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Introduction: Tibial fractures have a high rate of post-fracture complications. Blood supply is
recognized as a positive factor in tibial fracture healing. However, it’s difficult to assess blood
supply damage after tibial fracture because of the lack of understanding of the tibial intraosseous
arteries. This study aimed to delineate and anatomically characterize porcine tibial intraosseous
arteries, as a model for the human system.

Methods: Twenty right calf specimens with popliteal vessels were prepared from ordinary Land-
race pigs. Epoxy resin was perfused into the vasculature from the popliteal artery. After 24 h,
casts of the intraosseous arteries of the tibia were exposed through acid and alkali corrosion. The
distribution and anatomy of the exposed intraosseous arteries were observed and measured under
a microscope, and the data were statistically analyzed.

Results: Sixteen complete specimens were obtained. The medullary artery bifurcated into the main
ascending and descending branches, which each split into two upward primary branches that
further divided into 1-3 secondary branches. Among all specimens, 56 ascending and 42
descending secondary branches, which were all >0.3 mm in diameter. Furthermore, the hori-
zontal plane was divided into three zones—safety, buffer, and danger zones—according to the
probability of the presence of intraosseous artery.

Discussion: The cast perfusion and corrosion approach was successfully applied for anatomical
characterization of the intraosseous arteries of the porcine tibia. These observations provide a
theoretical basis for understanding the tibial vasculature in humans and will facilitate the
establishment of novel “safe corridor” in the tibia for the protection of the blood supply during
surgery.

1. Introduction

Tibial fractures have among the highest post-fracture complication rates and can have a wide-ranging impact on the lives of

affected patients [1]. Given the diversity of

injury mechanisms, tibial fractures can occur at any age and in any situation [2]. In the
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United States alone, the annual economic loss from tibial fractures was approximately $1.4 billion [3].

Factors that affect the healing of tibial fractures have been extensively investigated. Although some of the results are controversial,
it is widely recognized that blood supply plays a positive role in the tibial healing process [4], especially in the early stages, which are
characterized by hematoma and inflammatory reactions [5,6]. However, it is difficult to accurately assess the extent of blood supply
injury in different fracture types, owing to an incomplete understanding of the tibial vasculature.

Based on techniques, such as anatomical observation and microangiography, the distribution of the feeding arteries of the tibia can
be divided into extraosseous and intraosseous regions. The distribution of extraosseous arteries can be easily observed and is well-
described [7,8]. Accordingly, “safe corridor” for external fixation devices can be designed to avoid damage to important structures,
including the posterior tibial artery and nerves [9,10]. The intraosseous artery encompasses a greater proportion of the blood supply to
the tibia than the external artery [11]. However, given the lack of direct visual detection methods, the distribution of the intraosseous
arteries remains largely unknown. This not only affects the assessment of the degree of blood supply injury after tibial fracture but also
leads to unavoidable iatrogenic injury to the intraosseous artery.

To facilitate observation and measurement of the intraosseous arteries, the bone and soft tissue around the arteries should be
removed. Owing to the calcified structure of the tibial cortex, maintaining the integrity of the intraosseous arteries while removing the
cortex has proven to be challenging. Zhang et al. [12] used a casting agent perfusion and corrosion method to generate femoral head
specimens in which the intraosseous arteries were exposed, and achieved satisfactory results. According to previous studies, pig tibia
are considered suitable substitutes for studying human tibia due to their similarities in anatomy and vascular distribution [13,14].
Accordingly, the aims of this study were to expose the porcine tibial intraosseous arteries using similar methods, quantify the number
and describe the spatial distribution of the tibial intraosseous arteries, and provide a theoretical basis for understanding the tibial
vasculature and establishing the concept of new “safe corridor” for the protection of the tibial intraosseous blood supply during
surgery. This study aimed to achieve this goal.

2. Materials and methods
2.1. Materials

The study protocol was approved by the Institutional Animal Care and Use Committee, Suzhou Ruihua Orthopedic Hospital,
Suzhou, China (Approval number: RHGK2023013). Twenty right-calf specimens with popliteal vessels (ordinary Landrace pigs, male,
mean age:10 months, weighing approximately 150 kg) were harvested from a licensed slaughterhouse. The epoxy resin (Dongguan
Xiaoma New Material Technology Co., Ltd., No. 318AB-C2-1 kg) included solution A colloid ((C1;H1203)n) and solution B diluent
(C3H;19N20). Other experimental materials and equipment included a manometer (SanLiang, DP370), UV-curing adhesive (Kisling AG,
ergo8500), dual-viewing optical microscope (Zhenjiang Zhuochuang Medical Technology Co., Ltd., AC220V/50 Hz), annular angle
square (Hengjiu Wanfeng, A024), and micro-scale laser generator (DeLi, 3933).

Fig. 1. Intraosseous vascular cast. A. After NaOH corrosion; B. After HCI corrosion.
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2.2. Vascular casting

Solutions A and B were mixed in a weight ratio of 3:1 with four drops of red metal complex dye [12]. The mixture was thoroughly
mixed and left for 30 min to eliminate air bubbles.

The popliteal artery was dissected from the specimen, and an indwelling needle hose with the needle removed was inserted and
securely fixed using a silk thread. Heparin saline (625 U/mL) was injected into the popliteal artery to wash the blood remaining in the
vessel and observe vascular branches in the distal calf. After flushing, the distal branch vessels were ligated [12], while preserving the
posterior tibial artery. A syringe, manometer, and indwelling needle were connected sequentially, and the epoxy resin fluid was
perfused at a constant pressure of 25 KPa [15]. Care was taken to prevent air from entering the sealed system. When red epoxy could be
seen at the stump of the posterior tibial artery, the indwelling needle and the posterior tibial artery were ligated, and then a small
amount of epoxy was re-infused at 15-min intervals to keep the popliteal artery full. Perfusion was terminated after 3 h.

After 24 h, the muscles around the tibia were removed using a scalpel and soaked in 50% NaOH solution for 6 h to remove soft
tissue from the surface of the tibia (Fig. 1A). A total of four 5.0-mm-diameter pins were implanted at 1.5 cm and 2.0 cm below the tibial
plateau, and 1.5 cm and 2.0 cm above the ankle plane, with the anterior edge of the tibia as the landmark line, and the pins were
connected with an external fixation brace. A UV-curing adhesive was applied to cover the bone pins and the surrounding bone surface
to prevent loosening of this part through acid and alkaline corrosion. After soaking in 10% HCI solution, the softened impurities were
peeled off from the tibia under a microscope at 12-h intervals to gradually expose the intraosseous arteries [16] (Fig. 1B).

2.3. Data measurement

When the intraosseous arterial casts were completely exposed, the distribution pattern and anastomosis of the intraosseous arteries
were observed under a microscope, and the caliber was measured to identify vessels with a diameter greater than or equal to 0.3 mm
[17]. The tibia was fixed vertically, and the spatial distribution range of each vessel was measured and recorded using an annular angle
square and laser generator (Fig. 2A-C).

2.4. Statistical analysis

The data obtained were analyzed using SPSS software (version 21.0; IBM SPSS Statistics for Windows, Jiangsu, Suzhou, China) and
are expressed as mean =+ standard deviation (SD).

3. Results
3.1. Clear cast specimens of the intraosseous tibial artery

After acid-base corrosion, 16 complete specimens (4 were excluded due to perfusion failure) with an average height of 16.2 + 2.7
cm were obtained from the cast of the intraosseous tibial artery. Among the specimens, only one had two ascending branch trunks and
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Fig. 2. Data collection. A. Vascular data measurement methods (red indicates laser). B. Vascular angle measurement; C. Vascular diameter
measurement.
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one descending branch trunk (Fig. 3A), whereas the remainder had one ascending trunk and one descending branch trunk (Fig. 3B).

3.2. Number and diameter of intraosseous arteries

The medullary artery branches into main ascending and descending branches. The main ascending branch split into two upward
primary branches and main descending branch split into two downward primary branches (Fig. 4A and B), each of which was further
divided into one to three secondary branches (Fig. 4C and D). Among all specimens, there were 56 ascending secondary branches and
42 descending secondary branches measuring >0.3 mm.

In all specimens, 16 medullary arteries with a mean diameter of 0.99 + 0.14 mm were collected, including 17 main ascending
branches, 16 main descending branches, 56 ascending branches, and 42 descending branches with a mean diameter of 0.85 + 0.11
mm, 0.86 + 0.1 mm, 0.56 + 0.09 mm, and 0.57 + 0.11 mm, respectively (Table 1).

3.3. Spatial distribution of intraosseous arteries

According to the segment of the tibia reported by Nayagam [10] and the observations in this study, the intraosseous arteries in the
interepiphyseal region of the tibia on the proximal and distal sides were fully exposed and divided into three zones: ascending, parallel,
and descending, from proximal to distal. The parallel zone was located near the midpoint of the full length of the tibia, with an average
height of 1.6 & 0.7 cm. In this zone, the medullary artery divides into ascending and descending arterial trunks, and the trunk artery
branches out to the proximal and distal sides after winding for some distance. The ascending and descending zones are located between
the proximal and distal tibial epiphysis and the upper and lower edges of the parallel zone, with an average height of 5.6 & 1.8 and 4.5
+ 1.4 cm, respectively (Fig. 5).

The medullary artery is divided into 1-2 ascending arterial trunks and 1 descending arterial trunk near the middle tibial segment.
The ascending trunk travels a short distance in the same plane and then divides into two ascending branches, each of which again
branches into one or three secondary branches. The latter are mostly twisted and loose, and are connected by traffic branches, forming
a circular anastomosis and converging into the proximal tibia. The descending trunk is long and straight and travels downward in the
medullary cavity for a distance, after which it splits into two downward branches, each of which is again divided into one to three tree-
like secondary branches that converge into the distal tibia. Some of the branches near the inner surface of the bone cortex emit
capillaries that penetrate the bone cortex and anastomose with the extracortical periosteal artery branches. In general, the distribution
characteristics of the intraosseous artery in the porcine tibia were as follows: 1) Most of the branches of the intraosseous artery were
distributed in a discrete manner along the inner surface of the bone cortex, while a few were coiled in the center of the medullary
cavity; 2) except for the arterial trunk, branching was more extensive in the posterior than in the anterior of the intraosseous artery,
and there were more internal than external branches.

The paths of all vessels with a diameter greater than or equal to 0.3 mm in regions containing ascending and descending branches
were also recorded (Tables 2 and 3, Fig. 6A and B). We divided the horizontal plane according to the probability of the presence of the
intraosseous artery and defined the interval with fewer than four arterial courses (<4/16, probability <25%) in the 16 specimens as
the safety zone, the interval with four to eight arterial courses (4-8/16, >25% probability <50%) as the buffer zone, and the interval
with eight or more arterial courses (>8/16, probability >50%) as the danger zone (Fig. 7A-C). The safety zone in the ascending branch
region was concentrated in the range of 340-100°, with a scattered distribution in other regions. In contrast, the danger zone in this

Fig. 3. Microscopic observation of main intraosseous blood vessel. Red arrow indicates ascending branch, and blue arrow indicates descending
branch. A. Special form of two ascending branches; B. Regular form of one ascending branch.
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Fig. 4. Number of intraosseous artery branches. Black arrow indicates the primary branch, red arrow indicates the secondary branch. A. Primary
branch of main ascending branch; B. Primary branch of main descending branch; C. Primary branch gives rise to one secondary branch; D. Primary

branch gives rise to three secondary branches.

Table 1
Diameter (mm) of intraosseous blood vessels.

Item n Max Min Mean £ SD
Main medullary artery branch 16 1.20 0.70 0.99 +0.14
Main ascending branch 17 1.10 0.70 0.85 +0.11
Main descending branch 16 1.00 0.65 0.86 + 0.10
Ascending branch 56 0.75 0.35 0.56 + 0.09
Descending branch 42 0.80 0.40 0.57 +£0.11

Max and Min refer to the maximum and minimum diameter in one single tibia, respectively.

region was concentrated in the range of 210-280°. The safety zone in the descending branch region was concentrated in the range of
300-85°, with a small distribution in the posterior lateral tibia, whereas the danger zone of the descending branch region was

concentrated in the range of 180-250°. The other intervals met the criteria for a buffer zone.
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Ascending Branch Region (5.6 cm\

Parallel Region (1.6 cm)

Descending Branch Region (4.5 cm)

Fig. 5. Schematic diagram of intraosseous vessels.

Table 2
Number of vascular distribution.
Item Distribution area
Medial Lateral Both
Ascending branch 37 13 6
Descending branch 29 8 5

Medial and Lateral correspond to the locations of the tibial vascular distribution in Fig. 6. Medial: 180°-360°; Lateral:
0°-180°.

4. Discussion
4.1. The choice of experimental materials

This study aimed to generate tibial specimens exposed to the intraosseous artery to investigate the pattern of distribution and
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Table 3
Vascular distribution angle size (°).
Item Medial Lateral
Maximum Minimum Average Maximum Minimum Average
Ascending branch 105 1 31.66 + 24.93 42 1 16.11 + 14.30
Descending branch 102 2 31.10 + 28.37 130 30 68.13 + 41.05

Medial and Lateral correspond to the locations of the tibial vascular distribution in Fig. 6. Medial: 180°-360°; Lateral: 0°~180°.

Fig. 6. Distribution range of intraosseous arteries. A. Distribution range of ascending branch; B. Distribution range of descending branch.
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Fig. 7. Safety zone and danger zone in tibia treatment. Green indicates safety zone, red indicates danger zone, and dotted line indicates safe
corridor recommended for conventional nail placement. A. Ascending branch region; B. Tibia mode pattern; C. Descending branch region.

anatomical characteristics of the tibial intraosseous artery. Considering that human cadaver specimens are difficult to obtain, suitable
animal specimens must be used to conduct relevant experiments. Additionally, to more closely resemble the length, shape, and
vascular distribution of the human tibia, these specimens must be derived from large animals, such as sheep, deer, pigs, and dogs.
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Throop et al. [18] reported that compared with other animals, the tibia of deer is closer to the human tibia in terms of length and
morphology. However, no evidence exists to indicate that the distribution of blood vessels around the tibia of a deer is similar to that of
humans, and thus, the tibia of these animals may be unsuitable as a reference in our study. Studies have demonstrated that pig bone is
similar to human bone in terms of anatomy, morphology, and healing [13,19]. Kotsougiani et al. [14] showed that similar to humans,
the nutrient arteries of the porcine tibia originate from the posterior tibial artery. Therefore, we believe that the tibia of pigs is a
suitable alternative model for investigating the tibial intraosseous artery.

4.2. The choice of experimental methods

Owing to its unique physiological structure and clinical significance, the tibial intraosseous artery has always been a focus of
research. Almansour et al. [20] identified and described the course and distribution of tibial nutrient arteries using computed to-
mography of the tibia and suggested that this could help reduce damage to nutrient arteries during clinical treatment. Although this
finding was supported by an anatomical study by Anetai et al. [21] on lower-limb specimens from the human body, their study did not
find any intraosseous arteries. McKeon et al. [22] used navicular bone with exposed intraosseous arteries by blue latex perfusion and
bone transparency and illustrated the arterial blood supply to the navicular bone. However, this transparent model is unable to directly
measure intraosseous blood vessels, which does not meet our requirements. Papakonstantinou et al. [23] used the carving method to
create humerus specimens with exposed intraosseous arteries. However, this method could not guarantee the integrity of the obtained
artery specimens. Zhang et al. [12] provided a method that could fully expose the intraosseous artery and maintain its integrity; this
method was employed in the current study. The popliteal artery was isolated and catheterized, and epoxy resin was administered by
perfusion to fully expose the intraosseous arteries after acid and alkali corrosion. The three-dimensional distribution of the intra-
osseous arteries is clearly visible, which is conducive to enhancing the understanding of the intraosseous vasculature and facilitating
more direct research on the vessels.

4.3. Intraosseous safe corridor

A safe corridor is defined as an area without any important structures, such as neurovascular bundles, large muscles, and tendons
[24]. An intraoperative safe corridor to the tibial shaft portion requires that the implants avoid important tissues such as the anterior
tibial vessels, posterior tibial vascular nerve bundle, and peroneal nerve [25]. According to Nayagam [10], the two main safe corridors
to the tibial stem are the coronal plane line and the medial line parallel to the subcutaneous medial surface, with an angle of
approximately 45° between the two lines. Fixation performed in this manner can ensure stability while reducing the risk of injury to
surrounding vessels or nerves. However, if the distribution of blood vessels in the human tibia is similar to that of the porcine tibia,
implants with medial line access have a higher probability of damaging the branches of the intraosseous artery in both the proximal
and distal ends of the tibial trunk, resulting in a reduced or even interrupted blood supply to a part of the bone cortex (Fig. 7). The distal
third of the tibia is supplied only by branches of the nutrient artery and periosteal artery, implying that iatrogenic intraosseous arterial
injury may result in delayed healing or non-healing in this region more than in other parts of the tibia [26].

Notably, our findings showed that damage to the trunks of the intraosseous artery could not be avoided by implantation in any
direction and angle within a height of approximately 1/10th of the tibia around the midpoint, indicating that implant placement in this
area should be avoided as much as possible. Similar conclusions were obtained in a study on the human tibia [27].

Compared to external fixation and plates, intramedullary nailing has shown a lower rate of nonunion in the treatment of closed
tibial fractures, which may be related to reduced damage to the soft tissue and extraosseous blood supply [28]. However, the extent of
damage caused by intramedullary nailing on the intraosseous blood supply is unclear, and different nailing placement methods and
approaches may lead to different degrees of intraosseous vascular injury. A study by Paar et al. [29] on intraosseous vessels in human
cadaveric tibial specimens found a 100% rate of intraosseous vessel injury in specimens fixed with reamed intramedullary nailing and
50% in specimens fixed with unreamed intramedullary nailing. Although Menck et al. [30] suggested the use of an intramedullary nail
with an improved shape based on a study of human cadaveric tibial specimens, the authors did not explain the distribution pattern of
the intraosseous arteries, nor could they confirm that the improved intramedullary nail did indeed reduce or avoid injury to the
intraosseous vessels. Our study demonstrated the branches of intraosseous vessels is less distributed in the anterolateral aspect of the
tibial medullary cavity, imply that the anterolateral aspect of the tibial medullary cavity may represent a safe corridor for intra-
medullary nail placement.

4.4. Significance of this study

Many tibial disorders, including nonunion, infection, and necrosis, are associated with blood supply disruption [6,31,32].
Nevertheless, there is still a lack of a clinically appropriate assessment system for the degree of tibial blood supply injury, which is
related to our lack of understanding of tibial vasculature. In this study, we clearly demonstrated the structure of the intraosseous tibial
artery and summarized its distribution characteristics. Our results may help to gain insight into the components and operating
mechanisms of tibial blood circulation and contribute to the development of an assessment method for the degree of blood supply
injury.

The safe corridor serves to avoid intraoperative damage to vital structures; however, traditional safe corridors do not focus on the
protection of the intraosseous artery. Although further experiments are necessary to verify whether the results of this study can be
extrapolated to humans, we can nevertheless propose the novel concept of a safe corridor in the tibia. This concept will not only help in
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the intraoperative protection of the intraosseous tibial artery, but will also contribute to the development of novel surgical approaches
and instruments to reduce or avoid damage to the intraosseous artery.

The present study has some limitations. First, there is no evidence that the intraosseous artery distribution in the porcine tibia is
similar to that in the human tibia, and the results obtained in this investigation may not be directly applicable in clinical practice.
Second, because we did not dissect the extraosseous arteries in this study, we could not demonstrate the complete tibial arterial system.
Finally, the sample size of this experiment was not large enough to propose typing of intraosseous arteries based on the results ob-
tained. The latter limitation should be addressed in future studies.

5. Conclusion

In this study, we produced an adequate sample of porcine tibial specimens with exposed intraosseous arteries, directly visualized
the distribution pattern of porcine intraosseous tibial arteries, and determined the number, course, and location of the arteries. To the
best of our knowledge, this is the first study to report these findings. Our results not only deepen our understanding of the intraosseous
tibial artery but will also help researchers establish and apply new safe corridors in the future.
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