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Abstract

Purpose—High-resolution visualization of cartilage canals has been restricted to histological

methods and contrast-enhanced imaging. In this study, the feasibility of non-contrast-enhanced

susceptibility weighted imaging (SWI) for visualization of the cartilage canals was investigated ex

vivo at 9.4 T, further explored at 7 and 3 T and demonstrated in vivo at 7 T, using a porcine

animal model.

Methods—SWI scans of specimens of distal femur and humerus from 1 to 8 week-old piglets

were conducted at 9.4 T using 3D-GRE sequence and SWI post-processing. The stifle joints of a

2-week old piglet were scanned ex vivo at 7 and 3 T. Finally, the same sites of a 3-week-old piglet

were scanned, in vivo, at 7 T under general anesthesia using the vendor-provided sequences.

Results—High-contrast visualization of the cartilage canals was obtained ex vivo, especially at

higher field strengths; the results were confirmed histologically. In vivo feasibility was

demonstrated at 7 T and comparison of ex vivo scans at 3 and 7 T indicated feasibility of using

SWI at 3 T.

Conclusions—High-resolution 3D visualization of cartilage canals was demonstrated using

SWI. This demonstration of fully noninvasive visualization opens new avenues to explore skeletal

maturation and the role of vascular supply for diseases such as osteochondrosis.
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Susceptibility weighted imaging (SWI) is a recent technique, used primarily for

neuroimaging that uses subtle differences in magnetic susceptibility values between

different tissues to generate contrast (1-3). As opposed to standard, magnitude-only, proton

density, T1 or T2 weighted imaging. SWI also incorporates the use of phase data in contrast

generation (4). The phase data contain information on local susceptibility changes between

tissues (high spatial frequency phase changes) as well as on static inhomogeneous

background magnetic fields (low spatial frequency phase changes). The latter phase

components may mask the tissue-related phase information (1,4,5), however, by applying an

appropriate high pass filter (4) or using alternative methods for “phase unwrapping” (6,7),

the unwanted low frequency component may be filtered out.

Phase contrast and SWI are used mainly in imaging of brain vasculature (1,2), iron content

(8), direct visualization of brain anatomy (3,5,9), hemorrhages and brain lesions (10,11), and

quantification of oxygen saturation (12). The difference of ~0.2 ppm (13,14) in magnetic

susceptibility between deoxygenated blood and surrounding tissue leads to the accumulation

of a phase difference between the venous blood and surrounding tissues (1). The resulting

contrast due to phase accumulation is more easily depicted at higher field strengths since the

amplitude of susceptibility induced local field variations is linearly proportional to the main

magnetic field (4). Alternatively, the higher signal to noise ratios (SNR) available at higher

field strengths can be used to shorten data acquisition time or to achieve higher spatial

resolution while maintaining phase contrast at a same level (4). Additionally, the source of

the SWI contrast can be of subvoxel size and still contribute to detectable signal differences

(4).

The vasculature of the developing skeleton particularly that of epiphyseal growth cartilage

has a critical role in supplying nutrients. The vasculature in epiphyseal growth cartilage is

confined to “cartilage canals,” channels that contain both arterioles and venules. Larger

canals have been reported to range from 0.2 to 0.6 mm (average 0.3 mm) in piglets of 1–4

weeks of age with the vessels in the canals ranging from 0.01 to 0.16 mm in diameter (15).

In animal models, it has been shown that a disruption of the cartilage canal blood supply

causes tissue necrosis, which in turn may hinder ossification leading to the development of

osteochondrosis (16,17). While this pathogenesis has been reported in animal models using

histological evaluations, similar investigations have not been reported in humans due, in

large part, to lack of noninvasive investigational tools. Only a few publications have

described imaging of cartilage canals using MRI. Babyn et al. reported visualization of

porcine cartilage canals in 3 mm biopsy cores with T2-weighted high-resolution MR

imaging (18). Jaramillo et al. (19) later demonstrated the use of Gadolinium enhanced

imaging of the cartilage canals in piglets, followed shortly by Barnewolt et al. (20),

demonstrating distinct age dependent patterns of vascular canal orientation and distribution

in human infants. Other reports have also demonstrated the use of Gadolinium-enhanced

visualization of cartilage canals (15,21).

The science of visualizing cartilage canals, however, is still in its infancy. Imaging of

cartilage canals using intravenous Gadolinium contrast agent is limited by the short useful

scanning time window and the SNR and resolution achievable; specifically, visualization of

the network of smaller vessels using Gadolinium appears very limited (15,20). Furthermore,
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especially when imaging children, tissue inherent contrast is preferred over the

administration of exogeneous contrast agents. To date, the intricate system of cartilage

canals has only been visualized using ex vivo animal systems. The only anatomical studies

demonstrating high-resolution images of the cartilage canals have used gold standard

histological methods or intravenous contrast injection followed by tissue clearing and

photography (16,22). An imaging method for utilizing inherent tissue contrast for high-

resolution imaging of cartilage canals without the administration of intravenous contrast

agent is highly desirable and would allow in vivo assessment of cartilage canal blood supply

in normal and diseased epiphyseal cartilage.

The purpose of this study was to investigate the feasibility of using SWI contrast to visualize

cartilage canals in a porcine model, both ex vivo and in vivo. The first hypothesis of the

study was that SWI would enable imaging and three dimensional (3D) visualization of the

cartilage canals in postmortem specimens of epiphyseal growth cartilage. To test the

hypothesis, specimens of porcine distal femur and distal humerus were imaged ex vivo using

SWI at 9.4 T. After high-field ex vivo investigation, the second hypothesis was that SWI is

also feasible for imaging the cartilage canals in vivo. To test this hypothesis and explore the

in vivo feasibility, a live piglet was imaged at 7.0 T. Since 7.0 T is not yet clinically

approved, an additional ex vivo experiment was conducted at 3.0 T to estimate the

feasibility of using this technique at a clinically available magnetic field strength.

METHODS

Specimens

All animal procedures were approved by the institutional animal care and use committee of

the University of Minnesota (protocol: 1111A06521). For the ex vivo part of the study,

piglets of ages 1–6 weeks were obtained from a commercial provider. From each animal, the

right distal femur and humerus were harvested for MR imaging and the left limbs were

perfused with radio-opaque contrast medium (Barium sulfate, Sol-O-Pake, E-Z-EM,

Westbury, NY 11590-5021) for μCT scanning. The harvested specimens were stored frozen

at −80°C wrapped in saline soaked paper towels and sealed in plastic bags until they were

thawed at room temperature for MRI studies. For initial testing, samples from the distal

femur of a piglet of ~8 weeks of age that was presented for necropsy were harvested.

For the in vivo part of the study, a 3-week-old piglet was premedicated using Telazole

administered intramuscularly, after which anesthesia was maintained by inhalation of

isoflurane vaporized in oxygen. At the conclusion of the procedure, the pig was euthanized

using intravenously administered KCL.

To compare in vivo and ex vivo results, the carcass of a 2-week-old piglet was imaged at 7.0

T and frozen at −20°C. To explore further the feasibility of the method at a clinically

relevant 3.0 T field strength, the same carcass was subsequently thawed at room temperature

for ~22 h and imaged at 3.0 T.
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MR Imaging

Ex vivo imaging was conducted on a 9.4 T Agilent scanner driven with the VnmrJ software

version 3.1. A quadrature volume transceiver coil (Millipede, Varian NMR Systems, Palo

Alto, CA) was used for all acquisitions. The specimens were placed in test tubes immersed

in perfluoropolyether for clean background on MR images and to avoid susceptibility

mismatch on tissue-air interfaces. To properly fit the samples and load the coil, the distal

femoral specimens were generally oriented with femoral shafts along B0. The distal humeral

specimens were oriented with the axis of the humeral trochlea along the B0. Initial

parameter exploration was done using two-dimensional (2D) gradient recalled echo

sequence with TR = 50 ms, receiver bandwidth = 100 kHz, 1 mm slice, and 100 μm in-plane

resolution using varying echo times (TEs). SWI datasets were acquired using a 3D gradient

recalled echo sequence with an isotropic resolution of ~100 μm, adjusting the FOV and

matrix size to fit the specimens; the FOV sizes were generally 40 mm3 or less depending on

the individual specimen sizes (scan times with one average varied from 43 to 98 min

depending on the number of voxels acquired; Table 1).

In vivo imaging of the stifle joints was conducted at 7.0 T (Magnetom 7 T, Siemens,

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

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

amplifiers. Transmit B1 (B1+) shimming (23) was applied within a manually defined region

of interest to maximize flip angle homogeneity (24). B1+ maps were calibrated with a fast

estimation technique as previously described (23,25,26) and subsequently, a set of B1+

phases for the 8 channels was calculated in Matlab (The Mathworks, Natick, MA) to

minimize the coefficient of variation of the resulting |B1+| (23).

SWI scans were acquired using 3D GRE sequence with manufacturer provided SWI-option

enabled (i.e., switching on the standard SWI acquisition and post-processing options as

determined by the vendor-provided protocol). Further parameter adjustments were as

follows: FOV was set as small as possible while avoiding folding; the acquisition parameters

are listed in Table 1.

Ex vivo imaging at 7.0 T used a protocol nearly identical with the in vivo scan with minimal

differences in scanning parameters and in the applied B1+ shimming solution (Table 1). The

ex vivo scanning was subsequently repeated at 3.0 T (MAGNETOM Tim Trio™, Siemens

Erlangen, Germany). At 3.0 T the FOV was also chosen to be as small as possible. A single

channel knee coil without accelerations was used for acquisition (Table 1).

Image Processing

The SWI-post-processing of the 9.4 T ex vivo 3D GRE data was done according to earlier

reports (4,27). Briefly, the process consists of (1) unwrapping the phase data, (2) creating a

phase mask, and (3) applying the phase mask to magnitude data. The phase unwrapping was

done by complex dividing the original image with one reconstructed from the central portion

of the k-space (i.e., high-pass filtering) (4). Haacke et al. (4) suggested using 1/8 of the

width of the k-space for constructing high pass filtering image. In this work, however, 1/6

and 1/4 of the width of the (3D) k-space was used for filter construction after initial testing
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on optimal filter sizes (14,27,28). The created high-frequency phase data was then converted

to a negative phase mask [i.e., mask = 0 … 1 for phase = −π … 0 and mask = 1 for phase >

0 (4)], which was subsequently multiplied to the original magnitude data. Different numbers

of phase mask multiplications were tested and visually evaluated and, finally, 6

multiplications was applied. For the ex vivo scans at 3.0 and 7.0 T, SWI post-processing

provided by the scanner manufacturer was used. For the in vivo scan at 7.0 T, both vendor-

provided and in-house post-processing were done (for comparison, see Supporting

Information).

For visualization purposes, minimum intensity projections (mIPs) of varying thickness were

created from the SWI data. For ex vivo specimens, different masking and thresholding

schemes together with morphological processing of the masks were applied for clearing up

signal from background and bone. Reslicing of the SWI data in arbitrary planes as well as

3D volume rendering of masked and contrast-inverted SWI datasets were created using

Osirix (Osirix v.5.0.2 32-bit, http://www.osirix-viewer.com/; (29)).

Reference Methods

After MR imaging, all samples were decalcified in 10% EDTA and processed for

histological examination. Toluidine blue and Hematoxylin and eosin –stained histological

sections were prepared in a standard fashion and scanned at high resolution (2400 dpi) using

a flatbed film scanner (Epson Perfection V750 Pro, Seiko Epson Corp, Japan). The

contralateral barium-perfused specimens underwent μCT imaging using a Siemens Inveon

preclinical μPET/CT scanner (Siemens Medical Solutions, USA). The tube voltage and

current were 80 kV and 500 μA, respectively and a voxel resolution of 47.7 μm was

obtained. Maximum intensity projections of 2 mm thickness were created from regions

approximately corresponding to the SWI data of the contralateral limb.

RESULTS

Different filter sizes indicated visually optimal contrast between the cartilage canals and

surrounding tissue while avoiding significant artifacts by using the central 1/6–1/4 of the k-

space width for phase unwrapping ex vivo at 9.4 T (Fig. 1). Furthermore, the number of

subsequent phase mask multiplications into the original magnitude images suggested that the

best contrast was achieved with 4–6 multiplications of the phase mask (Fig. 1).

The effect of the TE on the contrast between the cartilage canals and the surrounding

epiphyseal growth cartilage was investigated ex vivo at 9.4 T using a 2D GRE sequence

with varying TE. Both the unprocessed GRE magnitude images and the filtered phase

images revealed the vessels at short TEs (~8–12 ms), and the contrast increased with

increasing TE (Fig. 2). However, at longer TEs, the artifacts also became increasingly

prominent.

The raw 3D GRE data faintly depicted the cartilage canals, but visualization was

substantially improved after the post-processing at 9.4 T (Fig. 3). mIP over a thickness of 2

mm (~20 consecutive imaging slices for the 9.4 T ex vivo specimens) revealed the course of

the cartilage canals, as exemplified in the distal femur (Fig. 3). For the mIPs, the (dark)
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image background and (dark) bone were first segmented out using the unprocessed data to

avoid signal voids in the mIP tracing.

Matching spatial distribution of the cartilage canals, as confirmed by gold standard histology

in a 2D plane was revealed by reslicing the 3D 9.4 T SWI data in the plane of the

histological sections. A clear spatial correspondence between the SWI-detected cartilage

canals and actual cartilage canals (histology) was confirmed (Fig. 4). To establish a coarse

size detection limit of ex vivo SWI at 9.4 T with ~100 μm isotropic resolution, diameters of

50 of the cartilage canals (focusing on the smallest ones) that were detected by SWI were

measured from the histology sections. The average diameter of these canals was 104 ± 23

μm, with a range from 55 to 154 μm. For the in vivo SWI at 7.0 T, the respective average

diameter of the smallest detected canals was 200 ± 46 μm, with a range from 134 to 301 μm

(n = 30). The μCT scans of the perfused contralateral specimens demonstrated visual

similarity in the vessel patterns (Fig. 4).

3D visualization of the 9.4 T SWI dataset after contrast inversion and appropriate color

lookup table creation revealed the distribution and orientation of the cartilage canals within

the entire epiphyseal growth cartilage in distal femoral as well as distal humeral specimen

(Fig. 5).

Feasibility of the SWI method in vivo was demonstrated at 7.0 T (Fig. 6). Comparison of the

in vivo and ex vivo SWI datasets from the live piglet or the carcass imaged at 7.0 T

demonstrated that the signal induced by the inherent susceptibility differences between

cartilage canals and surrounding tissue could be visualized not only ex vivo, but also in vivo

(Fig. 6). Minuscule differences in the imaging parameters (especially receiver bandwidth

and number of averages) contributed to the SNR differences seen. The same carcass,

scanned at 3.0 T, demonstrated visualization of the cartilage canals at clinically feasible field

strength (Fig. 6). Decrease in SNR and achievable resolution was also noted with the

scanning setup used (single channel coil) at 3.0 T. Vendor-provided post-processing and in-

house post-processing using ~1/3 of the central k-space for phase unwrapping and 4

multiplications of a positive phase mask for the in vivo 7.0 T data provided results that were

visually nearly indistinguishable.

Clear dipolar pattern in the phase signal around cartilage canals was noted, especially in the

high-resolution images obtained ex vivo at 9.4 T (Fig. 7). Depending on the view orientation

with respect to the orientation of the main magnetic field B0, either a spot of negative phase

surrounded by a [faint] halo of positive phase (Fig. 7a), or two separated spots of negative

phase with a positive phase in between (Fig. 7b,c) were observed. For vessels running

perpendicular to the B0, this dipolar phase resulted in a “doubling” artifact, whereas for

vessels running parallel to B0, the doubling was masked (Fig. 7b,c). In the axial plane (plane

perpendicular to the B0), no “doubling” could be detected, especially in minimum intensity

projected data.
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DISCUSSION

This work demonstrated the use of SWI for high resolution imaging of the cartilage canals in

epiphyseal growth cartilage. Moreover, the in vivo feasibility of the method was

demonstrated at 7.0 T and explored further at clinically applicable field strength of 3.0 T by

comparing ex vivo data obtained from the same carcass at both field strengths. The

utilization of tissue inherent contrast with SWI for cartilage canal visualization appeared to

yield substantial improvement over previously demonstrated contrast-enhanced imaging

with intravenous Gadolinium (15,20,21).

High resolution SWI imaging of ex vivo specimens at 9.4 T demonstrated that the vascular

structures became visible at fairly short TEs of ~8–12 ms, without any processing of the

data. Contrast between the vessels and cartilage matrix was improved by increasing the TE

to 14–15 ms with minimal sacrifice in image quality or SNR, while longer TEs presented

increasingly more unwanted artifacts as well as notable overall signal loss. The TE used was

chosen based on the 2D GRE optimization experiment; while this TE provided desired

contrast in the 3D acquisition, it may still be suboptimal. The SWI post-processing (4)

drastically improved the vessel identification. Instead of the suggested 1/8 of the width of

the k-space [64 × 64 central portion of 512 × 512 k-space (4)] for homodyne phase

unwrapping, 1/6 in the case of distal femoral specimen and 1/4 in the case of distal humeral

specimen appeared to be more appropriate in this study. Restriction of the filtering to lower

frequencies (1/8 of the k-space) resulted in more visible artifacts. A good compromise

between enhancing visualization of the vessel structures and increasing visible phase

artifacts was determined based on visual assessment, as done previously (28). Alternatively,

the most appropriate filter size could be determined by finding the minimum size that

removes the phase wraps (7), or more advanced phase wrap removal techniques could be

used (6). The effect of the multiplication of the phase mask was investigated and 6

multiplications was generally found to provide visually the most informative results.

The vendor-provided post-processing algorithm used on the 7.0 T system (Siemens,

software version VB17) was found to be nearly identical to in-house post-processing (a

visual comparison between the two implementations can be found in the Supporting

Information). The in-house post-processing was repeated for the in vivo 7.0 T data using

unfiltered phase images and magnitude images, transforming them to k-space and

subsequently using ~1/3 of the width of k-space for homodyne filtering followed by 4

multiplications of a positive phase mask (4). On the 7.0 T scanner, if the “SWI” scan option

was selected in the protocol, the generated phase images were preunwrapped (i.e.,

prefiltered and thus not useful for full off-line post-processing), and unfiltered if the option

was not set. Other scanner vendors may have similar options; for unfiltered phase and

magnitude data it is possible to repeat the post-processing according to Haacke et al. (4) and

determine optimal settings for visualization, or rely on the vendor-provided post-processing

if the data has been preprocessed.

The distribution of the cartilage canals, as visualized by SWI, was confirmed histologically.

Manual reslicing of the SWI dataset in a slice matching the histological sectioning plane

provided an excellent match between the two modalities. For the high-resolution SWI data
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acquired at 9.4 T, using a coil just large enough to fit the sample, the correspondence

between SWI and histology was very easily demonstrated, with cartilage canals as small as

~100 μm in diameter detected using SWI. Similarly, the μCT maximum intensity projections

of matching thickness in the contralateral limb demonstrated visual agreement regarding the

appearance of the vessels. For the in vivo and ex vivo SWI data obtained at lower field

strengths and with significantly lower resolution (~15–52 times the voxel volume of the 9.4

T ex vivo data), the comparison with histological sections was feasible, but the matching

was not ideal due to poorer resolution.

mIPs of varying thicknesses of the SWI data, after thresholding the specimens and

background signals, proved qualitatively very informative (see Figs. 3,4, and 7): the

topography of the cartilage canals could be appreciated from slightly thicker projections in

different parts of the epiphyseal growth cartilage, as well as in the growth plate. Similar

vascular patterns as observed by Barnewolt et al. (20) were seen in the femoral specimens.

Furthermore, the mIPs clearly demonstrated some of the limitations of the SWI post-

processing method currently utilized (see Fig. 7 and discussion below).

In an earlier report, a high resolution T2w image of an ex vivo core (18; Fig. 3 in the

reference) demonstrated cartilage canals without the use of a contrast agent. However,

enhanced visualization of the canals at approximately similar resolution was achieved using

SWI at 9.4 T in this study. Later reports have demonstrated Gadolinium-enhanced imaging

of the cartilage canals in juvenile humans, however with markedly less sharp boundaries

between the vasculature and surrounding cartilage matrix than was achieved in this study

(15,21,30). Both nonionic Gadolinium chelate, gadoteridol (Gd-HPDO3A; 15), or anionic

chelate, gadopentetate (Gd-DTPA2−; 20), which have been previously used for imaging

cartilage canals are not strictly intravascular agents and, therefore, are inherently inadequate

for imaging smaller vessels, since the contrast agent rapidly diffuses to the extravascular

space (15).

In vivo imaging of the cartilage canals using SWI at 7.0 T was easily accomplished; the

location and course of the vessels were clearly depicted in the acquired data. The resolution

achieved (0.25 mm isotropic) lacked the detail of 9.4 T ex vivo imaging (with the size

detection limit of ~200 μm), but markedly exceeded that of 3.0 T, where an isotropic

resolution of 0.375 mm was achieved with the coil used. The size detection limit,

semiquantitatively estimated in this study using measurements on histological sections

appeared slightly larger then previously predicted for 7.0 T (31). The level of detail

appreciated from the in vivo imaging at 7.0 T was very similar to the detail observed ex vivo

at 7.0 T. This suggests that the potential decrease in the amount of deoxygenated blood in

vivo as compared with ex vivo specimens, and the concomitant decrease in the contrast

between vessels and surrounding tissue, did not diminish the potential of the method in vivo.

Due to the shorter RF wavelength at ultra-high magnetic field, the B1+ magnitude typically

shows significant spatial variations over the target region, generating nonuniform flip angles

and thus nonuniform contrast. For the acquisitions at 9.4 T, only a very small sample (~3–4

cm) was imaged using a single-channel volume coil, without the possibility or even need for

B1+ shimming. However, at 7.0 T an 8-channel transceiver coil in combination with a B1+
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shimming system was available and uniform contrast was desired for the SWI scans over the

target region that included both knees. To improve the spatial homogeneity of |B1+| within

this target region, B1+ phase shimming was performed prior to the SWI scan. As a result,

for both ex vivo and in vivo scans, optimization of the transmit B1 field improved the

uniformity of the contrast.

To explore the feasibility at clinically relevant field strength of 3.0 T, the same ex vivo

specimen scanned at 7.0 T was also scanned at 3.0 T. Generally, there is a clear difference in

the feasibility of SWI between 3.0 and 7.0 T due to increased SNR and more pronounced

susceptibility effect at higher field strength (4,8,31). To achieve the same amount of phase

contrast at 3.0 T, the TE must be increased, thus almost necessarily increasing the scan time

(4,10,28). Furthermore, as the SNR is also reduced by moving from 7.0 to 3.0 T, the overall

feasibility of SWI is decreased (4,9). However, the SWI scan of the ex vivo piglet

demonstrated that the vessels can be visualized similarly to 7.0 T. It is worth noting that the

carcass imaged at both fields underwent one freeze-thaw cycle between the 7.0 and 3.0 T

scans, potentially slightly affecting the results. The SWI image quality at 3.0 T was not

significantly better or worse from what has been previously demonstrated using

Gadolinium-enhanced imaging, however, the scan provided a 3D dataset throughout the

imaged joint(s) at very high isotropic resolution as compared with previous reports acquiring

a few slices with slice thicknesses of 1 mm or more (15,20). In this study, the coil used at

3.0 T was a single channel coil and did not permit using parallel acquisition to speed up

imaging or for collecting more averages as was done at 7.0 T. The authors are confident that,

by using a higher quality multichannel coil with better overall SNR, the visualization of

cartilage canals at 3.0 T using SWI could be improved. Altogether, the demonstration of

cartilage canal visualization at 3.0 T using the same animal that was scanned at 7.0 T,

combined with the fact that no significant differences were observed between ex vivo and in

vivo results at 7.0 T, indicated that cartilage canal imaging is feasible using SWI at the

clinically available field strength of 3.0 T, using scanning times that are clinically attainable.

The abundance of cartilage canals in piglets, as well as evidence of their importance has

been demonstrated earlier in histological studies (16,20). High resolution ex vivo imaging as

well as μCT and histological confirmation necessitated the use of an animal model in this

study; however, after this initial demonstration of in vivo feasibility, future studies may

include the imaging of children with the expectation that new and important findings will be

gained.

An interesting finding in the high-resolution ex vivo SWI data was the dipole-field

appearing phase pattern around vessels oriented perpendicular to the main field. This dipole-

field appearance is a phenomenon that has been reported previously for SWI (7,12,13). This

resulted in artifactual “doubling” of the vessels after creating a negative phase mask and

applying it to the magnitude data. Less aggressive phase removal (i.e., application of a

smaller fraction of k-space for filtering) left larger residual blooming in the phase data,

masking some of the doubling and provided improved visualization. More accurate removal

of the background phase rather than simple high-pass filtering (6,14), and perhaps more

significantly, actual quantitative mapping of the susceptibility (7,12) is likely to improve the
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visualization of the vessels in terms of removal of the “doubling” artifact, as well as

providing a way to correctly estimate the sizes (diameters) of the vessels from the MRI data.

The method presented in this study for imaging cartilage canals in epiphyseal growth

cartilage is likely to lend itself to pediatric in vivo imaging using a 3.0 T clinical scanner,

with routinely available and safe non-contrast SWI methods that have low RF deposition.

Minimal optimization of the sequence parameters to adapt a brain-imaging protocol for

cartilage canals is required; the parameters presented for 3.0 and 7.0 T may serve as starting

points for further optimizations. With modern multichannel high quality coils, good

visualization results are likely to be achieved.

CONCLUSIONS

In this work, feasibility of imaging cartilage canals in epiphyseal growth cartilage using

non-contrast-enhanced SWI was demonstrated. Utilization of the inherent susceptibility

contrast between the vessels and the surrounding tissue, without administration of external

intravenous contrast agents, not only eliminates the risk associated with contrast media, but

also provides a way of acquiring high-resolution 3D data with exquisite specificity for

cartilage canals in the developing skeleton. Further research efforts in SWI of cartilage

canals are warranted, including improvements in post-processing to resolve the doubling

artifact. However, based on this demonstration of high-resolution 3D visualization of

cartilage canals with SWI, new avenues to explore skeletal maturation and the role of

vascular supply for disease entities in which cartilage canal vessels are damaged will

become feasible.
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FIG. 1.
High-pass filtering and phase mask multiplication, axial slice through medial femoral

condyle of a 3-week-old piglet, data from 9.4 T. First row: homodyne-filtered phase data

with different sizes of k-space center used for the process. The other rows demonstrate the

appearance of the processed data after different number of multiplications of the phase mask

to the magnitude data for each different high-pass filtering.
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FIG. 2.
Effect of the TE on magnitude and filtered phase images at 9.4 T in a femoral condyle of an

8-week-old piglet. Effect of increasing TE was investigated using 2D-GRE sequence and

post-processing as described in the methods. The vessels were already visualized at fairly

short TEs, with increasing contrast between the vessels and surrounding matrix at increasing

TEs.
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FIG. 3.
Raw GRE data and effect of SWI processing, data from 9.4 T. First row: raw GRE data in

axial slices through distal femoral trochlea and condyles in a specimen from 1-week-old

piglet. Second row: marked increase in the visibility of the vessels over the raw GRE data

after SWI post-processing. Third row: further improvement in the visualization was

achieved by generating a mIP over selected thickness (2 mm). The background was removed

from the inverted data using thresholding.
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FIG. 4.
Hematoxylin & Eosin–stained histological sections (average of 5 sections 50 μm apart

covering 200 μm thickness) demonstrating the cartilage canals in axial section of the distal

femur of a 1-week-old piglet (top row) and Toluidine blue-stained histological section

demonstrating cartilage canals in coronal section of the distal femur of a 3-week-old piglet

(bottom row). SWI-processed data (9.4 T), sliced in a plane equal to the histology section

and mIPped over 200 μm and μCT maximum intensity projection over the same thickness in

the contralateral barium-perfused distal femur. Colored markings overlaid on histology

(blue/red) and matching imaging slice from SWI data (red) point out some of the canals

identified by both methods, demonstrating the agreement.
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FIG. 5.
Projection of a 3D-volume rendering of the SWI dataset of (a) distal femur and (b) distal

humerus of a 1-week-old piglet, data from 9.4 T. Background and bone were removed

before the visualization using appropriate thresholding and masking. A color lookup table

was created with opaque white for signal intensity corresponding to vessels and

semitransparent blue for the epiphyseal cartilage matrix. Signal intensity similar to the

vessels for ligaments, most notably in the intercondylar notch, was seen.
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FIG. 6.
Coronal and axial mIPs of the SWI data over 2 mm thickness for 3-week-old piglet in vivo

at 7.0 T and for carcass of a 2-week-old piglet ex vivo at 7.0 and 3.0 T. In all cases shown,

vendor-provided post-processing was used.
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FIG. 7.
Demonstration of the dipolar phase pattern in high-resolution phase images at 9.4 T (data

from 3-week-old piglet). The first row shows a single slice from the filtered phase data and

the second row shows a 1 mm thick minimum intensity projection (mIP) of the phase to

emphasize the differences in the appearance of the phase in different planes. a: axial plane,

perpendicular to the B0 field showed a pattern of negative phase in the vessels surrounded

by a faint halo of positive phase. b, c: Planes parallel to the B0 showed the dipolar

appearance of the phase: positive phase through the vessel with negative spot above and

below were noted. For vessels running perpendicular to the B0, artifactual “doubling” was

noted in coronal and sagittal planes [particularly visualized in the zoomed mIPped view of

(b)]. In axial plane, especially with mIP, no doubling artifact could be detected.
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Table 1

Scanning Parameters and Post-Processing Setup for the Different Field Strengths and Experiments

B0 9.4 T 7.0 T 7.0 T 3.0 T

Scan Ex Vivo In Vivo Ex Vivo Ex Vivo

TR/TE (ms) 40/14 27/15 26/13 45/28

BW (Hz/pixel) ~43 90 80 40

Flip angle (deg) 15 15 15 15

Resolution (μm) ~100 250 210 375

Matrix, slices 2563–3843 384 × 384, 144 384 × 384, 120 320 × 240, 88

Averages 1 3 2 1

Accelerations – GRAPPA = 2, Partial Fourier = 6/8a GRAPPA = 2, Partial Fourier =
6/8a

–

Flow compensation – Yes Yes Yes

Scan time (min) 43–98 22:41 11:07 15:54

Post-processing In-house, according to
Haacke (4)

Vendor-provided and in-house Vendor-provided Vendor-provided

a
Both slice and phase partial Fourier.
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