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a b s t r a c t 

Micro-computed tomography (CT) is an X-ray-based imaging modality that produces three- 

dimensional (3D), high-resolution images of whole-mount tissues, but is typically limited to 

dense tissues, such as bone. The X-rays readily pass-through tendons, rendering them transpar- 

ent. Contrast-enhancing chemical stains have been explored, but their use to improve contrast in 

different tendon types and across developmental stages for micro-CT imaging has not been sys- 

tematically evaluated. Therefore, we investigated how phosphotungstic acid (PTA) staining and 

tissue hydration impacts tendon contrast for micro-CT imaging. We showed that PTA staining 

increased X-ray absorption of tendon to enhance tissue contrast and obtain 3D micro-CT images 

of immature (postnatal day 21) and sexually mature (postnatal day 50) rat tendons within the tail 

and hindlimb. Further, we demonstrated that tissue hydration state following PTA staining sig- 

nificantly impacts soft tissue contrast. Using this method, we also found that tail tendon fascicles 

appear to cross between fascicle bundles. Ultimately, contrast-enhanced 3D micro-CT imaging 

will lead to better understanding of tendon structure, and relationships between the bone and 

soft tissues. 

• Simple tissue fixation and staining technique enhances soft tissue contrast for tendon visual- 

ization using micro-CT. 

• 3D tendon visualization in situ advances understanding of musculoskeletal tissue structure 

and organization. 
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Specifications table 

Subject area: Engineering 

More specific subject area: Bioimaging 

Name of your method: Contrast enhancing for tendon visualization by micro-CT 

Name and reference of original method: K.M. Lesciotto, S.M. Motch Perrine, M. Kawasaki, T. Stecko, T.M. Ryan, K. Kawasaki, J.T. Richtsmeier, 

Phosphotungstic acid ‐enhanced microCT: Optimized protocols for embryonic and early postnatal mice, Developmental 

Dynamics. 249 (2020) 573–585. https://doi.org/10.1002/dvdy.136 . 

J. Sartori, S. Köhring, H. Witte, M.S. Fischer, M. Löffler, Three-dimensional imaging of the fibrous microstructure of 

Achilles tendon entheses in Mus musculus, J. Anat. 233 (2018) 370–380. https://doi.org/10.1111/joa.12837 . 

Resource availability: Bruker SkyScan 1275 micro-CT scanner (Bruker, Kontich, Belgium). 

NRecon (v.2.0.0.5; Bruker microCT, Kontich, Belgium). 

CTvox (v.3.3; Bruker microCT, Kontich, Belgium). 

PTA (Sigma-Aldrich, Catalog # 79690, St. Louis, MO). 

Introduction 

Micro-computed tomography (CT) has been widely used to visualize X-ray opaque tissues, such as bone [1–4] . Micro-CT scanners 

transmit X-rays through a tissue and an X-ray detector measures their intensity, which is impacted by the tissue density and the

X-rays that are absorbed. The resulting X-ray images are recorded as two-dimensional (2D) trans-axial projections [ 1 , 5–7 ]. After

each projection is recorded, the sample is rotated by a predetermined magnitude (rotated through 180° if symmetrical or 360° if

asymmetrical) until the sample has been fully imaged. The 2D projections are then digitally processed into a stack of transverse slices

to create a 3D representation. The resulting 3D micro-CT images can display the density gradients throughout a sample, allowing for

quantification of various structural components. This powerful imaging technology results in high-resolution (e.g., < 4 μm) and 3D

rendering of bone with limited tissue pre-processing to enable analysis of both microscale (e.g., trabecular structures) and whole bone

architecture [8–11] . While micro-CT has advanced bone imaging, a challenge with this imaging modality is that the surrounding soft

tissues (e.g., tendon, muscle, cartilage, etc.) are not readily visualized due to their low tissue density and limited X-ray absorbance

[ 12 , 13 ]. Therefore, there is a need to develop methods that capture the advantages of micro-CT to visualize the soft tissues as well

as bone. Herein, we describe and validate a staining technique that targets the tendon for micro-CT imaging. 

Tendon is highly collagenous and connects muscle to bone. Tendon is mainly composed of collagen type I and organized in a

hierarchical structure. In the large multi-muscle tendons, such as the Achilles, this hierarchical structure consists of tropocollagens 

( ∼1.5 nm in diameter) that are bundled to form microfibrils ( ∼3.5 nm in diameter), which are arranged into collagen fibrils ( ∼50–

500 nm in diameter) and then collagen fibers (10–50 μm in diameter). The collagen fibers are bundled to form fascicles ( ∼50–400 μm

in diameter), which are arranged into sub-tendon ( ∼3–6 mm in diameter) and lastly the whole tendon ( ∼10 mm in diameter) [14] .

Tail tendons have a similar hierarchical structure but appear to have some more distinct primary collagen fiber bundles (sub-fascicles,

∼20–400 μm in diameter), secondary fiber bundles (fascicles, ∼150–1000 μm in diameter), and tertiary fiber bundles ( ∼1–3 mm in

diameter) [15–21] . These structural components can vary in size and quantity depending on the tendon and species [15–21] . Tendon

is frequently injured and there are few options for repair. A challenge for improving tendon repairs is a limited understanding of

normal tendon formation and the underlying structure-function relationships that allow for efficient force transfer between muscle and 

bone. Therefore, an enhanced understanding of the tendon structure and its anatomical relationship with adjacent tissues is needed. 

However, current imaging modalities for tendons have some limitations. For example, traditional histology is labor intensive and 

requires the generation of numerous tissue slices for staining and imaging where native configuration may be lost, especially across a

whole limb. Further, traditional histology cannot be readily rendered in 3D, limiting an understanding of anatomical relationships [22–

24] . Similarly, while other microscope-based techniques enable imaging of the underlying collagen structure, they have a relatively

small field of view, making imaging the tendon from the muscle-insertion to the bone-insertion not practical. These challenges coupled

with the advantages of micro-CT motivate the need to develop techniques to visualize tendon in 3D using micro-CT. 

A potential solution to the low soft tissue density and limited X-ray absorption is to stain soft tissues with a compound that has

higher density than the tissue of interest. Over 28 different contrast-enhancing stains were previously evaluated to increase soft

tissue contrast for micro-CT imaging [25] . A mouse patellar tendon was visible with nine of these stains ((NH4 )2 MoO4 , Ba(ClO3 )2 ,

HgCl2 , Na2 WO4 , lead nitrate, acetate, phosphomolybdic acid (PMA), phosphotungstic acid (PTA) and BaCl2 ), and the highest contrast 

intensity was found with PTA, PMA, and HgCl2 [25] . However, the techniques did not evaluate if substructures of the tendon (e.g.,

fascicles) were visible or how tissue hydration state impacted soft tissue contrast. More recently, two high density stains were evaluated

for soft tissue visualization by micro-CT, Lugol’s iodine (I2KI) and PTA [ 23 , 25–27 ]. The effectiveness of these two stains appeared to

depend on tissue type. I2KI improved skeletal muscle and vascular tissue contrast with micro-CT, while PTA appeared more effective

with collagen-rich soft tissues [28–30] . I2KI penetrated tissues rapidly, compared to PTA or PMA, but I2KI lacked the ability to reveal

substructures within highly collagenous tissues [ 26 , 31 ]. Further, I2KI resulted in some tissue shrinkage which may impact anatomical

relationships [32] . While, both I2KI and PTA show promise for improving the soft tissue contrast in micro-CT, PTA appears to be

especially promising based on its ability to bind with collagen more effectively than I2KI and reduced impact on tissue structure

[33–37] . Additional studies found that PTA improved micro-CT imaging of tendon [ 32 , 38 , 39 ]. However, a current challenge is the

lack of a systematic protocol that clearly demonstrates the conditions where PTA improves tendon contrast and if PTA can be used

across different tendon types and levels of maturation, which impact collagen levels. Furthermore, there is limited understanding of

how tendon hydration state impacts the PTA-induced micro-CT contrast [ 23 , 40–42 ]. However, a recent study found that critically
2
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drying tendons can result in improved soft-tissue contrast, but a rehydrated state was not characterized [43] . Therefore, there was

a need to develop and test a staining method to enhance tendon X-ray density and evaluate impacts of tissue hydration to improve

contrast for micro-CT imaging. 

The objective of this study was to develop a method to visualize tendon ex vivo in its native anatomical configuration in 3D using

micro-CT. Therefore, we evaluated PTA as a contrast-enhancing stain as well as determined the impacts of the tissue hydration state

(e.g., hydrated and dehydrated) on the visualization of tendon. We evaluated this method using whole-mount sections of tails and

whole-mount hindlimbs in both immature (postnatal day 21) and sexually mature (postnatal day 50) rats. Overall, we demonstrated 

a simple method which enhances the contrast of tendon, which can be used to advance understanding of the native tendon anatomy

and its relationship with the adjacent soft tissues and bone. 

Methods details 

Tissue isolation and fixation 

Tails and hindlimbs were obtained from male and female postnatal day (P) 21 and P50 Sprague-Dawley rats. Rats were bred and

maintained in accordance with NIH [44] and institutional animal care and use committee guidelines at Idaho State University. On

P21 and P50 following euthanasia, whole P21 rat tails ( n = 7) and hindlimbs ( n = 4) and whole P50 rat tails ( n = 3) and hindlimbs

( n = 3) were isolated and soaked in Dulbecco’s phosphate buffered saline (PBS, no calcium or magnesium; Gibco, Grand Island,

NY, Catalog# 14–190–250), wrapped in gauze, frozen, and then shipped to the University of Idaho. After thawing in PBS at room

temperature, the tails and hindlimbs were skinned using dissecting scissors and tweezers, but otherwise left intact. Tissues were then

placed into 15 mL (P21) and 50 mL (P50) conical tubes with 10% neutral buffered formalin in PBS and fixed for 7–10 days at 4 °C

on an orbital shaker. Tendons were then washed three times (5 min each) with PBS, and then stored in PBS at 4 °C. 

Serial dehydration, staining and rehydration of tails and hindlimbs 

All the following procedures occurred on an orbital shaker at 4 °C, unless otherwise noted. P21 tails ( n = 4) and hindlimbs ( n = 4)

underwent serial dehydration, over 3 days, to 70% ethanol/30% water. For serial dehydration, tissues were treated with 30% ethanol

in PBS for 1 day, then 50% ethanol in PBS for 1 day, and lastly 70% ethanol in distilled water for 1 day [23] . Once in 70% ethanol/30%

water, the tissues were stained in a 2.5% w/v PTA (Sigma-Aldrich, St. Louis, MO, Catalog # 79690) solution in 70% ethanol for 10

days. Concentrations of ethanol and PTA were based on a review of prior studies [ 23 , 38 , 39 , 41 , 45–47 ]. Previous studies using high

concentrations of PTA ( ≥ 5%) saw improved contrast for imaging, but were accompanied by tissue shrinkage [ 23 , 38 , 45 ]. To reduce

the potential for tissue shrinkage, a lower concentration of PTA (2.5%) was utilized in combination with the serial dehydration steps

in ethanol [ 39 , 41 , 45–47 ]. The PTA staining time does not appear to result in overstaining, but the incubation time should be long

enough to ensure the tissue is completely penetrated by the stain (this can be checked with a rapid micro-CT scan, which is described

below). The PTA solution can be made in a solution of water or ethanol, but an aqueous solution requires agitation to improve

solubility (10–15 min at room temperature) [48] . The 2.5% PTA-70% ethanol solution was changed to provide fresh solution every

3–4 days. After 10 days, all tails were cut to a more manageable size for imaging; a 2-cm long segment was isolated midway along

the tail length (from 2.5 to 4.5 cm along the approximately 7-cm long tails for P21 rats) and hindlimbs were cut midway at the tibia,

but otherwise were kept intact for whole-mount imaging. 

A rapid micro-CT scan (standard resolution, 0.2-degree rotation and voxel size of 19 μm x 19 μm x 19 μm, which takes ∼35 min to

complete) was initially performed to ensure PTA stain penetration into the tissue. Once stain penetrance was verified (e.g., tendons

appeared to be opaque), the tissues were then wrapped with 70% ethanol-soaked gauze and placed into 1.5 mL conical tubes. To

reduce the possibility for movement artifacts during scanning, tissues were wrapped in as much gauze as needed to fill all spaces in

the 1.5 mL centrifuge tube. The gauze was also saturated with 70% ethanol (for dehydrated samples) or PBS (for rehydrated samples).

The 1.5 mL conical tube may be substituted with a parafilm wrap, which could reduce the space between the sample and the detector.

To aid in scanning, the tissues were secured in the center of the centrifuge tube and the brass mount in as straight (i.e., vertical) an

orientation as possible. The stained samples were then immediately imaged at high resolution using the micro-CT scanner (described 

in more detail below). Following this first set of micro-CT images, tails then underwent a serial rehydration ( n = 3) to 100% PBS

over 3 days. For serial rehydration, tissues were treated with 70% ethanol in distilled water for 1 day, then 50% ethanol in PBS for

1 day, 30% ethanol in PBS for 1 day, and lastly PBS for 1 day. These same tails were then again imaged using the micro-CT. Control

tails ( n = 3) were fixed and imaged in the scanner at the same settings as the treated samples, then dehydrated in 70% ethanol in

the same manner as the PTA-stained samples, but PTA was excluded from final step, and then imaged once more. These procedures

were outlined in Fig. 1 . 

Similar to the procedures described for P21 tails and hindlimbs, whole P50 tails ( n = 3) and hindlimbs ( n = 3) underwent serial

dehydration over three days and then stained in 2.5% w/v PTA in 70% ethanol for 11 days. The 2.5% PTA-70% ethanol solution

was changed to provide fresh solution every 3–5 days. Tails were trimmed into 2-cm long segments and hindlimbs were cut midway

at the tibia and wrapped in 70% ethanol-soaked gauze and parafilm to prepare for imaging. All imaging conducted for P50 samples

were at high resolution (described in more detail below). 
3
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Fig. 1. Flow chart describing the method for preparation of whole-mount tissues for contrast-enhanced (and control) imaging using a micro-CT 

scanner. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Micro-CT imaging 

A Bruker SkyScan 1275 micro-CT scanner (Bruker, Kontich, Belgium) was used for this study. Prior to each imaging session, a

flat-field correction was conducted and applied using the protocol specified by the Bruker SkyScan 1275. The flat-field correction 

reduces image artifacts and represents the background at a similar grayscale intensity. The tissue samples were secured to the top of a

brass micro-CT stand (diameter of 25 mm or 3.15 mm) with putty and the connection point was then wrapped with parafilm. All P21

samples were scanned with a 1-mm aluminum filter and the X-ray source set to a voltage of 70 kV and a current of 59–63 μA. For high

resolution scans, the voxel size was 9 μm x 9 μm x 9 μm (scan time of ∼1 hr and 50 min) and for standard resolution, the voxel size

was 19 μm x 19 μm x 19 μm (scan time ∼35 min). All P50 samples (tails) were scanned with a 1-mm aluminum filter and the X-ray

source was set to a voltage of 70 kV and a current of 57–61 μA. For high resolution tail scans, the voxel size was 6.8–7 μm x 6.8–7 μm

x 6.8–7 μm (scan time of ∼1 hr and 50 min). For high and standard resolution scans, around 1535 or 766 transverse slices were taken

with frame averaging at 5 over 360° at a rotational step of 0.1 or 0.2, respectively. Micro-CT scanner parameters (voltage, current,

etc.) are provided in Supplemental Table 1 and Supplemental Table 2 and were maintained for all samples. Image reconstruction

and 3D rendering was completed using NRecon (v.2.0.0.5; Bruker microCT, Kontich, Belgium) and CTvox (v.3.3; Bruker microCT, 

Kontich, Belgium), respectively. Fascicles were then traced manually (P21, n = 3 and P50, n = 3) based on the 3D renderings that

were obtained through CTvox and individual transverse slices. 

Methods validation 

PTA stain and dehydration enhanced contrast of tendon 

PTA stain was highly effective at improving the contrast of soft tissues to enable micro-CT imaging in 3D ( Fig. 2 - 5 ). PTA-stained

whole-mount tails had clearly visible soft tissues which included the six major tendon bundles that run parallel to the tail [49] , the

fascicles within those tendon bundles, the muscles and blood vessels, the intervertebral discs, as well as the bone within the vertebra

( Fig. 2 , 3 a, 4 , 5 ). The contrast-enhancing impact of PTA was most pronounced when the tissue was dehydrated in 70% ethanol.

However, the contrast and tissue definition between soft tissue structures appeared to be reduced when the tissues were rehydrated

in PBS. With rehydration, there is not enough contrast to clearly distinguish between the muscle, tendon, and fascicles within the

tendon ( Fig. 2 ), though the vertebra remains clearly visible. To demonstrate that it was indeed the PTA stain, and not just tissue
4
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Fig. 2. 1.) Dehydrated and PTA stained P21 rat tail. 2.) Rehydrated and PTA stained P21 rat tail. 3.) Dehydrated and unstained P21 rat tail 

(dehydrated control). 4.) Rehydrated and unstained P21 rat tail (rehydrated control). 1–4. a.) Three dimensional micro-CT images of P21 rat 

tails as a function of staining and hydration. 1–4. b.) Sagittal cross sections of rat tails 1–4. c.) Transverse cross sections of rat tails through the 

center of the vertebra (left) and the start of the end plate (right). All 3D projections have a voxel size of 9 × 9 × 9 μm and the tissues are about 

4.46 × 4.46 × 13.77 mm in size. (see Supplemental Table 1 for scanning parameters). 

Fig. 3. a.) Transverse cross-sections of a P21 rat tail through the center of the bone and the intervertebral disc and b.) sagittal cross-section of a 

P21 rat hindlimb showing anatomical structures. 
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Fig. 4. 1–2. a.) Three dimensional images of rat tail midsection. 1–2. b.) Images of sagittal tail cross-sections through the center. 1–2. c.) Images 

of transverse tail cross-sections through the center of the bone (left) and the start of the end plate (right). 3–4. a.) Three dimensional images of rat 

hindlimbs. 3–4. b.) Sagittal cross-section of hindlimb. See Supplemental Table 1 & 2 for scanning parameters. 

 

 

 

 

 

 

 

dehydration that induced high soft tissue contrast with micro-CT, unstained and dehydrated control tissues were imaged. Without 

PTA stain (control groups), the vertebrae were clearly visible, but there were no visible soft tissue structures in either dehydrated

or rehydrated control tissues ( Fig. 2 ), confirming that PTA stain was needed to enhance soft tissue contrast. Representative raw X-

ray images (before digital reconstruction) are provided in Supplemental Figure 1, demonstrating the effectiveness of PTA and the 

difference in contrast between dehydrated and rehydrated samples at the same conditions. 

PTA binds to the positively charged components within tissue, which suggests that ionic binding of the PTA to the highly col-

lagenous tendon is a likely mechanism to enhance the contrast [ 33 , 50 , 51 ]. Other contrast enhancing stains like I2KI, and anionic

iodine-based agents bind to complex carbohydrates like glycogen and glycosaminoglycans [ 46 , 50 , 52–55 ]. I2KI and other iodine-based

stains have shown increased contrast of vasculature and skeletal muscle, but less contrast was found in highly collagenous tissues and

between tissue substructures [26] . Therefore, we focused on evaluating PTA in this study to visualize the collagen-rich tendons. PMA
6
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Fig. 5. 1–2. a.) Dehydrated, stained tail segment with fiber tracing (manually done) from surface of tissue and 1–2. b.) through transverse cross 

sections throughout the length of the rat tail. Sub-fascicles outlined in red and yellow in 1. a-b. and pink and blue in 2. a-b. Fascicle bundles outlined 

in green, blue, and purple in 1. a-b. and green in 2. a-b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

was not examined due to its slow penetration time and excessive tissue shrinkage in tendon and ligament [38] . Prior studies showed

that PTA has the potential to improve contrast of tendon [ 25 , 39 ], but it was not evaluated for different tendons types (e.g., tails and

Achilles) or ages, and the impacts of tissue hydration state on image contrast were not known. Therefore, we combined aspects of

prior studies with the aim to enhance contrast of tendon specifically and investigate the effect of tissue hydration. 

Our study utilizes simplified serial ethanol dehydration and PBS rehydration, where other studies either used full 70% ethanol

dehydrations or more extensive dehydration/rehydration steps [ 23 , 39 ]. It has been found that serial dehydration reduces the tissue

shrinkage caused by dehydration, while increasing the soft tissue contrast. Additionally, other studies have utilized serial rehydration 

at lower concentrations of PTA stain ( ∼0.7% PTA) on cranial and cartilage tissue where it was seen to increase tissue contrast [23] .

Due to this, our study used rehydration steps to evaluate tissue contrast, with the goal of reducing tissue shrinkage. Other tendon

studies utilized different micro-CT techniques such as phase-contrast micro-CT scanning, which is based on X-ray phase shift rather 

than X-ray absorption, in combination with cell maceration, critical drying, and demineralization to improve tendon visualization, 

but these extensive processing techniques can cause changes in the tissue structures [39] . Using Bruker CTvox software, a density

gradient was applied and showed that PTA-stained tendons appeared as very high density components, even compared to the normally

high density bones, where white is highest density and black is lowest density ( Fig. 2 - 5 ). It is important to note that in the case of

the tail tendons and Achilles and plantaris tendons, the tendons are generally more superficially located on the tail and the hindlimb.

In deeper structures, stain penetration may be more limited. However, high contrast was still seen in the P50 tendons despite their

much larger size, compared those at P21 ( Fig. 4 ). Another consideration is that the tissues used in this study were obtained from

relatively young animals (i.e., P21 and P50), thus tissues from much later ages might be denser as the collagen content increases and

cell density decreases [56–58] . It is not known if more mature tissue will have reduced stain penetration or will have greater contrast

due to their increased collagen content, but we expect that with increased staining time, the PTA will diffuse and penetrate thicker

tissues. Our pilot testing with mature tissues found that this method of serial dehydration and PTA staining was still highly effective.

Additionally, due to the small size of rat tendons this technique may not be directly transferrable to tendons found in much larger

species, such as humans. Interestingly, rehydration reduced the tissue contrast with PTA ( Fig. 2 ). While the exact mechanism for this

loss of contrast was not determined, it is possible that rehydration played a role in washing out the PTA, as it is water soluble [51] .

Our own pilot testing found that if the samples are stored in 70% ethanol after PTA staining, they can be reimaged nearly one year
7



D.M. Ditton, C.R. Marchus, A.L. Bozeman et al. MethodsX 12 (2024) 102565

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

later and retain their high tendon contrast. The hindlimbs were not rehydrated, due to the reduced contrast found in the rehydrated

tails. Further, there was no visually observed change in overall tissue size between the PTA-stained and dehydrated tissues, compared

to the rehydrated tissues, suggesting that there was limited change in the overall tissue architecture. 

Identification of soft tissues was possible in PTA stained and dehydrated tails and hindlimbs 

PTA-staining and dehydration improved contrast between tissues and maintained anatomical details so that the tissue components 

and substructures are clearly identifiable in tails and hindlimbs ( Fig. 3 ). Due to the high contrast in the tail, the muscles, blood vessels,

as well as substructures in the intervertebral disc (nucleus pulposus, annulus fibrosis) and tendon (larger diameter sub-fascicles, 

fascicles, and tertiary fiber bundles) could be visualized ( Fig. 3 a and 5 ). In the hindlimb, the three main bundles that make up the

Achilles were identified along with their insertion into the calcaneus, as well as the plantaris tendon. ( Fig. 3 b). Though beyond the

scope of this study, investigators could then use image analysis to quantify typically evaluated size factors such as tissue length,

diameter, and cross-sectional area, as well as relative density, and relationships between adjacent tissues (distances, location of 

insertion sites, etc.). Micro-CT is commonly used to evaluate changes in bone with respect to mechanical stimuli, genotype, age, and

many others [59–61] . This method provides a new option to include soft tissues into these investigations of the bony anatomy when

conducting ex vivo analysis. 

To visualize anatomy at the microscale, histology is commonly used and typically involves tissue fixation, sectioning a 3D tissue

into thin 2D slices, mounting sections on slides, staining with hematoxylin and eosin, and then imaging on a microscope [ 23 , 62 ].

Histology has its advantages, mainly the ability to visualize cell-level details, allows for immunolabeling for detecting specific proteins,

and is appropriate for several applications, but there are some limitations. These limitations include the time and labor-intensive tissue

processing that is prone to artifact from the sectioning process and the challenge of sectioning, imaging, and rendering the physical

2D slices into a 3D image [ 22 , 24 ]. These challenges limit the tissue processing to relatively small tissues or small sections of larger

tissues. While PTA tissue staining takes time (here the tissue was stained for 10 days to ensure penetration into the whole-mount

tissues) and is currently unable to image the fibril and smaller fiber levels, the staining and tissue processing is much less labor

intensity, compared to histology, and has reduced potential tissue damage since the tissue can be maintained relatively intact (only

the skin was removed in our study) [ 13 , 23 ]. Lastly, as micro-CT is non-destructive, the tissues are still intact after imaging possibility

enabling additional analysis, including but not limited to re-imaging. These analyses would be limited to those that require chemical

tissue fixation. 

Contrast-enhanced micro-CT imaging enabled tail tendon fascicle tracking in 3D 

The 3D micro-CT images of the tails enabled the visualization of the tail tendon fascicles over relatively long distances ( ∼ 1 cm)

along the length of the tail sections ( Fig. 5 ). From the micro-CT slices and 3D representations of the tissue, the tendon fascicles were

traced from one end of the tail section to the opposing end ( Fig. 5 ). Tendon sub-fascicle bundles were observed crossing over one

another and joining different fascicle bundles and separating from their original fascicle bundles and forming new fascicle bundles 

along the length of the tail section. This was a particularly surprising finding since it has been assumed that the fascicle bundles

maintain specific tracks within the tendon. This fascicle crossover was not only present in immature animals (P21) ( n = 3), but also

in more mature animals (P50) ( n = 3). Single sub-fascicles crossing from and joining different fascicle bundles was only observed in

P21 samples ( n = 1), however, large fascicle bundles separating into smaller bundles was observed in each sample (P21 n = 3, P50

n = 3). Future studies will be needed to identify what role these fascicle bundles that crossover play in moving the tail, but given that

the tail contains 31–36 vertebrae, and 6 major tendon bundles [ 49 , 63 , 64 ], it is possible that this fascicle crossover provides control

or stabilization of specific tail segments. This initial finding shows that micro-CT imaging of contrast-enhanced tendon is effective 

enough to track individual tendon substructures and how they change throughout the length of the tissue. To determine the full

extent of this crossover throughout the whole length of the tail and in all six major tendons, future in-depth studies that employ fiber

tracing algorithms will be needed [ 43 , 65–68 ]. 

Future applications 

The proposed micro-CT imaging technique for tails and hindlimbs has numerous potential future applications. Changes in ten- 

don structure, such as fascicle size, distribution, and density, as a function of age can be evaluated since we showed this staining

methodology is effective at both early (e.g., P21) and later (e.g., P50) ages. Future studies will compare tendon structure across these

and other stages of development. Additionally, this imaging technique can be utilized to study the variations in tendon structure

between different tendon types (e.g. Achilles vs. tails) and between different species (e.g., mice, rats, rabbit, etc.). By readily imaging

both the bone and soft tissues in 3D, another potential application is the evaluation of the insertion sites of tendon into bone and

their corresponding muscle groups to better understand the bone-tendon-muscle connections throughout development. The proposed 

method can also be applied to study the various micro- and macro-structures (fibers, sub-fascicles, fascicles, sub-tendon, etc.) and

their arrangements within the whole tendon. Ultimately, future studies that couple this methodology with image segmentation and 

fiber tracing algorithms will elucidate fascicle and sub-fascicle arrangement and organization throughout the entirety of a tissue 

sample or limb. This will aid future studies to determine structure-function relationships in tendon and help to answer questions on

tendon fascicle architecture and control of limb positioning. 
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Conclusion 

In conclusion, we highlighted a simple method for visualizing tendon by micro-CT. PTA staining in ethanol increased X-ray 

absorption by tendon, increasing their contrast, to obtain 3D micro-CT images at high enough resolution to visualize and trace sub-

fascicles in the tail tendon. This method was demonstrated on both immature (postnatal day 21) and sexually mature (postnatal day

50) rat tendons within the tail and hindlimb. Further, we showed that the impact of PTA-induced soft tissue contrast is diminished

if the tissues are rehydrated in PBS. Using this visualization method, future studies can determine structure-function relationships in

tendon, tendon sub-fascicle and fascicle architecture and organization, and tendon interactions with surrounding tissues and bone. 
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