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Abstract

Cartilage canal vessels in epiphyseal cartilage have a pivotal role in the pathogenesis of

osteochondrosis/osteochondritis dissecans. The present study aimed to validate high field

magnetic resonance imaging (MRI) methods to visualize these vessels in young pigs.

Osteochondral samples from the distal femur and distal humerus (predilection sites of

osteochondrosis) of piglets were imaged post-mortem: (1) using susceptibility-weighted imaging

(SWI) in an MRI scanner, followed by histological evaluation; and (2) after barium perfusion

using μCT, followed by clearing techniques. In addition, both stifle joints of a 25-day-old piglet

were imaged in vivo using SWI and gadolinium enhanced T1-weighted MRI, after which distal

femoral samples were harvested and evaluated using μCT and histology. Histological sections

were compared to corresponding MRI slices, and three-dimensional visualizations of vessels

identified using MRI were compared to those obtained using μCT and to the cleared specimens.

Vessels contained in cartilage canals were identified using MRI, both ex vivo and in vivo; their

locations matched those observed in the histological sections, μCT images, and cleared specimens

of barium-perfused tissues. The ability to visualize cartilage canal blood vessels by MRI, without

using a contrast agent, will allow future longitudinal studies to evaluate their role in

developmental orthopedic disease.
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Cartilage canals are minute channels of vascularized mesenchyme that are present in the

epiphyseal cartilage (chondroepiphysis) of the articular-epiphyseal cartilage complex
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(AECC).1–3 Vessels contained in the cartilage canals originate either from the dense plexus

of vessels in the perichondrium or from the bone that forms the secondary center of

ossification.3,4 The primary function of these vessels is to provide nutrients to the epiphyseal

cartilage. Cartilage canals also contribute to the formation and maintenance of the secondary

ossification centers and contain perivascular mesenchymal cells, which provide a source of

new chondrocytes.3,5–7 As the individual ages and the epiphyseal cartilage decreases in

thickness, cartilage canals disappear, either by incorporation into the advancing ossification

front or via “chondrification,” which is a physiologic process characterized by replacement

of the blood vessels and stromal cells contained within the canal by chondrocytes.4,7,8

Damage to cartilage canals has been shown to be a key factor in the development of

osteochondrosis (OC) in animals.8–10 Histological studies evaluating joint cartilage samples

obtained from predilection sites of OC in young horses,8 swine,7,10 and dogs11 prior to the

age at which clinical signs occur, demonstrate that failure of cartilage canal blood supply

results in ischemic necrosis of the epiphyseal cartilage. This renders the overlying articular

cartilage vulnerable to collapse, leading to formation of a chondral or osteochondral flap

(osteochondritis dissecans). In addition, morphologic and histologic examination of human

neonates affected by joint sepsis and osteomyelitis have demonstrated the role of cartilage

canals in the extension of infection through the chondroepiphysis and into the secondary

ossification centers.12 It is highly likely that cartilage canal vessels are important in the

pathogenesis of other developmental orthopedic diseases (e.g., hip/acetabular dysplasia);

however, their potential role in human disease has largely been ignored. The most likely

explanation for the paucity of human studies is that currently available imaging modalities

do not allow for high quality imaging of cartilage canals, even with administration of a

contrast medium. Application of novel imaging modalities capable of demonstrating

cartilage canals contained in the AECC in vivo is needed to confirm or refute their role in

human OC and other developmental orthopedic diseases and to follow the progression of the

disease in animal studies.

In the study reported here, susceptibility-weighted imaging (SWI), a magnetic resonance

imaging (MRI) sequence utilizing subtle differences in the magnetic susceptibilities of

different tissues to generate contrast,13,14 was used to demonstrate the presence and location

of cartilage canals in porcine AECC. The image contrast in SWI is unique because it

includes information from the phase data in addition to magnitude data. Thus, SWI is

capable of depicting details potentially not visible using the standard proton density, T1 or

T2 weighted imaging.15

The objectives of the study reported here were (1) to determine if cartilage canals in the

AECC could be visualized in predilection sites of OC in young, healthy swine using non-

contrast, susceptibility weighted MRI and (2) to compare the location and distribution of the

cartilage canals visualized using SWI with those determined in vivo after injection of a

standard contrast medium (gadolinium) and ex vivo using histological, tissue clearing, and

μCT techniques. We hypothesized that vessels contained in the AECC could be

demonstrated using SWI without administration of contrast media and that their location and

architecture would match those observed in histological sections, cleared specimens or μCT.
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Materials and Methods

Animals and Collection Procedures

The institutional animal care and use committee approved all procedures. For the ex vivo

studies three swine, aged 1, 3, and 6 weeks, were anesthetized with telazole (10 mg/kg IM).

Anesthetized swine were administered 500 IU/kg heparin intravenously, and then were

euthanized using an overdose of pentobarbital. Immediately after euthanasia, the distal

portions of the right femur and humerus were harvested and stored at –20°C for future MRI

and histological evaluations. The left pelvic and thoracic limbs were left in situ and perfused

with a 20% (v/v) solution of barium sulfate (Sol-O-Pake) in 10% neutral buffered formalin.

Barium sulfate solution was administered using hand pressure from a 60 ml catheter tip

syringe attached to a 6 French red rubber catheter inserted into the femoral artery or the

axillary artery. Infusion of barium solution was continued until it leaked from the exposed

veins. Upon completion of the perfusion, the distal third of each left humerus and femur was

collected and stored at –20°C for future μCT evaluations. After completing the μCT

imaging, barium perfused samples were cleared using the modified Spalteholz technique16

to allow macroscopic visualization of the perfused cartilage canals.

For the in vivo study, anesthesia was induced in a 25-day-old piglet using telazole (10

mg/kg IM) and maintained by inhalation of isoflurane vaporized in oxygen. The stifle (knee)

joints of the anesthetized piglet were imaged bilaterally in an MRI scanner using SWI and

gadolinium enhanced T1-weighted MRI techniques. At the conclusion of the MRI studies,

the piglet was heparinized and euthanized using identical methods to those described above.

After collecting the right distal femur for histological processing, the left pelvic limb was

perfused with barium, as described above, and the distal femur was harvested for μCT

imaging.

MRI

Briefly, samples imaged ex vivo were allowed to thaw at room temperature prior to MRI

scanning and were then immersed in Fluorinert to produce a clean background. A 9.4 T

Agilent scanner with VnmrJ 3.1 and Varian volume transceiver RF coil was used for the

scans. Susceptibility weighted imaging datasets were acquired using a three-dimensional

(3D) gradient recalled echo sequence with repetition time of 40 ms, echo time of 14 ms and

receiver bandwidth of 16 kHz. The field of view and imaging matrix were set for each

sample to achieve approximately 100-μm isotropic resolution. SWI post processing was

done according to Haacke et al.15 To enhance visualization of the cartilage canals, 0.2-mm

thick minimum intensity projections were calculated. Three-dimensional visualization of

cartilage canals was created using OsiriX (Osirix v.5.0.2 32-bit, http://www.osirix-

viewer.com).17

In vivo imaging studies were performed in a 7 T human whole body scanner (Magnetom 7T,

Siemens, Erlangen, Germany) using an 8-channel transmit/receive knee coil (Virtumed,

LLC, Minneapolis, MN) and a B1 shimming unit (CPC, Hauppauge, NY) with 8 × 1 kW

amplifiers. Transmit B1 (B1+) phase shimming18 was applied to achieve an appropriate flip

angle homogeneity.19,20 SWI scanning was performed using a 3-D GRE sequence with
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manufacturer provided SWI-option enabled, including post-processing. The FOV was set as

small as possible and an isotropic resolution of 0.25 mm3 was reached. The acquisition

parameters for SWI scan at 7 T were: TR = 27 ms, TE = 15 ms, receiver bandwidth = 90 Hz/

pixel, nominal flip angle 15° and 3 averages. The total scan time with GRAPPA acceleration

factor = 2 and partial Fourier acquisition was 22 min 41 s.

Upon conclusion of the SWI scanning, the pig was administered 0.2 mmol/kg gadolinium

(Magnevist, Berlex Laboratories, Wayne, NJ) intravenously and imaged using a

magnetization prepared turbo-FLASH (T1-weighted) 3D sequence approximately 3 min

after administration of the contrast agent. The acquisition parameters were TR = 3,100 ms,

TE = 3.6 ms, TI = 1,500 ms, bandwidth = 178 Hz/pixel and flip angle = 6°. The resolution

was 0.55 mm3 acquisition time 6 min 48 s.

Histology

At the conclusion of the MRI procedures, right femoral and humeral samples from the ex

vivo study and the right distal femur from the in vivo study were placed in 10% neutral

buffered formalin for 48 h followed by decalcification using 10% EDTA. Decalcified

samples were cut into 2–3 mm thick slabs, which were then routinely processed into paraffin

blocks. Two 5-μm thick sections each that were located 0, 50, 100, 150, and 200 μm below

the surface of the block were obtained from selected blocks and stained with hematoxylin

and eosin and toluidine blue. Individual slides were scanned at 2,400 dpi resolution (Epson

Perfection V750-M Pro Scanner) and further processed using computer software (GIMP

2.8.3, http://www.gimp.org/). The two–five consecutive images, representing regions of

samples 50–200 μm apart, were digitally summated/overlapped to improve the visualization

of the 3D architecture of the vessels. The summated image of the consecutive sections was

then compared with the corresponding MRI slice.

Selected sections immediately adjacent to those stained with toluidine blue were

immunostained using an antibody directed against Von Willebrand Factor (Factor VIII-

related antigen) to demonstrate endothelial cells in structures presumed to be cartilage canal

vessels. Enzyme retrieval was achieved with Proteinase K (DAKO #S3020, Carpinteria,

CA) and endogenous peroxidase was blocked with 3% hydrogen peroxide. Sections were

incubated with universal protein block (DAKO #X0909) and then with 1:400 dilution of a

polyclonal rabbit anti-human primary antibody directed against Von Willebrand Factor

(DAKO #A0082), for 45 min. Binding of primary antibody was detected with DAKO

Envision+ anti-rabbit HRP Polymer (DAKO #K4003) for 30 min. All sections were

developed with DAB chromagen (DAKO #K3468) for 5 min and counterstained with

Mayer's Hematoxylin (DAKO #S3302). For negative control slides the primary antibody

was substituted with negative rabbit (DAKO #N1699) serum. Swine lung samples served as

positive controls.

μCT

Barium sulfate-perfused left distal femora and humeri from the ex vivo study and the left

distal femur from the in vivo study were allowed to thaw at room temperature, then were

imaged using a Siemens Inveon preclinical μPET/CT scanner at 80 kV and 500 μA to obtain
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a voxel resolution of 47.7 μm. Three-dimensional visualization of the barium sulfate

perfused vessels contained in the cartilage canals was created using Osirix, similarly to the

MRI 3D visualizations. Three-dimensional projections of the barium perfused vessels were

visually compared to the 3D visualizations of the cartilage canals from SWI data of the

contralateral limb for the ex vivo and in vivo studies.

Clearing of the Specimen

To allow macroscopic visualization of cartilage canals, barium perfused distal femora and

humeri obtained in the ex vivo study were cleared using the modified Spalteholz technique16

after the completion of the μCT imaging. Briefly, specimens were dehydrated by placing

them into increasing concentrations of ethyl alcohol and then were cleared using

concentrated methyl salicylate solution. Cleared specimens were photographed while

immersed in methyl salicylate.

Results

Susceptibility weighted MRI consistently demonstrated cartilage canals present in the

AECC, both ex vivo in disarticulated joint specimens and in vivo in intact joints. Barium-

perfused vessels were clearly identified in μCT images, allowing for 3D reconstruction of

the vascular architecture. Comparisons between histological sections (n = 2–5) that were

summated into a single image and corresponding MRI slices revealed a close match between

vessel profiles that were observed in the histological sections and those present in individual

MR images in the ex vivo (Fig. 1) and in vivo (Fig. 2) studies, confirming the ability of the

SWI technique to accurately identify cartilage canal vessels and demonstrating their

localization at a lower magnetic field strength. Sections immunostained using an antibody

directed against Von Willebrand Factor demonstrated the presence of endothelial cells

within these structures, verifying their identity as cartilage canal vessels (Fig. 1).

In the ex vivo study, visual comparison between the cleared specimens and 3D

reconstructions of μCT from the same limb, as well as with MR images obtained from the

contralateral limb of the same individual, demonstrated a similar vascular architecture using

all three techniques (Fig. 3). Further evaluation of these reconstructions revealed that

visualization of vessels using the clearing method and μCT was largely limited to vessels

arising from the perichondrium, whereas 3D images created from the MRI results readily

demonstrated vessels arising from the perichondrium as well as vessels bridging the

subchondral bone (Fig. 3). Vascularity and cartilage thickness decreased with age in both the

distal femur and distal humerus.

Corresponding individual vessels were identified in the in vivo study when results of SWI

were compared to images obtained after gadolinium contrast administration (Fig. 4), with

the SWI having a superior resolution and ability to demonstrate the vasculature. Comparison

of 3D visualizations of images obtained in the in vivo study using SWI at 7 T and μCT

demonstrated a somewhat greater ability of μCT to resolve cartilage canals (Fig. 5).
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Discussion

In this report, ex vivo and in vivo high resolution imaging of cartilage canals using non-

contrast, high field, susceptibility weighted MRI was demonstrated. Our group is the first to

compare images of the cartilage canals obtained using SWI to matching histological

sections, and by doing so conclusively prove that structures observed in the MR images

indeed correspond with the cartilage canals seen histologically.

Previously, imaging of cartilage canals has been attempted infrequently and has been limited

to ex vivo, T2 weighted techniques21 and in vivo use of gadolinium-enhanced MRI.22 The

resolution of the images obtained in those studies is insufficient to identify small avascular

areas, such as those occurring in subclinical lesions of OC in animals, and, thus, appears to

have limited potential for clinical utility. Our results using gadolinium contrast in the in vivo

study demonstrated that, although it was possible to identify individual cartilage canals in

the contrast enhanced images and their location corresponded with those seen in the SWI,

the resolution and contrast-to-noise ratio between the vessels and surrounding matrix was

vastly inferior to those achieved using SWI, likely due to the rapid extravasation of the

gadolinium contrast agent.22 With SWI, the deoxygenated blood likely present in the

cartilage canals, both ex vivo and in vivo, results in a susceptibility difference between the

cartilage canals and the surrounding matrix, generating a detectable phase difference

between these tissues and yielding a contrast that appears more clear than that obtained

using gadolinium.15 An additional shortcoming of gadolinium contrast imaging is that the

useful time for image acquisition after contrast administration is limited by the relatively

rapid extravasation of the media. Furthermore, the gadolinium-enhanced imaging can only

be repeated after a substantial time lag, first allowing for clearance of the extravascular

contrast and then repeating its administration to ensure intravascular presence of gadolinium

during the imaging.22 Conversely, the contrast achieved with SWI is stable and does not

depend on any exogenous agents, allowing for longer scanning times yielding a better

signal-to-noise ratio. Importantly, gadolinium administration has also been associated with

severe side effects, including nephrogenic systemic fibrosis.23

Comparison of the cleared specimens, μCT, and SWI visualization demonstrated good

agreement between these modalities, all of which successfully identified cartilage canals in

the ex vivo study. The processing of the 3-D visualizations, however, also revealed that

working with the SWI contrast presents challenges because the contrast is negative and,

thus, is highly similar to other regions of signal voids, such as bones, tendons, ligaments,

and the overall image background. Despite this, SWI detected strikingly similar vessel

architecture as compared to the μCT findings and cleared specimens. Furthermore, using

SWI in the ex vivo study made it possible to detect vessels bridging the ossification front,

whereas μCT and the clearing technique appeared to demonstrate only vessels arising from

the perichondrium, in spite of the nominally higher resolution of the μCT (47 μm isotropic

voxel size for μCT vs. ~100 μm for SWI). This disagreement was likely due to the inability

of the radiocontrast media to adequately perfuse the vessels bridging the ossification front.

This difference could be clinically important, since the ability of SWI to distinguish vessels

within the subchondral bone may increase the likelihood that it will be a useful technique for

the study of diseases known or suspected to involve the skeletal vasculature, such as
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osteomyelitis and Legg–Perthes disease. Comparison of μCT and in vivo SWI results also

revealed a closely similar architecture of the cartilage canals, but in this comparison the μCT

appeared to provide superior resolution and contrast to noise ratio. This is likely due to the

lower overall signal to noise ratio of the scanning configuration (coil size, sample size) at

lower field strength (7 T), as well as the poorer resolution and shorter scanning time as

compared to ex vivo at 9.4 T. Nevertheless, clinical use of contrast enhanced CT imaging

for detection of cartilage canals is limited by the lower resolution of CT scanners used in

clinical practice and the associated exposure to radiation, which is particularly concerning in

children.

We believe that prospective in vivo use of SWI allowing visualization of cartilage canals

will have multiple clinical applications. Failed vascular supply of the AECC is presumed to

play an important role in the development of various diseases that affect both human beings

and animals, including (but not limited to) OC, Legg–Perthes disease, and

osteomyelitis.7,8,10,11,24 Young piglets enrolled in the present study were free of orthopedic

disease in order to determine if high field MRI techniques could identify cartilage canal

vessels in normal tissues; however, future studies will be aimed at older pigs to identify both

a vascular defect and changes in epiphyseal cartilage that are characteristic of

chondronecrosis, a hallmark of OC. Studies designed to elucidate the role of cartilage canals

in the development of OC in human beings are lacking, likely due to the fact that tissues

from subclinical lesions are not available for evaluation and MRI techniques to identify

cartilage canal vessels with the required precision have not been available. We propose that

in situ/in vivo evaluation of cartilage canals at predilection sites of OC using the above

described SWI method may help to clarify their role in the pathogenesis of human OC. In

addition, identification of areas of the AECC with diminished blood supply may facilitate

early diagnosis of human OC at a time when conservative treatment is more likely to

succeed, and also (based on the size of the affected area) may improve the accuracy of

determining whether or not an individual is a candidate for surgical treatment.25 Similar to

OC, the pathogenesis of Legg–Perthes disease, a condition characterized by ischemia of the

capital femoral epiphysis in children, remains uncertain.24 The ability to visualize changes

in the blood supply of the AECC allowed by the SWI technique is expected to provide new

information contributing to the better understanding of the pathogenesis of this condition.

Imaging cartilage canals may also facilitate prognostication of septic arthritis/osteomyelitis

by demonstrating the extent of cartilage canal involvement.

In conclusion, susceptibility weighted imaging of cartilage canals both ex vivo and in vivo

allowed identification of cartilage canals in porcine distal femora and humeri at a resolution

far exceeding that previously demonstrated. Although the present study was done at high

magnetic field strengths (9.4 and 7 T), which have a limited clinical availability, preliminary

studies comparing ex vivo results achieved using a 7 versus a 3 T magnet, which is

commonly available clinically, are promising (unpublished data). In vivo application of this

novel imaging modality will allow future longitudinal studies to evaluate the role of

cartilage canal blood vessels in developmental orthopedic diseases such as, OC or Legg–

Perthes disease.
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Figure 1.
Ex vivo SWI images (Panels A and D) obtained using a 9.4 T MRI scanner and

corresponding toluidine blue stained histological slides (panels B and E) of the sagittal ridge

of the humeral trochlea of a 6-week-old pig (upper panels, sectioned in the sagittal plane)

and medial femoral condyle of a 3-week-old pig (lower panels, sectioned in the transverse

plane). Red markers identify corresponding cartilage canal vessels. Immunostaining of

adjacent sections using an antibody directed against Von Willebrand Factor (Panels C and F;

imaged with a 20× objective) demonstrated positive immunostaining (brown reaction

product) in endothelial cells lining cartilage canal vessels.
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Figure 2.
In vivo SWI image (left panel) obtained with a 7 T MRI scanner and corresponding

toluidine blue stained histological slide (right panel) of a transverse plane section of the

medial femoral condyle of a 25-day-old pig. Red circles identify matching cartilage canal

vessels.
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Figure 3.
Corresponding three-dimensional visualizations of the ex vivo SWI (middle panel), barium

perfused μCT (left panel) images and the barium perfused and cleared specimen (right

panel) of the distal aspect of the femur of a 1-week-old pig demonstrating similar

architecture of the cartilage canal vessels. The SWI data were obtained from the right limb

using a 9.4 T MRI scanner whereas the μCT and clearing procedures were performed on the

left limb.
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Figure 4.
The same cartilage canal vessel (red arrowheads) as seen in an in vivo SWI image (left

panel) and corresponding gadolinium contrast enhanced (right panel) coronal plane image of

the distal femur of a 25-day-old pig. Images were obtained using a 7 T MRI scanner.
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Figure 5.
Corresponding projections of three-dimensional visualizations of in vivo SWI obtained

using a 7 T MRI scanner (left panel, AECC manually segmented for 3-D visualization) and

ex vivo barium perfused μCT (right panel) images of the distal femur of a 25-day-old pig.
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