 

 For the ORL and NLF study, modified Verhoeff-Van Gieson staining was 

performed. Images were produced by first fixing specimens in paraffin and 

cutting them into 4-μm-thick sections before being mounted. The sections were 

then deparaffinized in xylene, followed by rehydration in a graded series of 

100%, 95%, and 70% ethanol solutions in serial washes for 3 minutes. After being 

immersed in distilled water for 5 minutes, the sections were placed in working 

Elastic Stain Solution (Abcam, Cambridge, UK) for 30 minutes and then washed 

in running tap water. They were differentiated using 2% ferric chloride, treated 

with 5% sodium thiosulphate for 1 minute, incubated in Van Gieson’s Solution 

for 3 minutes, and then dehydrated rapidly using ethanol and cleared in xylene. 

The sections were imaged with the aid of a bright-field microscope (BX51, 

Olympus, Tokyo, Japan). 

 For the NLF and calcaneal tunnel study, modified Masson Trichrome staining 

was performed. Fixed specimens were embedded in paraffin, cut into 4-μm-thick 

sections, and mounted onto silane-coated glass slides. The sections were 

deparaffinized and rehydrated following routine protocol. The sections were 

preserved in Bouin fluid (60 C) for 1 hour. Next, Weigert’s iron hematoxylin was 

applied to them. The sections were soaked in a Biebrich scarlet/acid fuchsin 

solution and then differentiated in a PTA/PMA solution. After incubation in an 

aniline blue solution, 1% acetic acid solution was applied to the sections. After 

staining, they were dehydrated using ethanol and cleared in xylene. Finally, the 

sections were evaluated under an optical microscope (BX51; Olympus, Inc., 

Tokyo, Japan). 

 For the calcaneal tunnel study, an ultrasound-guided injection was utilized to 

evaluate the IFS and separated compartment. All specimens were placed in a 
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lateral decubitus position, and injections were performed by an experienced 

anesthetist who was specialized in regional anesthesia and pain medicine. In order 

to target nerves, we used an in-plane technique under real-time ultrasound 

guidance43. The TE7 ultrasound machine with a 4–16 MHz high-frequency linear 

transducer (Mindray Bio-Medical Electronics, Shenzhen, China) and a 50-mm, 

22-gauge needle were used to perform all injections. To confirm the correct 

location of the injection, a 0.2–0.3 ml mixture (coloring acryl ink:latex solution 

ratio = 1:1) was injected in all cadavers. The red dye was injected into the MPN, 

and the blue dye was injected into the LPN to distinguish the locations of the 

injected dye. After the injection, the anatomists conducted sectional dissection by 

referring to the malleolar-calcaneal line. 
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III. RESULTS 

 

 Several human structures are difficult to examine by conventional methods, and 

we aimed to investigate those structures using PTA-microCT. 

 

1. ORL 

 The ORL typically appeared as a distinct retaining ligament below the orbital 

rim (Fig. 5). The microCT images showed that the ORL consisted of oriented 

ligamentous tissue between periosteum and dermis (Fig. 5a). The ligaments 

descended in an anterior direction and continuously extended in a horizontal 

direction. The histological analyses performed using modified Verhoeff-Van 

Gieson and immunofluorescence revealed a ligamentous tissue consisting of 

multiple fibroelastic bundles along the overall area of the lower orbicular region 

(Fig. 5b,c). The continuous bundles of the ORL could be divided into retro-

orbicularis and preorbicularis fibers. The retro-orbicularis fibers consisted of a 

single or double bundle between the periosteum and the OOc. Arborization of the 

retro-orbicularis fibers was evident within the muscle. Ramified fibers were 

continuous with the preorbicularis fibers ahead of the muscle. However, there 

were a few bundles of the ORL that lacked the intramuscular ramification and 

seemed to form a single continuous fiber from the periosteum to the dermis 

(arrowheads in Fig. 5a,b). 
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Figure 5. The overall structure of the orbicularis retaining ligament (ORL). (a) 

Three-dimensional (3D) morphology reconstructed from microCT image 

sections. (b) Modified Verhoeff-Van Gieson staining image. (c) A merged 

immunofluorescence image (elastin, blue; collagen type I, green; actin, red). 

Arrowheads indicate a direct fiber from the periosteum (P) to the dermis (D). 

OOc, orbicularis oculi muscle. S, sagittal; M, medial; A, anterior. 
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 Multidirectionally sectioned images obtained using microCT (Figs 6–8) showed 

that the ORL consisted of continuous tiny plates with a multilayered plexiform 

shape. In coronal sections (Fig. 6), the structure of the retro-orbicularis fibers 

simply comprised one to five layered plates, whereas the preorbicularis fibers had 

more layers and a more intricate arrangement. The density and extent of their 

fibroelastic tissue increased near the dermis. In horizontal sections (Fig. 7), the 

ORL appeared as a filamentous meshwork with arborization. Given that the 

layered plates of the ORL were oriented anteroinferiorly, this arborized 

filamentous structure appeared obliquely in sections of its multilayered structure. 

The borders of the ORL were mostly identified in sagittal sections (Fig. 8), and 

its upper border tended to be clearer than the lower one.  

 The number, complexity, and ambiguity of the fibers comprising the ORL 

increased in the lateral area (Fig. 8). The number of retro-orbicularis fibers 

increased laterally. Although the ability to definitively count the number of 

preorbicularis fibers was impeded by its structural complexity, there was a clear 

trend for the number of fibers to increase laterally. 
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Figure 6. The coronally sectioned 3D morphology (a) of the ORL in microCT and 

the corresponding sectional images (b). The sectional planes are located posterior 

(1) and anterior (2) to the OOc, while (3) is the most anterior section near to the 

skin. Green, yellow, and red indicate the ORL, the orbital septum, and the section 

of the OOc, respectively. L, lateral. 
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Figure 7. The horizontally sectioned 3D morphology (a) of the ORL in microCT 

and the corresponding sectional image (b). Green and red indicate the ORL and 

the section of the OOc, respectively. 
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Figure 8. Sagittal sections of the 3D morphology of the ORL reconstructed from 

microCT images. The sectional planes were located at the medial (a), central (b), 

and lateral (c) portions of an ORL specimen. The retro-orbicularis fibers of the 

ORL (green) pierced the OOc (OOc, red). The upper fibers (arrow) pierced the 

palpebral and orbital portions of the OOc. The lower fibers (arrowheads) pierced 

the orbital portion of the OOc. The lowermost preorbicularis fibers (#) attached 

to the prezygomatic skin are shown in (b), (c), and (d). (d) Sagittal section of the 

lateral portion of another ORL specimen showing the uppermost fiber originating 

from the orbital septum (yellow). 
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 The following four regions of the ORL were examined histologically in detail: 

the periosteal, intramuscular, preorbicularis, and dermal regions (Fig. 9). The 

detailed histological findings were almost entirely consistent with the 

morphological features evident in the microCT images. The periosteal elastin was 

continuous with that in the ligament and the dermis, while elastin was virtually 

absent from the perimysium. Type I collagen was found in the periosteum, 

perimysium, dermis and ORL. The muscle fiber did not join the ligament nor 

directly anchor to the dermis (column 4 in Fig. 9). Even in the medial area, there 

was no muscle fiber below the bundles of the ORL even though the bundles were 

located very close to the palpebral portion of the OOc. 

 Like the microCT findings, the histological findings also presented a distinct 

intramuscular ramification of the retro-orbicularis fibers (row B in Fig. 9). Their 

fibroelastic tissue was usually separated from the perimysium. However, a few 

collagen fibers from the perimysium were confluent with the ORL (asterisks in 

Fig. 9). 

 As a declination of the preorbicularis fibers increased anteriorly, their orientation 

appeared approximately parallel to the skin (row D in Fig. 9). A dermal anchorage 

of the ORL was shown as a confluence of its fibroelastic tissue into the dermis. 
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Figure 9. Modified Verhoeff-Van Gieson and immunofluorescence images of the 

ORL. The periosteal (row A), intramuscular (row B), preorbicularis (row C), and 

dermal (row D) regions of the ORL were observed by modified Verhoeff-Van 

Gieson staining (column 1) and immunofluorescence (columns 2–5). There were 

immunopositive reactions for elastin (column 2, blue), collagen type I (column 3, 

green), and actin (column 4, red). Column 5 shows a merged image of the images 

in columns 2–4 image. Asterisks indicate the confluence of the perimysium into 

the ORL fibers. 
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2. NLF 

 The NLF appeared as a typical cutaneous furrow on the midface of the intact 

cadaver, and microCT revealed numerous distinct fibers inserted into the dermis 

beneath the NLF (Fig. 10). Their number, complexity, variety, and attachment 

area decreased in the lower area (Figs. 11 and 12). 

 With reference to the NLF, its adjacent area was demarcated into medial and 

lateral regions of the NLF, respectively. A distinct compositional difference was 

noted between the medial NLF (dense complicated fibromuscular composition) 

and the lateral NLF (loose simple adipose-abundant composition). To examine 

the regional anatomy of the NLF in detail, it was divided into the alar (upper), 

middle, and angular (lower) regions (Fig. 10a). We have found no significant 

differences between male and female cadavers. 

 Two muscle layers were observed in the alar region (Fig. 11a,d), the superficial 

muscle layer and the deep muscle layer. In the microCT image (Fig. 11a), the 

orbicularis oris (OOr), LLSAN, and the levator labii superioris formed the 

superficial muscle layer, whereas the levator anguli oris (LAO) and the deep alar 

part of the nasalis formed the deep muscle layer. The OOr and LLSAN were 

attached to the dermis of the medial NLF as a muscle complex. This OOr–

LLSAN complex was attached medial to the NLF, and its lateral border nearly 

corresponded to the groove (Fig. 11c,f). 

 In the histologic finding of the alar region (Fig. 11d), two connective tissue 

layers were verified as the superficial subcutaneous layer and the intermuscular 

connective tissue layer. In the superficial subcutaneous layer of the medial NLF, 

an intricate fibromuscular layer from the complex was observed with the rarified 

adipose tissue. Meanwhile, the superficial subcutaneous layer of the lateral NLF 

had abundant adipose tissue and numerous fibrous septa heading lateromedially 

for the dermis. The intermuscular connective tissue layer was more clearly shown 

in the lateral NLF and had distinct nerve twigs. 
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Figure 10. The nasolabial fold (NLF) of a cadaver (a) and its three-dimensional 

anatomy reconstructed from microCT (b). Specimens were harvested from the 

three regions of the NLF: alar (Ar), middle (M), and angular (An). The 

arrowhead in the microCT image indicates the position of the NLF. 
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Figure 11. The alar (a,d), middle (b,e), and angular (c,f) regions of the NLF in 

horizontal sections: microCT images (above) and Masson trichrome–stained 

specimens (below). Arrowheads indicate the position of the NLF. Bars 1 through 

4 indicate the superficial connective tissue (1), superficial muscular (2), 

intermediate connective tissue (3), and deep muscular layers (4), respectively. 

Asterisk indicates oral mucosa. mNLF, medial NLF; lNLF, lateral NLF; LLSAN, 

levator labii superioris alaeque nasi; OOr, orbicularis oris; LAO, levator anguli 

oris; ZMi, zygomaticus minor; ZMj, zygomaticus major. 

  



- 29 - 

 
Figure 12. Arrangement of the muscles related to the NLF (a) and dermal 

attachment patterns of the muscles in the microCT image (b). Arrowheads in the 

alar (Ar), middle (M), and angular (An) regions indicate the position of the NLF. 

OOr, orbicularis oris (yellow); LLSAN, levator labii superioris alaeque nasi 

(green); LAO, levator anguli oris (purple); ZMi, zygomaticus minor (red); ZMj, 

zygomaticus major (blue). 
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 In the middle region (Fig. 11b,e), the superficial muscle layer comprising the 

zygomaticus minor (ZMi) and the OOr were tightly attached to the dermis. The 

insertion of the ZMi was distinctly shown along the middle portion of the NLF. 

The muscle fibers of the ZMi were tethered to the dermis beneath or medial to 

the NLF after proceeding lateromedially. In addition, the perpendicular short 

fibers of the OOr were attached medially to the ZMi attachment (Fig. 11c,f). 

There was no ZMi fiber inserting into the dermis in the case lacking a visible 

NLF. 

 The superficial subcutaneous layer and intermuscular connective tissue layer 

were clearly shown in the histologic finding of the middle region (Fig. 11e). 

Fibromuscular tissue was tightly attached to the dermis beneath the medial NLF. 

In the lateral NLF, there was a thick superficial subcutaneous layer that had 

distinct septa within the rich adipose tissue. The intermuscular connective tissue 

layer separated the superficial muscle layer from the deep muscle layer, which 

was mostly formed by the LAO. Numerous nerve twigs were mostly situated 

within the intermuscular connective tissue layer at the middle region of the NLF. 

 In the microCT image of the angular region (Fig. 11c), the OOr and LAO were 

observed as vertically arranged straps. In the medial NLF, the zygomaticus major 

(ZMj) was arranged lateromedially, but it did not attach to the dermis. Instead of 

a muscle attachment, there were attachments of the fibrous septa in the medial 

NLF as in the lateral NLF (Fig. 12). Interestingly, a part of the muscle insertion 

into the dermis beneath the medial NLF was observed at its angular level. The 

microCT image also revealed that the descending ZMi fibers were attached to the 

corresponding region. 

 Histologically, a border between the medial and lateral NLF was ambiguous in 

the angular region of the NLF (Fig. 11e). Numerous septa within rich adipose 

tissue were clearly shown at the thick superficial subcutaneous layer, whereas the 

intermuscular connective tissue layer was very thin. 
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 In the coronal section of the microCT finding, the dermal insertion of the muscle 

fibers and fibrous septa was distinctly identified. In the histologic observation, 

complex structures consisting of muscle, collagen, and elastic fibers were also 

observed within the superficial subcutaneous layer (Fig. 13). Interestingly, they 

were discretely located at the angular region, but there was no muscle fiber 

continuous with the ZMj or OOr. The complexes were lateromedially arranged at 

most portions of the NLF, except for the angular region, which showed a 

perpendicular arrangement of the complex to the dermis. 

 The microCT and histologic findings revealed the neurovascular bundles located 

within the superficial subcutaneous layer and intermuscular connective tissue 

layer (Fig. 14 and Table 1). In all cases, the vessels were found in both the medial 

NLF and the lateral NLF. The nerve bundles were observed in the medial (91.7 

percent) and lateral NLF (83.3 percent). Mostly, the nerve bundles were located 

within the intermuscular connective tissue layer. 
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Figure 13. The complex comprising the muscle, collagen, and elastic fibers 

beneath the NLF (arrowhead) at its angular region (modified Verhoeff-Van 

Gieson staining). The complex structure (rectangular box) is magnified in the 

lower left corner. 

  



- 33 - 

 
Figure 14. Neurovascular structures beneath the NLF area (angular region). 

Modified Verhoeff-Van Gieson staining. N, nerves; V, vessels; mNLF, medial 

region of the NLF (arrowhead); lNLF, lateral region of the NLF (arrowhead). 
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Table 1. Presence of neurovascular bundles in the alar region and areas medial 

and lateral to the nasolabial fold. 

 mNLF lNLF 

 
Neural structure 

(%) 

Blood vessel

 (%) 

Neural structure 

(%) 

Blood vessel 

(%) 

Alar 83.33 (10/12) 

100 (12/12) 

75 (9/12) 

100 (12/12) 
Middl

e 
100 (12/12) 75 (9/12) 

Angular 91.67 (11/12) 100 (12/12) 

Mean 91.67 (33/36) 100 (36/36) 83.33 (30/36) 100 (36/36) 

mNLF and lNLF, medial and lateral regions of the nasolabial fold, respectively. 
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3. Calcaneal tunnel 

 In the present study, the IFS was raised from the abductor hallucis fascia (AHF) 

(Figs. 15 and 16). Overall, reconstructed 3D images of microCT identified the 

IFS as a continuous septal structure from the AHF between the MPN and LPN. 

The IFS distinctly separated the calcaneal tunnel into superior and inferior 

compartments. 

 The septum commenced distal to the bifurcation of the TN into the MPN and 

LPN. Herein, we found that the bifurcation was located within the tarsal tunnel 

in 84% or proximal to it in 16% of the cases. Regardless of the bifurcation 

location, the IFS was clearly shown proximal to the malleolar-calcaneal line. The 

MPN and LPN were distinctly situated within the superior and inferior 

compartments in all cases; thus, the two compartments were defined as the medial 

plantar tunnel (MPT) and lateral plantar tunnel (LPT), respectively. 

 The initial portion of the IFS had a free margin with a falciform shape on the 

AHF medially and on the quadratus plantae fascia (QPF) laterally (Fig. 16a). In 

the histologic observation (Fig. 16b), the falciform margin of the IFS was 

adjacent with a connective tissue layer of the lateral plantar fascia or the flexor 

retinaculum. The IFS was continuous with the AHF and QPF on the inferomedial 

and inferolateral sides, respectively. The connective tissue, such as the medial or 

posterior talocalcaneal ligament, was clearly observed on the superomedial side 

of the IFS. 
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Figure 15. The malleolar-calcaneal line through the tip of the medial malleolus 

(MM) and medial process of the calcaneal tuberosity (MCT) and the position of 

the placed probe (red box). 
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Figure 16. The initial portion of the calcaneal tunnel of the right foot is shown on 

the cadaveric dissection (a) and with modified Masson trichrome staining (b). The 

red arrowheads indicate the interfascicular septum. The arrows indicate the 

medial plantar nerve (green), lateral plantar nerve (LPN, blue), and first branch 

of the LPN (black). The asterisks indicate the medial or posterior talocalcaneal 

ligament. AH, abductor hallucis muscle; QP, quadratus plantae. 
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 Along its entire extension, the IFS was perpendicularly connected to the lateral 

portion of the AHF, which was continuous with the plantar aponeurosis (Fig. 17a). 

Similar to the initial portion, the QPF formed the inferolateral border of the LPT. 

The MPN and LPN traveled within the MPT and LPT in the histologic and 

microCT observations (Figs. 17b and 18). The plantar nerves were divided into 

two or three branches within the compartments; however, any main or branched 

nerve twigs did not pierce the IFS. The first branch of the LPN (FBLPN, also 

known as the inferior calcaneal nerve or Baxter’s nerve) was also located within 

the inferior compartment (Figs. 16b and 18). The medial and lateral plantar 

vessels were also observed within the plantar tunnels. Tiny connective tissue 

(twigs) covered the lateral side of the plantar neurovascular bundles (Fig. 18). 

 In the ultrasound image (Fig. 19a), the MPN and LPN were identified. After 

injecting the mixed solution into the fresh cadavers, the localization of the 

solution corresponded to the compartments separated by the IFS. During the 

dissection observation, termination of the IFS was not clearly shown; however, 

the microCT image clearly provided a location of the termination pattern: joints 

among the calcaneus-navicular-talus. After termination of the IFS, the MPT and 

LPT were continuous with compartments demarcated by the medial and lateral 

septa of the plantar aponeurosis in the sole. 
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Figure 17. The internal structures within the calcaneal tunnel of the right foot are 

shown on the sectional image (a) and with modified Masson trichrome staining 

(b). The red arrowheads and black arrows indicate the interfascicular septa and 

plantar aponeurosis, respectively. AH, abductor hallucis muscle; TAL, talus; 

CAL, calcaneus; MPN, medial plantar nerve; LPN, lateral plantar nerve. 
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Figure 18. MicroCT images showing the posterior aspect (a) and lateral aspect 

(b) of the calcaneal tunnel of the right foot. The red arrowheads indicate the 

interfascicular septa, and the yellow arrows indicate the first branch of the lateral 

plantar nerve. AH, abductor hallucis muscle. 
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Figure 19. The ultrasound-guided image (a) of an injection into the calcaneal 

tunnel of the right foot and sectional image (b) of the corresponding injected site. 

The ultrasound image demonstrates the plantar nerves (arrows) and needle 

placement (arrowheads). The blue and red dyes targeted to the medial plantar 

nerve (MPN) and lateral plantar nerve (LPN) are shown to be separated by the 

interfascicular septum. TAL, talus; FHL, flexor hallucis longus; CAL, calcaneus. 
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IV. DISCUSSION 

 

 PTA is known for its attractive interaction with collagen, and it has the potential 

for use in analyzing musculoskeletal tissues such as muscles, ligaments, and 

tendons 6. We implemented microCT with PTA preparation in the examination of 

human soft tissues. Briefly, specimens were harvested and fixed in formalin for a 

few days, followed by dehydration in serial ethanol solutions. Placing the sample 

into the PTA solution directly after formalin fixation can result in some tissue 

cracking due to rapid dehydration. Therefore, serial dehydration was needed 

before PTA staining. Next, the samples were stained using a PTA solution for 

about a week. MicroCT scanning, 3D reconstruction, and analysis can then be 

performed. Our goal was to observe the complex and tiny soft tissue structures of 

a human using this method and we successfully presented the tissue as a 3D 

model. 

 

1. ORL 

 The ORL has been described as originating from the lower orbital rim and 

traversing the OOc in a multilamellar fashion9,10,44-46. The present study has 

provided detailed microCT and histological findings indicating that the 

corresponding continuous ligamentous tissues typically appear to originate from 

the periosteum below the lower orbital rim. The modified Verhoeff-Van Gieson 

staining and immunofluorescence imaging verified that the ORL is a fibroelastic 

tissue with a histological continuity from its periosteal origination to the dermal 

attachment. Like previous studies, the present microCT and histological 

investigations showed that the ORL exhibits discrete filamentous layers in the 

sagittal section9,10,44,47. However, the multidirectional observations performed 

using microCT demonstrated that overall the ORL comprises a multilayered 

meshwork of very thin continuous fibroelastic plates. Collectively, its 3D 
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morphology appears like the inside of puff pastry, showing plexiform plates (Fig. 

22a). 

 The number of retro-orbicularis fibers varied in this study. Previous studies 

found that the ORL comprised a single layer at the medial portion and bifurcated 

near the midpupillary line45. The ORL at the lateral portion appeared in two layers 

separated by 4–8 mm. This macroscopic appearance might represent a 

morphological tendency, in which the number, extent, structural complexity, and 

ambiguity of the ORL layers increased in a lateral direction. However, it is rather 

difficult to definitively determine whether the ORL comprises one or two layers. 

Especially in the lateral area, increased layering with an appearance like that of 

puff pastry and structural ambiguity result in vertical widening of the ORL. The 

previously reported bilayered structure would have a macroscopic appearance of 

a lateral wide portion appearing like puff pastry with its upper and lower borders. 

In summary, the locations of these ORL layers and their borders might be more 

ambiguous than the descriptions in previous reports. 

 In 4 cases of 11 (36.4%), the uppermost fiber of the ORL seemed to originate 

from a very proximal part of the orbital septum or a junctional area between the 

periosteum and the orbital septum (Fig. 8d). Continuity of the uppermost fiber of 

the ORL with the periosteum was also clearly shown histologically in these cases. 

Thus, although the ORL could be macroscopically seen to begin with the orbital 

septum at its uppermost origin, the orbital septum would trivially affect any 

movements of the ORL. The retro-orbicularis fibers mostly separately traversed 

the muscle fascicles of the OOc. A few perimysia joined the outside portion of 

the ORL fibers. In immunohistochemical staining, perimysium did not contain 

elastin unlike the ORL. In this regard, ORL and perimysium are not extended or 

derived from each other, they are distinct structures not only morphology but also 

constituents (Fig. 10). The direct bundles of the ORL—proceeding from the 

periosteum to the dermis as a single continuous ligament—would provide a direct 

anchorage to support both the OOc and the skin. Clinically, the complete 
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resection of the retro-orbicularis fibers could eliminate any periosteal support of 

the OOc and its overlying dermis. Meanwhile, a cutaneous structure retaining the 

OOc could be sustained by the preorbicularis fibers with the perimysial retention. 

Attachment of the OOc to the dermis has been considered to contribute a lateral 

part of the hollow between the upper cheek and lower eyelid8,9,48,49. Accordingly, 

the palpebral portion of the OOc was tightly attached to the dermis and its lower 

border nearly corresponded to a cutaneous groove. The upper preorbicularis 

fibers were also attached slightly below the lower border of the OOc, but the 

bundles of the ORL did not join the muscle fibers. 

 A tree model of arborized filamentous was previously suggested for delineating 

the ORL50. The present study also observed a tree appearance in the sagittal 

section, as a progressive divergence of the fibers. A particularly interesting 

observation was that the lower preorbicularis fibers reached not only the 

orbicularis region but also the prezygomatic region across the lower border of the 

OOc (Fig. 8b–d). These fibers corresponded to the zygomatic cutaneous ligament 

that was previously considered to be a distinct facial retaining ligament that is 

separated from the ORL. These two cutaneous ligaments might actually be two 

parts of a broadly extended ligamentous complex. The puff-pastry-like structure 

of the ORL has a distinct upper border and an ambiguous lower border. 

 A clear upper border of the preorbicularis fibers could manifest as a visible 

cutaneous groove resulting from an accumulation of adipose tissue. Such a 

groove could be a tear trough or nasojugal groove medially and a palpebromalar 

groove laterally (Fig. 20)11,12. In not only the lower orbicularis region but also the 

prezygomatic region, the skin and its underlying subcutaneous tissue were 

retained by the preorbicularis fibers. Shrinkage of the subcutaneous adipose 

tissue with aging could result in a sagging appearance in the prezygomatic 

region49,51,52. The sagging skin could be retracted upward by the preorbicularis 

fibers and the adipose tissue might accumulate within the lower prezygomatic 
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region. This would be related to a cheek bulge previously delineated as the malar 

mound or festoons (Fig. 20b). 

 The dermal anchorage of the ORL could not be discriminated definitively as 

distinct fibers by pressing down perpendicularly on the skin surface. Instead, 

there was a fibroelastic combination of preorbicularis fibers with the dermis (row 

D in Fig. 9). Not only the ORL itself but also its dermal anchorage in a fibroelastic 

combination would be related to pathophysiological cutaneous laxation. Thus, 

histological alterations with aging, especially in elastic tissue, could induce 

sagging of the skin or produce a cutaneous groove. 

 In this study, PTA-microCT enabled a detailed 3D examination of the 

ORL1,7,28,53,54. This method has verified that previous descriptions of the ORL are 

still largely accurate on the macroscopic scale, with disparities between the 

present and previous findings possibly attributable to the observational scale. The 

findings of this study suggest that the well-known cutaneous convexity or groove 

with aging in the suborbicularis and prezygomatic regions—such as the tear 

trough, palpebromalar groove or malar mound—should be reconsidered since it 

might be indiscriminately formed by a typical definite demarcation. Instead, these 

features appear to be a complicated outcome resulting from shrinkage of 

subcutaneous tissue, the accumulation of adipose tissue, and retention of the 

ORL. 
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Figure 20. A model of the ORL appearing like puff pastry. The ORL appears in 

three dimensions as a multilayered meshwork of thin continuous fibroelastic 

plates (a), and its dermal attachment corresponds to a cutaneous groove or 

sagging bag (b). 
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2. NLF 

 The NLF corresponded to a border between the medial fibromuscular attachment 

structure and the lateral adipose-rich subcutaneous tissue. Namely, the lateral 

border of the muscle attachment corresponded to the fold. Detailed regional 

anatomy of the NLF that was revealed by microCT supported this answer. First, 

in its commencing portion, the OOr–LLSAN complex was tightly tethered to the 

dermis medial to the NLF and the loose adipose tissue situated lateral to the fold. 

Second, the ZMi attached to most of the NLF and its superolateral pulling action 

would render the fold. Third, the muscle fiber at the angular region of the NLF 

was not clearly shown, except for the tiny descending fibers of the ZMi. Thus, 

upward traction by the ZMi could play a role in forming the NLF furrow at the 

angular level. To sum up, the LLSAN makes the upper portion of the NLF region 

by traction of the skin, whereas the ZMi seems to create the fold at the middle 

region by sewing the separated areas. Previously, Pessa and Brown55 stated that 

the LLSAN mainly forms the medial region of the NLF, and the levator labii 

superioris forms the middle region. In the present study, the LLSAN inserted only 

at the alar portion after vertically descending from the orbital area. Meanwhile, 

the medially descending ZMi attached widely to the dermis in the middle portion 

of the NLF. 

 Until now, two theories have been suggested to examine the cause of NLF 

formation56. One suggestion is the fascial theory, in which dense fibrous 

extension derived from the facial expression muscles might create a cutaneous 

furrow by forming a boundary between different histologic types of the 

superficial musculoaponeurotic system (SMAS)26,57,58. We also found that the 

fascial septa were interleaved to the dermis beneath the lateral NLF and they were 

likely to form stroma intervening the fat lobules. However, the dermal attachment 

of the septa was distributed evenly beneath the lateral NLF, rather than intensively 

at the groove. The other is the musculodermal theory, in which the lip elevator 

muscles attached to the midface skin could form an oblique furrow55,56,59-62. Our 
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study showed that the muscle fibers distinctly inserted into the dermis beneath 

the NLF, and the regional difference in the superficial subcutaneous layer was 

clearly shown according to the muscle attachment. The medial NLF had dense 

irregular connective tissues intermingled with the muscle fibers and the lateral 

NLF had numerous fibrous septa with abundant adipose tissue. Consequently, the 

musculodermal theory seems to be more reliable in examining the formation of 

the groove along the lateral margin of the muscle attachment. 

 Beer et al.56 reported that there are muscle fibers in the dermis at both medial 

and lateral sides close to the NLF. Meanwhile, we found that all muscle fibers in 

the dermis attached to the dermis beneath the medial NLF, which supports that 

the NLF is caused not only by pulling of muscular attachment of the groove but 

also by the opposition between the medial and lateral NLF. Likewise, some 

studies reported distinct patterns at the lateral and medial NLF as type I and II 

SMAS57,58. Type I SMAS consists of a meshwork of fibrous septa enveloping 

lobules of fat cells. These septa, which are aligned parallel, connect the facial 

muscles to the skin or are anchored to the periosteum. Type II SMAS consists of 

a meshwork of combined collagen and elastic fibers with muscle fibers and fat 

cells. It does not have fibrous septa or fat lobules, and muscles adjacent to this 

area are attached to the dermis directly. Sandulescu et al.58 mentioned that nerves 

are rarely found in the type I region, but we discovered buccal nerve twigs. They 

were more distinctly shown in the type I area than in the type II area. Our 

observations mostly corresponded to these previous histologic descriptions 

except for the neurovascular distribution. We found small nerve twigs and various 

sizes of vessels in both types I and II areas. Accordingly, Yang et al.63 reported 

that the main trunk of the facial artery could be found not only at the medial 

region of the NLF but also at the lateral region. 

 Although there was a diversity of features according to the regions, the following 

four layers composed of muscles and connective tissues were clearly observed in 

this study: superficial subcutaneous layer, superficial muscle layer, intermuscular 
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connective tissue layer, and deep muscle layer. The superficial subcutaneous layer 

is a connective tissue layer that exists between the skin and muscle layers. It 

gradually extends from the alar region to the angular region. The wider this layer, 

the more obvious the fibrous septa that divide the fat compartment. Small nerve 

twigs were found sporadically near the dermis. In the alar region, the superficial 

muscle layer was closely located to the skin of the medial NLF, forming a 

fibromuscular complex with the irregular connective tissue of the superficial 

subcutaneous layer, making this region dense. Similar patterns were observed in 

the middle region, and insertion of the zygomaticus minor was clearly detected. 

However, in the angular region, no muscle fibers were found to be directly 

inserted into the dermis. The deep muscle layer of medial NLF in this region 

seemed to combine with the superficial muscle layer to form a single layer. In 

addition, an intermuscular connective tissue layer was observed between the two 

muscle layers, the fibrous septa were also found, and most of the major nerves 

were concentrated there. 

 Macchi et al.64 reported that the superficial fibroadipose connective layer in the 

NLF region is a thin structure with few fat lobules, similar to the subcutaneous 

tissue of the medial NLF in the present study. The authors have mentioned that 

fibrous septa are present in the deep fibroadipose connective layer, which is 

considered identical to the fibrous septa of the intermuscular connective tissue 

layer we observed. These fibrous septa are supposed to play a role in maintaining 

the compartment where the adipose tissues are located. Sandulescu et al.58 have 

described the fibrous septa as a three-dimensional meshwork shape using 

AutoCAD (Autodesk, San Rafael, Calif.). However, in our study, which used 

PTA-microCT, it was observed as plate shaped with regular direction. The fibrous 

septa appeared connected with the muscle fascia in the 3D reconstruction images. 

From the muscle layer, it spreads lateromedially to the skin direction in the 

superficial subcutaneous layer and to the mucosal direction in the intermuscular 

connective tissue layer.  
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3. Calcaneal tunnel 

 The transverse interfascicular septum has been known to separate the medial and 

lateral neurovascular bundles30,31,33,34,37,38,40. However, since precise dissection of 

this susceptible ligamentous septum is very intractable, detailed information 

about it remains elusive. Thus, we used PTA-microCT to investigate it precisely. 

In the present study, the IFS corresponded to the transverse interfascicular 

septum. The septum commenced around the malleolar-calcaneal line with a 

falciform shape between the AHF and QPF. The medial or posterior talocalcaneal 

ligament, talus, and calcaneus formed its superomedial aspect. In summary, the 

IFS had a T-shaped coronal section with two separated spaces. In previous 

studies, the MPN and LPN travel within two separated compartments (the 

upper/lower tunnels or tibiotalar/talocalcaneal tunnels) by the septum30,31,33,34,37. 

Likewise, we observed that the MPT and LPT were well separated by the IFS, 

and the plantar nerves passed through these tunnels, respectively (Figs. 16 and 

18). 

 Clinically, nervous morbidity could have happened within the plantar 

tunnels31,32,37,42,65. The plantar nerves deliver a cutaneous sensation of the sole to 

the brain; thus, plantar pain can result from their compression. As the plantar 

tunnels extend laterally, they narrowed in a triangular manner, increasing the 

possibility of nerve compression31,38,66. The spreading of dyes showed definite 

localization within two tunnels, and this finding strongly underpins definite 

separation of the MPT and LPT by the IFS (Fig. 19b). Additionally, the plantar 

nerves ramified into several tiny twigs, and they did not pierce the septum. 

 Regarding the definite separation between the tunnels, one agent-injected tunnel 

is unlikely to spread over the septum. Hence, an analgesic injection may be 

administered into the plantar tunnels for efficient pain control. We also observed 

the FBLPN, which passed through the LPT between the flexor digitorum brevis 

and quadratus plantae (QP) (Figs. 16 and 18). Since this nerve has been known 

to travel through a tight space between the abductor hallucis and QP, there is a 
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high possibility that calcaneal pain is triggered by compression of the 

FBLPN34,43,66. Based on the present study, an approach to alleviate pain triggered 

by FBLPN entrapment should target the LPT. 

 

 This study confirmed various types of soft tissue structures can be examined by 

PTA-microCT. In the ORL study, tiny and delicate ligamentous structures were 

distinctly identified with three-dimensional continuity. In the NLF study, 

complex structures consisting of septum, muscle, connective tissue, and related 

skin were investigated comprehensively. In the calcaneal tunnel study, septum 

and neurovascular structures within the space surrounded by diverse features 

were examined non-invasively. Conclusively, PTA-microCT complemented 

limited macroscopic view of manual dissection and fragmented sectional view of 

histological examination. 

 Several points were considered while processing the samples. The size and 

character of a specimen, and the duration of staining were principal concerns. 

Since the dimension of the specimen varied from the mm-scale to a maximum of 

7 cm3, the scanning voxel size varied from under 10 to over 30 um3. This 

intermediate-scale view, between macro and microscopic nanoscale views, is 

suitable for investigating anatomical structures of the human in detail. However, 

if the dimension of a specimen is too large, the concomitant voxel size would 

lower the resolution of the image. 

 Regarding the type of tissue, ligamentous structures and muscles were stained 

and identified clearly, but the skin, which has a higher density than the other 

tissues, needed to be stained for a longer duration for the PTA solution to 

penetrate. As for neurovascular structures, arteries and veins were easily 

identified for their notable, tubular shape. Small nerve twigs can be confused with 

other connective tissue or muscle fibers, so they should be carefully examined 

with anatomical understanding and using other verifications, such as histological 

experiments. 
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 After several pilot studies, we found that the proper thickness of a specimen 

(including tissue of high density, such as skin) is 5–7 mm and the proper duration 

of staining is 5–7 days in most cases. In these conditions, the PTA solution 

penetrates the specimen at a rate of approximately 1 mm/day. If the thickness 

exceeds 7 mm, the processing time increases. When the duration of staining is 

insufficient compared to the volume of a specimen, the final image may include 

an empty hole in the central area of the specimen (Fig. 21). This often occurs, 

especially at the skin level. Therefore, removing unnecessary skin can improve 

staining efficiency. Further study on the optimal duration for staining larger and 

more dense specimens could prove useful. 

 Usually, the specimen is divided into pieces to enhance penetration; it is 

important to remember the location and direction of each specimen during this 

process. To maintain this information, sewing on the same region of each part is 

recommended. The thread will be seen in the final image, and one should be 

careful that the thread does not interfere with the main area. For example, sewing 

on the superolateral region of each piece might be helpful. Additionally, 

preliminary analyses of an anatomical structure are needed to recognize each 

tissue part owing to its complexity. 

 Parafilm and other materials are used to prevent specimens from drying out. 

However, slight deformities can occur when wrapping specimens. It is important 

to preserve the original shape to the greatest extent possible. Sometimes a liquid 

tube is used, instead of parafilm. However, even the slightest trembling of a 

machine has the potential to affect the tube during scanning and might reduce the 

clarity of the final image. 
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Figure 21. Insufficient staining of PTA. A hollow space at the center shows where 

the PTA solution has not penetrated sufficiently. (a) Volume-rendered 3D image. 

(b) Cross-sectional 2D image.  
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 Other candidates for micro-level imaging exist, but all of them have limitations. 

Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) nearly omit one spatial dimension. Optical projection tomography (OPT) 

also provides 3D imaging, but it is limited by sample size. Micro-scale MRI 

(microMRI) is also suitable for observing delicate soft tissues, but it still provides 

insufficient resolution compared to microCT and is relatively expensive with 

limited accessibility46. Phase-contrast microCT has the great benefit of not 

requiring contrast agents for soft tissues, but both synchrotron or laboratory-

based phase-contrast microCT are expensive and have limited availability 

compared to a conventional microCT device67. 

 There are a few limitations to the PTA-microCT study. First, this protocol cannot 

be done with a living object. Furthermore, the sample size is restricted by the 

maximum scanning size of the microCT scanner. There could be errors while 

analyzing the rendered image by the naked eye; therefore, additional histological 

experiments may be needed to confirm the findings. There might be slight 

dimensional distortion during preparation; however, we believe that this does not 

significantly affect the result of the study. 
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V. CONCLUSION 

 

 This study aimed to introduce microCT with PTA preparation as an observation 

method to characterize human soft tissue. For this purpose, we chose several parts 

of the human body that are challenging to analyze by conventional methods, and 

successfully verified the efficacy of the method in doing this. 

 Multidirectional observations using PTA-microCT demonstrated that the ORL 

is not just a single or double layered structure, but rather comprises a multilayered 

meshwork of thin, continuous fibroelastic plates. Further, we found that the 

lowermost fibers of the ORL fibers reach the prezygomatic region, where it was 

previously accepted that the malar mound was produced by the zygomatic 

cutaneous ligament. These findings suggest that the well-known cutaneous 

convexity or groove with aging in the suborbicularis and prezygomatic regions 

should be reconsidered since these features appear to be a complicated outcome 

resulting from shrinkage of subcutaneous tissue, accumulation of adipose tissue, 

and retention of the ORL. 

 The NLF is a complex structure consisting of various types of tissue and PTA-

microCT elucidated the comprehensive and detailed anatomy of the NLF. We 

found that all muscle fibers attached medially to the fold and showed that the 

NLF is created not only by the pulling of the muscular attachments of the groove 

but also by the opposition between the lateral and medial aspects of the NLF. 

Therefore, we suggested that the adipose tissue at the lateral to the fold and the 

muscle traction at the medial to the fold should be both considered to ameliorate 

the fold. 

 The calcaneal tunnel is a space surrounded by diverse features and we 

investigated its vulnerable inner structures non-invasively. The tunnel is 

separated by the IFS, and the medial and lateral plantar nerves are localized by 

each space. Definite separation between the tunnels was confirmed by a dye-

injection study. Hence, we suggested that an analgesic injection to the plantar 
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nerves for alleviating the pain of the foot may be administered with considering 

these results. 

 In this study, we applied the PTA-microCT method to the analysis of human 

soft tissue structures that were hard to investigate by conventional methods and 

verified its efficacy by deriving clinically meaningful results. The detailed 

protocol, advantages, and limitations of PTA-microCT are also disclosed. 
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ABSTRACT (IN KOREAN) 

 

인텅스텐산 처리와 미세컴퓨터단층촬영술을 이용한 사람조직의 
연구 

 
<지도교수 양 헌 무> 

 
연세대학교 대학원 의학과 

 
오 제 훈 

 
 

 사람의 구조를 연구하기 위하여 맨눈해부와 조직학적 실험이 
주로 사용되지만, 이 방법들은 미세한 조직을 손상시키거나 
제한된 정보만을 획득할 수 있다는 한계점들이 있다. 
미세컴퓨터단층촬영술은 손상이나 변형이 없이 표본의 삼차원 
볼륨 렌더링 모델을 제공하지만, 일반적으로 경조직만을 시각화 
할 수 있다. 따라서, 연조직의 시각화를 돕기 위해서는 
대조도강화제가 필요하다. 본 연구는 인텅스텐산 처리와 
미세컴퓨터단층촬영술을 이용하여 다양한 유형의 사람 연조직을 
관찰하는 방법을 소개하는 것을 목적으로 한다.  
 인텅스텐산 처리와 미세컴퓨터단층촬영술의 효용성을 평가하기 
위해 기존의 연구방법으로 분석하기 어려운 사람의 구조들을 
선정하였다. 눈확유지인대는 기존의 방법들을 이용할 시 손상될 
가능성이 있는 미세하고 약한 구조의 유형을, 코입술주름은 
다양한 조직학적 구성으로 이루어진 복잡하고 이해하기 어려운 
구조의 유형을, 발목굴은 미세한 구조들을 감싸고 있는 밀폐된 
공간 구조의 유형을 나타낸다. 
 눈확유지인대의 연구에서, 이 인대가 단일 또는 이중 층으로 
이루어진 구조가 아니라 다층의 얇은 섬유탄력판들이 
그물망처럼 연결된 구조이며, 가장 아래쪽 섬유들은 
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광대피부인대가 위치하는 것으로 알려진 영역까지 이르는 
점들을 확인하였다. 따라서, 중간뺨의 주름들은 단순히 구분된 
인대들의 경계에 의해서 생기는 것이 아니라 눈확유지인대의 
넓게 분포한 섬유들과 주변 피부밑조직, 그리고 지방조직과 
연관된 복잡한 요인들로 인한 결과이기 때문에, 이 영역과 
관련된 기존 연구들이 재정립되어야 함을 제안하였다. 
 코입술주름의 연구에서, 모든 근육섬유들은 주름의 안쪽부위에 
부착되었으며, 이를 통해 코입술주름의 원인이 단지 근육 부착 
부위의 당김 때문이 아니라 주름 안쪽과 바깥쪽의 차이 
때문임을 보여주었다. 따라서, 주름의 교정을 위해서 주름 
바깥쪽의 지방조직과 주름 안쪽의 근육 당김을 모두 고려할 
것을 제안하였다. 
 발목굴의 연구에서, 미세컴퓨터단층촬영술 영상을 통해 발목굴 
공간은 다발사이격막에 의해 분리되며, 안쪽/가쪽발바닥신경은 
분리된 공간들에 각각 분포한다는 것을 확인하였다. 
발바닥신경은 발바닥의 피부감각을 담당하기 때문에, 발바닥의 
통증 치료를 위한 진통제 투여는 이러한 점들을 고려하여 
시행되어야 함을 제안하였다. 
 결론적으로, 본 연구에서는 기존의 연구방법들을 통해서 
분석이 어려운 사람의 연조직 구조들을 인텅스텐산 처리와 
미세컴퓨터단층촬영술을 이용하여 분석하고 임상적으로 의미 
있는 결과를 도출함으로써 방법의 효용성을 입증하였다. 
인텅스텐산 처리와 미세컴퓨터단층촬영술의 상세한 프로토콜과 
특장점 및 한계점 또한 함께 기술되었다. 
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